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Abstract

:

Due to nonlinear components in the charging piles of electric vehicles, harmonics and nonstationary signals in the electric vehicle charging load bring voltage and current distortion, seriously affecting the accuracy of the power-related calculation in nonsinusoidal environments. This paper proposed a new approach to calculate the active power and root mean square values from decomposed components using the adaptive chirp mode decomposition (ACMD) method on voltage and current. The advantage of the ACMD-based method is that it correctly provides the power-related quantities of harmonics or nonstationary components for the electric vehicle charging load. The performance of the proposed method was verified using synthetic signals and simulation tests. The experimental results presented better estimations for each quantity defined in IEEE Standard 1459-2010, compared with the discrete wavelet transform approach.
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1. Introduction


With the enhancement of environmental protection awareness, electric vehicles have been widely used in many countries to alleviate global warming and energy crisis [1,2]. Typically, electric vehicles obtain electrical energy from the power grid through charging piles, especially direct current (DC) charging piles, whereas due to nonlinear components contained in the batteries of the electric vehicles and charging piles, the charging behavior of the electric vehicles, especially fast charging mode, brings a large number of harmonic and nonstationary signals, resulting in voltage and current distortion on the grid side of the charging piles, i.e., the voltage or current waveform is not standard sinusoidal [3]. The nonsinusoidal waveform would seriously affect the accuracy of electricity metering; thus, the research on the power calculation for electric vehicles makes sense for fair trade between users and power companies, as well as the generation, transmission, and operation of electricity.



For the power calculation under nonsinusoidal conditions, Budeanu [4] and Fryze [5] first proposed the definition of power quantities, commonly referred to as power theories, based on frequency-domain or time-domain analysis, respectively. After that, the definitions of various power components have been developed by many researchers [6,7,8,9,10,11]. Among these, IEEE Standard 1459-2010 [12], as one of the most prominent power theories, provides definitions mainly based on Fourier transform analysis. Although Fourier transform can provide the frequency information of analytical signals, it is only suitable to analyze the stationary and periodic signals due to the missing time-domain information. Commonly, harmonics, sudden changes, and nonstationary signals are generated during the charging processing of electric vehicles [13]. For Fourier transform, it is not possible to extract the time–frequency information of nonstationary signals; thus, it would bring large errors in power calculation.



To address the limitation of Fourier transform, wavelet-related transforms, as one of the most widely used time–frequency analyses, have been applied to power calculation in nonsinusoidal environments. Discrete wavelet transform (DWT) is first applied to calculate the root mean square (RMS) and power values by decomposing the given signals into constituent frequency sub-bands [14,15]. According to the definition of IEEE Standard 1459-2010 [12], the DWT was utilized to estimate the power components in a single system [14] and a three-phase system [16]. Further, for maintaining the temporal resolution of each decomposition level, stationary discrete wavelet transform (SDWT) without downsampling was used for the power calculation [17]. To achieve uniform frequency bandwidth for each sub-band, discrete wavelet packet transform (DWPT) [18] or stationary DWPT [19] was proposed for power calculation.



Although wavelet-related transforms can decompose the signals into frequency sub-bands through a filtering process, there is the issue of energy leakage [20], i.e., the content of decomposed frequency sub-bands does not correspond to individual harmonics or special nonstationary signal components. If the sub-bands are used for the power calculation of individual harmonic components or special nonstationary signal components, the results cause inconsistencies from the real power. This limitation of wavelet-related transforms is not present in adaptive chirp mode decomposition (ACMD). The ACMD extracts signal modes one by one with good adaptability and high time–frequency resolution, widely used in many fields [21,22,23,24]. However, the ACMD has not been applied for power calculation in the literature.



Thus, according to the definition of the IEEE Standard 1459-2010 [12], this paper presents an ACMD-based method to calculate power-related quantities of the charging load of the electric vehicles through the charging piles, since the electric vehicles connect to the power grid through the charging piles. Based on a time–frequency representation of the voltage and current using the ACMD method, the power-related quantities are calculated for the fundamental, harmonic, and nonstationary components, respectively. The proposed method is suitable for estimating harmonics or nonstationary components of voltage and current signals on the grid side of the charging piles, improving the representation of power-related quantities in nonstationary conditions.




2. Proposed Method


This section first presents the general mathematical mode of the voltage and current signals, according to the principle of the charging piles of electric vehicles. And then, the ACMD method is introduced to decompose the voltage and current signals into each component. Finally, decomposed components are utilized to estimate the corresponding active power and the RMS value of the voltage and current signals for the electric vehicle charging load.



2.1. General Mathematical Mode of Charging Voltage and Current


Due to the wide use of power electronic devices in the charging piles, the charging for the batteries of electric vehicles brings harmonic current and nonstationary signals to the power grid. The general structure of the charging piles is mainly composed of a rectifier circuit, a power converter, and an output filter circuit, as shown in Figure 1. Alternating current (AC) power is rectified to DC power through a three-phase bridge uncontrollable rectifier circuit and then provided for the DC/DC power converter to output the required DC of the electric vehicles. Finally, DC is filtered to charge the batteries of the electric vehicles.



More studies on the load characteristics of electric vehicles show that the voltage and current waveforms on the grid side of the charging piles, collected at charging stations [13,25], contain multiple harmonics and nonstationary signals. Typically, the current waveform mainly includes 6 h ± 1 order harmonics, and the amplitude of the harmonics gradually decreases with the increase in the harmonic order, which further can be confirmed in the simulation model in Section 3.2.



Generally, the voltage and current on the grid side of the charging piles can be respectively expressed as


        u  ( t )  =  u b   ( t )  +  ∑  h = 1    u h   ( t )  +  u s   ( t )           =  2   U b  sin  ( ω t +  φ b  )  +  ∑  h = 1    2   U h  sin  (  ( 6 h ± 1 )  ω t +  φ h  )  +  u s   ( t )      



(1)




and


        i  ( t )  =  i b   ( t )  +  ∑  h = 1    i h   ( t )  +  i s   ( t )           =  2   I b  sin  ( ω t +  ϕ b  )  +  ∑  h = 1    2   I h  sin  (  ( 6 h ± 1 )  ω t +  ϕ h  )  +  i s   ( t )  ,     



(2)




where (  u b  ,   u h  ,   u s  ) denote the fundamental, harmonic, and nonstationary components of the voltage signal, respectively; (  i b  ,   i h  ,   i s  ) denote the fundamental, harmonic, and nonstationary ones of the current signal, respectively;  ω  is the fundamental frequency in radians; and (  φ b  ,   φ h  ,   ϕ b  ,   ϕ h  ) are the initial phases of the fundamental voltage, the h-th harmonic voltage, the fundamental current, and the h-th harmonic current, respectively.



To accurately calculate the charging power of charging piles for the electric vehicles, the ACMD is firstly applied to decompose the fundamental, harmonic, and nonstationary components from   u ( t )   and   i ( t )   in our work, and then the power-related quantities are calculated according to IEEE Standard 1459-2010 [12].




2.2. ACMD-Based Power-Related Calculation


2.2.1. Adaptive Chirp Mode Decomposition (ACMD)


The ACMD, as a recursive mode decomposition technique, can adaptively extract signal components one by one using the matching pursuit method. For a nonstationary signal   x ( t )   with m components, it can be modeled as


  x  ( t )  =  ∑  i = 1  m   x i   ( t )  =  ∑  i = 1  m   A i   ( t )  cos  2 π  ∫ 0 t   f i   ( τ )  d τ +  φ i   ,  



(3)




where    A i   ( t )   ,    f i   ( t )   , and   φ i   denote the instantaneous amplitude, instantaneous frequency, and the initial phase of the i-th component, respectively. Based on the technique of frequency demodulation, a demodulation frequency     f ˜  i   ( t )    is introduced, and then Equation (3) can be reformulated as


  x  ( t )  =  ∑  i = 1  m    p i   ( t )  cos  2 π  ∫ 0 t    f ˜  i   ( τ )  d τ  +  q i   ( t )  sin  2 π  ∫ 0 t    f ˜  i   ( τ )  d τ   ,  



(4)




with


      p i   ( t )  =  A i   ( t )  cos  2 π  ∫ 0 t   (  f i   ( τ )  −   f ˜  i   ( τ )  )  d τ +  φ i          q i   ( t )  =  A i   ( t )  sin  2 π  ∫ 0 t   (  f i   ( τ )  −   f ˜  i   ( τ )  )  d τ +  φ i   ,     



(5)




where   cos ( 2 π  ∫ 0 t    f ˜  i   ( τ )  d τ )   and   sin ( 2 π  ∫ 0 t    f ˜  i   ( τ )  d τ )   denote two demodulation operators, and    p i   ( t )    and    q i   ( t )    denote two demodulated signals with a phase difference of   90 ∘  . In particular,    p i   ( t )    and    q i   ( t )    become slowly varying baseband signals and have the narrowest bandwidth when     f ˜  i   ( t )  =  f i   ( t )   .



To extract the i-th signal component    x i   ( t )   , the ACMD solve the minimization problem as follows


     min   {  p i   ( t )  }  ,  {  q i   ( t )  }  ,  {  f i   ( t )  }         ∥   p i   ″      ( t )  ∥  2 2   + ∥   q i   ″      ( t )  ∥  2 2  + γ   ∥ x  ( t )  −  x i   ( t )  ∥  2 2   ,       s . t .       x i   ( t )      =  p i   ( t )  cos  2 π  ∫ 0 t    f ˜  i   ( τ )  d τ  +  q i   ( t )  sin  2 π  ∫ 0 t    f ˜  i   ( τ )  d τ      



(6)




where    ∥ · ∥  2   denotes   L 2   norm,    ( · )    ″    denotes the second derivative, two terms    ∥   p i   ″      ( t )  ∥  2 2    and    ∥   q i   ″      ( t )  ∥  2 2    are used as smoothness constraints for measuring bandwidth of the signal,   γ > 0   is the penalty factor, and the last term    ∥ x  ( t )  −   x i     ( t )  ∥  2 2    denotes the residue energy after the currently estimated i-th component is eliminated.



To implement ACMD decomposition in a computer, the signal   x ( t )   is sampled at discrete time   t =  t 0  , . . . ,  t  N − 1    , where N is the number of samples. And then, the objective function of (6) can be written in a discrete form


  L  (  p i  ,  q i  ,  f i  )  =   D  p i   2 2  +   D  q i   2 2  + γ   x − (  p i   c i  +  q i   s i  )  2 2  ,  



(7)




where  D  is a second-order difference matrix, given by


  D =      1    − 2    1   ⋯   ⋯   0     0   1    − 2    1   ⋯   0     ⋮   ⋱   ⋱   ⋱   ⋱   ⋮     0   ⋯   ⋯    − 1    2    − 1       ( N − 2 ) × N   ,  








and


      c i  = diag  [ cos  (  θ i   (  t 0  )  )  , . . . , cos  (  θ i   (  t  N − 1   )  )  ]         s i  = diag  [ sin  (  θ i   (  t 0  )  )  , . . . , sin  (  θ i   (  t  N − 1   )  )  ]  ,     








with    θ i   ( t )  = 2 π  ∫ 0 t    f ˜  i   ( τ )  d τ  , where   d i a g [ · ]   denotes the diagonal matrix.



To solve the optimization problem in (7), an iterative algorithm is used to alternately update the demodulated signals   p i  ,   q i  , and the frequency   f i  . For the m-th iteration, with the current frequency   f i  ( m − 1 )   , the solutions of   p i   and   q i   are updated by setting   ∂ L  (  p i  ,  q i  ,  f i  )  / ∂  p i  = 0   and   ∂ L  (  p i  ,  q i  ,  f i  )  / ∂  q i  = 0  , given by


     p i  ( m )      =    1 γ   D T  D +   (  c i  ( m )   )  T   c i  ( m )     − 1     (  c i  ( m )   )  T  x       q i  ( m )      =    1 γ   D T  D +   (  s i  ( m )   )  T   s i  ( m )     − 1     (  s i  ( m )   )  T  x ,     



(8)




respectively, and then, the instantaneous frequency   f i   is updated by


   f i  ( m + 1 )   =  f i  ( m )   +    2 β   D T  D + I   − 1   Δ   f ˜  i  ( m )   ,  



(9)




with


     Δ   f ˜  i  ( m )    ( t )     =     1  2 π    d  d t      tan   − 1       p i  ( m )    ( t )     q i  ( m )    ( t )            =       q i  ( m )    ( t )     p i  ( m )    ( t )   ′  −  p i  ( m )    ( t )     q i  ( m )    ( t )   ′    2 π     p i  ( m )    ( t )   2  +    q i  ( m )    ( t )   2     ,     



(10)




where   β > 0   is a weighting factor, and    ( · )    ′    denotes the derivative.



Since the iterative algorithm requires the initial frequency   f i  ( 0 )    in advance, synchroextracting transform (SET) [26] is adopted to estimate   f i  ( 0 )    in this study. The SET, as a novel postprocessing strategy of short-time Fourier transform, has the advantage of better energy concentration to provide good instantaneous initial frequency for iteration. The iterative process continues until there is little difference in the extracted signal component   x i   in two adjacent iterations. After the signal component   x i   is extracted from the raw signal, the residual signal is obtained by removing   x i   from the raw signal, and then the iteration can be applied to the residual signal to extract the next signal component sequentially.



The above procedure is repeated for M times, and the components of signal   x ( t )   are finally obtained as


  x  ( t )  =  ∑  k = 1  M   x k   ( t )  +  R s   ( t )  ,  



(11)




where    R s   ( t )    denotes the residual signal after M components are separated from the original signal. More details of the iteration algorithm can be found in [27].



When the ACMD method is applied to the voltage and current signals of charging piles, the corresponding fundamental component, harmonic components, and nonstationary components are separated from each other, and then, the decomposed components are used to implement the calculation of the active power, the RMS values of the voltage and current.




2.2.2. Power Calculation


According to IEEE Standard 1459-2010 [12], the active power (P), the RMS values of the voltage (U) and current (I) are calculated as


    P    =  1  K T    ∫  t =  t 0     t 0  + K T   u  ( t )  × i  ( t )  d t ,     



(12)






    U    =    1  K T    ∫  t = τ   τ + K T    u 2   ( t )  d t   ,     



(13)




and


    I    =    1  K T    ∫  t = τ   τ + K T    i 2   ( t )  d t   ,     



(14)




respectively, where  τ  and   τ + K T   are the start time and end time of measurements, respectively, and   k T   is an integer multiple of the power system fundamental period.



Using   u ( t )   in (1) and   i ( t )   in (2), the active power P in (12) is expressed as


  P =  P  b b   +  P  b h   +  P  b s   +  P  h b   +  P  h h   +  P  h s   +  P  s b   +  P  s h   +  P  s s    



(15)




with


     P  b b      =  1  K T    ∫  t =  t 0     t 0  + K T    u b   ( t )   i b   ( t )  d t ,              P  h h   =  1  K T    ∑  h = 1    ∫  t =  t 0     t 0  + K T    u h   ( t )   i h   ( t )  d t       P  s s      =  1  K T    ∫  t =  t 0     t 0  + K T    u s   ( t )   i s   ( t )  d t ,       P  b h      =  1  K T    ∑  h = 1    ∫  t =  t 0     t 0  + K T    u b   ( t )   i h   ( t )  d t ,        P  h b   =  1  K T    ∑  h = 1    ∫  t =  t 0     t 0  + K T    u h   ( t )   i b   ( t )  d t ,       P  b s      =  1  K T    ∫  t =  t 0     t 0  + K T    u b   ( t )   i s   ( t )  d t ,               P  s b   =  1  K T    ∫  t =  t 0     t 0  + K T    u s   ( t )   i b   ( t )  d t ,       P  h s      =  1  K T    ∑  h = 1    ∫  t =  t 0     t 0  + K T    u h   ( t )   i s   ( t )  d t ,         P  s h   =  1  K T    ∑  h = 1    ∫  t =  t 0     t 0  + K T    u s   ( t )   i h   ( t )  d t ,     



(16)




where   P  b b   ,   P  h h   , and   P  s s    are the fundamental, harmonic, and nonstationary active power, respectively; and   P  b h   ,   P  h b   ,   P  b s   ,   P  s b   ,   P  h s   , and   P  s h    are the distortion active powers, generated by the different cross-combinations from the fundamental/harmonic/nonstationary voltage and the fundamental/harmonic/nonstationary current, respectively.



Since


   ∫  0   2 π   sin  ( n ω t )  sin  ( m ω t )  d t = 0  








for   n ≠ m  , we have    P  b h   =  P  h b   = 0  . And then,    P  b s   ≃ 0  ,    P  s b   ≃ 0  ,    P  h s   ≃ 0  , and    P  s h   ≃ 0   can be considered in statistics, although there are minor errors. Thus, according to References [25,28], (  P  b s   ,   P  s b   ,   P  h s   , and   P  s h   ) can be ignored, and then, the simplified calculation of the active power in (15) is given by


  P =  P  b b   +  P  h h   +  P  s s   ,  



(17)




i.e., the active power is the summation of the fundamental, harmonic, and nonstationary active power.



Accordingly, we calculate the RMS values of the voltage and current as


  U =    U b 2  +  U h 2  +  U s 2    ,    I =    I b 2  +  I h 2  +  I s 2    ,  



(18)




where (  U b  ,   U h  , and   U s  ) are the RMS values of the fundamental, harmonic, and nonstationary voltage, respectively, and (  I b  ,   I h  , and   I s  ) are the RMS values of the fundamental, harmonic, and nonstationary current, respectively.



In practice, the analog voltage and current are first digitalized, and the continuous integration operation would be converted into the discrete ones. Thus, the active power (  P  b b   ,   P  h h   , and   P  s s   ) in (17) can be calculated as


   P  b b   =  1 N   ∑  n = 0   N − 1    u b   ( n )  ×  i b   ( n )  ,      P  h h   =  1 N   ∑  h = 1    ∑  n = 0   N − 1    u h   ( n )  ×  i h   ( n )  ,       P  s s   =  1 N   ∑  n = 0   N − 1    u s   ( n )  ×  i s   ( n )  ,  



(19)




where (   u  b , h , s    ( n )   ,    i  b , h , s    ( n )   ) are the digitalized data of (   u  b , h , s    ( t )   ,    i  b , h , s    ( t )   ) at the n-th sampling index, respectively, and N is the integration interval. Accordingly, the RMS values of the voltage and current in (18) can be calculated as


     U b     =    1 N   ∑  n = 0   N − 1    u b 2   ( n )    ,                  I b  =    1 N   ∑  n = 0   N − 1    i b 2   ( n )    ,       U h     =    1 N   ∑  h = 1    ∑  n = 0   N − 1    u h 2   ( n )    ,             I h  =    1 N   ∑  h = 1    ∑  n = 0   N − 1    i h 2   ( n )    ,       U s     =    1 N   ∑  n = 0   N − 1    u s 2   ( n )    ,                  I s  =    1 N   ∑  n = 0   N − 1    i s 2   ( n )    ,     



(20)




for the fundamental, harmonics, and nonstationary components, respectively.






3. Experiments and Results


In this section, we evaluate the proposed ACMD-based estimation of RMS values and active power using synthetic signals and simulation tests. In the following experiments, the key parameters  γ  and  β  of the ACMD method are set as   γ =  10  − 6     and   β =  10  − 9    , respectively. The performance of the ACMD-based method is compared with the DWT-based method, since DWT is a time–frequency method widely used in signal analysis for power systems. The relative error of the estimated quantity is calculated as


  E r r o r =   | R e f − E s t |   R e f   ,  



(21)




where   R e f   is the reference value, and   E s t   is the estimated value from the ACMD or DWT method.



3.1. Nonstationary Synthetic Signal


To demonstrate the performance of the ACMD method in signal decomposition and power-related estimation, three stationary waveforms, containing the fundamental and two harmonics, and one nonstationary component, are considered in synthetic signals of the voltage and current, expressed as


     u ( t )     =  u 1   ( t )  +  u 2   ( t )  +  u 3   ( t )  +  u 4   ( t )  ,          =  2   220 sin ( 2 π × 50 t ) + 20 sin ( 2 π × 250 t + 2 π ) + 5 sin ( 2 π × 350 t + π )           +  e  − 0.3 t    cos  ( 2 π  ( 450 t + 0.5 π cos  ( 2 π × 30 t )  )  )  ) ,      



(22)






     i ( t )     =  i 1   ( t )  +  i 2   ( t )  +  i 3   ( t )  +  i 4   ( t )  ,          =  2   25 sin ( 2 π × 50 t ) + 10 sin ( 2 π × 250 t ) + 5 sin ( 2 π × 350 t )           + 2  e  − 0.3 t    cos  ( 2 π  ( 450 t + 0.5 π cos  ( 2 π × 30 t )  )  )  ) ,      



(23)




where the fundamental frequency is 50 Hz, the sampling frequency is 1500 Hz for discretizing   i ( t )   and   u ( t )  , and the time interval of the synthetic signal is 0.5 s in this experiment.



To visually evaluate the decomposition performance of ACMD and DWT methods, we show the resultant synthetic current waveform and each component in Figure 2a as the ground-truth ones, based on (22). After the DWT with mother wavelet ‘db4’ and ACMD methods are used to decompose the current   i ( t )  , the decomposed components and reconstructed signal are shown in Figure 2b,c. According to the principle of the DWT method, the fundamental component can be extracted from three-level DWT decomposition, and its frequency is within that of the highest-level approximation coefficients, i.e., ca3 in Figure 2b. From the decomposed results of the DWT method shown in Figure 2b, we observe that there is a component that does not already exist in (22) within [93.75, 187.5] Hz. In addition, the obtained components within [0, 93.75] Hz are not pure fundamental components as expected but mixed with the leakage components from other frequency ranges. Similar patterns exist in other frequency ranges, whereas the ACMD method obtains each component, more closely to the ground-truth ones, compared with the results from the DWT method.



The calculated quantities and relative errors (‰) of the fundamental, harmonics, and nonstationary components are shown in Table 1, where the reference values are directly calculated from the analytic expressions in (22), agreeing with IEEE Standard 1459-2010. The estimated quantities for the three-type components are calculated from the decomposed results from the ACMD and DWT methods. The results in Table 1 show that the DWT-based method causes small estimations for the fundamental and large ones for harmonic, especially for nonstationary components, resulting in bringing large estimated errors for each component. The main reason is its leakage issue as mentioned above, whereas compared with the DWT-based method, the ACMD-based method brings quantities closer to the reference values with fewer estimation errors.




3.2. Simulation Signal


The performance of the proposed ACMD-based calculation method is further validated by using a simulation model in MATLAB/SIMULINK, as shown in Figure 3. The current and voltage waveforms at the grid side of the charging pile are shown in Figure 4a,b, respectively. From Figure 4, we observe that the charging current is similar to a square wave, deviating from the standard sine signal, while the voltage contains fewer harmonics, closer to the sine signal. Further, considering there are nonlinear elements in the charging piles of electric vehicles, the nonstationary signals are introduced to the current and voltage for realistically simulating the charging characteristics of electric vehicles. In this experiment, sawtooth impulse and high-frequency attenuation signals are used for the nonstationary signals   u s   and   i s  , expressed as


   u s   ( t )  =      8 × s a w t o o t h ( 2 π × 1800 t + 0.5 π , 0.5 ) ,     t ∈ ( 0.4 , 0.55 ) s ,       8 ×  e  − 40 t   sin  ( 2 π × 1500 t )  ,     t ∈ ( 0.75 , 0.9 ) s ,       



(24)




and


   i s   ( t )  =      10 × s a w t o o t h ( 2 π × 1800 t + 0.5 π , 0.5 ) ,     t ∈ ( 0.4 , 0.55 ) s ,       10 ×  e  − 40 t   sin  ( 2 π × 1500 t )  ,     t ∈ ( 0.75 , 0.9 ) s ,       



(25)




respectively. Figure 4c shows the waveform of    i s   ( t )   . To observe the components of current, the spectrum of the current   i ( t )   is shown in Figure 4d, which demonstrates that 6 h ± 1 order harmonics with successively attenuated amplitude appear on the corresponding spectral bins beside the fundamental, and the nonstationary signals appear on multiple high-frequency ranges, as shown in the enlarged drawing.



The sampling frequency is 4000 Hz in this experiment, and five-level DWT decomposition with the mother wavelet ‘db4’ is applied on current and voltage, making it that the highest-level frequency range corresponds to that of the fundamental component (i.e., ca5). Figure 5 shows the decomposed results of the current. From the decomposed fundamental and nonstationary components, it is easy to discern that both of them are mixed with other frequency components. Meanwhile, the ACMD method is utilized for current and voltage, and the decomposed results for the current are shown in Figure 6. Since the ACMD method performs decomposition recursively, two nonstationary signals are extracted separately, and close to the raw waveform in the views of waveform trend and occurrence interval. For harmonics, parts of the waveform within black windows are enlarged and displayed in small attached windows for comparison. Compared with the results from the DWT method in Figure 5, the decomposed components from the ACMD method in Figure 6 more agree with the real ones.



Using the decomposed components from the DWT and ACMD methods, the RMS values, active power, and relative error (‰) for the three components are calculated and shown in Table 2. Since the real value for each component can not be calculated directly as the case for synthetic signals, the RMS values of the fundamental and harmonics are calculated from the corresponding information of spectral magnitude, while the quantities of the nonstationary component are calculated according to   u s   and    i s   ( t )    in (24) and (25). Similar to the comparison results for synthetic signals, the ACMD-based method achieves better estimation for each component and total active power for simulation data compared with the DWT-based method.





4. Conclusions


In this paper, a new approach based on the ACMD method was proposed to estimate the power-related quantities for electric vehicle charging load, according to the definition in the IEEE Standard 1459-2010 in the time–frequency domain. The current and voltage on the grid side of the charging piles were decomposed into the fundamental correctly, harmonic, and nonstationary components through the ACMD method. With the decomposed components, the active power and the RMS values were calculated for each component and the overall. Compared with the DWT-based method, the proposed ACMD-based method achieved better estimation of power-related quantities for the electric vehicle charging load with significantly fewer estimation errors, especially for the harmonics and nonstationary components. To further explore the advantage of the ACMD method for more applications in power systems, our future works will focus on power-related estimation of three-phase systems or other electric devices (e.g., power transformer) for abnormality detection, fault diagnosis, etc.
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Abbreviations




	P
	Active power



	U
	RMS value of the voltage



	I
	RMS value of the current



	  u ( t )   and   i ( t ) )  
	Voltage and current on the grid side of the charging piles, respectively



	   u b   ( t )    and    i b   ( t )   
	Fundamental voltage and current, respectively



	   u h   ( t )    and    i h   ( t )   
	h-th harmonic voltage and current, respectively



	   u s   ( t )    and    i s   ( t )   
	Nonstationary voltage and current, respectively



	  P  b b   ,   P  h h   , and   P  s s   
	Fundamental, harmoinc, and nonstationary active power, respectively



	  U b  ,   U h  , and   U s  
	RMS values of the fundamental, harmoinc, and nonstationary voltage, respectively



	  I b  ,   I h  , and   I s  
	RMS values of the fundamental, harmoinc, and nonstationary current, respectively
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Figure 1. Topology of the charging pile of electric vehicles. 
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Figure 2. Current synthetic waveform and the corresponding decomposed results by using DWT and ACMD methods: (a) synthetic current and its components; (b) decomposed and reconstructed results of the DWT method; (c) decomposed and reconstructed results of the ACMD method. 
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Figure 3. Simulation model in MATLAB/SIMULINK. 
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Figure 4. Waveform generated from simulation model and the spectrum of current: (a) current; (b) voltage; (c) nonstationary   i s  ; (d) the spectrum of the current. 
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Figure 5. Decomposed results by using DWT method for current. 
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Figure 6. Decomposed results by using ACMD method for current. 
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Table 1. Comparisons of estimated quantities of ACMD-based and DWT-based methods for synthetic signal.
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Quantity

	
Reference Values

	
ACMD

	
DWT




	
Symbols

	
Parameters

	
Analytical

	
Value

	
Error (‰)

	
Value

	
Error (‰)






	
U

	
Voltage RMS (V)

	
220.97

	
220.82

	
0.68

	
220.87

	
0.45




	
I

	
Current RMS (A)

	
27.39

	
27.38

	
0.36

	
27.38

	
0.36




	
P

	
Active power (W)

	
5625.86

	
5618.00

	
1.40

	
5602.85

	
4.09




	
   U b   

	
Fundamental voltage RMS (V)

	
220.00

	
219.85

	
0.68

	
217.96

	
9.27




	
   I b   

	
Fundamental current RMS (A)

	
25.00

	
24.98

	
0.80

	
24.80

	
8.00




	
   P  b b    

	
Fundamental active power (W)

	
5500.00

	
5492.78

	
1.31

	
5399.46

	
18.28




	
   U h   

	
Harmonic voltage RMS (V)

	
20.62

	
20.59

	
1.45

	
35.13

	
703.68




	
   I h   

	
Harmonic current RMS (A)

	
11.18

	
11.17

	
0.89

	
10.85

	
29.52




	
   P  h h    

	
Harmonic active power (W)

	
125.00

	
124.66

	
2.72

	
186.88

	
495.04




	
   U s   

	
Nonstationary voltage RMS (V)

	
1.31

	
1.07

	
183.21

	
6.46

	
3931.29




	
   I s   

	
Nonstationary current RMS (A)

	
0.66

	
0.53

	
196.96

	
4.14

	
5272.72




	
   P  s s    

	
Nonstationary active power (W)

	
0.86

	
0.57

	
337.21

	
16.52

	
18,209.30
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Table 2. Comparisons of estimated quantities of ACMD-based and DWT-based methods for simulation signals in MATLAB/SIMULINK.
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Quantity 

	
Reference Values

	
ACMD

	
DWT




	
Symbols

	
        Parameters

	
Analytical

	
Value

	
Error (‰)

	
Value

	
Error (‰)






	
U

	
Voltage RMS (V)

	
224.76

	
224.77

	
0.0

	
223.88

	
3.92




	
I

	
Current RMS (A)

	
49.54

	
49.62

	
1.61

	
49.49

	
1.01




	
P

	
Active power (W)

	
10,756.46

	
10,749.33

	
0.66

	
10,659.48

	
9.02




	
   U b   

	
Fundamental voltage RMS (V)

	
224.41

	
224.46

	
0.22

	
200.07

	
108.46




	
   I b   

	
Fundamental current RMS (A)

	
47.8200

	
47.83

	
0.21

	
42.74

	
106.23




	
   P  b b    

	
Fundamental active power (W)

	
10,686.11

	
10,691.48

	
0.50

	
8512.89

	
203.36




	
   U h   

	
Harmonic voltage RMS (V)

	
10.49

	
10.75

	
24.78

	
100.39

	
8570.06




	
   I h   

	
Harmonic current RMS (A)

	
12.60

	
12.74

	
11.11

	
24.69

	
959.52




	
   P  h h    

	
Harmonic active power (W)

	
48.48

	
51.07

	
53.42

	
2139.69

	
43,135.52




	
   U s   

	
Nonstationary voltage RMS (V)

	
2.28

	
2.47

	
83.33

	
3.78

	
657.89




	
   I s   

	
Nonstationary current RMS (A)

	
2.86

	
2.82

	
13.98

	
3.69

	
290.21




	
   P  s s    

	
Nonstationary active power (W)

	
6.54

	
5.79

	
114.48

	
6.89

	
53.45

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 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 (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  energies-16-05305


  
    		
      energies-16-05305
    


  




  





media/file8.jpg
caS (A), Range of Frequency 0~62.5Hz

o of Frequency 62.5~125Hz

$o8

54 045 05 035 06 08 07 075 08 08e)
4 (A), Range of Froquoncy 125-250Hz

20
04 045 05 055 06 08 07 075 08 08se)

42 (A), Range of Froquency 50~1000Hz

QTR R A AR AR
al ML

04 04 05 055 05 055 07 075 08 085()
43 (A), Range of Froquoncy 250-500Hz

04 045 05 085 06 05 07 075 08 085)
41 (A), Range of Froquency 1000-2000H

=

04 045 05 055 05 085 07 075 08 08Ks)

04 045 05 055 05 08 07 075 08 08





media/file11.png
Fundamental Current (A) (h=1, f~50Hz) Harmonic Current (A) (h=5, f~250Hz)
50 T

|

50f \/ : |

04 045 05 055 06 065 0.7 0.75 0.8 0.85(s)
Harmonic Current (A) (h=11, f~550Hz)

04 045 05 055 06 065 0.7 0.75 0.8 0.85(s)
Harmonic Current (A) (h=7, f=350Hz)

.

- , , Loy
04 045 05 055 06 065 0.7 0.75 0.8 0.85(s)

04 045 05 055 0.6 065 0.7 075 0.8 0.85(s)
20 Harmonic Current (A) (h=13, f~650Hz) Non-stationary Current 1 (A)
T ————I r r — 10F r r r r r r

04 045 05 055 06 065 0.7 0.75 0.8 0.85(s) 04 045 05 055 06 065 0.7 0.75 0.8 0.85(s)
Non-stationary Current 2 (A)

04 045 05 055 0.6 0.65 0.7 0.75 0.8 0.85(s)





media/file6.jpg
@ of

2o
®of
2o

il B

ot e e

wf
04 0% 05 036 o6 0ss 07 075 0sose  sof|
Voltage
@of| o
o 0 0z o os o o7 ot osome | g e N
% N Hh
04 045 05 055 0B 085 07 075 08 0B 0 w0 o 0

2000042)





media/file1.png
AC/DC three-phased

DC/DC

bridge uncontrollable

W,.\ IIIIIIIIIIIIII )
£ | |
<
b_ N+ &= | "
> )
v _ 1 _
E \\ IIIIIIIIIIIII |l/
|
— | ||
2 | _
ﬁ_ |
2 |
= ¢
=3 M _
Ol ¢ |
\
~l_ |/
2 [ N
| |
mu_ |
£l _
2 |
|
| Il |
R ;
7 | [~
( \
_|_“_u | [ _u‘”_| |
[ |
[ |
[ |
— |
2| _
= Iﬂ_m. _ [ _m.H_I |
- |
ol
O |
[ |
[ |
[ |
_ J
A R I L J
S B i N
_\ )
Y “
3 _
20 | “
z | |
> | [ _
p_ |
2 “
_ _
\ /

—— e — e — — —— —





media/file10.jpg
Fundamental Current (A).

, fS0Hz) (A) (h=S, f=250Hz)

G4 045 05 035 08 06 07 075 08 080
onle Current (8 (n=13, 650H:)

T4 045 05 03 08 06 07 075 08080





media/file7.png
50
@ o

200
(b) o
200

10F

(c) o

-10t

Current (A)

04 045 05 055 06 0.65 0.7 0.75 0.8 0.85(s)

Voltage (V)

[ .

04 045 05 055 06 065 0.7 0.75 0.8 0.85(s)
Non-stationary Current (A)

04 045 05 055 06 0.65 0.7 0.75 0.8 0.85(s)

70
60
50t
40}
()30

20t

FFT Result of Currrent (Amplitude(AU))

2

1.5}

1 L

0.5

0

1400 1600 1800 \ZOOO(HZ)

l LL | | a4 i_.; s

500 1000 1500

2000(Hz)





media/file9.png
cab (A), Range of Frequency 0~62.5Hz

507

-50 |

04 045 05 055 06 065 0.7 0.75 0.8 0.85(s)
cd4 (A), Range of Frequency 125~250Hz

20

04 045 05 055 06 065 0.7 075 0.8 0.85(s)
cd2 (A), Range of Frequency 50~1000Hz

04 045 05 055 06 065 0.7 0.75 0.8 0.85(s)

cd5 (A), Range of Frequency 62.5~125Hz

04 045 05 055 06 065 0.7 0.75 0.8 0.85(s)
cd3 (A), Range of Frequency 250~500Hz

O M M M M M M M M M
04 045 05 055 06 065 0.7 0.75 0.8 0.85(s)
cd1 (A), Range of Frequency 1000~2000Hz

04 045 05 055 06 065 0.7 0.75 0.8 0.85(s)





media/file5.png
Discrete
0.00025 s.

R1

=

C

R2
R3

Three-Phase Source

L1
L2
L3

A d

b
—es——e 3f ([

C n

Three—Phas__l_

Transformer =
(Two Windings)

m_A + L
B
AT

Universal Bridge






media/file3.png
Input Current Signal (A)

0 0.05 0.1 0.15(s)
Signal 1 (f=50Hz)(A)

40

AVAVAVAVAVAVAVA
0 0.05 0.1 0.15(s)
Signal 2 (f=250Hz)(A)

10
0 |
-10 _ _
0 0.05 0.1 0.15(s)
Signal 3 (f=350Hz)(A)
10 ' '
O ! !
-10 : .
0 0.05 0.1 0.15(s)
Non-Stationary Signal (A)
5 : .
0
-2 , ,
0 0.05 0.1 0.15(s)

(a)

WT Reconstructed Result (A) ACMD Reconstructed Result (A)
oMM W o Y
0 0.05 0.1 0.15(s) 0 0.05 0.1 0.15(s)

0 ca3 (A), Range of Frequency 0~93.75Hz Signal 1 (f=50Hz)(A)

4 40
AVAVAVAVAVAVAVA R AVAVAVAVAVAYAYA
0

_40 M M _40 M A
0.05 0.1 0.15(s) 0 0.05 0.1 0.15(s)
cd3 (A), Range of Frequency 93.75~187.5Hz Signal 2 (f~250Hz)(A)
10| ' ' ] 10 ' '
0 NN~ AN o |
-10T . . ' -10 ; ,
0 0.05 0.1 0.15(s) 0 0.05 0.1 0.15(s)
20cd2 (A), Range of Frequency 187.5~375Hz Signal 3 (f~350Hz)(A)
: : 10 : .
0 , 0
20 , \ -10 . .
0.05 0.1 0.15(s) 0 0.05 0.1 0.15(s)
10 cd1 (A), Range of Frequency 375~750Hz Signal 4 (Non-Stationary Signal)(A)
. . 5 : .
0 | 0
_10 M M _2 M M
0 0.05 0.1 0.15(s) 0 0.05 0.1 0.15(s)

(b) (c)





media/file4.jpg
Discrete
0.00025 s.

+R=e
Ci

LS NEES

)
—Ms}{f
c” )

& 13

B L

ey

Three-Phase Source

Three-Phase
Transformer
(Two Windings)

d

Universal Bridge





media/file0.jpg
phased

AC/DC three-

DC/DC

bridge uncontrollable:

AC power supply






media/file2.jpg
Input Current Signal (A)

T T )
s s
T
epme——"
9
8 LT
e o o1 owe
S a0
|
“
T om o o
Non Satorary st
H
T T )
WT Reconstn uas.,..xmm ACMD Reconstructed Result (A)
P “
T am  or ewe Yo er owe
IR Rongoof roquaney 027 gttty
5 005 o1 0.1565) 0 005 o1 0.15(s)
s . R Py 83.75-176 Sina 2 20
S
T om o e 5 om o1 o
LS ey w3 ko
T om a1 owe 5 w01 o
14, gt Froqoncy 51500 ot o ttonay St
10! 9
o e o wm o owe

© ©





