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Abstract

:

Envelope current signals are increasingly emerging in power systems, and their parameter identification is particularly necessary for accurate measurement of electrical energy. In order to analyze the envelope current signal, the harmonic parameters, as well as the envelope parameters, need to be calculated. The interpolation fast Fourier transform (FFT) is a widely used approach which can estimate the signal frequency with high precision, but it cannot calculate the envelope parameters of the signal. Therefore, this paper proposes an improved method based on windowed interpolation FFT (WIFFT) and differential evolution (DE). The amplitude and phase parameters obtained through WIFFT and the envelope parameters estimated by the envelope analysis are optimized using the DE algorithm, which makes full use of the performance advantage of DE. The simulation results show that the proposed method can improve the accuracy of the harmonic parameters and the envelope parameter significantly. In addition, it has good anti-noise ability and high precision.






Keywords:


envelope signal; windowed interpolation; differential evolution; parameter identification












1. Introduction


The traditional electric energy meter usually works in sinusoidal linear load condition with high precision [1]. However, the use of semiconductors in electronic devices, such as compact fluorescent lamps, LEDs, and so on, introduces a lot of non-linearity and dynamic loads with a significant harmonic current content into electric power systems [2,3]. Additionally, the development of smart grids requires new energy sources, such as solar energy, wind power, etc. Furthermore, loads like electric vehicles will also be involved [4]. These non-linearity and dynamic loads, as well as the distributed powers, result in dynamic currents which present a transition form on some occasions. This dynamic current not only contains harmonics, but also has variable amplitudes, and is referred to envelope current in this paper. In addition, according to [5], it has been confirmed that traditional electric energy meters are not able to account for the presence of harmonics because the meter is quite sensitive to frequency variations.



Several approaches have been reported to analyze harmonics, including wavelet transform [6,7], neural network [8,9], multiple signal classification (MUSIC) algorithm [10,11], fast Fourier transform (FFT)-based method [12,13] and so on. So far, it has been a difficult and important research direction to find a suitable wavelet basis function for harmonic analysis [14,15]. The neural network method is a hot topic, but it is seldom used in practice, since it needs a large amount of sample training [16,17]. The MUSIC algorithm can only estimate harmonic frequencies, and the phase and amplitude information will be lost during the course of constructing a pseudo space spectrum [10]. The FFT-based method is the most widely used approach in practice, but it has the defects of spectrum leakage and picket-fence effect, and hence the windowed interpolation FFT (WIFFT) is applied to overcome these two defects [18,19]. Therefore, this paper will use WIFFT, a simple and effective method, to analyze the harmonic parameters of the envelope signal.



In order to analyze an envelope signal, both the harmonic parameters and envelope parameters need to be calculated. WIFFT is good at harmonic parameter analysis of stationary harmonic signal [19,20]. However, it has difficulty in handling the envelope signal under dynamic conditions, because it cannot analyze the envelope parameters. On the other hand, the envelope parameters can be obtained by an envelope analysis method (e.g., curve fitting), but the information on the harmonics is not involved in envelope analysis. It is obvious that the two processes, WIFFT and envelope analysis, are relatively independent. Therefore, this paper combines them for envelope signal analysis. Since the parameter values obtained by WIFFT and envelope analysis are not accurate enough, an appropriate optimization method should be used for further analysis. The envelope current signal is a nonlinear function of envelope parameters and harmonic parameters. Hence, parameter identification is essentially a nonlinear optimization problem. Differential Evolution (DE) is a kind of simple, fast, robust and global optimization algorithm, which has an obvious advantage in nonlinear and non-differentiable continuous space problems [21,22]. Therefore, this paper presents an improved parameter identification method for envelope signals based on the WIFFT and DE algorithms.



This paper is organized as follows: after some revision of the principle of WIFFT and DE algorithms, the idea and the implementation process of the combination method of WIFFT and DE are given. Then this paper analyzes the performance of this combination method through a simulation example. Finally, an envelope current signal of electric locomotive is applied to verify the simulation results.




2. Principles of WIFFT and DE Algorithms


2.1. Estimation of Harmonic Parameters by WIFFT


The WIFFT algorithm is an effective harmonic analysis method. The spectral characteristics of the window function can restrain the spectrum leakage, and the interpolation operation is not only a correction of the weighted process, but can also eliminate the picket-fence effect [23]. In electric energy metering, the Hanning window is often used, as described in [24]:


   w ( n ) =  {    0.5 − 0.5 cos   2 n π  N  ,   0 ≤ n ≤ N − 1     0 ,   n < 0   or   n > N − 1       



(1)







Corresponding to the Hanning window, the formula of interpolation correction is:


    {       β m  =    |  X (  k m  + 1 )  |     |  X (  k m  )  |    ,  δ m  =   2  β m  − 1   1 +  β m           f m  = (  k m  +  δ m  )    f s   N         A m  =  |  X (  k m  )  |  ⋅   2 π  δ m  ( 1 −  δ m 2  )   sin ( π  δ m  )          θ m  = angle [ X (  k m  ) ] −  δ m  π   N − 1  N          



(2)







In Formula (2), fm, Am and θm are the frequency, amplitude and phase parameter of m-th harmonic, respectively. km refers to the number of local maximum spectral line.    |  X (  k m  )  |    and   angle [ X (  k m  ) ]   are the amplitude and phase of spectral line km in the weighted signal, and βm is the spectral peak ratio of two adjacent spectral lines.




2.2. Principle of DE Algorithm


Differential Evolution is a simple and efficient algorithm for global optimization over continuous spaces [25,26]. Let f(X) be the target function, the crossover rate is C, the scaling factor is F and the evolution generation is t. The steps of DE are as follows [27].



(1) Initialization step. Set the generation number t = 0 and randomly initialize a population of M individuals    P t  =   [  X 1  ( t ) , … ,  X M  ( t ) ]  T    with    X i  ( t ) = [  x  i , 1   ( t ) ,  x  i , 2   ( t ) , … ,  x  i , n   ( t ) ]  .



(2) Mutation step. Generate a donor vector    Z i  ( t )   corresponding to the i-th target vector    X i  ( t )   via


    Z i  ( t ) =  X  r 1   + F ⋅ (  X  r 2   −  X  r 3   )   



(3)




where    r 1  ,  r 2  ,  r 3    are mutually exclusive integers randomly chosen from the range   [ 1 , 2 , … , M ]  .



(3) Crossover step. Generate a trial vector    U i  ( t ) = [  u  i , 1   ( t ) , … ,  u  i , n   ( t ) ]   for the i-th target vector    X i  ( t )   according to


    u  i , j   =  {     z  i , j     if   r a n d ( 0 , 1 ) < C   or   j =  j  rand        x  i , j     otherwise .       



(4)




where    j  rand   ∈ [ 1 , 2 , … , n ]   is a randomly chosen index.



(4) Selection step. Evaluate the trial vector    U i  ( t )   through


    K i  ( t ) =  {     U i  ( t )   if   f (  U i  ( t ) ) ≤ f (  X i  ( t ) )      X i  ( t )   otherwise       



(5)







If f(Ki(t)) ≤ ε or t = tmax, then output Ki(t) as the optimal solution. Otherwise, Xi(t + 1) = Ki(t) and return to step (2).





3. An improved Method Based on WIFFT and DE


In practice, the envelope current signal is often presented in a trapezoidal envelope form. Figure 1 shows the current signal of an electric locomotive in about 152 s and it has 764,568 data points. Since the gentle exponential envelope and parabolic envelope can be regarded as an oblique envelope, this signal actually contains lots of trapezoidal envelopes.



In the trapezoidal envelope, the rise and fall part is the key to the analysis. Therefore, the trapezoidal envelope current signal is an oblique envelope one essentially. Therefore, this paper focuses on the parameter identification of the oblique envelope. The oblique envelope signal model takes this form,


   x ( t ) =  [  ( a t + b ) ⋅   ∑  m = 1  M    A m  cos ( 2 π  f m  t +  θ m  )    ]  +  B 0    



(6)







In Formula (6), fm, Am and θm represent the frequency, amplitude and phase of the harmonic signal, respectively. a is the slope of the oblique envelope, and b is the intercept.



The harmonic parameters can be estimated by Hanning WIFFT algorithm, which is presented in Formula (2). The DC component B0 also corresponds to the DC parameter of FFT and the envelope parameter is given by linear fitting. In order to improve the estimation precision and the iterative efficiency, the pre-estimate value (a*,b*) obtained by the pretreatment of the envelope points can be used as the initial iterative value. The calculation process of the pre-estimate value is as follows.



(1) Search the envelope points of the signal. Find out the local maximum values and their times. Usually, the interval time between two adjacent local maximum points is about a power frequency cycle. The envelope curve is approximated as h(t) ≈ p1t + p2.



(2) In order to improve the stability of parameter estimation, the linear fitting method is used to solve p1 and p2. It is effective to eliminate the noise interference in the envelope due to the mean square error minimum criterion is employed. According to Formula (6), p1 and p2 take this form.


    {       p 1  ≈ a ⋅  ‖    ∑ m    A m  cos ( 2 π  f m  t +  θ m  )    ‖         p 2  ≈ b ⋅  ‖    ∑ m    A m  cos ( 2 π  f m  t +  θ m  )    ‖          



(7)







Therefore, the pre-estimate values of envelope parameters a* and b* are:


    {       a *  ≈    p 1     ‖    ∑ m    A m  cos ( 2 π  f m  t +  θ m  )    ‖           b *  ≈    p 1     ‖    ∑ m    A m  cos ( 2 π  f m  t +  θ m  )    ‖            



(8)







Therefore, the pre-estimate values of envelope parameters (a*,b*) and the harmonic parameters (Am,θm) can be used to form the initial population of DE iteration. The initial population is


   P =   [  X 1  ,  X 2  , … ,  X M  ]  T    



(9)




where M is the population size and for an arbitrary individual, X = Xmin + rand()·(Xmax − Xmin), where Xmin = 0.5·[a*,b*,Am,θm] and Xmax = 1.5·[a*,b*,Am,θm].



Root mean square error (RMSE) is taken as the target function f(X) of the DE algorithm, and it is defined as


   f ( X ) = R M S E =       ∑ n      [  x ( n ) −  x c  ( n )  ]   2     N      



(10)







In Formula (10), x(n) is the sampling of the signal x(t), and xc(n) is the reconstructed sequence by the identified parameters of the envelope signal, and N is the number of sequence. The smaller RMSE value indicates that the deviation of the actual waveform and the reconstructed signal waveform which is obtained by the combination algorithm is smaller, and the precision of parameter identification is also higher when using this combination method. Finally, the flow chart of the proposed method is shown in Figure 2.




4. Simulation of Parameter Identification for Envelope Current Signal


This section takes a given oblique envelope signal as an example and investigates the performance of parameter identification of the proposed method. Additionally, the measured current signal of an electric locomotive is used to analyze the applicability of the combination method in practical engineering.



4.1. Simulation of Oblique Envelope Signal with 3 Times Harmonic


The sampling sequence of the current signal model selected in this paper is as follows.


   x ( n ) = ( a ⋅ n  T s  + b ) ⋅   ∑  m = 1  3    A m  cos ( 2 π m  f 0  ⋅ n  T s  +  θ m  )   +  B 0    



(11)







The fundamental frequency f0 = 49.8 Hz, the phase θ are 60, 45 and 30, respectively, and the amplitude Am are 100A, 5A and 10A, respectively. The envelope parameters are a = 0.5, b = 1 and the DC component is B0 = 0.2. The sampling frequency is fs = 5000 Hz, the sampling interval time Ts is 0.2 ms, and the total number of data points is N = 2000. The analysis is as follows.



4.1.1. The Analysis of Hanning WIFFT


Ignore the envelope parameters while analyzing the harmonics of this envelope signal. Therefore, the envelope signal is regarded as a virtual harmonic signal, and the calculated harmonic parameters are shown in Table 1.



The comparison of the original signal and the reconstructed signal which calculated by WIFFT is shown in Figure 3.



Figure 3 indicates that for the harmonic parameters calculated by WIFFT, the error of amplitude is the largest (about 10%), the error of phase is about 1%, and the error of frequency is 0.0026%, which is the smallest. Furthermore, the change of envelope parameters a and b can still result in the consistent conclusion that is the frequency error is within 0.1%, but the amplitude error is large (up to 60% when a = 3). The results show that the precision of frequency estimation is extremely insensitive to envelope parameters while the amplitude is most sensitive because it is directly affected by the envelope parameters. Figure 3 also demonstrates that the signal reconstructed by the harmonic parameters is the equal-amplitude signal, which is the mean square approximation of the original signal. Although the RMSE is 4.1173, which seems smaller, it cannot reflect the amplitude change of the envelope signal. Therefore, WIFFT is not suitable to analyze the dynamic signal directly.




4.1.2. The Analysis of WIFFT and Envelope Parameters Estimation


The previous step, Hanning WIFFT, is employed to calculate the harmonic parameters. In addition, the signal envelope curve is used to estimate the envelope parameters a and b. The two steps are separated in this analysis. Therefore, the frequency and phase precision of harmonic parameter identification is consistent with the previous analysis. The process of envelope parameter estimation is as follows. The coefficients p1 and p2 are given by linear fitting of the envelope, and the envelope parameters a* and b* are given by Formula (8). For the simulation model, the harmonic amplitude parameter in the Formula (8) can be a set value which is able to investigate the performance of the fitting algorithm. Meanwhile, in the analysis of the actual measured signal, the amplitude parameter should be the estimated values computed by WIFFT algorithm. In addition, the following formula


   ( a ⋅ n  T s  + b ) ⋅   ∑  m = 1  3    A m  cos ( 2 π m  f 0  ⋅ n  T s  +  θ m  )   =   ( a ⋅ n  T s  + b )  k  ⋅   ∑  m = 1  3   k ⋅  A m  cos ( 2 π m  f 0  ⋅ n  T s  +  θ m  )   , ∀ k ≠ 0   



(12)




indicates that the envelope parameters are correlated with the amplitude of harmonics. Hence, if the amplitude parameter has an error (the error of amplitude is about 10% in this example), the envelope parameters a and b, calculated by the Formula (8), still have errors even if the fitting process is zero-error. The envelope parameters identification of this example is shown in Table 2.



Similarly, the reconstructed signal based on the estimated harmonic parameters and envelope parameters is shown in Figure 4.



It can be seen from Figure 4 that the reconstructed signal was able to reflect the change of envelope since it considers the envelope parameters a and b in this analysis model. However, according to Table 2, the estimation precision of envelope parameters is poor. The errors of a and b are 8.6% and 43.2%, respectively, even if the harmonic amplitudes are the set values. In addition, RMSE is 3.5218, which is better than the previous analysis. Therefore, the relative independent method of parameter identification is still insufficient, and it cannot be used in envelope signal analysis.




4.1.3. The Analysis of the Improved Method Based on WIFFT and DE Algorithms


The differential evolution algorithm is introduced to improve the precision in envelope parameter identification. It has no need to perofrm optimization for frequency, since the frequency estimation error calculated by WIFFT is very small. Therefore, this section only considers the optimization of envelope parameters a and b, amplitude parameters Am and phase parameters θm. Set the aforementioned estimated value as the initial value of iteration, and DE algorithm parameters are as follows. The upper and lower bounds of the independent variables are 1.5 and 0.5 times of the initial value, respectively, the population size is 60, crossover factor is 0.4, crossover rate is 0.9 and the number of evolution generations is 100. Because the amplitude and envelope parameters are involved in the iteration, and they meet Formula (11) at the same time, it will result in different descriptions (a, b, Am) of the same signal. Therefore, the following Formula (13) is proposed to calculate the envelope parameter error when analyzing the parameter identification.


  E r  r  _ a   =    a  _ cal   ⋅ n o r m (  A  m _ cal   ) −  a  _ exact   ⋅ n o r m (  A  m _ exact   )    a  _ exact   ⋅ n o r m (  A  m _ exact   )    



(13)




where a_cal is the optimal value given by the differential evolution algorithm, a_exact is the set value, norm(Am_cal) is the amplitude norm of the optimal estimation which obtained by the DE algorithm, and norm(Am_exact) is the norm of the set harmonic amplitude value. The dynamic parameter identification in this example is shown in Table 3.



The signal reconstructed by the above identification parameters and errors is shown in Figure 5.



According to Figure 5, because of the DE algorithm, the error of envelope parameters is less than 0.0176% and the precision of phase calculation increases a lot—the maximum error decreases from 1.4589% to 0.258%. Furthermore, the approximation ability of the reconstructed signal is improved greatly. To be specific, the RMSE is only 0.0735, and the maximum absolute error is reduced from about 10 A to about 0.2 A, which means the precision is raised about 50 times. In addition, the computation time of WIFFT is 0.0492 s and the computation time of the proposed method is 1.8401s which is about 37 times of WIFFT. The computation time is the average of 30 times. The analysis result indicates that it is feasible to analyze the envelope signal through the combination method of WIFFT and DE algorithm.



Furthermore, the adaptability of this improved method in the case of noise is investigated. The difference of harmonic amplitudes has reached 26 dB, hence 40 dB, 50 dB and 60 dB noises are added to the signal for consideration. The results of parameter identification are as follows (Table 4):



The results show that the method has good adaptability to noise, and it has a good precision even in these noisy cases.





4.2. Analysis of Envelope Current Signal of an Electric Locomotive


The following is a detailed analysis of an electric locomotive running current signal. The sampling frequency is fs = 5000 Hz, and the total number of data points is N = 5000. The parameters of the DE algorithm are selected as for the previous example.



First of all, the reconstructed signal and absolute error are obtained by using Hanning WIFFT and the envelope parameter estimation method, as shown in Figure 6.



According to Figure 6, it is obvious that the actual measured current signal has the characteristic of an oblique envelope. Additionally, the larger prediction errors of envelope parameters result in significant difference between the reconstructed signal and the original signal. Furthermore, the RMSE is 0.1834 and the maximum absolute error is about 0.3966.



Then, the improved method based on WIFFT and DE is used in the analysis. The reconstructed signal and absolute error are shown in Figure 7.



Figure 7 demonstrates that the envelope parameters, harmonic amplitude and phase parameters are more accurate after the optimization of DE algorithm. In addition, the reconstructed signal is closer to the original signal, which means the precision of approximation is higher. Moreover, the RMSE is 0.0516 and the maximum absolute error is about 0.2116.





5. Results and Discussion


WIFFT is an effective approach to obtain harmonic frequencies. However, the hardest issue is to analyze the envelope parameters for an envelope signal. The simulation and experiment analysis show that the improved method based on WIFFT and DE algorithm can improve calculation precision of the envelope parameters greatly for an oblique envelope signal. Compared with the envelope parameters estimation method (based on Formula (7) and (8)), the relative error of envelope parameter a* decreases from 30.2041% to 0.0176% and the relative error of b* decreases from 16.9166% to 7.1951 × 10−4%. Besides, the simulation results indicate that the improved method has good adaptability to noise.



This paper mainly studies the parameter identification of the oblique envelope signal. It only requireds some simple modifications for the prediction formula of envelope parameters when this improved method is employed in the analysis of other types of envelope signal. Furthermore, an actual current signal not only contains the oblique envelope part, but also other kinds of envelopes, that is, this kind of signal is in fact the piecewise envelope signal. In order to analyze it precisely, the change point detection method of piecewise envelope signals should be investigated, which is an important follow-up work.




6. Conclusions


Aiming at the envelope current signal in the field of measurement, this paper proposes an improved method based on WIFFT and DE to analyze the harmonic parameters and envelope parameters of envelope signal. WIFFT can only result in frequency values with high precision. Its calculation results of amplitude and phase, as well as the envelope parameters obtained by envelope analysis method can be used as the initial value of the iteration and optimized by DE finally. In addition, the improved method can greatly improve the precision of parameter identification of the envelope signal. Moreover, it has a good anti-noise ability. These characteristics are verified by the example of an electric locomotive.
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Figure 1. The current signal of an electric locomotive. 
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Figure 2. The flow chart of the improved method based on WIFFT and DE algorithm. 
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Figure 3. Simulation results of WIFFT: (a) Comparison of original signal and reconstructed signal; (b) Absolute error of original signal and reconstructed signal. 
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Figure 4. Simulation results of WIFFT and envelope parameters estimation method: (a) Comparison of original signal and reconstructed signal; (b) Absolute error of original signal and reconstructed signal. 
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Figure 5. Simulation results of the improved method based on WIFFT and DE algorithm: (a) Comparison of the original signal and reconstructed signal; (b) Absolute error of original signal and reconstructed signal. 
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Figure 6. Analysis results of envelope current signal of an electric locomotive when employing the WIFFT and envelope parameter estimation method: (a) The comparison of original signal and the reconstructed signal; (b) Absolute error of original signal and reconstructed signal. 
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Figure 7. Analysis results of envelope current signal of an electric locomotive when employing the improved method based on WIFFT and DE: (a) Comparison of the original signal and reconstructed signal; (b) Absolute error of original signal and reconstructed signal. 
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Table 1. Identification and errors of harmonic parameters of the oblique envelope signal.






Table 1. Identification and errors of harmonic parameters of the oblique envelope signal.





	Parameter
	f0
	A1
	A2
	A3
	θ1
	θ2
	θ3





	Calculated value
	49.7987
	109.9965
	5.4999
	11.0005
	59.9290
	44.7660
	29.5623



	Relative error (%)
	0.0026
	9.9965
	9.9974
	10.0050
	0.1184
	0.5200
	1.4589
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Table 2. Identification and errors of envelope parameters of the oblique envelope signal.






Table 2. Identification and errors of envelope parameters of the oblique envelope signal.





	Parameter
	Valuation (Am Is the Set Value)
	Relative Error (%)
	Valuation (Am Is the Estimated Value)
	Relative Error (%)





	a*
	0.7161
	43.22
	0.6510
	30.2041



	b*
	0.9139
	8.6111
	0.8308
	16.9166
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Table 3. Parameter identification and errors of the oblique envelope signal.






Table 3. Parameter identification and errors of the oblique envelope signal.





	Parameter
	a*
	b*
	A1
	A2
	A3
	θ1
	θ2
	θ3





	Valuation
	0.3829
	0.7656
	130.6214
	6.5348
	13.0577
	1.0490
	0.7874
	0.5246



	Error (%)
	0.0176
	7.1951 × 10−4
	/
	/
	/
	0.1723
	0.2580
	0.1865
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Table 4. Parameter identification and error of the noisy oblique envelope signals.






Table 4. Parameter identification and error of the noisy oblique envelope signals.





	Parameter
	a* (%)
	b* (%)
	RMSE
	max[x(n) − xc(n)]





	40dB
	0.6669
	0.0576
	0.7762
	2.5009



	50dB
	0.1529
	0.0284
	0.2557
	1.0617



	60dB
	0.0568
	0.0117
	0.1082
	0.3385











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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