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Abstract

:

Nowadays, the integration of renewable energy sources such as solar, wind, etc. into the grid is recommended to reduce losses and meet demands. The application of power electronics devices (PED) to control non-linear, unbalanced loads leads to power quality (PQ) issues. This work presents a hybrid controller for the self-tuning filter (STF)-based Shunt active power filter (SHAPF), integrated with a wind power generation system (WPGS) and a battery storage system (BS). The SHAPF comprises a three-phase voltage source inverter, coupled via a DC-Link. The proposed neuro-fuzzy inference hybrid controller (NFIHC) utilizes both the properties of Fuzzy Logic (FL) and artificial neural network (ANN) controllers and maintains constant DC-Link voltage. The phase synchronization was generated by a self-tuning filter (STF) for the effective working of SHAPF during unbalanced and distorted supply voltages. In addition, STF also does the work of low-pass filters (LPFs) and HPFs (high-pass filters) for splitting the Fundamental component (FC) and Harmonic component (HC) of the current. The control of SHAPF works on d-q theory with the advantage of eliminating low-pass filters (LPFs) and phase-locked loop (PLL). The prime objective of the projected work is to regulate the DC-Link voltage during wind uncertainties and load variations, and minimize the total harmonic distortion (THD) in the current waveforms, thereby improving the power factor (PF).Test studies with various combinations of balanced/unbalanced loads, wind velocity variations, and supply voltage were used to evaluate the suggested method’s superior performance. In addition, the comparative analysis was carried out with those of the existing controllers such as conventional proportional-integral (PI), ANN, and FL.
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1. Introduction


The power distribution network is subjected to higher PQ problems such as voltage sag/swell/disturbance, harmonics, PF, interruptions, flickers, etc. when compared to the generation and transmission side due to the integration of PED and nonlinear loads.



1.1. Challenges and Motivation


The increase in the application of large non-linear industrial loads has led to an increase in harmonic currents thereby reducing PF. Electricity with a bad quality is dangerous and uneconomical at both the utility and consumer end. Therefore, maintaining PQ became a challenge to power engineers. The regulation of capacitor voltage across the DC-Link in addition to minimization of THD in current waveforms and improving PF motivated the invention of a new hybrid controller. To improve the PQ, the FACTS device used at the distribution side of the utility grid is the SHAPF.




1.2. Literature Review


The SHAPF configurations for 1-ⱷ and 3-ⱷ with three and four-wire systems configurations along with the compensation methods for both sinusoidal/non-sinusoidal supply voltage conditions were reviewed. Additionally, the latest advancements and practical applications of SHAPF for future study were also discussed [1]. The SRFT-based new controller was developed to mitigate the PQ issues through the 3ⱷ-4wire UPQC for unbalanced and distorted loads of the distribution network [2].



The performance of the SHAPF was analyzed under balanced/unbalanced conditions with the hybridization of both the superior properties of the FL controller and PI controller to diminish THD [3]. A novel self-tuning perturb and observe technique-based solar battery integrated SHAPF was designed to minimize the THD and manage the reactive power effectively. In addition, a maximum Kalman filter was employed for the effective reference current estimation [4]. Moreover, the advancement in artificial intelligence systems such as FL and ANN controller was able to control the SHAPF effectively to reduce PQ issues during dynamic non-linear load changes [5,6,7].



The PV-connected UPQC was designed and its performance was studied under various load distortions by extracting maximum power to reduce THD and improve performance [8]. The fuel cell-supported SHAPF with SRFT-based PI controller was designed to maintain DC-link voltage and minimize THD [9]. The optimal tuning of SHAPF was carried out with the aim of reactive power and THD minimization based on the particle swarm optimization and grey wolf optimization hybridization algorithm along with the fractional proportional integral derivative control technique [10]. The modern smart grid with ANN feed-forward control strategy for wind-solar integrated DSTATCOM was proposed to boost the voltage profile and maintain reactive power at the grid [11].



The novel adaptive-power technique was implemented on the H-bridge eight-switch UPQC with the motive of reducing THD and source voltage-related fluctuations [12]. The PV/wind and PEMFCS connected multi-levels UPQC was proposed with the view of diminishing THD, eliminating sag, swell, voltage distortions, and swell efficiently. In addition, hardware was implemented to analyze the real-time performance of the proposed method [13]. However, to overcome the drawbacks of the conventional PI controller, the Sliding Mode controller was suggested for DSTATCOM to improve the THD and maintain the DC voltage constant during load variations [14]. The modern AC-DC microgrid with the intelligent FL-PI and FL-PID controller was designed with the view of minimizing PQ issues and improving voltage stability. In addition, the performance analysis was carried out with two different case studies with dynamic load changes [15]. The STF-based control for SHAPF was investigated to reduce the use of LPF and PLL, and theoretical and practical analysis was carried out [16].



The FLC was suggested for the UPQC to minimize the distortions in voltage and current waveforms for RL non-linear loads. In addition, a comparative analysis was done with and without UPQC [17]. Furthermore, the novel predictive phase dispersion modulation method was designed for the H-Bridge cascaded Multi-Level UPQC with the prime intention of compensating the voltage distortions, imperfections in current waveforms, and regulating DC-Link capacitor voltage [18]. The UPQC was suggested for the induction-furnace load at a steel plant to reduce current and voltage harmonics. In addition to exhibiting its superior performance, the comparison was done with that of the synchronous compensator [19]. A novel Fourier transform analysis was suggested for the PV, wind, fuel cell, and battery-integrated UPQC intending to eliminate voltage /current THD, sag, swell, and distortions in the supply voltage [20]. The various SVPWM control strategies were discussed for power quality enhancement and comparisons were carried out with the experimental results discussed in the literature [21].



The Internet of Things (IoT)-based power management unit to identify the PQ issues and the implementation of an ANN-based controller was designed for SHAPF to reduce THD [22]. The modern AC-DC microgrid with the intelligent FL-PI and FL-PID controller was designed with the view of minimizing PQ issues and improving voltage stability. In addition, performance analysis was carried out with two different case studies with dynamic load changes [23]. An adaptive full order observer-based control algorithm was developed for the UPQC to improve the PQ due to its fast response in fault detection for all positive sequence components, and high accuracy in monitoring under all various loads/grid conditions. In addition, a BBO algorithm was employed for the optimal tuning of Kp and Ki values for PIC on UPQC to minimize the DC-Link voltage oscillations [24].



However, the PQ issues for the micro-grid integrated distribution network were addressed using UPQC to mitigate voltage imbalances and current harmonics. An adaptive network-based fuzzy inference system was proposed to maximize the utilization and efficiency of the system [25]. An automated shifting method between the grid and island modes was developed for PV battery integrated UPQC in the view of addressing the PQ issues with low disturbance to the local loads. Further, the system performance was validated with experimental results [26]. The combination of both the improved bat algorithm and moth flame algorithm optimization-based hybrid control technique was developed to address the PQ issues in the micro-grid system in the view of minimizing the error function of power variation. In addition, the operation cost of renewable sources was reduced with the optimal tuning of Kp and Ki parameters [27].



An ANN controller based on a hybrid combination of reactive power control with unit vector template generation was designed for UPQC to mitigate PQ issues effectively. In addition, solar PV is connected to reduce the ratings of the power converters, and stabilize the DC-Link capacitor voltage during faulty and load variation conditions [28]. In addition, the novel sequence-component detection method hybridized with unit vector-template generation was proposed for the double-stage solar integrated UPQC to diminish PQ issues [29]. The review of various topologies, compensation techniques, controllers, and technological advancements in recent years for the UPQC were outlined with the motive of eliminating PQ issues [30].



Furthermore, the novel synchro-squeezing wavelet transform and ANN-based hybrid control algorithm were developed for the shunt controller of distributed generation integrated UPQC to detect and identify and control the PQ events regularly. In addition, a comparison was carried out with the ANN controller [31]. The optimal gain coefficients of modified active-power filter (MAPF) with a power filter compensator-kit (PFCK) were suggested with Harris hawk optimization (HHO), grasshopper optimization algorithm (GOA), artificial bee colony (ABC), and differential evolution (DE) to minimize current and voltage harmonics in addition to the diminishing the controller error [32]. The grid-connected network with an adaptive FL-C based on a series active power filter was designed to address PQ problems such as voltage fluctuations/interruptions, reduction of current harmonics, and maintaining constant DC-Link voltage [33].




1.3. Key Contribution


This study is designed to enhance the PQ in the distribution network. The highlights of this article are emphasized below:




	⮚

	
Design of hybrid controller (NFIHC) involving both the properties of FL and ANN techniques for the WPGS and BS-integrated SHAPF (SH-WPBS).




	⮚

	
The prime aim of the proposed method is to minimize THD thereby improving PF and maintaining constant DC-Link voltage.




	⮚

	
The proposed STF is used to generate synchronization phases (SYP) for SHAPF instead of PLL. In addition, STF also does the work of LPFs and HPFs for splitting the FC of current.




	⮚

	
The results are obtained for variation in loads, distorted supply voltage, and wind uncertainties as case studies.




	⮚

	
Future performance analysis was carried out with PI, FL, and ANN controllers. To exhibit the superiority of the proposed technique, validation was done with those existing methods that are available in the literature.









However, from the literature survey, it is noticed that the majority of research papers focused mainly on THD reduction and or DC-Link voltage regulation as the main objective with the conventional PLL and LPFs. In the proposed work, in addition to THD minimization with DC-Link voltage balancing, PF improvement was also considered an objective with STF instead of PLL and LPFs. Although quite a lot of techniques were recommended in the literature review, there is still a possibility of designing new controllers and techniques for efficiently eliminating PQ problems.




1.4. Paper Organization


Section 2 designs the components of the proposed SHAPF, Section 3 discusses the control-based STF with proposed NFIHC for SHAPF, Section 4 provides results and discussions, and lastly, Section 5 gives the conclusion.





2. Proposed SH-WPBS


Figure 1 gives the construction of SHAPF integrated with a BSS and WPGS. The WPGS and BSS are associated with the SHAPF via a DC-Link and boost converter. This paper presents NFIHC, which utilizes both the properties of FL and ANN. The purpose of SHAPF is to inject a suitable current to minimize the current harmonics thereby making the source current distortion-free and also maintaining the constant DC-link voltage. Different combinations of loads were considered in the proposed work. The proposed SHAPF specifications with loads are exhibited in Table 1.



The WPGS and BSS act as external support for the DC-Link via the DC-DC boost converter and buck-boost converters to maintain the constant DC-Link voltage during load variations and minimize PQ issues as shown in Figure 2. The WPGS ratings are given in Table 2. The power equilibrium equation of the projected system at the DC link is given by Equation (1).


   P W  +  P  B S   −  P  d c   = 0  



(1)







2.1. Wind Power Generation System (WPGS)


The WPGS control system consists of a wind turbine, a PMSG, and a boost converter. The power output from the wind system is given by Equation (2)


   P w  = 12 ρ A  v 3   C p  ( λ , θ )  



(2)




where




	
 ρ  is the density of air in kg/m3



	
 A  is the area under swept by the rotor turbine blades in m2



	
 v  is the velocity of the wind in m/s



	
   C p    is the coefficient of power, function of (TSR,  λ ) and pitch-angle ( θ ).








A PMSG is chosen for its low operating and maintenance cost. The output of the generator is reliant on the speed of the wind. The generator output is converted into DC using a 3ⱷ diode rectifier and subsequently, the level of the voltage is boosted by employing a DC-DC boost converter as shown in Figure 3.



The reference current    i  r e f      d c     is approximated by reducing the of DC-Link voltage error    V  d c , e r r     using a PI controller. In mathematical terms, the approximation can be explained as given in Equations (3) and (4). The wind error current reference    i  W , e r r     ∗    is obtained by PI of wind error current    i  W , e r r    . Where    i  W , e r r     is the difference between the reference, the DC-Link current    i  r e f      d c     and wind current    i  r e f     W    obtained from LPF is given in Equations (5)–(7).


   V  d c , e r r   ( t ) =  V  r e f      d c   −  V  d c    



(3)






   i  r e f      d c   =  K  p , 1      V  d c , e r r   ( t ) +  K  i , 1      ∫ 0 t    V  d c , e r r   ( t )      d t  



(4)






   i  W , e r r   ( t ) =  i  r e f      d c   −  i  r e f     W   



(5)






   i  W , e r r     ∗  =  K  p , 2      i  W , e r r   ( t ) +  K  i , 2      ∫ 0 t    i  W , e r r   ( t )      d t  



(6)




where


   i  r e f     W  = (  1  1 + T . S   ) ∗  i W   



(7)







   K  p 1     = 1.15,    K i    1    = 0.2,    K  p 2     = 1.477 and    K i    2    = 3.077 are chosen heuristically.




2.2. Battery Storage (BS)


The BS controller consists of a lead-acid battery connected to a bi-directional buck-boost converter. It maintains DC-Link voltage through a PI controller as given in Figure 4. The state-of-charge (SOC) is given by Equation (8).


  S O C = 100 ( 1 +   ∫   i  B S        d t Q )  



(8)







Depending on the amount of power generated by the wind system, the battery operates in charging and discharging modes, satisfying the minimum and maximum constraints, which are determined by Equation (9).


  S O  C  min   ≤ S O C ≤ S O  C  max    



(9)







The reference current    i  r e f      d c     is approximated by reducing the DC-Link voltage error    V  d c , e r r     using a PI controller in mathematical terms. The approximation can be explained as given in Equations (10) and (11). The battery error current reference    i  B S , e r r     ∗    is obtained by the PI of battery error current    i  B S , e r r    . Where    i  B S , e r r     is the difference between reference DC-Link current    i  r e f      d c     and battery current    i  r e f      B S     given in Equation (12) obtained from LPF given in Equations (13) and (14).


   V  d c , e r r   ( t ) =  V  r e f      d c   −  V  d c    



(10)






   i  r e f      d c   =  K  p , 3      V  d c , e r r   ( t ) +  K  i , 3      ∫ 0 t    V  d c , e r r   ( t )      d t  



(11)






   i  B S , e r r   ( t ) =  i  r e f      d c   −  i  r e f      B S    



(12)






   i  B S , e r r     ∗  =  K  p , 4      i  B S , e r r   ( t ) +  K  i , 4      ∫ 0 t    i  B S , e r r   ( t )      d t  



(13)




where


   i  r e f      B S   = (  1  1 + T . S   ) ∗  i  B S    



(14)







   K  p 3     = 1.05,    K i    3    = 0.01,    K  p 4     = 1.27, and    K i    4    = 3.07 are chosen heuristically. Table 3 gives the power dispersion at DC-link under various working conditions of the SH-WPBS.





3. Control Strategy


According to the d-q theory to compensate for the current harmonics and the improved power factor, first, they are transformed into Clarke’s reference. Later, the harmonic component (HC) and fundamental component (FC) are alienated to produce a reference current for the hysteresis-band controller. Generally, the conventional system consists of SHAPF control and PLL. Where a PLL is used to split the positive sequenced components from the source voltage, in the suggested control method, STF is used. In addition, STF also does the work of LPFs and HPFs for splitting the FC of the current. Therefore, the proposed control consists of an STF, SHAPF, and SAPF.



3.1. Modelling of STF


Hong-Sock calculated the integral in the synchronous reference frame (SRF) given in Equation (15)


   V  x y   ( t ) =  e  j ω t     ∫   e  − j ω t       U  x y   ( t ) d t  



(15)




where    U  x y     and    V  x y     are instantaneous signals in the SRF as former and later integration. The transfer function   H ( s )   is provided in Equation (16) by applying the Laplace transform to Equation (15).


  H ( s ) =    V  x y   ( s )    U  x y   ( s )   =   s + j ω    s 2  +  ω 2     



(16)







In order to get STF with a cut-off frequency from   H ( s )  , a constant parameter  k  is introduced. Thus,   H ( s )   is given in Equation (17).


  H ( s ) =    V  x y   ( s )    U  x y   ( s )   =   k ( s + k ) + j  ω n      ( s + k )  2  +  ω n    2     



(17)







By swapping    U  x y   ( s )   by    x  α β   ( s )   and    V  x y   ( s )   by   x  ′  α β   ( s )  , Equations (18) and (19) are obtained:


  x  ′ α  ( s ) = (  k s  [  x α  ( s ) − x  ′ α  ( s ) ] −    ω n   s  . x  ′ β  ( s ) )  



(18)






  x  ′ β  ( s ) = (  k s  [  x β  ( s ) − x  ′ β  ( s ) ] −    ω n   s  . x  ′ α  ( s ) )  



(19)




where    ω n    is the expected frequency of output and  k  is the filter’s gain. If the value  k  increases the accuracy of extracting, the desired component increases and vice-versa. Therefore, by using an STF, distortional signals of both voltage and current can be acquired without any change in their magnitude and phase angle. The control structure of an STF is shown in Figure 5.




3.2. SHAPF


The prime motive role of SHAPF is to reduce the THD of the supply current thereby improving the power factor (PF) by injecting the appropriate current. In addition, it maintains a constant voltage across the DC-Link. The proposed system (i) performs abc-αβ, αβ-dq, dq-αβ, and αβ-abc domain conversions; and (ii) NFIHC is used for regulating voltage across DC-Link capacitor and reducing harmonics in the current waveform. The NFIHC compares the actual DC capacitor voltage    V  d c     with    V  r e f      d c     and injects the error into the axis. The schematic diagram of the NFIHC is given in Figure 6. STF is used to generate SYP and for the splitting of FC and HC of the current. The domain transformations of STF, the design, and control part of the NFIHC are given below:



The SHAPF is controlled by the d-q theory. According to it, load currents are transferred to  α - β - 0  coordinates using Clark’s transformation by Equation (20).


         i  l _ α          i  l _ β          i  l _ 0         =    2 3         1    −  1 2      −  1 2       0       3   2      −    3   2         1 2       1 2       1 2               i  l _ a          i  l _ b          i  l _ c          



(20)







By the implementation of the Laplace transformation, the STF separates the HC from FC by using the Equation (21).


        i  ′  l _ α   ( s )       i  ′  l _ β   ( s )       =    k 2   s         i  l _ α   ( s ) − i  ′  l _ α   ( s )        i  l _ β   ( s ) + i  ′  l _ β   ( s )       +   2 π  f  c 2    s        i  ′  l _ β   ( s )       − i  ′  l _ α   ( s )        



(21)







Here    k 2    is the constant gain whose value is chosen as 20 and    f  c 2     is the cut-off frequency rating equal to system frequency 50 Hz. The HC in  α - β - 0  coordinates are obtained by Equation (22).


    i  ″  l _ α   =  i  l _ α   − i  ′  l _ α       i  ″  l _ β   =  i  l _ β   − i  ′  l _ β      



(22)







In Equation (23), the Clarke transformation is applied to transform the supply voltage from   a b c   to  α - β - 0  domain.


         V  S _ α          V  S _ β          V  S _ 0         =    2 3         1    −  1 2      −  1 2       0       3   2      −    3   2         1 2       1 2       1 2               V  S _ a          V  S _ b          V  S _ c          



(23)







The SYP   sin ( w t )   and   cos ( w t )   are obtained from Equation (24), which eliminates conventional PLL.


        sin ( w t )       cos ( w t )       =  1        V  ′  S _ α      2  +     V  ′  S _ β      2            V  ′  S _ α         − V  ′  S _ β          



(24)







The HC obtained in Equation (22) and the SYP obtained from Equation (24) are used to obtain HC in the d-frame.


  i  ″  l _ d   = i  ″  l _ α   sin ( w t ) − i  ″  l _ α   cos ( w t )  



(25)







The performance of SHAPF depends on both the reference current generation and DC-Link voltage. Therefore, it is important to maintain a constant DC-Link voltage. Whenever the load varies, the active power flow in the SHAPF varies, which in turn varies the DC-Link voltage. Therefore, to maintain the constant DC-Link voltage, the active power in SHAPF must be regulated. To achieve it, the active power flow in the SHAPF was made equal to the switching loss of the filter. The proposed NFIHC injects a suitable error signal   Δ  i  d c     in the d axis from the difference between the actual and reference DC-Link voltages. Therefore, the proper selection and design of the controller play a key role in DC-Link voltage regulation. The grid reference current in the d-axis is given by Equation (26).


   i  r e f      l _ d   = i  ″  l _ d   − Δ  i  d c    



(26)







The reference  d - q  load currents are converted into  α - β  domain by using Equation (27). Next, the shunt injected reference currents in   a b c   the domain are obtained from Equation (28).


         i  r e f        l _    α         i  r e f        l _    β        =       sin ( w t )     cos ( w t )       − cos ( w t )     sin ( w t )              i  r e f      l _ d          i  r e f      l _ q          



(27)






         i  s h        r e f     _ a          i  s h        r e f     _ b          i  s h        r e f     _ c         =    2 3         1   0      −  1 2         3   2        −  1 2      −    3   2               i  r e f      l _ α          i  r e f      l _ β          



(28)







The errors obtained from the comparison of the measured currents with these reference currents are supplied to a hysteresis controller to generate shunt converter switching signals.



Proposed NFIHC


The NFIHC is an amalgamation of FL and ANN techniques, where the process of FL is controlled by the ANN technique. The FL controller works on mathematical reasoning, i.e., on linguistic rules. The FL controller works in three stages: fuzzification, inference, and defuzzification. During the processes of fuzzification, the numerical inputs are converted into linguistic variables. In order to transform the values into linguistic terms, a set of MFs is developed. The fuzzy rule base and MFs are determined in the inference stage. Lastly, in the stage of defuzzification depending on the input, any one of the values is considered as output. The process of FL is given in Figure 7.



The Takagi–Sugeno method is considered and receives   E r   and   C E   as inputs. The E is evaluated by Equation (29). The triangle MFs for both the E and CE are shown in Figure 8 and Figure 9, respectively. The fuzzy variables are denoted by triangular MFs as given in Figure 8 and Figure 9, involving P1, medium positive (P2), P0, Zero (O), N2, medium negative (N1), and N0. The voltage across DC-Link considers values in the range of these linguistic terms, and it is operated in a total of 49 sets of MFs, as exhibited in Table 4.


   E r  =  V  r e f      d c   −  V i     d c   ;   i = 1 , 2 , 3 , 4 , 5 , 6  



(29)







The ANN is a self-adaptive advanced control technique; its working mechanism is similar to the human brain. It is preferable due to its self-training, where interconnected neurons are trained according to the task required. The ANN contains three layers, namely IPL to receive data, HDL (between IPL and OPL), possessing specific weights and bias, and OPL, providing the output.



The proposed NFIHC is an efficient self-adaptive controller that utilizes both the superior qualities of FL and ANN controllers. Initially, the given inputs are trained by the MFs of FL and fed as inputs to the ANN. Based on the number of HDL, the NFIHC trains and provides appropriate output. The schematic diagram of NFIHC is illustrated in Figure 10. The MFs are trained through the NFIHC method to produce the desired output. In the proposed WPGS, and BSS connected SHAPF, the reference DC voltage is compared with the actual voltage, and the error is fed to the NFIHC controller. In this paper, the Levenberg–Marquardt algorithm is used to train the ANN.



The NFIHC system is mathematically modeled by Equation (30).


  IF   M   is   G   AND   N   is   H ,   then   P  = F ( M , N )   



(30)




where



 M ,  N , and  P  are input and output parameters.



A total of five layers were considered. At the 1st, the MFs with input  M  are represented as    δ  G j   ( M )  , where  j  denotes the MFs used. The weight ( W ) of neurons ( i ) at the product layer with AND operator is given in Equation (31).


   W i  =  δ  G j   ( M ) ∗  δ  H j   ( N )  



(31)







The 3rd layer works for the normalization of the values received from the 2nd layer and are expressed in Equation (32).


   W i  =    W i     W 1  +  W 2     



(32)







In the 4thdefuzzification layer, the ANN controller adopts self-adaptive property with the inference parameters   (  a i  ,  b i  ,  c i  )   as given in Equation (33).


     W i   ¯   F i  =    W i   ¯  (  a i  M +  b i  N +  c i  )  



(33)







The summation of inputs is carried out at the 5th layer to produce the output function  F  as given in Equation (34).


  F =   ∑ i      W i   ¯   F i     



(34)







The block diagram showing the five layers of the proposed NFIHC is given in Figure 11. The fuzzy rules that are applied are given in Equations (35) and (36). The flow chart of the proposed method is given in the Figure 12.


  If   M    is    G 1      AND   N     is  H 1    ,   then    F 1  =  a 1  M +  b 1  N +  c 1    



(35)






  If   M    is    G 2    AND   N     is  H 2    ,   then    F 2  =  a 2  M +  b 2  N +  c 2    



(36)










4. Simulation Results and Discussion


A 3-phase AC distribution network was explored to study the efficiency of the suggested SH-SPVBS. Five cases with different combinations of balanced/unbalanced non-linear loads and balanced/unbalanced supply voltages were considered to prove the superior performance of the proposed system as given in Table 5. The supply voltage is considered to be balanced for cases 1–4 and unbalanced for case5. The obtained THD & PF of the supply current for the proposed NFIHC method is compared with those of existing techniques such as PI, ANN, and FL controllers and other controllers that are available in the literature for validation as given in Figure 13 and Figure 14 and Table 6, respectively. The PF is calculated by Equation (37).


  P F = cos θ ∗  1    1 + T H  D 2       



(37)




where ϴ is the angle between voltage and current, with    1    1 + T H  D 2        representing the displacement factor.



The waveforms during steady-state conditions of the proposed SH-WPBS test system for all cases 1–5 are shown in Figure 15, Figure 16, Figure 17, Figure 18 and Figure 19.



In case 1, the source voltage was considered to be balanced for a three-phase balanced rectifier load with a constant 11 m/s wind velocity. The load currents were observed to be balanced but non-sinusoidal due to the nonlinear load. It is observed clearly from Figure 15a that the proposed method can give a sinusoidal source current. Such improvement in the waveforms has an impact on the THD and PF values. By injecting suitable shunt currents, the current’s THD was decreased from 22.67 percent to 2.30 percent, which is lower than that of methods available in the literature given in Table 6, and the PF was raised from 0.714 to 0.988. In addition, the DC-Link voltage was maintained constant with a low settling time of 0.05 s as shown in Figure 15b.



In case 2, the balanced supply voltage for the unbalanced load with 11 m/s wind velocity was considered; the load current was sinusoidal and unbalanced as presented in Figure 16a. It can be observed clearly that the NFIHC was able to reduce the THD from 11.45% to 2.29% effectively. As a result, the PF value boosted from 0.8452 to 0.9985. However, as shown in Figure 16b, the DC-link voltage was maintained constant during load change.



In case 3, the load current was non-sinusoidal and balanced due to the rectifier and furnace combined load as shown in Figure 17a. By injecting the required currents, the NFIHC can reduce THD from 20.98 percent to 3.43 percent and enhance PF from 0.7455 to 0.9871 percent. In addition, it proves that it maintains a constant DC-Link voltage during load and wind speed variation from 11 m/s to 10 m/s as illustrated in Figure 17b.



In case 4, due to the combination of both nonlinear balanced and unbalanced loads being considered, the load current was non-sinusoidal and unbalanced as presented in Figure 18a. It can be clearly observed that the NFIHC was able to reduce the THD from 16.87% to 2.4% effectively. As a result, the PF value rose from 0.8552 to 0.991.



In case 5, due to the unbalanced supply and unbalanced load with a wind speed of 10m/s, the load current was sinusoidal and unbalanced, as shown in Figure 19a with a THD of 9.26% and PF of 0.6382. The proposed hybrid controller effectively reduces THD from 9.26% to 2.30% and boosts PF from 0.6382 to 0.999. The proposed method was also able to maintain voltage across the DC-link effectively during the wind velocity variation, as shown in Figure 19b. The THD comparison for all the test cases is given in Figure 13. However, from Figure 14, it is clearly observed that the proposed method boosts up the PF to a much higher value almost to unity when compared to other control techniques for all the test studies efficiently. From the waveforms 15–29, it is clearly observed that the time required to reach the stable DC-link voltage without peak overshoot is 0.05sec, which is much less than conventional methods. Figure 20 exhibits the superior performance of the proposed method in maintaining constant DC-Link voltage during wind velocity variations. Figure 21 gives the THD spectrum of the proposed method for all the test cases for validation.




5. Conclusions


A hybrid NFIHC combination of both the properties of FL and ANN controllers was proposed for STF-based SH-WPBS. STF is used to produce SYP for SH-WPBS avoiding conventional PLL in addition to the splitting of FC and HC of currents. The STF with transformations was also given in addition to the design of NFIHC. The proposed method was able to lower THDs within acceptable values, boost PF to almost unity, and maintain stable DC-Link voltage after studying five test scenarios with diverse load combinations, and balanced and unbalanced source voltages. Moreover, these performances were much better than those of the existing controllers of PI, FL, and ANN. The NFIHC also maintains a constant DC-link voltage for all variations in wind velocity. To validate the proposed method, the obtained %THD was compared with those of the latest methods that are available in the literature. As a part of future research, the proposed model might be tested on an island condition. In addition, the hybrid controller technique can also be implemented in the series active power filter.
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Nomenclature




	    V  S _ a   ,  V  S _ b   ,  V  S _ c     
	Source voltage for phases a, b, c



	    V  S _ α   ,  V  S _ β   ,  V  S _ 0     
	Source voltage in  α - β - 0  domain



	   V  ′  S _ α   , V  ′  S _ β   , V  ′  S _ 0     
	FC of source voltage in  α - β - 0  domain



	    i  S _ a   ,  i  S _ b   ,  i  S _ c     
	Source current for phases a, b, c



	    R S    
	Source Resistance



	    L S    
	Source Inductance



	    V  l _ a   ,  V  l _ b   ,  V  l _ c     
	Load voltage for phases a, b, c



	    i  l _ a   ,  i  l _ b   ,  i  l _ c     
	Load current for phases a, b, c



	    i  l _ α   ,  i  l _ β   ,  i  l _ 0     
	Load currents in  α - β - 0  domain



	   i  ′  l _ α   , i  ′  l _ β   , i  ′  l _ 0     
	FC of load currents in  α - β - 0  domain



	   i  ″  l _ α   , i  ″  l _ β   , i  ″  l _ 0     
	HC of load currents in  α - β - 0  domain



	   i  ″  l _ d   , i  ″  l _ q     
	HC of load currents in  d - q  domain



	    i  r e f      l _ a ,    i  r e f      l _ b ,    i  r e f      l _ c     
	Reference load current for phases abc



	    i  r e f      l _ α ,    i  r e f      l _ β ,    i  r e f      l _ 0     
	Reference load current  α - β - 0  domain



	    i  r e f      l _ d ,    i  r e f      l _ q     
	Reference load current in  d - q  domain



	    i  s h _ a   ,  i  s h _ b   ,  i  s h _ c     
	SHAPF-injected current for phases a, b, c



	    i  r e f      s h _ a   ,  i  r e f      s h _ b   ,  i  r e f      s h _ c     
	Reference SHAPF injected current for phases abc



	    C  s h     
	Capacitance of SHAPF



	    R  s h     
	Resistance of SHAPF



	    L  s h     
	Inductance of SHAPF



	    C  d c     
	DC-Link capacitance



	    V  d c     
	Actual DC-Link capacitor voltage



	    V  r e f      d c     
	DC-Link reference voltage



	   Δ  i  d c     
	Dc link error



	    P W    
	Wind output power



	    V W    
	Wind output voltage



	    i W    
	Wind output current



	    P  d c     
	Power demand at DC-Link



	  Q  
	Battery rated capacity



	    V  BS     
	Battery output voltage



	    i  B S     
	Battery output current



	DPD
	DC-Link power demand



	MFs
	Membership Functions



	IPL
	Input-layer



	HDL
	Hidden-layer



	OPL
	Output-layer



	   S O C   
	state-of-charge



	   E r   
	Error



	   C E   
	Change in error



	SRFT
	Synchronous Reference-frame theory



	TSR
	Tip speed Ratio



	HCC
	Hysteresis current control
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Figure 1. Construction of SH-WPBS. 
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Figure 2. WPGs and BSS connected to DC-Link. 
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Figure 3. Wind System with controller. 
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Figure 4. BS controller. 
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Figure 5. The control structure of STF. 
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Figure 6. NFHC for Shunt Converter. 
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Figure 7. Overview of Fuzzy controller. 
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Figure 8. MF for “Er”. 
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Figure 9. MF for “CE”. 
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Figure 10. Overview of NFIHC. 
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Figure 11. Structure of NFIHC. 
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Figure 12. Flow of the proposed method. 
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Figure 13. THD comparison of the proposed method with the controllers considered in the study. 
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Figure 14. PF comparison. 






Figure 14. PF comparison.



[image: Algorithms 15 00256 g014]







[image: Algorithms 15 00256 g015 550] 





Figure 15. Waveforms for case 1. 
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Figure 16. Waveforms for case 2. 
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Figure 17. Waveforms for case 3. 
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Figure 18. Waveforms for case 4. 
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Figure 19. Waveforms for case 5. 
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Figure 20. Waveforms for wind velocity variation, DC-Link voltage, torque. 
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Figure 21. THD spectrum. 
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Table 1. SHAPF specifications and loads.






Table 1. SHAPF specifications and loads.





	Component
	Rating





	Source
	   V s     :   415   V ;   f    :   50   Hz  

   R s     :   0.10   Ω ;    L s   : 0.150 mH



	Shunt compensator
	   R  s h      :   0.0010   Ω ;  L  s h      :   2.150   mH ;    C  s h    : 1.0 µf

hysteresis band: 0.010 A



	DC-Link
	   C  d c      :   9400.00   µ f ;    V  d c     Voltage: 700.0 V
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Table 2. WPGS and BSS specifications.
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Equipment

	
Parameter

	
Rating






	
Li-ion battery

	
Rated-capacity

	
400 Ah




	
Maximum-capacity

	
500 Ah




	
Nominal-voltage

	
750 V




	
Maximum-voltage

	
756 V




	
Wind Turbine

	
Nominal turbine mechanical power

	
3 MW




	
Base wind speed

	
11 m/s




	
Pitch angle controller integral gain

	
5




	
Pitch angle controller proportional gain

	
25




	
Maximum pitch angle

	
45 deg.




	
Maximum rate of change of pitch angle

	
25 deg./s
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Table 3. Power-sharing at DC-link Bus.
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	Level of WPG
	Action





	   WPG   >    P  d c     
	   Extra   power   produced   by   WPG   is   used   to   charge   BS   till   it   attains   S O  C  max     



	   WPG =  P  d c     
	  WPG   alone   will   supply    P  d c    .



	   WPG   <    P  d c     
	   The   power   difference   is   supplied   by   BS   until   it   reaches   S O  C  min     



	No WPG
	  BS   alone   supplies    P  d c    .
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Table 4. MF mapping for capacitor voltage.
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Er

	
CE




	
P2

	
P1

	
P0

	
O

	
N0

	
N1

	
N2






	
N2

	
O

	
N0

	
N1

	
N2

	
N2

	
N2

	
N2




	
N1

	
P0

	
O

	
N0

	
N1

	
N2

	
N2

	
N2




	
N0

	
P1

	
P0

	
O

	
N0

	
N1

	
N2

	
N2




	
O

	
P2

	
P1

	
P0

	
O

	
N0

	
N1

	
N2




	
P0

	
P2

	
P2

	
P1

	
P0

	
O

	
N0

	
N1




	
P1

	
P2

	
P2

	
P2

	
P1

	
P0

	
O

	
N0




	
P2

	
P2

	
P2

	
P2

	
P2

	
P1

	
P0

	
O
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Table 5. Case studies considered.






Table 5. Case studies considered.













	Load
	Case 1
	Case 2
	Case 3
	Case 4
	Case 5





	Balanced supply voltage
	✓
	✓
	✓
	✓
	



	Unbalanced supply voltage
	
	
	
	
	✓



	11 m/s wind speed
	✓
	✓
	
	✓
	



	10 m/s wind speed
	
	
	✓
	
	✓



	Balanced Rectifier Load: 30.00 Ω & 20.00 mH
	✓
	
	✓
	✓
	



	Unbalanced R-L Load:

R: 10, 20 &15 Ω; L: 9.50, 10.50 & 18.50 mH.
	
	✓
	
	✓
	✓



	Induction Furnace load: LC = 400.0 mH, 50.0 μF

RL = 10.0 Ω, 100.0 mH
	
	
	✓
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Table 6. % THD comparison of proposed controller with controllers that are available in the literature.






Table 6. % THD comparison of proposed controller with controllers that are available in the literature.





	Method
	Case 1
	Case 2
	Case 3
	Case 4
	Case 5





	Without SH-SPVBS
	22.67
	11.45
	20.98
	16.87
	9.26



	PI
	6.27
	4.21
	4.37
	5.12
	4.27



	ANN
	4.88
	3.97
	4.75
	4.59
	3.01



	FL
	4.97
	3.81
	4.78
	3.24
	3.14



	PI-C [20]
	3.28
	--
	--
	--
	--



	SMC [20]
	2.44
	--
	--
	--
	--



	PI [25]
	14.74
	--
	--
	--
	--



	FL [25]
	6.13
	--
	--
	--
	--



	ANFIS [25]
	2.43
	--
	--
	--
	--



	PIC [33]
	3.65
	--
	--
	--
	--



	FLC [33]
	2.52
	--
	--
	--
	--



	NFIHC
	2.30
	2.29
	3.43
	2.4
	2.30
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