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Abstract- This study proposes a control approach based on a frequency-locked loop with an Enhanced Second-Order 

Generalized Integrator (ESOGI-FLL) to mitigate power quality (PQ) problems in a grid-linked photovoltaic (PV) battery 

scheme. In order to enhance PV power production, charge the battery, pump it into the grid, and maintain the constant voltage 

across the DC bus of the voltage source inverter, particle-swam optimized Adaptive Neuro Fuzzy Inference System (PSO-

ANFIS)-controlled peak power point extracting methods are employed in this study. This paper utilizes the ESOGI-FLL-based 

control technique to achieve grid current balancing, mitigate harmonics, operate at unity power factor, and accommodate 

various levels of PV energy generation. Frequency Locked Loop with Enhanced Second Order Generalized Integrator with 

Based Regulator Algorithm for PV Battery Integrated System for PQ Improvement is created and tested in MATLAB 

software. Simulation results are tested under various operating situations, such as grid current balancing, Nonlinear load 

conditions, and changing irradiance conditions. Additionally, grid and currents have total harmonic distortions of 0.95% and 

2.03% for unbalanced load changes in irradiance conditions, and these are under the IEEE power quality standard. 

Keywords- ANFIS, Battery system, ESOGI-FLL, MPPT, PSO, PV system, Power quality 

 
1. Introduction 

           According to sources [1, 2], the majority of electricity 

production in India, which accounts for 68% of total power 

generation, is reliant on non-renewable fossil fuels such as 

coal and oil. This conventional method of power generation 

through fossil fuels contributes to the emission of greenhouse 

gases, resulting in environmental impacts [2]. Energy 

security faces significant challenges due to high peak power 

demand, reliance on imports for oil and, to a growing extent, 

coal, and inadequate energy supply. These factors 

collectively contribute to major concerns regarding energy 

security. Energy consumption and output have to be in 

equilibrium. In order to slow down the effects of climate 

change, household power production must be started in the 

distribution system utilizing standalone Photovoltaic (PV) 

arrays. As a result, small-scale applications for rooftop PV 

arrays are rapidly expanding [3]. But PV power is available 

only during the daytime, and we are not able to use it at 

night. This can be overcome by combining PV power 

generation with battery storage elements and connecting to 

the grid system. Quality of power issues in the delivery 

network primarily stem from loads with nonlinear properties, 

which include motor drives, variable speed drives, arc 

furnaces, UPSs, residential loads, and other equipment that 

consumes imaginary power at the connecting point of PV 

inverters. These nonlinear loads have a negative impact on 

the power quality of the grid. In [4], GMPP tracking for a 

grid-connected PV system under partial shade conditions has 

been presented using a hybrid artificial neural network 

utilizing deep reinforcement learning. The Voltage Source 

Converter (VSC), which links PV and batteries to the grid, 

may be set up in a number of different ways, as suggested in 

[5]. The literature [6] demonstrates the loss examination for 

two phase and single stage PV power generation schemes 

(PGSs). Compared to double stage-PGS, single-stage PGS 
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offers certain benefits, including greater efficiency, less 

complexity, and fewer components (capacitor, diode, etc.). 

          The quality of power on the grid is often diminished 

owing to the presence of loads with nonlinear properties such 

as arc furnaces, computers, heavy rectifiers, lamps, printers, 

UPSs, and adjustable frequency motors, which are usually 

linked at the common point of coupling [6]. The difficulties 

in employing renewable energy sources to improve the 

quality of power in the system are discussed in [7]. A multi-

functional method based on the ABC-DQ transformation has 

been presented by Javadi et al. [8] for noise reduction, 

balancing the load, compensating reactive power, and zero 

voltage control. The transformation-based control approach 

shows inadequate dynamic performance across different 

operating scenarios, characterized by second harmonic 

oscillations in the direct axis current caused by an 

unbalanced load network. To address power quality concerns 

in distribution grids, a control algorithm known as Least 

Mean Fourth (LMF) [9] has been proposed. This algorithm 

facilitates phase-independent modulation of the basic load 

current amplitude. The LMF algorithm's stable state 

convergence degree is suboptimal, likely owing to its 

quarter-order optimization. To enhance the quality and power 

of a single-phase scheme, a Model Predictive Control (MPC) 

strategy has been introduced [10]. However, the MPC 

approach is associated with high computational and memory 

requirements. A notch filter-based approach is investigated 

for incorporating distributed generation into the network. The 

Phase Locked Loop (PLL)-less method [11] is less effective 

at mitigating DC components and harmonics, and system 

performance deteriorates when DC offset components are 

present in the load currents. In [12], a sliding mode-based 

technique with a Lyapunov function is proposed to improve 

the quality of power in the distribution grid. However, the 

converter experiences aggressive switching due to the sliding 

mode control, leading to a shorter lifespan. In [13], a Kalman 

filter-based approach is introduced for PV-linked grid energy 

conversion schemes. The Kalman filter approach is 

sophisticated, requires more memory, and has a high 

computational overhead. Under different system parameters, 

the Kalman filter's parameter adjustment is challenging and 

extremely sensitive. To isolate the basic load component, the 

Least Square (LS) built-in regulator approach is proposed 

[14]. However, when the system frequency varies, the LS 

algorithm's accuracy is in question. 

         In the literature, utility interactive inverters are 

discussed in [15] for improving power quality with the 

application of a five-level shunt active filter and sliding 

mode control. [16-17] presents a comprehensive control 

strategy for the distribution network's shunt active power 

filter. The characteristics for balancing grid currents are 

absent from this control algorithm. The dynamic 

performance algorithms based on neural networks [18] are 

subpar when the load-side network is unbalanced. Due to the 

individual layer neural network method's subpar magnitude 

extraction capabilities, PPGS performance is compromised. 

A large number of datasets are required for the training of the 

neural network method. As a result of the system's inability 

to completely remove the load current DC offset component. 

To enhance power quality in the distribution grid, adaptive 

filter-based regulator methods are presented in the existing 

work. These approaches include the Least Mean Square 

(LMS) technique [19] and the least logarithmic absolute 

difference method [20]. The LMS procedure exhibits a lower 

convergence rate than the LMF method. Additionally, the 

LMS procedure results in a more squared mean error when 

approximating the amplitude of the basic current of the load. 

The back circulation approach is quite sophisticated when it 

comes to layer design and data training. In weak grid 

scenarios and when DC offset is present in load current, the 

efficacy of adaptive filter-based regulator approaches [9–20] 

is a matter of debate. To address the system's stability in such 

situations, the literature proposes a solution in [21]. 

 

        Various generalized integrators have been proposed for 

PV battery-linked grid systems, including the SOGI and 

Second Order Generalized Integrator-Quadrature (SOGI-Q) 

methods. These techniques are detailed in [22–25]. When 

more harmonics, frequency variations, and DC offset 

variations are present, the SOGI-Q and SOGI algorithms 

perform poorly in terms of system performance. The main 

contribution of the work is the ESOGI-FLL-based control 

scheme, which offers enhanced abilities to sift DC offset and 

reject harmonics. This approach is particularly reliable for 

estimating the quadrature component of fundamental load 

current, providing more accurate results than other 

techniques. 

        When compared to traditional control logic techniques, 

the ESOGI-FLL-based regulator provides improved steady-

state and dynamic responsiveness, along with strong DC 

component and harmonic reduction capabilities. The feed-

forward component is supported by the suggested ESOGI-

FLL-based control approach, which reduces variations in the 

grid currents caused by divergence in PV power generation 

and loads [26–29]. The PSO-ANFIS procedure is employed 

in the voltage source inverter controlling approach to 

produce the voltage bus DC reference for extracting peak 

power from array PV panels and to improve pumping of PV 

power to the macro network. The ESOGI-FLL algorithm 

offers superior performance in both stable state and dynamic 

circumstances, with greater precision, lower fluctuations in 

magnitude approximation, and lower difficulty and 

computational requirements than traditional algorithms. 

          MATLAB/Simulink is used to simulate outcomes for a 

variety of operational situations, including network load 

unbalance and solar radiation fluctuation, to validate the 

efficiency of the control algorithm. 

2. PV Battery Integrated Grid System and Its Control  

         Fig. 1 depicts the PV Battery integrated grid system, 

which consists of a ripple filter, a voltage source converter, 

interface inductors, a PV grid with a three-phase scheme, 

Battery energy storage, and Non-Linear and Unbalanced 

loads. The voltage source inverter switching ripple produces 

higher-order harmonics, which are reduced by the ripple 

filter. To lessen current harmonics in PV battery-linked 

voltage source converters, an interface inductor is utilised. 
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Fig.1. PV battery Integrated Grid system 

The layout of the ESOGI-FLL-based control method 

is demonstrated in Fig. 2, which consists of several 

components. The array of PV panels is operated 

using the PSO-ANFIS-based peak power extractor 

algorithm to maximize power production. The 

ESOGI-FLL method is employed to extract the 

quadrature component of the vital current of the load. 

The regulator procedure comprises PSO-ANFIS 

techniques and control of the switching of the voltage 

source converter. The PSO-ANFIS techniques are 

utilized to produce the DC link reference voltage.    
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Fig.2. Control Logic of PV battery Integrated Grid system 

2.1 PSO-ANFIS Control for Maximum Power 

Extraction  

          The Maximum Power Point (MPP) is found 

using the PSO-ANFIS method. The PSO was used to 

tune the parameters of the ANFIS based on input and 

target data given to the ANFIS scheme. The Irradiance 
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and temperature details of the PV act as input 

information to the ANFIS system, and PV voltage at 

maximum power point conditions act as output 

information to the ANFIS system. The ANFIS input 

and output membership function values and rules 

between input and output are tuned using the PSO 

algorithm. After training using PSO, the ANFIS 

Network was used to obtain the maximum energy from 

PV and Provide position voltage for the DC bus 

voltage regulator. Fig. 3 shows the peak power 

extraction concept using PSO-ANFIS MPPT. 
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Fig.3. PSO-ANFIS control algorithm for Peak Power 

extraction 

 

2.2 Control Current of the Battery Storage System  

             The Battery current is controlled by the PI 

control method. The power difference between PV 

and reference power for the grid is divided by battery 

voltage to generate reference current for the battery. 

The actual current for the battery is compared with 

the reference current of the battery and processed via 

the PI controller, and the PI controller generates the 

control signal for the PWM generator. The PWM 

generator generates the control pulse for the 

bidirectional converter to charge or discharge the 

battery based on the reference current. The control 

logic of the battery is shown in Fig. 4. 
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g.4. Control logic of the Battery storage system 

2.3 Harmonic Mitigation Control Logic Using 

ESOGI-FLL for Voltage Source Converter  

             The estimates of PCC voltage amplitude, 

estimation of unit template Vector estimation, Feed 

Forward and Loss elements of PV systems, load 

fundamental current magnitude estimation, and 

estimation of grid current reference are all included 

in the control logic algorithm.  

 

2.3.1 Unit Templates Vector Estimation 

     Phase voltage (Vsa,Vsb, Vsc )  are determined 

based on the measured two-phase voltages (Vsab and 

Vsbc). In order to eliminate distortions, the Vsa and 

Vsbc signals are passed through a band-pass filter. 

2 1 0
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1 1 0
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sb sbc

sc

V V

V V

V

    
    

= −    
    − −    

       (1) 

The usual PCC voltage (Vt) is calculated as follows:  

2 2 22
(

3
t sa sb scV V V V= + +                  (2) 

In order to estimate in-phase templates, phase 

voltages are divided by the terminal voltage's (Vt) 

amplitude, accordingly. The predicted values of these 

in-phase unit templates are 

/ , / , /pa sa t pb sb t pc sc tu v v u v v u v v= = =        (3) 

 

2.3.3 Feed Forward and Loss Element of PV System  

The control method incorporates a PV feed-

forward unit, which adjusts for changes in the solar 

panel's generation capacity and terminal voltage. 

This unit is determined based on the calculated PV 

power and PCC voltage. 

   
2

3

pv

pvff
t

P
I

V
=                                   (4) 

A proportional integral (PI) regulator takes the error 

among 
refDCV  and VDC as input and generates the 

loss component (Iloss). The calculation of the loss 

component is as follows: 

( )/ ( )loss p i DCref DCI K K s V V= + −               (5) 

2.3.4 Load Fundamental Current Magnitude 

Estimation   

          The organizational assembly of the ESOGI-

FLL is depicted in Fig. 5, which consists of two key 

blocks: the modified SOGI and the frequency locked 

loop. The FLL controller employs the in-phase 

component ( )idi  and the quadrature section ( )lqi  of 

the load current to estimate the frequency of the grid. 

The transfer function for the input current Li  is 

shown as, where Li  has an amplitude of pi  and a 

DC offset of 'A'.  
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Fig.5. Load fundamental current magnitude 

estimation 

        The time response of the quadrature 

mechanisms and the in-phase of the generalized 

integrator is investigated by reflecting the DC section 

in the current of the load. Consequently, the 

quadrature mechanisms and the in-phase of the basic 

load are obtained. The quadrature and in-phase 

sections of the fundamental current are presented as 

follows: 

2 '

2 ' '2 2 '2
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The time-domain representation of the fundamental 

load components ( )ldI and ( )lqI  is obtained by 

converting them as follows: 
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 (14)                   

Fundamental load relations are determined from 

these ldi and lqi  equations, as demonstrated in Fig. 5. 

In stable state conditions with DC offset, the 

performance of the regulator process is not affected 

by the in-phase vital component of the load. The 

quadrature section of the vital load current ( lqi ) is 

orthogonal to the load current. To estimate the grid 

frequency for the FLL controller, the quadrature 

section of the vital current of the load ( lqi ) and the 

error among the current of the load and the in-phase 

section ( ldi ) are used. Additionally, the DC offset in 

the load component does not affect the performance 

of the FLL in steady-state operating conditions. As a 

result, the ESOGI-FLL's frequency-adaptive 

structure is reliable and effective for estimating the 

grid's frequency. By using unit templates, sample and 

hold logics, zero crossing detectors, and zero 

crossing detectors for the appropriate phases, the 

magnitude of the three fundamental load currents 

( ( , , )p bp cpI I I are determined. The overall reference 

grid current weight is determined by considering the 

load, feed-forward, and loss components. The net 

load section ( )loadI  of the currents of load is 

calculated and used in combination with the other 

components to evaluate the overall weight of the grid 

reference current. Specifically, the evaluation of the 

reference grid current's weight is carried out as 

follows: 

2.3.5 Estimation of Grid Current Reference  

        To produce the reference for the currents of grid 

( , , )aref bref crefi i i , the net load component is utilized 

by the corresponding unit templates 

( , , )pa pb pcu u u .These estimated values are then 

compared to the detected grid currents to create the 

current error, which is fed into the hysteresis current 

controller for generating the voltage source inverter 

switching pulses. 

2

ap bp cp

load

I I I
I

+ +
=            (15)             

net load pvff loss batteryI I I I I= − + − +                     (16) 

aref pa neti u I=                                                    (17) 
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bref pb neti u I=                                                    (18) 

cref pc neti u I=                                                    (19) 

3. Simulation Results  

          The Sim Power System Toolbox is used in 

MATLAB and Simulink to simulate an ESOGI-FLL- 

controlled PV Battery integrated grid system. The 

rating of PV is 725 volts & 95.92 kW, the rating of 

battery is 480 volts & 500 Ah, the RL value of the 

non-linear load is 120 Ω & 0.15 mH, and the system 

is a 400-volt, 50 Hz grid system. The functioning of 

the scheme is examined for variations in solar 

irradiation, load-side network unbalance, and non-

linear load conditions. The system's response is 

illustrated through various signals such as PV 

voltage, PV current, PV power, battery voltage, 

battery current, battery power, battery state of charge, 

grid voltage, grid current, load current, inverter 

current, grid power, and DC link voltage. 

 

3.1 Dynamic Performance of the PV Battery 

Integrated Grid System   

Fig. 6 depicts the waveforms of several 

signals to illustrate the system response under 

unbalanced load conditions. Specifically, Fig. 6 (a) 

shows the PV voltage, current, and power 

waveforms, while Fig. 6 (b) displays the waveforms 

of battery voltage, current, and state of charge. The 

inverter voltage and current waveforms are shown in 

Fig. 6 (c), while Fig. 6 (d) shows the Load voltage 

and current waveforms. The waveforms of grid 

voltage and current are shown in Fig. 6 (e), and Fig. 

6 (f) presents the waveforms of grid real and reactive 

power. The PV voltage is maintained at 750 volts, 

the PV current is maintained at 126.66 A, and the PV 

power is maintained at 95.1 kW. The battery voltage 

is maintained at 500 volts, the battery current is 

maintained at -50 A, and the charging power is 

maintained at 25 kW. The battery is in charging 

mode in these conditions while examine the state of 

charge of the battery. The Inverter voltage is 

maintained at 400 volts on the line, and the inverter 

current is 150 A peak at each phase and supplies the 

harmonic compensation current to the point of 

common coupling. The load voltage is maintained at 

400 volts, and the line and phase is disconnected 

from 0.05 to 0.15 seconds to create unbalanced load 

conditions in the system. The grid voltage is 

maintained at 400 volts, on the line and the grid 

current is maintained at 120 A peak at each phase. 

The grid’s real power is around 70 kW, and the 

grid’s reactive power is zero. This indicates the grid 

operated at unity power factor and the PV battery 

inverter supplies the reactive power to the load 

always. Also, during unbalanced conditions, grid 

current nature is sinusoidal, total harmonic distortion 

is less than 5 %, and the IEEE standard is obeyed.    

 

 

 

 (a) PV Voltage, PV Current and PV Power 

 

 

 

 (b) Battery Voltage, Current and State of charge 
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 (c) Inverter Voltage and current 

 

 

 (d) Load Voltage and current 

 

 

 (e) Grid Voltage and Current 

 

 

 (f) Grid real power and reactive power 

 

 (g) Total Harmonic Distortion of grid current 

 

 

 (h) Load and Grid current for increasing Load 

condition 

Fig.6. Simulation result of PV battery integrated 

system with Unbalanced load conditions 
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3.2 Change Irradiance Conditions of the PV Battery 

Integrated Grid System  

The voltage, current, and power waveforms 

of the PV system are illustrated in Fig. 7 (a), while 

Fig. 7 (b) displays the waveforms of battery voltage, 

current, and state of charge. The inverter voltage and 

current waveforms are shown in Fig. 7 (c), while Fig. 

7 (d) demonstrates the load voltage and current 

waveforms. In Fig. 7 (e), the waveforms of grid 

voltage and current are displayed, while Fig. 7 (f) 

shows the grid's real and reactive power waveforms 

under changing irradiance conditions, first from 1000 

W/m2 to 500 W/m2, and then back to 1000 W/m2. 

The PV current and power change according to 

changing irradiance conditions. PV current is 

maintained at 66.66 A, and PV power is maintained 

at 50 kW at 500 W/m2. The battery changes the mode 

from charging to discharging mode when the 

irradiance goes to 500 W/m2 to supply power to the 

point of common coupling. The Inverter current and 

grid current change with changes in irradiance 

conditions. The load always getting supply form the 

system without any disturbance. The grid current’s 

total harmonic distortion at 500 W/m2 is 2.03 % only, 

and it obeys the IEEE power quality standards from 

Fig. 7 (g).  

 

 

 
 (a) PV Voltage, Current and Power 

 

 

 
 (b) Battery Voltage, Current and state of charge 

 

 
 (c) Inverter Voltage and Current 

 



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH  
N. K. Pandey et al., Vol.14, No.1, March, 2024 

 163 

 
 (d) Load Voltage and Current 

 

 
 (e) Grid Voltage and Current 

 

 
 (f) Grid real and reactive power  

 
 (g) Total Harmonic Distortion of the Current 

Fig.7. Simulation result of PV battery integrated 

system with Change in irradiance conditions 

4. Conclusion  

To improve the quality of power in the 

delivery network, various techniques can be 

employed, including correction of the power factor, 

balancing of the load, and harmonic mitigation. 

These methods help in supplying the essential real 

power to the macro network while maintaining a 

high level of PQ in the proposed PV battery 

integrated grid system with an ESOGI-FLL-based 

controlling procedure. The peak power from the PV 

array was efficiently harvested using the PSO-

ANFIS MPPT method, which also maintained the 

DC link voltage at the optimum level. By efficiently 

extracting the quadrature section of the vital current 

of the load, the use of the ESOGI-FLL-based 

structure has resulted in an enhancement in the 

precision of the control procedure for the 

demonstrated system. The grid current’s total 

harmonic distortion (THD) has been found to be well 

within the acceptable limits specified by the IEEE-

519 standard, i.e., 0.95 % for unbalanced load 

conditions and 2.03 % for change in irradiance 

conditions. This work can be used in the PV power 

sector. And also, soft computing-based ESOGI is 

considered a future scope of work.  

 

 

Nomenclature: 

PV Photovoltaic 

VSC Voltage Source Converter 

MPC Model Predictive Control 

PGSs Power Generating Schemes  

PLL Phase Lock Loop 

LS Least Square 

LMS Least Mean Square 

SOGI Second Order Generalised Integrator 

SOGI- Second Order Generalised Integrator 



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH  
N. K. Pandey et al., Vol.14, No.1, March, 2024 

 164 

Q Quadrature 

PSO Particle Swarm Optimisation 

ANFIS Adaptive Fuzzy Neuro Interface Systems 

MPP Maximum Power point 

ESOGI Enhanced Second Order Generalised 

Integrator 

FLL Frequency Lock Loop  

G Irradiation 

T Temperature 

PQ Power Quality 

MPPT Maximum Power Tracking 

GMPP         Global Maximum Power point 
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	The usual PCC voltage (Vt) is calculated as follows:
	(3)

