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Abstract

:

The presented system is a three-phase three-wire (3P–3W), seamless, capable, dual-stage PV power generation system without battery storage for rural residential loads to ensure a continuous power supply during the daytime. This system effortlessly shifts from the grid-connected (GC) mode to the standalone (SA) mode when the grid utility is unavailable. During the GC mode, a voltage source converter (VSC) is regulated by the polynomial zero-attracting least mean square (PZA-LMS) algorithm-based current control scheme. During the GC mode, the power balance is achieved at the point of common coupling (PCC) by exchanging active power with the grid, whereas the VSC delivers reactive power. Considering the low efficiency of PV power generation systems, an incremental conductance (InC)-based maximum power point tracking (MPPT) algorithm is necessary for the maximum power extraction out of a PV array. During the unavailability of the grid, the presented system operates in the SA mode, when the load is delivered with PV power only via VSC. Considering the high cost of the battery storage system (BSS), bi-directional converter, and charge control circuitry incurred by rural consumers, they were omitted from the system. Without a BSS, the InC-based MPPT is executed in the derated mode, extracting the PV power to exactly match the load demand. Without derated PV power generation operation, the load may be damaged due to excess PV power flow to the load end or the load may remain underpowered, leading to load shedding or complete disconnection. A synchronous reference frame (SRF)-based voltage control scheme is responsible for the VSC control during the SA operation of the system. The presented system performance was observed and found satisfactory during the irradiation variation, load balancing, islanding, and re-synchronization of the grid. The presented system was found to carry out harmonics suppression and active and reactive power balance at the PCC during both the GC and SA modes. The grid’s total harmonics distortion (THD) levels were shown to be kept below 5% as per the IEEE 519 standard in the GC mode.
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1. Introduction


Renewable energy systems (RESs) have emerged as a reliable and viable option for green energy generation. With the latest advancements in power electronics and control techniques, end users’ acceptance of RESs has expanded multifold in the last decade. RESs have emerged as a sustainable, viable, abundant, and pollution-free energy source despite the scarcity of fossil fuels [1]. Worldwide, government policies encourage the growth and utilization of RESs [2]. The PV generation system predominates over the wind energy system in terms of lower initial investment, less maintenance, and a readily available and scalable nature. PV generation systems have become an obvious choice for low and medium-power rating plants for residential and commercial purposes.



Rural electrification is a challenging task for any developing country [3]. Moreover, maintaining a continuity of supply to the rural load is further complicated and exhaustive for the utilities. Rural consumers require photovoltaic (PV) power generation systems of low and medium power ratings. PV systems such as distributed generators (DG) reduce power transmission costs and losses and improve system reliability.



PV power generation can be achieved in standalone and grid-connected (GC) modes [4]. However, due to rapidly changing environmental conditions, PV power generation continuously varies, thus creating reliability issues. The demand and supply mismatch between variable PV power generation and local loads in a standalone PV system can only be managed with the use of an energy storage element [5]. Due to the possibility of hazards, a battery storage system necessitates additional installation space, frequent maintenance, a hefty initial cost, and careful supervision [6]. In contrast, grid-integrated PV systems exploit the grid as a battery storage system because of its electron bank property. The grid works as an infinite sink when the power generation is abundant. However, when the PV array power output is scarce, the grid serves as a constant voltage source, delivering load demand [7].



There are two types of PV power generation system configurations, i.e., single-stage and dual-stage [8]. The single-stage configurations consist of only one conversion stage: DC–AC via a voltage source converter (VSC). The single-stage PV system has better efficiency, fewer components, and lower control complexity, but it requires more PV panels in series that create a local hotspot in the PV array to match the adequate DC bus voltage      V  dc      . A DC–DC boost converter is provided in the dual-stage configuration to maintain a stable PV voltage      V  PV       during irradiation variation. Moreover, the dual-stage configuration of PV generation systems is globally preferred [9].



The use of a battery storage system (BSS) with a PV generation system improves the system’s reliability and helps maintain the continuous power supply to the load during the nighttime and the unavailability of the grid. However, the use of a BSS also has several drawbacks. Despite many advantages, the cost of a BSS is considerably high, around 50% of the total PV generation cost, making it less attractive to rural consumers [6]. Moreover, an use of a BSS with PV is not very effective in agricultural applications, e.g., water pumping. Another issue is the active power curtailment that occurs during excess PV power generation (when a BSS is fully charged and the grid is absent) in a PV–BSS system [10,11,12]. Due to excess PV power,    V  dc     will increase and affect the system’s stability. Battery life is also adversely affected by excess PV power generation.



Due to the low efficiency of PV arrays, it is essential to extract maximum power out of them. Numerous maximum power point tracking (MPPT) algorithms for maximum power extraction (MPE) have been proposed in the literature. In [13,14], commonly used MPPT techniques and their classification and summarization were discussed along with their hardware implementations. Conventional MPPT algorithms, e.g., perturb and observe (P&O) and incremental conductance [15], are generally preferred over complex MPPT algorithms due to their ease of implementation, better tracking accuracy, and speed. Artificial intelligence-based MPPT techniques [16], e.g., artificial neural networks and fuzzy logic-based algorithms, have been proposed to achieve better steady-state performance, thus reducing power oscillations at the maximum power point (MPP). Several meta-heuristic optimization techniques have also been implemented to achieve MPPT during sudden irradiation change and partial shading conditions, i.e., whale optimization, particle swarm optimization, and salp swarm optimization. Considering its low computational complexity and adequate accuracy and tracking speed, the presented system was simulated with an InC-based MPPT algorithm in the GC mode [14]. During SA operation, the same InC MPPT was implemented in the derated mode to achieve excess PV power curtailment while maintaining the system’s stability. In [17], power oscillations reduction and stability enhancements were achieved with derated MPPT operation. In [10], modified P&O in the derated mode provided excess PV power curtailment. In [9], better power quality and fault ride-through capability were claimed with InC MPPT utilized during the GC mode and derated InC MPPT utilized during the SA mode. In [18], the cost-effectiveness of using a derated MPPT algorithm instead of a BSS was studied.



A seamless, capable PV generation system effortlessly allows for the transition of VSC control without any disturbance on the load and grid side [19]. During the GC mode, the grid acts as a battery, delivering required power at the point of common coupling (PCC) and absorbing the generated excess PV power. However, the integration of PV systems with the grid raises several power quality issues that are further alleviated during weak grid conditions, i.e., abnormal grid voltage, load unbalancing, rapidly changing irradiation levels, and faulty conditions [20]. An adequate VSC control with an effective filtering capability is essential for performing multifunctional operations, i.e., power quality enhancement at the PCC, load balancing, and active and reactive power balance [21]. Numerous VSC controls belonging to the time domain, frequency domain, and adaptive controls have been elaborated in the literature. The synchronous reference frame (SRF) technique belongs to the time domain, which has an adequate steady-state operation. The phase-locked loop in the SRF technique increases its computational complexity and reduces its convergence speed during the dynamic state [22]. Frequency-domain controls, e.g., Kalman filtering-based algorithms, suffer from a high computational burden. Extended Kalman filters are also widely acclaimed VSC controls, although their design and tuning are complex. The least mean square (LMS) and least mean fourth (LMF) are among the most widely used adaptive algorithms. The LMS algorithm offers better steady-state performance, but its performance deteriorates during the dynamic state. The LMF acts as a higher-order filter toward noise signals during a dynamic state, but its steady-state performance becomes compromised. Both LMS and LMF algorithms have sparse system identification. The advanced derivatives of LMS, i.e., hyperbolic cosine LMS (HCLMS) and variable step-size LMS (VSS-LMS), offer better filtering capabilities and convergence rates [23]. Maximum correntropy criteria (MCC)-based adaptive algorithms utilize Gaussian kernel function for handling Gaussian and non-Gaussian noises but suffer in system identification.



The zero-attracting (ZA) principle is used with adaptive control to detect near-zero coefficients [24]. The ZA-LMS and resized ZA-LMS (RZA-LMS) algorithms offer better system identification in which the near-zero coefficients are forced to zero. The presented system implements polynomial ZA LMS (PZA-LMS) for VSC switching signal generations. The objective function of PZA-LMS is made with the conjunction of    l 0    norm and    l 2    norm for the system identification [25]. The    l 0    norm is approximated using an  α  order polynomial to achieve better filtering and convergence speed. During the SA mode, VSC control shifts from the current control algorithm to the voltage control algorithm [26], which also performs multifunctional operations, e.g., power quality improvements, delivers required reactive power to the load, and balances active power at the PCC.



The presented system is a seamless, capable, three-phase three-wire (3P–3W) PV generation system with battery storage for rural electrification as a BSS significantly increases the cost and payback period of PV generation systems. The proposed system utilizes the grid as a battery during the GC mode to maintain the PCC power balance, whereas during the SA mode, InC-based MPPT is operated in a derated mode to satisfy the load demand and active power curtailment. The PZA-LMS-based VSC control effectively identifies the noise signals due to the non-linearity of the load. It generates specific fundamental load current components for better filtering and faster convergence. The PZA-LMS performs multiple operations, i.e., harmonics elimination, load balancing, and active and reactive power balancing, during steady-state and dynamic states.



The main attributes of the proposed work are as follows:




	
The seamless transition of VSC control from PZA-LMS algorithm-based current control to SRF-based voltage control without any transient in the load and grid side.



	
InC MPPT operates in a derated mode to offer excess PV power curtailment, reduces overall cost in the absence of a battery, and results in a lower payback period.



	
The PZA-LMS algorithm offers better sparse system identification without forcing near-zero coefficients to zero, better filtering, and faster convergence speeds.









2. Proposed System


Figure 1 shows the presented system’s topology. A PV array of 32 kW is connected to the DC bus through the DC–DC boost converter, which the InC MPPT controls. During the GC mode, conventional InC MPPT performs MPE, whereas the same InC algorithms work in the derated mode during the SA mode for power curtailment. The coupling capacitor      C  d c       acts as a DC bus. PZA-LMS controls the three-leg VSC during the GC mode and SRF during the SA mode. The ripple filters and interfacing inductors reduce the VSC voltage and current ripples. The three-phase grid is connected to the PCC through a master control switch (MCS) and non-linear load.




3. Research Methodology


Figure 2 shows the research methodology. PV voltage and current      V  PV        and   I    PV      ,    V  dc    , source voltages and currents      v  S a b c     and    i  S a b c      , load voltages and currents      v  L a b c     and    i  L a b c      , grid voltage magnitude      V t     , frequency (f), and phase angle    θ    are sensed by the system. The PV power      P  PV       is delivered to the DC bus via a boost converter. The grid islanding is detected as per    V t    and f, which further make the system operate under the SA or GC modes, respectively. During the GC mode, PZA-LMS control generates the VSC switching pulses. During the SA mode, the SRF voltage control of VSC produces switching sequences. The incoming grid is re-synchronized by seamlessly shifting the VSC control from SRF voltage control to PZA-LMS control once the re-synchronization is confirmed.




4. Control Algorithms


The presented system function mainly utilizes two controls: (1) an InC MPPT and derated InC MPPT-based boost converter control and (2) a PZA-LMS-based VSC control.



4.1. InC MPPT Control in GC Mode


The InC algorithm is employed for MPE out of the PV array during GC operation. The sensed    V  PV     and    P  PV     deliver the duty cycle      D  GC       by applying the chain rule of derivatives of products, resulting in:


    Δ  I  PV     Δ  V  PV     = −    I  PV      V  PV      



(1)






  At   MPP     Δ  I  P V     Δ  V  P V     = 0  



(2)






   D  G C   = 1 −    V  PV      V  dc      



(3)








4.2. Derated InC MPPT Control in SA Mode


Figure 3 shows the boost converter control algorithm during the SA mode. The comparison of load demand   (  P  Load   )   and    P  PV     is provided to the proportional integral (PI) controller, and    D  d e r a t e d     is added to incorporate the load requirement term as:


   D  d e r a t e d   =    P  PV      P  Load       1 −    V  PV      V  dc        



(4)







Overall    D  S A     is configured as:


   D i    n + 1   =  D i   n  +  k p     P  Load   −  P  PV     +    k i   s     P  Load   −  P  PV      



(5)






   D  S A     n + 1   =  D i    n + 1   +  D  d e r a t e d    



(6)







During the SA mode, the InC MPPT is operated in the derated mode to deliver sufficient load power and curtail the rest of the power in the absence of the grid during derated operation.



Figure 4 shows the PV power curve during the GC and SA modes. In the SA mode, the PV power extracted from InC MPPT is drastically reduced depending on the    P  Load    . The PV voltage and current at MPP (   V  MPP     and    I  MPP    ) also change to derated    V  PV     and derated    I  PV    , respectively, during derated operation.




4.3. PZA-LMS Based VSC Control during GC Mode


Figure 5 shows the PZA-LMS-based VSC control for the GC mode. The system identification of sparse networks performed by PZA-LMS algorithm-based VSC control is crucial for detecting and filtrating impulse noises. The ZA feature detects the near-zero coefficient and considers their weights (without significantly changing their magnitude) during system identification.



The overall objective function of PZA-LMS is obtained as:


   W  p x     n + 1   =  W  p x    n  − μ   ∂  ξ  l 2    n    ∂  W  p x    n    − μ γ   ∂  ξ  l 0    n    ∂  W  p x    n    ;   ( where   x = a ,   b ,   c )  



(7)






    ∂  ξ  l 2    n    ∂  W  p x    n    = −  e  n x    n  ×  μ  p x   ;   ( where   x = a ,   b ,   c )   and  










    ∂  ξ  l 0    n    ∂  W  p x    n    =  g  p x    n  =         s g n    W  p x    n      1 −   α − 1      W  p x    n            1 +    W  p x    n        α + 1     ;    W  p x    n    ≤  1    α − 1           0 ;   O t h e r w i s e        



(8)







Here, PZA-LMS is implemented for the extraction of fundamental load current components. Each phase error signal is generated as a function of load currents      i  L a b c       in phase unit templates      μ  p a   ,  μ  p b     ,  μ  p c       and overall weight component    W  sp     as:


   e  n x   =  i  L x   −  µ  p x   ×  W  s p   ; where   x =   a , b , c    



(9)







The in-phase current components      μ  p a   ,  μ  p b     ,  μ  p c       are generated as a function of each phase grid voltage component      v  S a   ,  v  S b   ,  v  S c       and    V t    as:


   μ  p x   =    v  S x      V t    =    v  S x        2 3     v  S a  2  +  v  S b  2  +  v  S c  2        ; where   x =   a , b , c    



(10)







Each phase’s weight components are calculated as:


   W  p a     n + 1   =  W  p a    n  + μ ×  μ  p a   ×  e  na    n  − μ × γ ×  g  pa    n   










   g  p a    n  =         s g n    W  p a    n      1 −   α − 1      W  p a    n            1 +    W  p a    n        α + 1     ;    W  p a    n    ≤  1    α − 1           0 ;   O t h e r w i s e        



(11)






   W  p b     n + 1   =  W  p b    n  + μ ×  μ  p b   ×  e  nb    n  − μ × γ ×  g  pb    n   










   g  p b    n  =         s g n    W  p b    n      1 −   α − 1      W  p b    n            1 +    W  p b    n        α + 1     ;    W  p b    n    ≤  1    α − 1           0 ;   O t h e r w i s e        



(12)






   W  p c     n + 1   =  W  p c    n  + μ ×  μ  p c   ×  e  nc    n  − μ × γ ×  g  pc    n   










   g  p c    n  =         s g n    W  p c    n      1 −   α − 1      W  p c    n            1 +    W  p c    n        α + 1     ;    W  p c    n    ≤  1    α − 1           0 ;   O t h e r w i s e        



(13)







Here,  α  is the polynomial term inversely proportional to the zero-attracting term. The average weight component, feed-forward, and DC loss current components terms are calculated as:


   W  avg   =  1 3     W  p a   +  W  p b   +  W  p c      



(14)






  Wpv =  2 3       V  PV   ×  I  PV      V t       



(15)






   i  L o s s     n + 1   =  i  L o s s    n  +  k p     V  dc  *  −  V  dc     +  k i  / s    V  dc  *  −  V  dc      



(16)







The    W  sp     is the overall weight generated as a function of    W  avg    ,    W  pv    , and loss component of current      i  L o s s       as:


   W  sp   =  W  avg   −  W  pv   +  i  L o s s    



(17)







The reference signals    i  s a  *  ,  i  s b  *  ,   and    i  s c  *    during the GC mode are generated as:


   i  s a  *  =  W  s p   ×  µ  p a   ,    i  s b  *  =  W  s p   ×  µ  p b   ,  i  s c  *  =  W  s p   ×  µ  p c   ,  



(18)







The reference currents are delivered to the hysteresis current controller (HCC) for the switching signal generation.




4.4. SRF Based VSC Control during SA Mode


Figure 4 shows the VSC control during standalone operation, where the reference load voltages are converted into a dq0 frame using Park’s transformation as:


         v  r d  *         v  r q  *         v  r 0  *        =  2 3        c o s θ     − s i n θ      1 2        c o s   θ −   2 π  3        − s i n   θ −   2 π  3         1 2        c o s   θ +   2 π  3        s i n   θ +   2 π  3         1 2        ×        v  r a  *         v  r b  *         v  r c  *         



(19)







The reference voltages      v  r d q 0  *      are compared with the load voltage      v  L d q 0  *      and further converted into the reference current signals      i  L a b c  *      with the help of phase-locked loop for the SA mode control.




4.5. Islanding and Re-Synchronization Control of VSC Control


When the grid is about to re-synchronize, the resynchronization control tries to match the load and grid voltages phases, and it further develops the    v  r a b c  *    signal. Before confirming re-synchronization, the voltage magnitude, phase angle and frequency of the incoming grid and SA system are matched. The system is observed during islanding, and re-synchronization is confirmed within 3–4 cycles.





5. Results and Discussion


The presented system was studied under (1) the GC mode during steady-state, irradiation variations, and load unbalancing; (2) the SA mode during steady-state and irradiation variation with derated InC MPPT; and (3) islanding and re-synchronization.



5.1. Steady-State Analysis during GC Mode


The steady-state performance was analyzed under a fixed irradiation level of 1000 W/m2. Figure 6a–d shows the total harmonics distortion (THD) analysis of the grid and load side, i.e.,    v  S a   ,  i  S a   ,  v  L a     and    i  L a    . The grid THD levels were maintained well below 5% limit as per the IEEE 519 standard with non-linear load attached to the PCC. The THD results confirm that the PZA-LMS-algorithm-based VSC control effectively executed harmonics elimination at the PCC. The load’s current THD levels were at 28.22%.




5.2. Irradiation Variation Analysis during GC Mode


Figure 7a,b shows the irradiation variation analysis of the system during the GC mode, when the solar insolation level was reduced from 1000 W/m2 to 600 W/m2 and vice versa. Figure 7a shows that the grid voltage and currents   (  v  s a b c     and    i  s a b c   ,   respectively )   in phase opposition as excess PV power was provided to the grid      P g      through the PCC. As the irradiation level was reduced,    P g    was also reduced, resulting in the reduced magnitude of    i  S a b c     as well. The VSC current   (  i  C a b c   )   magnitude was also reduced as the VSC handled less power. The load current   (  i  L a b c   )   was distorted due to the non-linear load attached to the PCC. The magnitude of load voltage   (  v  L a b c   )   remained the same as grid voltage during the GC mode. Figure 7b shows that the PV current and power   (  I  PV     and    P  PV    , respectively) reduces with solar irradiation levels. The    V  dc     was maintained at the desired level. Moreover, the reactive power      Q g      exchange with the grid remained almost zero as VSC delivered the required    Q g    to the load.




5.3. Load Unbalancing Analysis during GC Mode


Figure 8a,b shows the load unbalancing analysis during the GC mode, when the solar insolation level was kept fixed at 1000 W/m2. Figure 8a shows that    v  s a b c     and    i  s a b c     were     180  0    out of phase as    P g    was delivered to the grid. With unbalanced loading, phase ‘a’ of the grid became disconnected from the system. The unbalanced load demand was reduced to 66% of its balanced demand as only two phases remained connected to the grid, indicating the reduced load demand. The    P g    magnitude increased (became more negative) and there increased the    i  s a b c     magnitude. Figure 8b shows that    V  PV   ,    I  PV     and    P  PV     remained unaffected. The    V  dc     maintained its required voltage level. The    Q g    exchange with the grid also remained zero.




5.4. Islanding and Re-Synchronization Analysis


Figure 9a,b shows the islanding and re-synchronization operation when the grid was intentionally islanded with the help of a three-phase MCS switch. Figure 9a shows that the    v  s a b c     became zero with grid islanding, also making the    i  s a b c     zero. The    i  C a b c     magnitude was drastically reduced as VSC only had to manage load demand. During the SA mode, the    v  L a b c     maintained its sinusoidal nature and desired magnitude with the help of the SRF-based voltage control of the VSC. Figure 9b shows the SA operation, when InC MPPT operated in the derated mode. The    I  P V     and    P  P V     were significantly reduced due to the derated mppt as only load demand has to be fulfilled by the PV system. The    V  d c     in the SA mode was also controlled by derated InC MPPT, stabilizing the system only according to the load demand. The    P g    and    Q g    exchange with the grid became zero in the SA mode.




5.5. Derated InC MPPT Operation Analysis in SA Mode


During the SA mode, the derated InC MPPT controls the DC bus and tries to extract only that much power, which is much needed by the load itself. The PV generation must match the load demand in the SA mode to verify the excess PV power curtailment. As shown in Figure 10, the SA mode was simulated for 0.6–0.8 s. During the GC mode, InC MPPT extracted maximum power from the PV system, whereas during the SA mode,    P  P V     perfectly matched with    P  L o a d    , accruing the excess PV power curtailment and reducing the need for a costly BSS.




5.6. Steady-State Analysis during SA Mode


Figure 11a,b shows the THD analysis of the load side during the SA mode. The SRF-based voltage control also performed the harmonics elimination, and the    v  L a     THD level was maintained below 5% as per the IEEE 519 standard, whereas the    i  L a     THD levels were very high due to the non-linearity of the load attached to the PCC.




5.7. Irradiation Variation Analysis during SA Mode


Figure 12a,b shows the system’s performance during irradiation change from 1000 W/m2 to 600 W/m2 during the SA mode, when the derated InC MPPT algorithm controlled the DC bus. Figure 12a shows that the    v  L a b c     was maintained at the desired level during islanded operation. Figure 12b shows the effect of irradiation change during the SA mode on    I  PV     and    P  PV    . The    I  PV     and    P  PV     showed minor variations with solar insolation changes. The    V  dc     variations were prominent because derated InC MPPT controlled the DC bus and maintained the system’s stability.



Figure 13 shows the derated InC MPPT performance during irradiation variation in the SA mode from 0.7 s to 0.8 s of simulation time, when derated MPPT tried to deliver fixed power to the load    P  PV     varies but due to irradiation change in the SA mode.





6. Conclusions


A 3P–3W, seamless, capable PV generation system without a BSS was presented for rural electrification in this study. The seamless capability allows the system to operate with and without grid supply, which is achieved via the effortless transition of VSC control from PZA-LMS-based current control during the GC mode to SRF-based voltage control during the SA mode without any transients on the grid and load side. The cost of a BSS is directly incurred by an end consumer without any government subsidies, which increases the overall cost of PV power generation and payback time, reducing the viability of a PV power generation system in a rural area. The presented system without a BSS was able to supply a local load during the daytime with the help of derated InC MPPT. During the GC mode, InC MPPT extracts maximum power from PV arrays and delivers it to the grid. In the SA mode, derated InC MPPT performs excess PV power curtailment by controlling the boost converter to meet the load demand in the absence of a BSS. During both the GC and SA modes, the presented system performs multifunctional operations, i.e., harmonics suppression, load balancing, power quality enhancements during weak grid conditions, and active and reactive power balancing at the PCC. The multifunctional operations occur during steady-state and diverse dynamic states, i.e., irradiation variation, unbalanced loading, and islanding and re-synchronization. The presented system was shown to be able to maintain grid THD below 5% and re-synchronize the system with the grid utility in less than 10 cycles, satisfactorily performing as per the IEEE 519 and IEEE 1547 standards.
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Nomenclature




	    μ  p x       x = a : b , c     
	In-phase components



	    V t    
	Voltage magnitude (V)



	    I  PV     
	PV Current (A)



	    V  PV     
	PV Voltage (V)



	    P  PV     
	PV Power (kW)



	    D  GC     
	Grid-Connected Duty Cycle



	    V  dc     
	DC Bus Voltage (V)



	    P  Load     
	Load Demand (kW)



	    D  derated     
	Derated Duty Cycle



	    D  SA     
	Standalone Duty Cycle



	    V  MPP     
	Voltage at MPP (V)



	    I  MPP     
	Current at MPP (A)



	    e  n x       x = a , b , c     
	Error signals



	    v  S a b c     
	Source voltage (V)



	    i  S a b c     
	Source current (A)



	    v  L a b c     
	Load voltage (V)



	    i  L a b c     
	Load current (A)



	    W  p x       x = a , b , c     
	Each phase’s Weight signals



	  μ  
	Step Size



	    W  pv     
	Feed-forward term



	    W  avg     
	Average weight signals



	    W  sp     
	Overall weight



	    i  S x  *    x = a , b , c     
	Reference source current (A)



	    v  r d q o  *    
	Reference Load Voltages in dq0 frame (V)



	    v  L d q o  *    
	Load Voltages in dq0 frame (V)



	    i  L a b c  *    
	Reference Load Currents (A)



	    i  C a b c     
	Compensator Currents (A)



	    P g    
	Active Power delivered to Grid (kW)



	    Q g    
	Reactive Power delivered to Grid (kVAR)



	3P–3W
	Three-phase three-wire



	GC
	Grid-Connected



	SA
	Standalone



	VSC
	Voltage source converter



	LMS
	Least Mean Square



	PZA-LMS
	Polynomial Zero-Attracting LMS



	PCC
	Point of Common Coupling



	InC
	Incremental conductance



	MPPT
	Maximum Power Point Tracking



	MPP
	Maximum Power Point



	SRF
	Synchronous Reference Frame



	BSS
	Battery Storage System



	THD
	Total Harmonics Distortion



	RESs
	Renewable Energy Systems



	DG
	Distributed Generators



	MPE
	Maximum Power Extraction



	P&O
	Perturb and Observe



	MPP
	Maximum Power Point



	LMF
	Least Mean Fourth



	HC-LMS
	Hyperbolic LMS



	VSS-LMS
	Variable Step-Size LMS



	MCC
	Maximum Correntropy Criteria



	RZA-LMS
	Resized Zero-Attracting LMS



	MCS
	Master Control Switch



	PI
	Proportional Integral
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Figure 1. Proposed topology. 
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Figure 2. Research methodology. 






Figure 2. Research methodology.
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Figure 3. Boost converter control during SA mode. 
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Figure 4. Derated operation of InC MPPT during SA mode. 
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Figure 5. PZA-LMS-based VSC control. 
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Figure 6. (a–d) THD analysis of    v  S a   ,  i  S a   ,  v  L a      and     i  L a   .   
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Figure 7. Irradiation variation analysis during GC mode of (a)    v  s a b c    ,    i  s a b c    ,    i  C a b c    ,    v  L a b c   ,    and     i  L a b c    ; (b)    V  PV    ,    I  PV    ,    P  PV   ,      V    dc   ,    P g   , and    Q g   . 
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Figure 8. Load unbalancing analysis during GC mode of (a)    v  s a b c    ,    i  s a b c    ,    i  C a b c    ,    v  L a b c   ,    and     i  L a b c    ; (b)    V  PV    ,    I  PV    ,    P  PV   ,      V    dc   ,    P g   , and    Q g   . 
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Figure 9. Grid islanding and re-synchronization analysis of (a)    v  s a b c    ,    i  s a b c    ,    i  C a b c    ,    v  L a b c   ,    and     i  L a b c    ; (b)    V  PV    ,    I  PV    ,    P  PV   ,      V    dc   ,    P g   , and    Q g   . 
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Figure 10. Load and PV power variations with InC MPPT in GC mode and derated InC MPPT in SA mode. 
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Figure 11. (a,b) THD analysis of    v  L a      and     i  L a   .   
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Figure 12. Irradiation variation analysis during SA mode of (a)    v  s a b c    ,    i  s a b c    ,    i  C a b c    ,    v  L a b c   ,    and     i  L a b c    ; (b)    V  PV    ,    I  PV    ,    P  PV   ,      V    dc   ,    P g   , and    Q g   . 
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Figure 13. Load and PV power variations with InC MPPT in GC mode and derated InC MPPT in SA mode during irradiation variations. 
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