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Abstract—In this work, a novel power normalized kernel least 

mean fourth algorithm based neural network (NN) control 

(PNKLMF-NN) technique and learning based hill climbing (L-

HC) MPPT (Maximum Power Point Tracking) algorithm, are 

proposed for grid-integrated solar PV (Photovoltaic) system. Here 

three-phase single-stage topology of grid-integrated PV system is 

used, for feeding the nonlinear/linear load at point of common 

coupling (PCC). A single layer neuron structure is used for active 

load component (ALC) extraction from distorted load current. 

During ALC extraction, PNKLMF-NN control very precisely 

attenuates harmonics components, noise, DC offset, bias, notches 

and distortions from the nonlinear current, which improves the 

power quality under normal as well as under abnormal 

conditions. This single layer PNKLMF-NN control has a very 

simple architecture, which reduces the computational burden and 

complexity. Therefore, it is easy in implementation. Moreover, 

proposed L-HC is the improved form of Hill Climbing (HC) 

algorithm, where inherent problems of traditional HC algorithm 

like steady state oscillation, slow dynamic responses and fixed step 

size issues, are successfully mitigated. The prime objective of 

proposed PNKLMF-NN control is to meet the active power 

requirement of the loads from generated solar PV power, and 

excess power fed into the grid. However, when generated PV 

power is less than the required load power, then PNKLMF-NN 

control meets the load by taking extra required power from the 

grid. During these processes, power quality is maintained at the 

grid. Moreover, when solar irradiation is zero, VSC (Voltage 

Source Converter) acts as DSTATCOM (Distribution Static 

Compensator), which enhances the utilization factor of the system. 

The proposed techniques are modeled and, their performances are 

verified experimentally on a developed prototype, in adverse 

conditions, which test results have satisfied the objectives of the 

proposed system and the IEEE-519 standard. 

Index Terms—Solar PV, Power Quality, Grid Tied System, 

Power Normalized Kernel Least Mean Fourth, DSTATCOM. 

 

Nomenclature 

LVSC Interfacing inductors 

Rr, Cr Resistance and capacitor of ripple filter 

vsab, vsbc Grid line voltages 

vsa, vsb, vsc 3-phase grid voltages 
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va, vb, vc In-phase quantities of grid voltages 

ω Natural frequency 

Ts Sampling time period 

Vx Amplitude of grid voltage 

ua, ub, uc In-phase unit-templates 

PPV PV power 

IDpv PV dynamic reflection component 

VDCref DC link reference voltage 

VDC DC link voltage 

eDC DC link voltage error 

βDC DC loss component 

GI1 , GP1 Integral and proportional gains of PI controller 

iga*, igb*, igc* Reference grid currents 

iga, igb, igc Grid currents 

ξpa, ξpb, ξpc Active weight components 

iLa, iLb, iLc Load currents 

Φp Resultant active weight component 

ξp Resultant estimated active weight component 

dbase Base step size 

rn Step size 

R1 Previous DC link reference voltage 

ϕpa Prediction error 

ξpa(n), ξpb(n), 

ξpc(n) 

Active weight of load current for phase ‘a’, 

phase ‘b’ and phase ‘c’ 

Ω Learning rate of ξpa(n) 

ε Scaling factor 

δ Normalizing factor 

σpa(n) 
Autocorrelation factor of the active component 

for phase ‘a’ 

μpa(n) Active weight constant for phase ‘a’ 

τ and ϛ Accelerating parameters 

ϑ Autocorrelation parameter 

 

I. INTRODUCTION 

HE generation from distributed resources, such as solar PV 

(photovoltaic) is very popular. The most popular way of 

generation is from the rooftop solar PV array. However, the 

operation in standalone mode is not reliable, because of the 

variable behaviour of environmental climate. Therefore, the 

amount of solar PV power is also varied, and it is not always 

equal to the load. Sometimes, it is higher than the load, so 

required a power sink, and sometimes, it is lower than the load, 

so required a power source. In this situation, grid-connected 

solar PV system is the best option, because according to the 

situation, the grid can behave as sink and source. Mainly, 

single stage and two stage systems are the most popular way of 

solar PV integration with the grid, through a VSC (Voltage 

Source Converter) [1]. In two-stage topology, one separate DC-

DC converter is used for maximum power point tracking 
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(MPPT), and one separate DC-AC converter is used for power 

conversion as well as for grid synchronization [2]. However, in 

single stage topology, only one DC-AC converter is used for 

MPPT and power conversion, for both purposes. Therefore, the 

total converter loss is very less, w.r.t. two stage topology, 

which enhances the efficiency of the system. Moreover, the 

required space and circuitry complexity are also less.  

However, a robust control for VSC (Voltage Source Converter) 

is needed for efficient operation, because the responsibilities of 

that control technique are, 1) maximum power extraction from 

PV array, 2) power conversion from DC to AC, 3) to follow the 

grid code for synchronization with the grid, 4) improvement of 

power quality of the supply power, 5) it acts as DSTATCOM 

(Distribution Static Compensator), when solar irradiation is 

zero, and 6) power management, means generated power is 

used to satisfy the load demand, after fulfiling the load demand, 

the rest power is supplied to the grid. However, when generated 

power is not sufficient for the load, then the load requirement is 

met by taking extra required power from the grid. 

Recently, neural network (NN) based control techniques are 

more popular. Because recent advancement in NN has reduced 

the computational burden and algorithm complexity, so on 

wide range NN based control techniques are used in the online 

system [3]. In order to make control fast and increase the 

decision taking ability, NN based control techniques are 

popular in grid integration system. Today, due to generic nature 

and parallel computation, frequently NN has applied in almost 

every control technique. Lin et al. [4] have given model 

articulation neural network based power control for active 

power control and fuzzy neural network control for reactive 

power control. Cirrincione et al. [5] have proposed an adaptive 

neural filtering for current harmonics compensation. Agarwal 

et al. [6] have proposed least mean square based NN structure 

for control purpose in the distribution network. Similarly, 

substantial literature is available, where NN is integrated with 

conventional control technique. 

 In-depth literature review on ‘control techniques for the grid 

integrated solar PV system’ depicts that in recent time, 

researchers have proposed several adaptive control algorithms 

[7], such as fuzzy adaptive control, neuro-fuzzy inference 

based control [8], delta power control [9], etc. However, for 

abnormal grid conditions, the performances of these control 

techniques, are not reported, which is the essential phenomenon 

of the distribution grid. The other control techniques like, dq-

transform based SRFT control [10], notch filter based control 

technique [11] discrete-Fourier transform (DFT), PM (Prony’s 

method), frequency locked loop (FLL), second-order 

generalized integrator (SOGI) [12], modified SOGI [13][14],  

LMS (Least Mean Square) [15],  LMF (Least Mean Fourth) 

[16], KF (Kalman Filter) [17], power normalized kernel least 

mean square [18] etc have been proposed to handle the 

abnormal grid conditions. However, none of them is suitable 

for all types of grid adverse conditions, such as FLL and SOGI 

based control techniques are unable to handle lower order 

harmonics and DC offset. The fixed length window with 

stationary waveform, is required for searching in DFT based 

control technique, which is not suitable for online searching. 

The performance of PM is appreciable in different grid adverse 

conditions. However, in the PM technique, the higher order 

polynomial equation and its solution process, create a huge 

computational burden on the processor, which is not suitable 

for the low-cost microcontroller. Similarly, KF based control 

technique is good for solution estimation using correction and 

prediction process. Moreover, the modified version of KF, like 

extended KF [19] and linear KF [20] based control techniques 

are also good for the integrated grid system. However, during 

state variable estimation, linearization, prediction and 

correction, the derivative properties are used, which is the 

source of burden and algorithm complexity on the processor. 

     Model predictive control [21] technique is also popular for 

good steady-state response, but during dynamic condition, it’s 

responses are poor, due to its predictive nature, which is based 

on the previous dataset. Similarly, resonant controllers, for 

tracking the sinusoidal inverter current, in grid connected 

system has been presented in [22], which shows a good steady 

state response with low harmonics content in injected grid 

current. However, during transient condition, the performance 

rapidly deteriorates, due to the changes in the grid frequency. 

   Therefore, in this work, a novel power normalized kernel 

least mean fourth based neural network (PNKLMF-NN) 

control strategy is proposed for optimal control of three-phase 

single-stage grid-connected solar PV energy conversion 

system, which is shown in Fig.1. Due to free from derivative 

operation, the computational complexity and burden are low, in 

the proposed control technique, Moreover, due to instantaneous 

performance, this technique is highly suitable for high-

frequency system. In this paper, PNKLMF-NN control is 

described in detail, as well as represented in a block diagram, 

so it is easy to implement.  

    Moreover, here, a learning based hill climbing (L-HC) based 

MPPT (Maximum Power Point Tracking) algorithm is 

proposed. This L-HC is the improved form of Hill Climbing 

(HC) algorithm [23], which mitigates the inherent problems of 

traditional HC algorithm like steady state oscillation, slow 

dynamic responses and fixed step size issues. A literature 

review on MPPT shows that many authors have tried to solve 

these problems through some modifications in classical 

algorithm namely, modified P&O [24], improved InC 

(Incremental Conductance) [25], fuzzy logic based MPPT [26], 

artificial intelligence based MPPT approach, etc. However, 

still, an optimum solution has not come. Because, if few 

improved techniques are performing well in the steady state 

then lagging during dynamics, vice versa. Moreover, few 

techniques are performing relatively well, but the huge 

computational complexity and large design constraints, restrict 

to perform on low-cost processor. Therefore, L-HC algorithm 

is proposed, which simple structure is easy in implementation 

and its learning nature decides size of step change according to 

the situation, such as step size decreases during steady state 

condition, and step size increases during dynamic change. 

     In this work, the merits of PNKLMF-NN control algorithm 

and L-HC based MPPT technique, are verified experimentally 

on a developed prototype, in solar irradiation variation 

conditions, imbalanced load condition for linear/nonlinear 

loads, as well as in different grid disturbances such as over-

voltage, under-voltage, phase imbalance, harmonics distortion 

in grid voltage etc. The results show that the obtained voltage 

current waveforms have satisfied the IEEE-519 and IEEE-1564 

standard [27]. In this manuscript, system layout and control 

approach are described in section-II and section-III, 

respectively. The results and description are described in 

section-IV.   
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II. SYSTEM LAYOUT 

The system layout of a three-phase single-stage grid-tied solar 

PV system is shown in Fig.1. The power of PV array is 

transferred to the grid through a three-phase VSC in one stage, 

in such a way that the PV array delivers maximum power. The 

VSC is connected at the PCC (Point of Common Coupling) 

through LVSC and Rr, Cr, are used to absorb switching ripples 

generated by VSC [18]. Moreover, the load is also connected 

on PCC. In this situation, the VSC is controlled in such a way 

that the PV power is fed into the grid at unity power factor 

(UPF), and when PV power is zero then it behaves like 

DSTATCOM.   
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Fig.1 Three-Phase Single-Stage Grid-tied Solar PV System. 

III. CONTROL APPROACH  

The control strategy for single-stage three-phase grid-tied solar 

PV array is illustrated in Fig.2. Here, L-HC MPPT algorithm 

tracks MPP, and PNKLMF-NN control generates reference 

currents generation. Moreover, from load current, fundamental 

component is extracted by PNKLMF-NN. Here, first, vsab, and 

vsbc are sensed at PCC. From them, vsa, vsb, vsc are calculated as, 
2 1

1
1 1

3
1 2

sa
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sb

sbc

sc

v
v

v
v

v

   
          
        

                                (1) 

A bandpass filter (BPF) is used for filtering the vsa, vsb, vsc, 

which outputs are va, vb, vc of grid voltages. The transfer 

function of the BPF [20] is derived as,  
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Where, k=√2×ω×Ts. 

The Vx is calculated as, 

 2 2 22

3
x a b cV v v v                                        (3) 

The ua, ub, uc are calculated as, 

, , ,a b c
a b c

x x x

v v v
u u u

V V V
                               (4) 

For improving the dynamic performances, the instantaneous 

reflection of change in PPV on ig is considered by using iDpv 

[18]. The IDpv is defined as, 
2

3

pv pv

Dpv

x

V I
I

V

 


                                      (5) 

L-HC algorithm is used for VDCref generation and compared 

with sensed VDC, which generates eDC (eDC = VDCref - VDC). eDC 

is send to a PI (Proportional Integral) controller, which 

produces βDC [18]. βDC is calculated as, 

 
1 1

0
(n 1) G (n) (n)

t

DC P DC I DCe G e dn                    (6) 

For generating iga*, igb*, igc*, and to estimate ξpa, ξpb, ξpc, three 

separate PNKLMF-NN control blocks are used, which are the 

function of iLa, iLb, iLc, ua, ub, uc and Φp.  
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Fig.2 Control scheme for single-stage three-phase grid-tied solar PV system. 
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The ξp and Φp are calculated as, 

  
1

3
p pa pb pc     

                               (8) 

p DC p DpvI                                      (9) 

By using hysteresis controller the switching pulses of VSC (S1, 

S2, S3, S4, S5, and S6) are produced, where the input signals are 

iga, igb, igc and iga*, igb*, igc*. The hysteresis controller is a 

current controller, which controls the VSC. 

A.  Learning Based Hill Climbing (L-HC) Algorithm 

The utilization factor and efficiency of PV array, are improved 

by using an MPPT algorithm for maximum power extraction. 

The most popular MPPT techniques are P&O [18], Inc [25] and 
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HC. However, the problems with these techniques are, steady 

state oscillation, slow dynamic responses and fixed step size 

issues. Therefore, for mitigating the all above problems, a 

novel L-HC algorithm is proposed here.  

Fig.3 and Fig.4 show the working strategy of L-HC technique, 

which is divided into two parts. 1
st
 section deals with the steady 

state situation after that mitigates oscillation, by reducing the 

size of step change. Moreover, 2
nd

 section deals with the 

dynamic change condition after that quickly jumps on required 

reference DC link voltage, by increasing the size of step 

change. For sensing the condition, an envelope is created in 

each iteration, which upper and lower bands, are lu and ll, 

respectively. lu and ll are calculated according to the dbase. lu 

and ll are described as, 

100 1
100

1 100
oc

oc

base mpp

V
lu V

d V

   
       

   

             (10) 

100 1
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1 100
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             (11) 
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else DynamicChangeCondition
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In dynamic change condition, the change in rn is described as, 
10, / 2
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       (13) 

In steady state condition, it stores the addition of first 3 

conjugative duty cycles in variable ‘nl’ and, after this, it stores 

addition of second 3 conjugative duty cycles in variable ‘ml’. 

Here rn is calculated as, 

  
1, 0, 1/ 2

else , , 1

if ml nl rn n rn rn

n ml rn rn

     


   
           (14) 

After rn calculation, it follows the logics for new VDCref 

calculation, which is described as, 
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Where, dp=p-p1, dV=V-V1, and di=i-i1. The flowchart and 

block model of L-HC algorithm are given in Fig.3 and Fig.4, 

respectively. 
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Fig.3 Flowchart of L-HC algorithm. 
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Fig.4 Block model of L-HC algorithm. 

Steady-state and dynamic behaviors of L-HC algorithm are 

shown in Fig.5, which shows the oscillation reduction in steady 

state condition and sudden jump in dynamic conditions. 
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Fig.5 Steady-state and dynamic behavior of L-HC algorithm. 

B. Power Normalized Kernel Least Mean Fourth Algorithm  

The PNKLMF-NN algorithm is the hybridization of 

normalized power kernel trick [28] and LMF algorithm. Here, 

for improving the accuracy, with the help of power kernel trick, 

mapping in High-Dimensional Space (HDS) technique is used. 

Normalized power kernel trick realizes the linear relationship 

in between the input signal during mapping into the HDS. For 

internal error minimization, least mean fourth algorithm is 

used. The other advantage PNKLMLF-NN algorithm is, 

without prior information of the coordinates, the input signals 

can smoothly map into the HDS. Schematic of adaptive filter 

based system identification and weight estimation structure of 

PNKLMF-NN algorithm are shown in Fig.6. Moreover, the 

block diagram of PNKLMF-NN algorithm for phase ‘a’ is 

shown in Fig.7. 
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Fig.6 System identification model based on GDLSR. 

Here by using PNKLMF-NN, the ϕpa of active component of 

load current for phase ‘a’ is calculated as, 

 (n) (n) u ( ) ( )pa La a pai n n                          (16) 

Through optimal updating of ξpa(n), the ϕpa is minimized, 

which is described as, 
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Where, <μpa(n), σpa(n)> is function of power kernel trick, for 

phase ‘a’, which is calculated as, 
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Through scaling factor, the normalized function of power 

kernel trick, for phase ‘a’ is derived as, 
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σpa(n) and μpa(n)  are calculated as, 
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2

( 1) ( ) (n 1)pa pa pan n                   (21)  

Unit Delay

Unit Delay

Unit Delay

Unit Delay

ξpa(n+1)

i
*
ga(n+1)

Φp(n)

iLa(n)

<μpa(n), σpa(n)>

1

Ω
μpa(n)

ϕpa(n)

ϑ

(1-ϑ)

σpa(n)

σpa(n+1)(.)2ς

τ

μpa(n+1)

ξpa(n)

ua(n)
(.)3

 
Fig.7 Block diagram of PNKLMF-NN. 

In similar way, ξpb(n), and ξpc(n) are generated as, 
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The PNKLMF-NN based control structure for three-phase load 

component extraction is shown in Fig.8.  
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Fig.8 Control structure of weight updating process. 

 

The iga*, igb*, igc* are calculated as, 

 * * *, ,ga p a gb p b gc p ci u i u i u            (24) 

 

C. Comparative Analysis of Proposed PNKLMF-NN Algorithm  

The comparative analysis of proposed PNKLMF-NN control 

algorithm with most popular adaptive algorithms, such as LMS 

[15], LMF [16], LLMF and normalized LMS (NLMS) is shown 

in Fig.9. 

LMS

LMF

NLMS

LLMF

PNKLMF

-NN

 
Fig.9 Responses of different algorithms. 

For comparative analysis, the unbalanced load situation is 

considered, where the outage of one phase load for the period 

of 0.6s to 1.1s, is considered. Fig.9 shows a comparison in the 

response of fundamental load component extraction from the 

load current, which is Φp. In term of oscillations, Fig.9 shows 

that during load unbalance, the highest oscillations are in LMS 

and lowest in PNKLMF-NN. Similarly, in terms of settling 

time and accuracy, Fig.9 depicts that higher settling time and 

lower accuracy are in LMF, while lower settling time and 

higher accuracy are in PNKLMF-NN, which shows a very 

good fundamental load component extraction ability of 

PNKLMF-NN algorithm. The achieved rise time and settling 

time for PNKLMF-NN are 0.21ms and 1.1ms, respectively.  

IV. RESULTS AND DISCUSSION 

A prototype is developed for performance evaluation of 

proposed L-HC MPPT algorithm and GDLFR control 

technique, as shown in Fig.10. To realize the PV characteristic, 

a solar PV simulator (AMETEK, ETS600x17DPVF) is used 

[29]-[38], and it is integrated with the actual grid. During 

integration, for DC PV power to conversion in AC form, MPPT 

operation, load feeding, and for synchronization a three-phase 

voltage source converter (VSC) is used. The RC filter and 

interfacing inductors are used for harmonics and switching 

ripples mitigation. A dSpace (Digital Signal Processor for 

Applied and Control Engineering) controller (1202-DSPACE) 

is used for execution of control techniques. The used system 

parameters are given in Table I. 
TABLE I    

 SYSTEM PARAMETERS 
Parameter Value Parameter Value Parameter Value 

Voc 200V vsa 100V Cfl 10μF 

Isc 15A f 50Hz Rfl 10Ω 

Pload 522W Lin 5mH ϑ 0.2 

τ 0.001 ς 10-5 Ω 0.002 

rbase 2V dbase 0.01 α 1 
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Fig.10 Photograph of the developed prototype. 

A. Operation under Normal Condition 

For phase ‘a’, the steady-state responses of the system at 

nonlinear loads, are shown in Fig.11.  

 
(a)                                  (b)                               (c) 

 
(d)                                   (e)                                  (f) 

 
(g)                                   (h)                                (i) 

Fig.11 Waveforms of steady-state response for phase ‘a’, (a)-(c) voltage, 

current and THD of grid current, (d)-(f) voltage, current and THD of load 
current, and (g)-(i) voltage, current and THD of VSC current.  

Figs.11(d)-(f) show that successfully power is supplied to 

nonlinear loads, which THD is 27.2%. Moreover, Figs.11(a)-

(c) show that after satisfying load demand, rest 1.74kW power 

is supplied to the grid,  where THD of  the grid current is  

2.0%.  It is found   good, and within permissible limit of 5% 

according to the IEEE-519 standard. Figs.11(g)-(i) show the 

waveforms of VSC power flow, which is supplied by solar PV 

array and consumed by the load as well as grid. The THD of 

VSC current is 6.7%. It shows that VSC supplies required 

harmonics at PCC to the nonlinear load. Therefore, the grid 

currents are found sinusoidal having THD within the limit. 

B. Operation under Load Unbalanced Condition 

During unbalanced load condition, load of phase ‘a’ is 

removed, and its dynamic effects on phase ‘a’ and phase ‘b’ are 

illustrated in Fig.12(a) and Fig.12(b), respectively, as well as 

internal signals are shown in Fig.12(c). Fig.12(a) shows that 

load of phase ‘a’ removed, so the load current becomes zero. 

However, due to proper control action, the grid currents are 

balanced and sinusoidal, as well as DC link voltage is constant. 

Since, due to outage of phase ‘a’ load, the requirement of 

reactive power is reduced, so the shape of VSC current is 

improved and becomes sinusoidal, as well as nonlinearity of 

the phase ‘b’ load current is also reduced, which is shown in 

Fig.12(b). The performance of internal signals during dynamic 

condition is shown in Fig.12(c), which shows that DC loss 

component (βDC) is very less, due to balanced DC link voltage. 

Moreover, PV dynamic reflection component (IDpv) is constant, 

because solar irradiation is assumed constant, and estimated 

active weight component (ξp) is reduced as the requirement of 

active power is reduced. Therefore, the resultant of all 

components (Φp) is also reduced.      

iga

iLa

iVSCa

Ch.1 :   20 A/div.

Ch.2 : 5 A/div.
Ch.3 :  20 A/div.

Ch.4 :  400 V /div.VDC

Load Unbalance

 
(a) 

igb

iLb

iVSCb

Ch.1 :   20 A/div.

Ch.2 : 5 A/div.
Ch.3 :  20 A/div.

Ch.4 :  400 V /div.VDC

Load Unbalance

 
(b) 

βDC

IDpv

ξp

Ch.1 :   1 A/div.

Ch.2 : 25 A/div.

Ch.3 :  5 A/div.

Ch.4 :  10 A /div.Φp

Load Unbalance

 
(c) 

Fig.12 Waveforms during load unbalance, (a)-(b) grid current, load current, 

VSC current and DC link voltage of phase ‘a’ and ‘b’, (c) internel signals. 
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Ipv

Vpv

VDC

Ch.2 :   5 A/div.

Ch.1 : 400 V/div.

Ch.4 :  400 V/div.

Ch.3 :  500 A /div.

Change in Insolation from 

1000 W/m
2
 to 800 W/m

2

Ppv

MPP Tracking

By L-HC

Pattern-1

Pattern-2

TMPPT=0.38s

X-axis: 0.2s/div.  
Fig.13 Waveforms during insolation fall. 

C. Operation at Solar Irradiation Variation Condition 

During solar insolation change condition, it is tested for 

insolation fall (from 1000W/m
2
 to 800W/m

2
), as well as tested 

for insolation rise (from 800W/m
2
 to 1000W/m

2
), which 

steady-state performances are shown in Fig.13 and Fig.14.  

Ipv

Vpv

VDC

Ch.2 :   5 A/div.

Ch.1 : 400 V/div.

Ch.4 :  400 V/div.

Ch.3 :  500 A /div.
Change in Insolation from 

800 W/m
2
 to 1000 W/m

2

Ppv

MPP Tracking

By L-HC

Pattern-1

Pattern-2

TMPPT=0.36s

X-axis: 0.2s/div.  
Fig.14 Waveforms during insolation rise. 

 

Fig.13 and Fig.14 show a very smooth and quick maximum 

power point tracking performance, which is possible only due 

to proposed L-HC algorithm. Moreover, the steady-state 

performances in insolation rise and fall condition, at irradiation 

1000W/m
2
 and 800W/m

2
 are oscillation free, which is only due 

to learning based duty cycle reduction process of L-HC 

algorithm. After irradiation change, it has taken approximately 

0.37s to track the MPP, which shows the excellent dynamic 

performance of proposed MPPT technique. In both conditions, 

the tracking efficiency is approximately close to 100%, which 

shows the accuracy of the L-HC algorithm. 

D. Operation during Grid Voltage Fluctuations Condition 

During testing for grid voltages fluctuation, over voltage and 

under voltage conditions are considered. In both conditions, the 

fluctuation in grid voltage of approximately 15% is taken, 

which test responses of phase ‘a’ are shown in Fig.15 and 

Fig.16. Moreover, harmonic spectra of grid current of phase ‘a’ 

for different conditions are shown in Fig.17.  

The waveforms shown in Fig.15 depict that due to over-

voltage, the vsa at PCC is increased, so due to constant supply 

power, the iga is decreased. Moreover, since PL (load power) is 

directly propositional to the square of vsa, so PL, as well as iLa, 

is increased. Similarly, for grid under-voltage condition the 

performances are illustrated in Fig.16. In both condition, due to 

strong control ability, the DC link voltage is maintained 

constant, and a balanced power is supplied to the load. 

Moreover, after satisfying the load demand, rest solar power is 

supplied to the grid. During this process, the THD of grid 

current is still low and within permissible limit of 5% 

according to the IEEE-519 standard, which is shown in Fig.17. 

Vsa

iga

iLa

Ch.1 :   100 V/div.

Ch.2 : 5 A/div.
Ch.3 :  10 A/div.

Ch.4 :  500 V /div.VDC

Low grid Current due to over Voltage

Over Voltage

 
 Fig.15 Waveforms during over-voltage condition. 

Vsa

iga

iLa

Ch.1 :   100 V/div.

Ch.2 : 10 A/div.

Ch.3 :  5 A/div.

Ch.4 :  500 V /div.VDC

High grid Current due to under Voltage

Under Voltage

 
 Fig.16 Waveforms during under-voltage condition. 

 
     (a) Normal condition            (b) Over voltage              (c) Under voltage 

Fig.17 Waveforms of harmonic spectrum of grid current for phase ‘a’. 

E. Operation during Grid Voltage Imbalance Condition 

The dynamic behavior of the system under imbalance grid 

voltage condition at solar insolation 500W/m
2
, is shown in 

Fig.18 and, its vector diagram is shown in Fig.19. 

From Figs.18-19, it is clearly visible that the three phase 

voltages are 74.83V, 132.37V and 87.61V, which is a highly 

imbalance condition. However, in this situation, the three phase 

currents are 4.902A, 4.905A, and 4.902A, which shows a 

balanced supply currents. Moreover, the THDs of all three 

phase grid currents are below 5%, which shows a satisfactory 

performance.  
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Fig.18 Waveforms of three-phase voltage and current during phase imbalance. 

 
Fig.19 Vectors of three-phase voltage and current during phase imbalance. 

F. Operation during Distorted Grid Voltage Condition 

The performances in distorted grid voltage condition are shown 

in Fig.20, and analyzed by using a power analyzer, which 

obtained waveforms are shown in Fig.21.  

Vsa

iga

iLa

Ch.1 :   200 V/div.

Ch.2 : 20 A/div.

Ch.3 :  10 A/div.

Ch.4 :  20 A /div.iVSCa

 
 Fig.20 Waveforms under distorted grid voltage condition. 

The waveforms for phase ‘a’ are shown in Fig.20 and Fig.21, 

where the THD of distorted grid voltage is 9.5%, and THD of 

the nonlinear load current is 36.8%, which are shown in 

Fig.21(c) and Fig.21(g), respectively. Moreover, for testing of 

the proposed control technique in a highly complex situation, 

the overvoltage condition is applied, with distorted grid voltage 

condition. In this highly nonlinear situation, the proposed 

control technique has performed very well and properly fed the 

load. After feeding the load, the rest power is successfully 

transferred to the grid, where THD of grid current is only 2.4%, 

at unity power factor, as shown in Fig.21(d). 

 
(a)                         (b)                           (c)                       (d) 

 
(e)                                   (f)                                  (g) 

Fig.21 Waveforms of, (a)-(d) phase ‘a’ grid voltage, current, power and its 

harmonic spectrum, and (e)-(f) phase ‘a’ load voltage, current, power and its 

harmonic spectrum, during distorted grid voltage condition.   

G. Operation during Day-to-Night Mode 

In day-to-night condition, during the daytime, first solar PV 

power is used to fulfill the load demand, and if some power is 

left, then it is fed into the grid. Moreover, during the night time, 

when solar PV power is zero, then this system behaves like 

DSTATCOM, where load demand is fed by the grid. The 

reactive power support to the grid is provided by DSTATCOM. 

These all performances for day-to-night mode, are shown in 

Figs.22(a)-(b) and for night-to-day mode are shown in 

Fig.23(a)-(b).  

Vpv
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Ch.1 :   250 V/div.
Ch.2 : 5 A/div.

Ch.3 :  10 A/div.

Ch.4 :  200 V /div.vsa

Day Night
PV Fed System DSTATCOM
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2
 

to 0 W/m
2

 
(a) 

Ppv

IVSCa

VDC

Ch.1 :   2.5 kV/div.

Ch.3 :  400 V/div.

Ch.4 :  10 A /div.
iLa

Day

Night
PV Fed System

DSTATCOM

1000 W/m
2
 

to 0 W/m
2 Ch.2 : 10 A/div.

 
(b) 

Fig.22 Waveforms of day-to-night mode, (a) PV voltage-current and grid 

voltage-current of phase ‘a’, (b) PV power, VSC current, VDC, and load current 
of phase ‘a’ for day-to-night and night-to-day condition, respectively. 

 

In Fig.22(a) & Fig.23(a), during the daytime, iga and vsa are 

out of phase, which shows that the power is fed into the grid. 

Moreover, during night time, iga and vsa are in the same phase, 

which shows that power is supplied from the grid. The reactive 

power compensation behavior of the VSC at night time, is 

shown in Fig.22(b) & Fig.23(b), where it behaves like 
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DSTATCOM. It increases the utility of the system. Moreover, 

in both conditions, the DC link voltage is maintained. Since, it 

is a single stage topology, so during daytime DC link reference 

voltage is generated by L-HC MPPT algorithm. However, 

when PV array current is zero, or PV power is zero, then L-HC 

algorithm supplies a constant DC link reference voltage (Rin), 

which is used during DSTATCOM operation.  

Vpv

Ipv

iga

Ch.1 :   250 V/div.

Ch.2 : 10 A/div.
Ch.3 :  10 A/div.

Ch.4 :  200 V /div.
vsa

Day
Night PV Fed System

DSTATCOM
0 W/m

2  to 

1000 W/m
2

 
(a) 

Ppv

IVSCa

VDC

Ch.1 :   2.5 kV/div.

Ch.2 : 10 A/div.

Ch.3 :  400 V/div.
Ch.4 :  10 A /div.iLa

Day

Night

PV Fed System

DSTATCOM

0 W/m
2  to 1000 W/m

2

 
(b) 

Fig.23 Waveforms of night-to-day mode, (a) PV voltage-current and grid 

voltage-current of phase ‘a’, (b) PV power, VSC current, VDC, and load current 

of phase ‘a’ for day-to-night and night-to-day condition, respectively. 

V.  CONCLUSION 

A novel control technique namely power normalized kernel 

least mean fourth (PNKLMF-NN) based control algorithm and 

learning based hill climbing (L-HC) MPPT algorithm, for grid-

tied solar PV system have been developed and implemented on 

the developed prototype, where the nonlinear/linear loads have 

connected at PCC. The MPPT by L-HC has been shown very 

good steady state as well as dynamic performance on different 

types of irradiation conditions. The PNKLMF-NN has 

enhanced the power management ability with improved power 

quality, for a single-stage three-phase grid integrated solar PV 

system, where distribution network subjected to nonlinear 

loading at, over-voltage, under-voltage, phase imbalance and 

the distorted voltages at PCC. The simple architecture of the 

PNKLMF-NN makes easy to implement and helps in 

computational complexity reduction as well as quick dynamic 

performance. The performance of PNKLMF-NN has also 

evaluated on day to night mode of operation. During daytime, 

the system behaves as PV tied grid system, where the control 

technique provides load balancing, reactive power 

compensation, power factor correction, harmonics filtering and 

mitigation of other power quality issues. However, when solar 

irradiation is zero, in the night time, VSC acts as a 

DSTATCOM, which enhances the utilization factor of the 

system. Test results have been shown satisfactory performance 

of its operation at unity power factor under abnormal 

distribution network conditions, such as distortion in grid 

voltage at nonlinear and unbalance loading at PCC. Moreover, 

the THDs in grid voltage and grid current have been observed 

within the IEEE-519 standard.      
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