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ABSTRACT 
 

In order to achieve sustainable growth, the integration of renewable energy sources, 

such as solar photovoltaic (PV) energy, with conventional energy sources is necessary. 

This requires advanced power systems equipped with modern theories and approaches. 

By integrating solar PV energy generation with the grid, the growing energy demand 

can be met while also acting as a stabilizing factor for the grid. This integration reduces 

the burden on the grid, minimizes losses through transmission and distribution lines, 

mitigates congestion, and enhances the overall grid's efficiency. 

To ensure smooth integration, various components are employed, including the voltage 

source converter (VSC), which converts the DC power from the solar PV system into 

AC power for the grid. To prevent high-frequency switching ripples from being injected 

into the grid, filters are added at the output terminals of the VSC. Synchronization 

between the grid and VSC voltage in terms of frequency and phase angle is crucial. 

Loss of synchronization can have catastrophic effects on the entire grid system. 

Another important aspect that needs attention is power quality (PQ). To mitigate PQ 

issues and avoid grid malfunctioning, several control algorithms have been developed. 

In this thesis, a novel Modified Versoria based Zero Attraction-LMS (MVZA-LMS) 

control algorithm is proposed. This algorithm incorporates a penalty factor based on the 

Versoria function into the basic Least Mean Square (LMS) algorithm to enhance its 

zero-attraction capability. The enhanced zero-attraction capability of the proposed 

algorithm improves convergence rate and modeling accuracy. The zero-attraction 

topology offers reduced computational complexity, easy implementation, and enhanced 

steady-state performance compared to other control algorithms. Examples of zero-

attraction-based LMS techniques include the Robust ZA-LMS (RZA-LMS) technique, 

the polynomial zero-attraction (PZA)-LMS control algorithm, the l0-LMS technique, 

and the ZA-LMS technique. 

The proposed control scheme focuses on maximizing power extraction from the PV 

array while addressing power quality concerns, including harmonics elimination, load 

balancing, and power factor improvement under time-varying scenarios. The MVZA-

LMS algorithm enhances the dynamic performance, resulting in improved response 
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time and system robustness. This control scheme effectively addresses power quality 

issues and conditions the current by adjusting its weight component, especially when 

working with an underdeveloped grid that exhibits inferior power quality due to voltage 

distortions and imbalances. The performance of the proposed control scheme is 

compared with other zero attraction-LMS techniques, and MATLAB-Simulink is 

utilized for simulation and analysis. The proposed algorithm demonstrates improved 

efficacy in various situations, thereby increasing the efficiency of grid-tied solar PV 

systems 
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CHAPTER 1  

INTRODUCTION 

1.1 Overview 

“Energy is life”, by saying this it can be inferred that for sustainable development and 

overall growth energy is prerequisite. Per capita energy consumption is the most 

important indicator for the growth of a country. Every country on this earth needs 

energy, especially electrical form of energy for their development. Energy can be 

classified into various forms but electrical energy is predominant, because of its easy 

handling, transportation, large scale generation, storing, controlling and translation into 

different forms.  Developing nation are trying to catch the developed countries, leading 

to huge increase in electrical energy demand. Advancement in the power system 

technology and augmentation of new principles and theories has increased the 

generation capacity, but still there is a sharp gap between demand and supply.  

Excessive exploitation of fossil fuels has been made to increase the generation, leading 

to environmental degradation and fossil fuels reserve’s depletion. Scientist and 

engineers are very worried about the above-mentioned situations, and looking for 

renewable energy sources (RESs) as an alternative source of energy, which is 

inexhaustible and puts less or no impact on global environment to achieve sustainable 

growth. There are different types of RESs but we mostly talk of wind and Solar energy. 

The solar energy is growing has a great potential to replace conventional source of 

energy. Solar energy system can be used as standalone system and as a grid connected 

system.  Grid-tied solar system plays a very crucial role in reducing burden, stabilizing 

and hence increases reliability, efficiency and performance of the grid. There are 

challenges and complexity while integrating Solar PV (SPV) system with grid and 

power quality issues arise. The various power quality issues and solutions has been 

discussed in later part of the thesis.  
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Table 1.1 Total installed capacity of India and its renewable energy share as on 

30.04.2023 [58]. 
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Fig. 1.1 Block diagram of RES 

 

1.2 Modern Distribution System and Power Quality (PQ) 

I t is desired from the modern distribution system to incorporate the rise in demand on 

time without compromising reliability, safety and cost effectiveness. It does not seem 

to be simple, because of its large size, complexity and at the same time huge energy 

loss and interruption occurs because of faults [30]. One more thing that is needed from 

Modern distribution system (MDS) is to ensure quality power to the loads. Good quality 

of power should also be maintained at generation, utilization and transmission level 

[31, 32]. The abnormality at the utilization end is quite severe. Plenty of reasons are 

there for abnormality in Ac supply system, Natural cause such as faults, flashover, 

lightening, equipment failure and induced or forced ones, which includes notches and 

voltage distortion are few of them. So many consumers’ equipment also contributes in 

polluting the distribution system because it draws non-sinusoidal current and the load 

act as a non-linear load. As power quality is measured in deviation in frequency, current 

and voltage which may lead to maloperation or failure of the consumer’s equipment.  

At the point of common coupling (PCC) where different loads are connected, some 

voltage base PQ problems present at that point are spikes, fluctuations, voltage 

harmonics, sag/dip, glitches, surge, swell, flickers, unbalance, notches and outages and 

many more.  Various non-linear loads consist of adjustable speed drives (ASDs), 
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uninterruptible power supplies (UPSs), and furnaces and different types of disturbance 

are the main reasons for these problems in the distribution system.  However, some 

current related PQ problems are harmonic currents, unbalanced currents, bad power 

factor, reactive power burden, and an excessive neutral current in polyphase systems 

because of generation of harmonic currents due to nonlinear loads and unbalancing. 

These PQ problems cause capacitor banks failure, losses will be increased in the electric 

machines and distribution system, resonance causes excessive current and over 

voltages, motors and alternators experiences negative sequence currents, heating of 

rotor, breakdown of insulation, interfering in communication systems, false metering, 

malfunction in the operation of breaker and relay and many more. Different mitigation 

approach is employed for existing system and newly designed equipment because their 

power quality issues are different for the distribution systems and loads. Low pf, 

unbalanced currents, harmonic currents, and an excessive neutral current are the PQ 

issues pertaining to existing non-linear loads, can be fixed with help of series of filter 

such as passive, active and combination of both (hybrid) connected in a different 

fashion, which externally used based on the nature of load. In distribution system there 

might occur a PQ problem other than harmonics, power devices like unified power 

quality conditioners (UPQCs), distribution static compensators (DSTATCOMs), and 

dynamic voltage restorers (DVRs) are customised to mitigate voltage and current 

associated PQ issues [36-40]. 

 

1.3 State of the Art 

Solar energy system can be utilized in two different mode, stand-alone system and grid-

interfaced mode. Solar PV system has a non-linear characteristic due to dependency on 

solar irradiance and temperature, which is variable in nature, so there is a need for an 

algorithm to track the peak power point and extract maximum power out of SPV all the 

time. P&O, INC, ANN-based and Fuzzy-logic based are the few amongst many MPPT 

algorithm available with us. In this work, INC with integral regulator has been used. 

Grid plays a very crucial role of transferring bulk power to fulfill the demand. 

Integrating SPV system with grid and transferring power, causes power quality (PQ) 

issues. Power quality control of a 3-phase grid-tied SPV system under different 

scenarios such as normal and abnormal conditions, connected to unbalanced loads have 
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been dealt and discussed at length through numerous Literature. This work 

encompasses the development of an algorithm to allay the issues pertaining to power 

quality and hence quality power can be ensured. 

 

 1.4 Scope of the work 

 After reviewing various literature on 3-phase grid-integrated SPV system, inference 

can be drawn that various control model such as Least Mean Fourth (LMF), Least Mean 

Square (LMS) and its variants, Adaline based Adaptive control algorithm, Power 

Balance Theory (PBT) and Fuzzy-Logic Based have been developed and used to 

improve the performance of voltage source converter (VSC). But still they not free from 

error, lot more work is needed to be done to improve the performance. For example, if 

we increase the step size of Least Mean Square (LMS) based VSC control algorithm, 

convergence rate will be high but steady-state oscillation will increase, which 

ultimately reduces the controller performance under various scenario. So, there is a 

need to create a perfect balance between these two aspects. 

Precisely, objective of this proposed work is to design a control algorithm model for 3-

phase grid-tied SPV system to mitigate issues pertaining to PQ. The proposed control 

methodology adjusts the weight component of the Load current. Zero steady-state error, 

reliable, robust, fast dynamic performance, and less complex are desirable features of 

the proposed algorithm. A performance comparison will also be made with other 

available control technique.  

 

1.5 Outline of the Thesis 

Chapter 1: The first chapter consists of introduction to RESs, power quality issues 

Chapter 2: It consists of various literature reviews on SPV system, power quality MPPT 

technique, DC-boost converter, voltage source converter (VSC) and control algorithm 

technique. 

Chapter 3: This chapter includes basics of SPV system, MPPT algorithm, DC-boost 

converter, calculating values of various component, VSC and Hysteresis Current 

Controller.  
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Chapter 4: This chapter includes various control algorithm and their mathematical 

modelling and unit template calculation. 

Chapter 5: Simulation, Results and Analysis of the various control algorithms. 

Chapter 6:  It includes Conclusion and future work scope. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



7 
 

CHAPTER 2  

LITERATURE REVIEW 

 

 

2.1 Overview 

Integration of SPV to the grid is done to increase the supply by injecting active power 

to it. To attract the maximum power from SPV, modelling with precision has to be 

studied and developed so that it matches practical SPV.  Modern distribution system 

with variable loads which leads to power quality issues is reviewed. This chapter 

includes the review on various control techniques to make performance better and 

robust under varying load scenario. Detailed reviews on various system configuration 

have been discussed.  

 

2.2 Literature Review on SPV Modelling  

As per [10][17] a SPV cell is modelled on the basis of single and double diode insertion. 

Bellia et al [2014][15] talks about single-diode model based solar cell with shunt and 

series resistances reduces complexity while resembling with practical cell. Amorphous 

silicon based solar cell and multi junction production cell, whose efficiency may vary 

from less than 10% to more than 40% respectively when designed in a controlled 

environmental condition [12,13][10]. Solar PV cell is not intermittent, highly dependent 

on environmental conditions such temperature, solar insolation, pollution   etc. and 

hence reduces efficiency. In practice we can deduce only 15% to 22% from the cell [14-

15][10]. Solar PV cell based on current source and its characteristic is non-linear [10]. 

In [3-7][10] the need for grouping of cells in different fashion has been explained to 

achieve the desired power.  

 

2. 3 Literature Review on MPPT Technique and Inverter 

MPPT algorithm is required to fetch maximum power from SPV array. So many 

research work is available on MPPT algorithm [18-23]. In [18-20] perturb and observe 

(P&O) algorithm has been explained, and also suggested how simple and cost effective 
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this method is.  P&O method is not free from drawback is [21]. INC MPPT technique 

is explained in [21-28]. INC MPPT algorithm has superior performance than P&O 

MPPT algorithm, but it has its own shortcomings [22-23]. An improved INC algorithm 

has been developed to overcome the problems of classical INC technique. INC with 

integral regulator (IR) has been explained in literature [26] in great detail. INC with IR 

MPPT algorithm eliminates the error present in classical INC and improves the 

performance of MPPT technique to locate the MPP very precisely and accurately [26-

28]. In the proposed work INC with IR MPPT algorithm has been used. Literature [54-

55] has discusses about VSC.  

 

2.4 Literature Review on PQ issues 

Modern day distribution system has become very large and its complexity increase with 

time.  Quality power assurance is a big challenge for distribution systems. Distribution 

system incorporating new technologies to overcome these challenges [30]. As per [38] 

major losses occur near distribution end and that leads to a major power quality problem 

due to diversified loading conditions. Major PQ problems are short and long-time 

variations in voltage, flicker, waveform deformation and unbalanced voltage are few 

amongst many problems discussed in [38,39]. The reason behind these issues lightening 

stroke, flashover, non-linear loads, switching, various faults, power electronics devices 

like converters and arc furnaces. If power quality issue is not taken care off, it may lead 

to system’s maloperation, failure of electrical equipment, large scale power loss which 

will disrupt the supply and huge financial loss will be done [57]. Extensive use of power 

electronics devices can cause harmonics in distribution at PCC, which is worrying the 

engineers and researchers. Communication channels can also be disturbed by harmonic 

currents present in the ac system due to non-linear load which alters the sinusoidal 

nature of AC. There might occur a resonance, while performing reactive power 

compensation for power factor correction, which is highly undesirable feature in power 

system. Institute of Electrical and Electronics Engineers (IEEE) has suggested and 

recommended Power quality standards [53] for engineers, practitioners and researchers. 

 Advancement in switching devices has increased the usage of STATCOM to allay the 

power quality problems as mentioned in [58]. Now a days Insulated Gate Bipolar 

Transistor (IGBT) is in high demand, which is robust and performs better switching as 
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compared to the earlier used   Metal Oxide Semiconductor Field Effect Transistor 

(MOSFET) and Gate Turn Off Thyristor (GTO) [58]. Power filters in different 

arrangements like series, shunt or in hybrid model can be employed to overcome PQ 

issues [37-40].  The PQ issues pertaining to voltage like voltage fluctuation, flicker, 

surge, harmonics and unbalanced voltage can be eliminated by employing series active 

filter [38] [35, 36] [43]. The literature [35-38] discusses about DSTATCOM, which is 

a shunt active filter and can act as a VSC and Current Source Inverter (CSI) [37]. 

Current related problem like power factor improvement, voltage regulation, harmonics 

and load balancing can be eliminated by DSTATCOM. 

 

2.5 Literature Review on VSC Control Algorithm 

For sustainable development and growth of a country, integration of RESs with the 

existing grid is necessitated. Integration of RESs system can cause many power quality 

issues as listed in [38]. VSC is needed to convert DC power from SPV into AC to 

transmit to the grid [53,54]. To ensure the improvement in PQ, VSC must be controlled 

appropriately to mitigate the issues of PQ.  Plenty of VSC control algorithm is available. 

Least Mean Square (LMS) algorithm estimates weight component of the load current 

and acts accordingly to control the VSC for desired output [51]. Chen et al [2016][44] 

explained that how it improves the convergence rate and performance of basic LMS 

technique by adding zero attracting component in the cost function of LMS to control 

VSC. In the literature [45][46][50], Zero attraction-LMS control algorithm has been 

designed for 3-phase grid-tied SPV system for power quality control. Robust Adaptive 

Algorithm (RZA-LMS) control algorithm is discussed in [56][52]. Bhattacharjee et al, 

[2020][47] discusses the Modified Versoria based Zero Attraction – LMS algorithm, 

which introduces the penalty factor based on Versoria function in the classical LMS 

algorithm to enhance zero attraction capability, ultimately increases the convergence 

rate and good modelling accuracy. Versoria based function mentioned in {48-49]. 
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CHAPTER 3  

VARIOUS COMPONENTS OF THE SOLAR POWER GRID SYSTEM  

 

 

3.1 Photovoltaic System 

Solar cells connected in series and parallel forms Solar PV module. The desired output 

can be achieved by using SPV Module. Solar Photovoltaic cell is nothing but a PN 

junction or simply a diode. Solar cell captures the sun light and directly transform it 

into electrical energy. Energy from the sun travels in the form of photons and is 

absorbed by semiconductors such as silicon or selenium. Energy higher than band gap 

energy of the semiconductor or equal is necessitated to excite the electron to move from 

low energy band level (valence band) to higher energy band level (conduction band) 

and ultimately lead to produce electron-hole pair. There is an inherent electric field 

which affects both the carriers in the depletion region and reduces the recombining 

potential of these carriers. Concentration of the carriers increases at junction as 

depletion region diffuse. Hence, voltage between external terminal of the junction is 

developed. The current generated because of photon will start flowing through this 

circuit if load is added between these terminals [10]. Number of electron-hole pair 

formed will determine the current in an external circuit. When illumination falls on SPV 

cell bulk of electron-hole pair developed across the material, hence current flows 

through an electrically-shorted PN junction.  Photoconduction is highly dependent on 

illumination intensity, duration and wavelength. In the absence of light or with 

dwindled intensity, conductivity will be reduced. 

The energy available in a photon is given by: 

𝐸 =
ℎ𝑣

𝜆
=

ℎ𝐶

𝜆
                                                             (3.1) 

Where E is in joules h is Planck’s constant (h = 6.63×10–34 joules-sec), C is the speed 

of light (3×108 m / s), v is frequency of photons in Hz and 𝜆 is the wavelength of photons 

in meters. Expressing 𝜆 in µm and energy in eV (1 eV = 1.6 × 10–19 joules). 
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Single-diode model shown in Fig. 1 is used to avoid complexity [11]. Accuracy is also 

one of the fundamental features of the model, it cannot be compromised with simplicity, 

hence a good balance is chalked out between these two features so the model can be 

optimized. The current source and a diode in parallel are the components of the basic 

structure. For a solar PV cell shown in Fig. 3.1, photocurrent is represented by Iph while 

internal series and shunt resistances are exhibited by RS and RSh respectively.  

 

Fig. 3.1 Single diode PV cell 

 

3.2 Mathematical Expression of Solar PV Module 

Large number of SPV cells are combined together to form SPV module, and to design 

SPV array, modules are further grouped in series and parallel combination, so that the 

desired output power can be extracted from the PV system. Mathematical equation is 

given below which explain the I-V characteristics of the PV module [3-7].  
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Fig.3.2 P-V and I-V Characteristics of SPV cell 

3.2.1 Photocurrent (𝐼𝑃ℎ) 

𝐼𝑃ℎ = [𝐼𝑆𝐶𝑅 + 𝐾𝐼(𝑇𝐴 − 𝑇𝑅𝑒𝑓)] ∗
𝐺

1000
                                                             (3.2) 

𝐼𝑃ℎ (Amp) is generated current due to light at a given temp and solar irradiance (25°C 

and 1000 W/m2). Short-circuit current/temperature coefficient is represented by 

𝐾𝐼(0.0017A/K). Actual temperature is denoted by 𝑇𝐴 and reference temperature by 𝑇𝑅 

in Kelvin. Solar insolation falls on solar cell surface is depicted by G in W/m2. Short 

circuit current of the module is 𝐼𝑆𝐶𝑅. 

3.2.2 Reverse Saturation Current 𝐼𝑅𝑆 

𝐼𝑅𝑆 =
𝐼𝑆𝐶𝑅

[exp(𝑄𝑉𝑂𝐶 𝑛𝑆𝐿⁄ 𝑘𝛼𝑇𝐴) − 1]
                                                           (3.3) 

𝑛𝑆𝐿 is number of series connected cell 

𝑘 is Boltzmann constant whose value is 1.3805 × 10−23 J/K 

𝛼 is the ideality factor  

𝑄 is charge (1.6 × 10-19 C)  

𝑉𝑂𝐶  open circuit voltage in Volt 
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3.2.3 Saturation Current (𝐼𝑆) 

𝐼𝑆 = 𝐼𝑅𝑆 [
𝑇𝐴

𝑇𝑅𝑒𝑓
] exp [

𝑄 ∗ 𝐸𝐺0

𝛼 ∗ 𝑘
{

1

𝑇𝑅𝑒𝑓
−

1

𝑇𝐴
}]                                          (3.4) 

𝐸𝐺0 is Band Energy Gap of semiconductor  (𝐸𝐺0 ≈ 1.1 eV for the polycrystalline Si at 

25°C). 

3.2.4 Output Current ( 𝐼𝑆𝑃𝑉) 

𝐼𝑆𝑃𝑉 = 𝑛𝑃𝐿 ∗ 𝐼𝑃ℎ − 𝑛𝑃𝐿 ∗ 𝐼𝑆 [exp {
𝑄 ∗ (𝑉𝑆𝑃𝑉 + 𝐼𝑃𝑉𝑅𝑆

𝑛𝑆𝐿𝛼𝑘𝑇𝐴
} − 1] − 𝑉𝑆𝑃𝑉 𝐼𝑆𝑃𝑉𝑅𝑆 𝑅𝑆ℎ⁄    (3.5) 

𝑛𝑃𝐿 number of cells connected in parallel Equation (3.5) can be rewritten as 

𝐼𝑆𝑃𝑉 = 𝑛𝑆𝐿 ∗ 𝐼𝑃ℎ − 𝑛𝑃𝐿 ∗ 𝐼𝑆 [exp {
𝑄 ∗ (𝑉𝑆𝑃𝑉 + 𝐼𝑃𝑉𝑅𝑆

𝑛𝑆𝐿𝛼𝑘𝑇𝐴
} − 1]                             (3.6) 

Apollo Solar Energy ASEC-200G6S is used to design the SPV array, parameters of the 

module mentioned in the Table 3.1[2]. 

Table 3.1 Solar PV module and array parameters (Apollo Solar Energy ASEC-200G6S) 

at STC.  

 

The SPV is dependent on environmental conditions such as solar irradiance and 

temperature. Current and voltage output of the Solar PV array will vary as according to 

the variation in environmental conditions such as temperature and solar insolation and 

hence, variation in P-V and I-V characteristics takes place. P-V and I-V curve of the 
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sample model is presented in Fig. 3.3. While considering all other parameters as 

constant, if the temperature increases, voltage will be reduced and hence, a loss of 

power will take place. On the contrary, if we reduce the temperature from a reference 

point, the increased output voltage and power will be harnessed from the cell. Fig. 

3.3(a) shows that when temperature is increasing, on the X- axis voltage reduces. It can 

be deduced from the P-V curve of fig. 3.3(a) that if there is an increment in temperature, 

the power output will decrease. If we want to squeeze excess of energy from module, 

no other way but to enhance efficiency of the module. After going through various 

literatures [2-5] it can be inferred that while keeping all the parameters constant, if solar 

insolation is higher, current will increase an ultimately increased power will be 

produced.  Fig. 3.3(b) simply validates our statements.    

 

(a) 
 

(b) 

 

Fig 3.3. (a) P-V and I-V curve of a sample module at 1000 W/m2 and for a given 

temperature. (b) P-V and I-V curve of a sample module at 25℃ for a given insolation. 

 

3.3 Maximum Power Point Tracking (MPPT) for Solar PV System 

After analyzing SPV cell it has been concluded that the PV curve characteristic is non-

linear and maximum power can be extracted from the cell at a specific point provided 

solar irradiance and temperature. MPPT technique is employed to track MPP and 

provide appropriate gating pulses to trigger the DC-DC boost converter which ensures 

the operation of PV module at maximum power point (MPP) always. Perturbation and 

Observation (P&O) and Incremental Conductance method (INC) are the few among 

several MPPT algorithms [18-20][29]. With the help of a block diagram MPPT control 

system is shown in Fig 3.4. 



15 
 

VPV

IPV

MPPT 

Algorithm

DC-DC Boost Converter

DC

DC
Load

PWM

Generator

Gating Pulses

Duty Cycle

PV 

Array

C

 

Fig 3.4 Block Diagram of MPPT Control System 

3.3.1 Perturbation and Observation Methodology 

Simple characteristics, low cost, and easy implementation are the major features of 

P&O MPPT methodology. Because of these features, P&O technique is very widely 

used and endorsed [18].  

To ensure the point of operation at MPP, instantaneous power PPV(x) and voltage VPV(x) 

is measured by the system and then power difference and the voltage difference is 

recorded. The logic of P&O technique is explained below. It can be summarised in two 

cases [19]. 

Case I: if ∆PPV > 0, there arise two situations, as manifested in fig 3.5 (a) the operating 

point A and B.  if ∆VPV > 0 then duty cycle for operating point A must be reduced to 

travel towards MPP and increase the duty ratio if ∆VPV < 0 for operating point B. 

Case II: if ∆PPV < 0 two situation occurs, as displayed in fig 3.5(b), C and D points. For 

∆VPV < 0, duty cycle must be decreased for operating point C and if ∆VPV > 0 increase 

the duty cycle for point D to travel towards MPP. 

 



16 
 

(a) 

 

(b) 

Fig. 3.5 (a) Positive power difference condition; (b) negative power difference 

condition [19]. 

Though P&O is the simplest technique and cost effective, but it is also not free from 

shortcomings such as tracking-speed and tracking-efficiency which invariably depends 

on step size of perturbation. If we made the step size small tracking will be slow but 

there will be minimal oscillation but transient response will be compromised, on the 

other hand if step size is increased, fast transient response is obtained but large steady-

state oscillation will persist. Because of huge invariability in the environment, there is 

a need for fast response to locate MPP, so a judicious compromise has to be made 

between the above two responses, which ultimately decreases output power of the SPV 

array.  
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dP(x) = P(x) - P(x-1)

Start

MeasureVoltage V(x) 

and Current I(x)

Initiate Voltage, 

Current, Power, Duty

 

Fig 3.6 P&O Flow Chart [20] 

 

3.3.2 Incremental Conductance Technique (INCT) 

Incremental Conductance Technique (INCT) is used to overcome drawbacks pertaining 

to P&O. As per different literature [21, 22], P-V curve of the Solar PV(SPV) array can 

be divided into three region and accordingly the following equations can be deduced 

[23]. 

At MPP,           𝑑𝑃𝑃𝑉 𝑑𝑉𝑃𝑉 = 0                                                              (3.7)⁄  

Left to MPP,     𝑑𝑃𝑃𝑉 𝑑𝑉𝑃𝑉 > 0                                                             (3.8)⁄  

Right to MPP,   𝑑𝑃𝑃𝑉 𝑑𝑉𝑃𝑉 < 0                                                             (3.9)⁄  

so,  

𝑑𝑉𝑃𝑉

𝑑𝑃𝑃𝑉
= = 𝑑(𝐼𝑃𝑉𝑉𝑃𝑉) 𝑑𝑉𝑃𝑉⁄ = 𝐼𝑃𝑉 + 𝑉𝑃𝑉 ∗ (

𝑑𝐼𝑃𝑉

𝑑𝑉𝑃𝑉
)

                                     
                                    (3.10) 

Equation (3.11) can be approximated as: 

𝑑𝑉𝑃𝑉

𝑑𝑃𝑃𝑉
≈ 𝐼𝑃𝑉 + 𝑉𝑃𝑉 ∗ (

∆𝐼𝑃𝑉

∆𝑉𝑃𝑉
)                                                                               (3.11) 

https://ietresearch.onlinelibrary.wiley.com/doi/full/10.1049/gtd2.12328#gtd212328-bib-0003
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From equation (3.10) and (3.11) inference can be draw and the above equations (3.7, 

3.8 and 3.9) is written as,  

At MPP,                
∆𝐼𝑃𝑉

∆𝑉𝑃𝑉
= −

𝐼𝑃𝑉

𝑉𝑃𝑉
                                                                  (3.12) 

Left to MPP,        
∆𝐼𝑃𝑉

∆𝑉𝑃𝑉
> −

𝐼𝑃𝑉

𝑉𝑃𝑉
                                                                   (3.13) 

Right to MPP,      
∆𝐼𝑃𝑉

∆𝑉𝑃𝑉
< −

𝐼𝑃𝑉

𝑉𝑃𝑉
                                                                   (3.14) 

 

 

(a) 

MPPT 

Algorithm

PV 

Array

Load

Duty Cycle
PWM

Generator

Gating Pulses

DC-DC Boost Converter

DC

DC

Integral 

Regulator
D

C
VPV

IPV

 

 (b) 

Swiftness of the MPP tracking will depend on step size, if it is large, faster will be the 

tracking. But there is a high chance that it will not be able to properly locate the MPP, 

but to oscillate near the MPP. Therefore, corrective measure has to be taken to improve 
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the control algorithm’s performance. A strategic control instrument is implemented, 

where load resistance matches with the ratio of open circuit voltage to short circuit 

current (
𝑉𝑂𝐶

𝐼𝑆𝐶
) of SPV system. Even after having a good performance over P&O 

methodology under variable environmental circumstances, it can produce oscillations 

because of error signal induced in between the incremental and instantaneous 

conductance [26-27] 

3.3.3 Integral Regulator Logic is used to Enhanced Incremental Conductance 

Performance.  

INC technique can be understood by the equations (3.7 to 3.14). To eliminate the 

oscillations by reducing or mitigating error, improved efficacy and swift operation in 

locating MPP is done by incorporating integral regulator with basic INC as illustrated 

in Fig. 3.7 [28]. 

As per flow chart illustrated in fig. 3.7(c), small change in voltage pertains to slow 

controller feedback, leads to reduced output power. On the contrary if change in voltage 

is big, large oscillations occur due to compromised output. Error signal (e) puts a check 

on the oscillation’s amplitude near MPP. If error is hight, amplitude of oscillation will 

be low. Moderate error value will cause the operating point to go away from the original 

MPP. So, great emphasis has to be given on choosing the error value with precision, to 

achieve the optimized performance of the controller. SPV array power will be consistent 

at MPP because of the adjustment made in the INC to make error zero. By introducing 

IR control logic, error because of instantaneous and incremental conductance can be 

eliminated [26]. Better operability, reduction in output oscillation, improved resolution 

and enhanced adaptability of the SPV system can be achieved by incorporating IR with 

INC algorithm, ultimately efficiency will be increased. 
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(c) 

 

(d) 

Fig 3.7 (a) PV module power curve (b) Block diagram of INC with Integral Regulator 

(IR) (c) Flow Chart of INC with IR [24] (d) Block diagram of Matlab Simulink INC 

MPPT with Integral Regulator Algorithm. 
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3.4 DC-DC Converter 

The boost converter is employed to extract maximum power from SPV module. 

Basically, this converter steps up from low-level to high-level voltage. While designing 

MPPT controller DC-DC boost converter is incorporated [21, 22]. The circuit diagram 

of the boost converter is shown in fig.3.8. Various components of the converter are DC 

Voltage source (VIN), load resistance, RLOAD, DC filter capacitor (CDC), Switch (S) boost 

inductor (LBOOST), Diode and output DC voltage (VOUT) [33-34]. 

 

Fig. 3.8 Circuit diagram of DC-DC Boost Converter 

3.4.1 Mathematical Calculation 

𝑀𝐺𝑎𝑖𝑛 =
𝑉𝑂𝑈𝑇

𝑉𝐼𝑁
=

1

1 − 𝐷𝑢𝑡𝑦 𝑅𝑎𝑡𝑖𝑜
                                                                  (3.15) 

From Eqn. (3.15) we can deduce, Duty Ratio (D) 

𝐷𝑢𝑡𝑦 𝑅𝑎𝑡𝑖𝑜 = 1 −
𝑉𝐼𝑁

𝑉𝑂𝑈𝑇
∗ 𝜂𝑏                                                                       (3.16) 

𝜂𝑏 is efficiency of the boost converter. 

Value of inductor has to be designed in way that it should be greater than 𝐿𝑀𝐼𝑁 always, 

which facilitates the continuous current operation of DC-DC boost converter. Hence,

  

𝐿𝑏0 =
(1 − 𝐷𝑢𝑡𝑦 𝑅𝑎𝑡𝑖𝑜2) ∗ 𝐷𝑢𝑡𝑦 𝑅𝑎𝑡𝑖𝑜 ∗ 𝑅

2𝑓𝑆𝑊
                               (3.17) 

𝑓𝑆𝑊 is switching frequency. Alternatively, yielding capacitance with reference to output 

ripple voltage can be expressed as in equation (3.18) 

𝐶𝑏0 =
𝐷𝑢𝑡𝑦 𝑅𝑎𝑡𝑖𝑜

𝑅𝐿𝑜𝑎𝑑(∆𝑉𝑂𝑈𝑇 𝑉𝑂𝑈𝑇) 𝑓𝑆𝑊⁄
                                                                      (3.18) 
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3.5 Voltage Source Converter (VSC) 

The Voltage Source Converter (VSC) has become a critical component finding its 

employment in the vast array of power electronic systems, like motor drives, power 

factor correction equipment, and the integration of renewable energy sources into the 

grid, among others. The Voltage Source Inverter (VSI), offers the highest level of 

efficiency, robustness, and faster dynamic response. Two-level VSCs are mostly 

utilized in low voltage, low power scenarios, with a minimal application in medium 

voltage systems [54, 55]. 

 

Fig. 3.9 IGBT based 3-phase, 2-Level Inverter Circuit 

 

3.6 Current Controller 

Pulse Width Modulation (PWM) technique is used to control the VSC by injecting 

gating pulses into. Hysteresis current controller (HCC) is a PWM controller, which is 

very common and popular due to its ease of deployment. HCC does not require any 

prior knowledge of the system parameter, and at the same time its response to the 

current loop is swift along with the ability to limit the inherent peak current. Switching 

condition to control VSC has been explained below. 

If 𝐼𝐿 < (𝐼𝐿
∗ − 𝐻𝐵)  upper and lower switch will OFF and ON respectively 

If 𝐼𝐿 > (𝐼𝐿
∗ + 𝐻𝐵)  upper and lower switch will ON and OFF respectively 

Where 𝐼𝐿
∗ and 𝐼𝐿 are reference and filter current respectively and Hysteresis band width 

is denoted by HB. 
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3.7 Solar PV System Design 

Various components together form an SPGS, which is depicted in Fig.3.9 a two-stage, 

44-kilowatt, 3-phase, SPGS tied with grid. SPV array, DC to DC converter with integral 

regulator INC MPPT.  Capacitances, R-filters, various inductances, and inverter are the 

various components through which the system has been designed as per [45]. In order 

to transfer power to the grid, SPV unit is connected with the VSC at DC-link.  

 3.7.1 Solar PV Array Classification 

The SPV array is further elaborated in [2], providing specific details. In this simulation, 

a three-phase, 50Hz, 415V grid is connected to the SPV array, which has a maximum 

power generation capacity of 44 kW. The subsequent subsection elucidates the 

formalization of estimating various components within the proposed model. 

 

Fig 3.10 Circuit Diagram of a SPGS system  

3.7.2 Designing DC-DC Boost Converter 

Calculating inductor (𝐿𝐵𝑜𝑜𝑠𝑡) value through equation (3.19) [45]. 

 𝐿𝐵𝑜𝑜𝑠𝑡 = (𝑉𝑀 ∗ 𝐷)/(∆𝐼𝑙 ∗ 𝑓𝑆𝑊)                                                                                    (3.19)             

The value of 𝐿𝐵𝑜𝑜𝑠𝑡 is approximated as 3 mH. 

VM represents maximum power point voltage 

𝑓𝑆𝑊 is known as switching frequency 
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𝐷 stands for duty cycle 

∆Il exhibits ripple in Solar PV 

3.7.3 Selecting Voltage of DC-link  

Equation (3.20) evaluates the value of the DC-link [45]. 

𝑉𝐷𝐶 = 1.63 ∗ (
𝑉𝐿𝐿

𝑚𝑖𝑛𝑑
) = 1.63 ∗ (

415

1
)  ≈ 700                                             (3.20)                                                  

𝑚𝑖𝑛𝑑 is a modulation index. The value of 𝑚𝑖𝑛𝑑 is taken as 1, 𝑉𝐿𝐿 represents grid line 

voltage.  𝑉𝐷𝐶 is approximated as 700 V. 

3.7.4 Selecting Interfacing Inductances 

With the help of equation (3.21) Interfacing Inductances values can be calculated [45]. 

𝐿𝐼𝑋 =
𝑚𝑖𝑛𝑑∗𝑉𝐷𝐶

4∗ℎ𝑜∗𝑓𝑆𝑊∗∆𝑖𝑅𝑋
                                                                          (3.21) 

Wherein 𝑓𝑆𝑊 symbolizes the switching frequency, ∆𝑖𝑅𝑋 expresses the rated ripple 

current, 𝑚𝑖𝑛𝑑 exhibits the modulation index and ℎ𝑜 indicates the overloading factor. 

The 𝐿𝐼𝑋 value is set at 2.5 mH in this case. 

3.7.5 Designing R-Filter 

10 microfarads and 5 ohms, respectively, are selected as the filter's capacitance and 

resistance values [45]. 

3.5.6 Determination of DC-Link Capacitances  

Using equation (3.22) the DC-link capacitances (CDC) is computed [38]. 

𝐶𝐷𝐶 =
𝑃𝐷𝐶

2×𝜔∗𝑉𝐷𝐶∗(𝑉𝐷𝐶−𝑅𝑖𝑝𝑝𝑙𝑒)
                                                          (3.22)                                                                      

wherein 𝑉𝐷𝐶−𝑅𝑖𝑝𝑝𝑙𝑒 is the ripple voltage percentage. The approximated CDC value is 

6000 μF. As a result, it can swiftly recalibrate the VSC DC link voltage during 

disturbances 
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CHAPTER 4    

 CONTROL ALGORITHM AND ITS MATHEMATICAL 

MODELLING 

 

 

4.1 Overview 

The accurate extraction of compensating signals has an imperative role in VSC control, 

representing its most significant aspect. The optimum output of the VSC relies heavily 

on the choice of the reference generation scheme. Various control schemes exist in both 

the time domain and frequency domain, as documented in the literature. Frequency-

controlled methodologies suffer from the drawback of extended response times. On the 

other hand, time-domain techniques carry advantages such as simplistic in nature, ease 

of implementation, and reduced computational requirements. Effective operation of the 

VSC in grid system to improvise power quality (PQ) heavily relies on the selection of 

congruous control methodologies. This section is aimed at evaluating different control 

methodologies that have been employed to enhance the operation of VSCs. 

 

 4.2 Control Methodology 

The proposed topology incorporates a two-step conversion architecture to integrate 

with a three-phase grid. The control scheme implemented aims to maximize power 

extraction from the solar power generating system (SPGS) and inject it into the grid at 

the PCC while maintaining power quality and ensuring overall system reliability and 

efficiency. The control strategy consists of two main components: the control 

mechanism for the Voltage Source Converter (VSC) and the generation of switching 

pulses using an indirect current control approach. 

 

4.3 Determining Unit Templates and Terminal Voltage 

The obtained line voltages (𝑣𝑋𝐴𝐵 , 𝑣𝑋𝐵𝐶)  of the distribution feeder are subjected to a 

filtering process to diminish the impact of distortion and imbalances in the voltages of 
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distribution feeder. The observed line voltages are employed to determine the phase-to-

neutral voltages ( 𝑣𝑋𝐴, 𝑣𝑋𝐵, 𝑣𝑋𝐶) [45].  

[

𝑣𝑋𝐴

𝑣𝑋𝐵

𝑣𝑋𝐶

] = (1/3) ∗ [
2 1

−1 1
−1 2

] ∗ [
𝑣𝑋𝐴𝐵

𝑣𝑋𝐵𝐶
]                                              (4.1)            

The amplitude 𝑉𝑇𝐸𝑅  is computed using phase voltages as per eqn. (4.2),  

𝑉𝑇𝐸𝑅 = √(
2

3
) ∗ (𝑣𝑋𝐴 + 𝑣𝑋𝐵 + 𝑣𝑋𝐶)                                                (4.2)                             

Equation (4.3) gives the value of in-phase unit templates (uA, uB, uC).  

[

𝑢𝐴

𝑢𝐵

𝑢𝐶

] =  
1

𝑉𝑇𝐸𝑅
[

𝑣𝑋𝐴

𝑣𝑋𝐵

𝑣𝑋𝐶

]                                                                            (4.3) 

 

4.4 Active Loss Weight (WDC) component Extraction 

The voltage error VSC DC-link is formulated below 

 𝑉𝐷𝐶
   𝐸𝑟𝑟𝑜𝑟(𝑝) = 𝑉𝐷𝐶

  𝑅𝑒𝑓(𝑝) − 𝑉𝐷𝐶(𝑝)                                                          (4.4) 

Voltage error of DC-link is symbolised as 𝑉𝐷𝐶,
  𝐸𝑟𝑟𝑜𝑟 whereas, representation of DC-link 

voltage of VSC is 𝑉𝐷𝐶, and reference voltage is  𝑉𝐷𝐶
 𝑅𝑒𝑓

 and respectively. In order to 

sustain DC-link voltage for VSC, 𝑉𝐷𝐶
  𝐸𝑟𝑟𝑜𝑟    is incorporated in PI controller [45, 38]. It 

may be approximated as, 

𝑊𝐷𝐶(𝑃 + 1) = 𝑊𝐷𝐶(𝑃) + 𝜒𝑖𝑛𝑉𝐷𝐶
      𝐸𝑟𝑟𝑜𝑟(𝑝 + 1)    

+ 𝜒𝑝𝑟{𝑉𝐷𝐶
   𝐸𝑟𝑟𝑜𝑟(𝑝 + 1)

− 𝑉𝐷𝐶
   𝐸𝑟𝑟𝑜𝑟(𝑝)}  (4.5)                                                              

wherein χPrand χinis proportional and integral gain of the PI controller respectively 

[45]. 

The estimated value of the SPV array's feed-forward component (WPV) is 

WSPV = 2 ∗ PSPV(p) 3 ∗ VTER⁄                                                          (4.6)                     

PSPV is the maximum power harvested from a SPV generation system [45]. 
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4.5 Generating VSC Switching Pulses 

Effective weight (WAVG) can be summarized by the below given formula [45]. 

WAVG =  WLN + WDC − WSPV                                                        (4.7) 

Reference grid current can be established with help of formula given below. 

[

iXA
    Ref

iXB
   Ref

iXC
    Ref

] = WAVG [

uA

uB

uC

]                                                                       (4.8)  

Indirect control is used in conjunction with a hysteresis controller to enable switching 

of the VSC. It is possible to figure out the current error by comparing reference 

(iXA
    Ref, iXB

   Ref, iXC
    Ref) measured (iGA, iGB, iGC) grid currents. Hysteresis controller uses 

such erroneous signals as input to generate a broad spectrum of gate pulses.  

 

4.6 Least Mean Square (LMS) based Adaptive Algorithm 

Reduced computational complexity, easy to implement and enhanced steady state 

performance gives an edge to zero attraction topology over other control algorithms. 

Few of the Zero Attracting Least Mean Square based techniques are, the Robust ZA-

LMS (RZA-LMS) technique, the polynomial zero-attraction (PZA)-LMS control 

algorithm the l0-LMStechnique and the ZA-LMS technique. 

Recursive updating of the weight of a model is experienced in zero-attracting algorithm 

based on LMS criterion, some cost function, which persists due to l2 norms and 

approximated l0 norms of ℰ(𝑝) and 𝑊𝐿𝑁(𝑝)  respectively, are eliminated and updated 

weight is expressed as 

𝑊𝐿𝑁(𝑝 + 1) = 𝑊𝐿𝑁(𝑝) + 𝜇𝑢(𝑝)[ℰ𝐶(𝑝)] − 𝜌 ∗  𝜓𝑙0
′                                         (4.9)   

𝜓𝑙0 is a function, and approximates l0 norms of a weight 𝑊𝐿𝑁(𝑝). 

𝜓𝑙0
′  is the derivative of  𝜓𝑙0, 𝜌 is zero-attracting parameter which is taken as more than 

zero [47-49].  

Some of the adaptive methods based on LMS is explained and developed are listed 

below. 

1-  Least Mean Square (LMS) algorithm 
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2- Zero-Attracting-LMS algorithm 

3- Robust Zero Attraction-LMS algorithm 

4- Modified Versoria based Zero attraction- LMS (MVZ-LMS) 

 

4.7 Least Mean Square (LMS) based Control algorithm

 

Fig. 4.1 LMS based control Architecture 

 

4.7.1 Weight Component linked to loads (𝑊𝐿𝑁) 

 

Load weight component is assessed by employing the LMS model.  

The load current (iLA) in phase "A" has a weight factor denoted by WLNA may be assessed 

as follows 

 𝑊𝐿𝑁𝐴(𝑝 + 1) = 𝑊𝐿𝑁𝐴(𝑝) + 𝜇𝑢𝐴(𝑝)[ℰ𝐴(𝑝)]                                                         (4.10)                                                              

Where, μ is the step size. 

ℰ𝐴(𝑝) is error, and calculated as  

ℰ𝐴(𝑝) = 𝑖𝐿𝐴(𝑃) − 𝑊𝐿𝑁𝐴(𝑃) ∗ 𝑢𝐴(𝑝)                                                                        (4.11)
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Accordingly, Weight components of “B” and “C” phases will be computed by applying 

equations (4.12) and (4.13) respectively. 

𝑊𝐿𝑁𝐵(𝑝 + 1) = 𝑊𝐿𝑁𝐵(𝑝) + 𝜇𝑢𝐵(𝑝)[ℰ𝐵(𝑝)]                                               (4.12)                                                         

𝑊𝐿𝑁𝐶(𝑝 + 1) = 𝑊𝐿𝑁𝐶(𝑝) + 𝜇𝑢𝐶(𝑝)[ℰ𝐶(𝑝)]                                               (4.13) 

Mean linked load (WLP) weight factor is ascertained by, 

𝑊𝐿𝑁 =
1

3
(𝑊𝐿𝑁𝐴 + 𝑊𝐿𝑁𝐵 + 𝑊𝐿𝑁𝐶)                                                                 (4.14)                                           

 

4.8 Zero Attraction-LMS based control Algorithm 

 

Fig. 4.2 ZA-LMS based control Algorithm 

4.8.1 Weight Component linked to loads (𝑊𝐿𝑁) 

Loads weight component is assessed by employing ZA-LMS model. The expressed 

LMS model incorporates a penalty factor based on the zero-attraction to provide 

enhanced zero-attraction potential. 

The load current (iLA) in phase "A" has a weight factor denoted by WLNA may be assessed 

as follows 

𝑊𝐿𝑁𝐴(𝑝 + 1) = 𝑊𝐿𝑁𝐴(𝑝) + 𝜇𝑢𝐴(𝑝)[ℰ𝐴(𝑝)] −  𝜌𝑉𝑍𝐴(𝑝) ∗ 𝑠𝑔𝑛(𝑊𝐿𝑃𝐴(𝑝))          (4.15)                                                              

μ is the step size and  𝜌𝑉𝑍𝐴(𝑝) ∗  𝑠𝑔𝑛(𝑊𝐿𝑃𝐴(𝑝)) is a zero-attraction component. 

ℰ𝐴(𝑝) is error and calculated as,  
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ℰ𝐴(𝑝) = 𝑖𝐿𝐴(𝑃) − 𝑊𝐿𝑁𝐴(𝑃) ∗ 𝑢𝐴(𝑝)                                                      (4.16) 

Accordingly, Weight components of “B” and “C” phases will be computed by applying 

equations (4.17) and (4.18) respectively. 

𝑊𝐿𝑁𝐵(𝑝 + 1) = 𝑊𝐿𝑁𝐵(𝑝) + 𝜇𝑢𝐵(𝑝)[ℰ𝐵(𝑝)] −  𝜌𝑉𝑍𝐵(𝑝) ∗ 𝑠𝑔𝑛(𝑊𝐿𝑃𝐵(𝑝))         (4.17)                                                         

𝑊𝐿𝑁𝐶(𝑝 + 1) = 𝑊𝐿𝑁𝐶(𝑝) + 𝜇𝑢𝐶(𝑝)[ℰ𝐶(𝑝)] − 𝜌𝑉𝑍𝐶(𝑝) ∗  𝑠𝑔𝑛(𝑊𝐿𝑃𝐶(𝑝))          (4.18) 

Mean linked load (WLP) weight factor is ascertained by, 

𝑊𝐿𝑁 =
1

3
(𝑊𝐿𝑁𝐴 + 𝑊𝐿𝑁𝐵 + 𝑊𝐿𝑁𝐶)                                                (4.19)                                           

4.9 Robust Zero Attraction-LMS based control Algorithm 

 

Fig. 4.3 RZA-LMS based control Algorithm 

4.9.1 Weight Component linked to loads (𝑊𝐿𝑁) 

Loads weight component is assessed by employing the RZA-LMS model, which has an 

improved zero component attraction capability and hence, better accuracy than ZA-

LMS [52, 49]. 

The load current (iLA) in phase "A" has a weight factor denoted by WLNA may be assessed 

as follows 

 𝑊𝐿𝑁𝐴(𝑝 + 1) = 𝑊𝐿𝑁𝐴(𝑝) + 𝜇𝑢𝐴(𝑝)[ℰ𝐴(𝑝)] −  𝜌𝑉𝑍𝐴(𝑝) ∗  
𝑠𝑔𝑛(𝑊𝐿𝑃𝐴(𝑝))

1+(
𝑊𝐿𝑃𝐴(𝑝)

𝐴
)

         (4.20)                                                              
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μ is the step size and  𝜌𝑉𝑍𝐴(𝑝) ∗ 
𝑠𝑔𝑛(𝑊𝐿𝑃𝐴(𝑝))

1+(
𝑊𝐿𝑃𝐴(𝑝)

𝐴
)

 is a zero-attraction component. 

ℰ𝐴(𝑝) is error and calculated as, 

ℰ𝐴(𝑝) = 𝑖𝐿𝐴(𝑃) − 𝑊𝐿𝑁(𝑃) ∗ 𝑢𝐴(𝑝)                                                  (4.21)  

Accordingly, Weight components of “B” and “C” phases will be computed by applying 

equations (4.22) and (4.23) respectively. 

𝑊𝐿𝑁𝐵(𝑝 + 1) = 𝑊𝐿𝑁𝐵(𝑝) + 𝜇𝑢𝐵(𝑝)[ℰ𝐵(𝑝)] −  𝜌𝑉𝑍𝐵(𝑝) ∗  
𝑠𝑔𝑛(𝑊𝐿𝑃𝐵(𝑝))

1+(
𝑊𝐿𝑃𝐵(𝑝)

𝐴
)

            (4.22)       

𝑊𝐿𝑁𝐶(𝑝 + 1) = 𝑊𝐿𝑁𝐶(𝑝) + 𝜇𝑢𝐶(𝑝)[ℰ𝐶(𝑝)] − 𝜌𝑉𝑍𝐶(𝑝) ∗ 
𝑠𝑔𝑛(𝑊𝐿𝑃𝐶(𝑝))

1+(
𝑊𝐿𝑃𝐶(𝑝)

𝐴
)

               (4.23) 

Mean linked load (WLP) weight factor is ascertained by, 

𝑊𝐿𝑁 =
1

3
(𝑊𝐿𝑁𝐴 + 𝑊𝐿𝑁𝐵 + 𝑊𝐿𝑁𝐶)                                                       (4.24)                                           

 

4.10 Modified Versoria based- ZALMS Control Algorithm 

Equation 4.25 defines the Versoria function [49].  

𝑓[𝑊𝐿𝑁(𝑝)] =
𝐴3

𝐴2 + (𝑊𝐿𝑃(𝑝))2
                                                                 (4.25) 

As A ≥ 0, which is a constant.    

Behavior of the Versoria Function (VF) is consistently non-increasing for every value 

of 𝑊𝐿𝑁(𝑝) ≥ 0 , as desired feature of  𝜓𝑙0
′ .VF cannot be used directly as a penalty 

factor, as seen from equation (4.9), so if, VF in its original form is incorporated in the 

LMS, negative 𝑊𝐿𝑁(𝑝) values will be added and will move away from zero, which is 

a non-desirable feature and jeopardized the very logic of zero-attraction [47, 48]. 

Therefore, to use VF as a penalty factor, normalization of the VF is carried out by 

inducting a 𝑠𝑔𝑛(·) term in the basic VF and hence, modified VF can be developed, 

which fulfill all the necessary conditions to act as a zero-attracting algorithm [47-49]. 

 𝑓[𝑊𝐿𝑁(𝑝)] = 𝑠𝑔𝑛[𝑊𝐿𝑁(𝑝)] ∗
𝐴3

𝐴2+(𝑊𝐿𝑃(𝑝))
2 = 𝐴1 ∗  

𝑠𝑔𝑛(𝑊𝐿𝑃𝐴(𝑝))

1+(
𝑊𝐿𝑃𝐴(𝑝)

𝐴
)

2                     (4.26) 

Where 𝐴1is a constant and 𝐴1 equals 𝐴 for basic VF. 
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Selectivity of the proposed techniques is enhanced because of non- linear characteristics 

of the penalty factor, which attracts near-zero coefficient in the short range, which 

improves the performance of the proposed algorithm in comparison to other [47]. 

 

Fig. 4.4 Modified Versoria based ZA-LMS based control Algorithm 

4.10.1 Weight Component linked to loads (𝑊𝐿𝑁) 

Loads weight component is assessed by employing the suggested MVZA-LMS model. 

The expressed LMS model incorporates a penalty factor based on the Versoria function 

to provide enhanced zero-attraction potential, which will lead to reduce computing 

complexity, higher modelling precision, quick and efficient convergence, and improved 

dynamic performance in severely deformed circumstances [47-49]. 

The load current (iLA) in phase "A" has a weight factor denoted by WLNA may be assessed 

as follows 

 𝑊𝐿𝑁𝐴(𝑝 + 1) = 𝑊𝐿𝑁𝐴(𝑝) + 𝜇𝑢𝐴(𝑝)[ℰ𝐴(𝑝)] −  𝜌𝑉𝑍𝐴(𝑝) ∗  
𝑠𝑔𝑛(𝑊𝐿𝑃𝐴(𝑝))

1+(
𝑊𝐿𝑃𝐴(𝑝)

𝐴
)

2              (4.27) 

                                                              

μ is the step size and  𝜌𝑉𝑍𝐴(𝑝) ∗ 
𝑠𝑔𝑛(𝑊𝐿𝑃𝐴(𝑝))

1+(
𝑊𝐿𝑃𝐴(𝑝)

𝐴
)

2  is a zero-attraction component. 

ℰ𝐴(𝑝) is error and calculated as,  

ℰ𝐴(𝑝) = 𝑖𝐿𝐴(𝑃) − 𝑊𝐿𝑁𝐴(𝑃) ∗ 𝑢𝐴(𝑝)                                              (4.28)  
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Accordingly, Weight components of “B” and “C” phases will be computed by applying 

equations (4.21) and (4.22) respectively. 

𝑊𝐿𝑁𝐵(𝑝 + 1) = 𝑊𝐿𝑁𝐵(𝑝) + 𝜇𝑢𝐵(𝑝)[ℰ𝐵(𝑝)] −  𝜌𝑉𝑍𝐵(𝑝) 
𝑠𝑔𝑛(𝑊𝐿𝑃𝐵(𝑝))

1 + (
𝑊𝐿𝑃𝐵(𝑝)

𝐴
)

2         (4.29) 

𝑊𝐿𝑁𝐶(𝑝 + 1) = 𝑊𝐿𝑁𝐶(𝑝) + 𝜇𝑢𝐶(𝑝)[ℰ𝐶(𝑝)] − 𝜌𝑉𝑍𝐶(𝑝) ∗  
𝑠𝑔𝑛(𝑊𝐿𝑃𝐶(𝑝))

1 + (
𝑊𝐿𝑃𝐶(𝑝)

𝐴
)

2       (4.30) 

Mean linked load (WLP) weight factor is ascertained by 

𝑊𝐿𝑁 =
1

3
(𝑊𝐿𝑁𝐴 + 𝑊𝐿𝑁𝐵 + 𝑊𝐿𝑁𝐶)                                      (4.31) 
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CHAPTER 5  

SIMULATION AND RESULTS 

 

5.1 Simulation of the VSC control Algorithm Model 

This research work utilizes the MATLAB Simulink environment to simulate various 

control algorithms, including the proposed MVZA-LMS, RZA-LMS, ZA-LMS, and 

LMS. The objective is to assess their response under time-varying conditions, such as 

fluctuations in solar irradiance and the presence of nonlinear unbalanced loads. 

 

Fig. 5.1 Simulink Model of a 44 kW, 3-phase, Double Stage Grid-tied System 

 

5.2 Response of the System under Non-linear Unbalanced Load conditions 

 

In order to study the behaviour of an unbalanced non-linear load condition, phase 'B' 

(ILB) was intentionally disconnected and reconnected at 0.4 and 0.6 seconds, 

respectively, as depicted in Figure 5.2. When the load is disconnected at 0.4 seconds, 

the power demanded by the load decreases, resulting in an increase in grid current (IG). 

Consequently, as shown in Figures 5.3,5.5,5.7,5.9 (a) power (PG) is fed back to the grid. 

By implementing compensation in the suggested Voltage Source Converter control, the 

grid current at the point of common coupling (PCC) is effectively balanced and 

sinusoidal. Figures 5.3,5.5,5.7,5.9 (b) demonstrates that the solar PV array operates at 

the maximum power point (ISPV and VSPV) with a stable DC link voltage (VDC) during 

the load unbalancing phase. Although the load component (WLN) decreases due to the 
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overall reduction in load, the velocity component (WSPV) remains constant, resulting in 

a decrease in the effective weight (WAVG). 

 

As shown in Figure 5.4, the VSC current (IINV), grid voltage (VG), load current (ILB), 

and grid current (IG) exhibit total harmonic distortions (THD) of 6.60%, 0.03%, 

23.63%, and 1.06%, respectively for the proposed algorithm. After load balancing, the 

THD percentage of the grid current demonstrates compliance within the permissible 

boundaries set by the IEEE-519 standard [53]. 

 

Fig.5.2 Three -phase Voltage (V) and Load Current (A) 

 

5.2.1 LMS Algorithm 

 

(a) 
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(b) 

Fig 5.3 Response of the model for unbalanced non-linear load for LMS-algorithm (a) 

includes Grid voltage (VG), Grid current (IG), Load current (IL), Inverter current (IINV), 

Active Grid Power (PG) in Watt and Reactive Grid power (QG) in VAR (b) includes DC 

voltage (VDC), PV power (PSPV), PV current, and weight components WLN, WDC and 

WAVG  

  

 

 

(a) 

 

 

(b) 
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(c) 

 

 

(d) 

 

Fig 5.4 Harmonic spectrum using LMS control methodology for the unbalanced non-

linear load and its THD (a) Grid voltage (VG) %THD and magnitude (b) Grid current 

(IG) %THD and magnitude (c) Load Current (ILB) %THD and magnitude (d) Inverter 

Current (Iinv) %THD and magnitude. 

 

5.2.2 ZA-LMS Algorithm 

 

(a) 
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(b) 

Fig 5.5 Response of the model for unbalanced non-linear load for ZA- LMS algorithm 

(a) includes Grid voltage (VG), Grid current (IG), Load current (IL), Inverter current 

(IINV), Active Grid Power (PG) in Watt and Reactive Grid power (QG) in VAR (b) 

includes DC voltage (VDC), PV power (PSPV), PV current, and weight components 

WLN, WDC and WAVG 

 

 

(a) 

 

 

(b) 
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(c) 

 

 

(d) 

 

Fig 5.6 Harmonic spectrum using LMS control methodology for the unbalanced non-

linear load and its THD (a) Grid voltage (VG) %THD and magnitude (b) Grid current 

(IG) %THD and magnitude (c) Load Current (ILB) %THD and magnitude (d) Inverter 

Current (Iinv) %THD and magnitude. 

 

5.2.3 RZA-LMS Algorithm 

 

(a) 
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(b) 

Fig 5.7 Response of the model for unbalanced non-linear load for LMS-algorithm (a) 

includes Grid voltage (VG), Grid current (IG), Load current (IL), Inverter current (IINV), 

Active Grid Power (PG) in Watt and Reactive Grid power (QG) in VAR (b) includes DC 

voltage (VDC), PV power (PSPV), PV current, and weight components WLN, WDC and 

WAVG 

 

 

(a) 

 

 

(b) 
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(c) 

 

 

(d) 

 

Fig 5.8 Harmonic spectrum using LMS control methodology for the unbalanced non-

linear load and its THD (a) Grid voltage (VG) %THD and magnitude (b) Grid current 

(IG) %THD and magnitude (c) Load Current (ILB) %THD and magnitude (d) Inverter 

Current (Iinv) %THD and magnitude. 

 

5.2.4 MVZA-LMS 

 

(a) 
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(b) 

Fig. 5.9 Response of the model for unbalanced non-linear load for LMS-algorithm (a) 

includes Grid voltage (VG), Grid current (IG), Load current (IL), Inverter current (IINV), 

Active Grid Power (PG) in Watt and Reactive Grid power (QG) in VAR (b) includes DC 

voltage (VDC), PV power (PSPV), PV current, and weight components WLN, WDC and 

WAVG 

 

 

(a) 

 

 

(b) 
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(c) 

 

 

(d) 

 

Fig 5.10 Harmonic spectrum using LMS control methodology for the unbalanced non-

linear load and its THD (a) Grid voltage (VG) %THD and magnitude (b) Grid current 

(IG) %THD and magnitude (c) Load Current (ILB) %THD and magnitude (d) Inverter 

Current (Iinv) %THD and magnitude. 

 

5.3 Response of the System Under Variable Solar Insolation 

 

Figures 5.11-5.14 demonstrates the response to changes in solar irradiation. At t = 0.4 

to 0.6 seconds, the solar irradiation (Irr) is reduced from 1000 to 550 W/m2. As a result 

of the decrease in solar PV-generated power (SPGS) being fed into the grid, both the 

grid current (IG) and grid power (PG) decrease, as depicted in Figure 5.11-5.14 (a). The 

grid current remains sinusoidal and balanced. Figure 5.11-5.14 (b) shows the PV array 

operating at its adjusted maximum power point (IPV and VPV), while maintaining a 

stable DC-link voltage (VDC). The load weight factor (WLN) remains unchanged, but 

the weight component (WPV) improves due to the reduction in SPV power, resulting in 

an increase in the average weight (WAVG). 

 

5.3.1 LMS Algorithm under variable Insolation 
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(a) 

 

(b) 

Fig. 5.11 (a) Shows the behavior of Solar irradiance (Irr), Grid voltage (VG), Grid 

current (IG), Inverter current (Iinv) and Grid power (PG). (b) shows the characteristics 

of VDC, ISPV, PSPV, Weight component of load (WLN), PV weight Component (WSPV) 

and Average weight (WAVG).  
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5.3.2   Varying irradiance ZA-LMS algorithm 

 

 

(a) 

 

(b) 

Fig. 5.12 (a) Shows the behavior of Solar irradiance (Irr), Grid voltage (VG), Grid 

current (IG), Inverter current (Iinv) and Grid power (PG). (b) shows the characteristics 

of VDC, ISPV, PSPV, Weight component of load (WLN), PV weight Component (WSPV) 

and Average weight (WAVG). 
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5.3.3 Varying irradiance RZA-LMS algorithm 

 

(a) 

 

(b) 

Fig. 5.13 (a) Shows the behavior of Solar irradiance (Irr), Grid voltage (VG), Grid 

current (IG), Inverter current (Iinv) and Grid power (PG). (b) shows the characteristics 

of VDC, ISPV, PSPV, Weight component of load (WLN), PV weight Component (WSPV) 

and Average weight (WAVG). 
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5.3. Varying irradiance MVZA-LMS algorithm  

 

 

(a) 

 

(b) 

Fig. 5.14 (a) Shows the behavior of Solar irradiance (Irr), Grid voltage (VG), Grid 

current (IG), Inverter current (Iinv) and Grid power (PG). (b) shows the characteristics 

of VDC, ISPV, PSPV, Weight component of load (WLN), PV weight Component (WSPV) 

and Average weight (WAVG). 

 

5.4 Comparison of a Proposed MVZA-LMS against different LMS Model 

 

Figure 5.15 illustrates the performance comparison of the mean-weight component of 

the load current (𝑊𝐿𝑁) under identical simulink environment. Performance of the 
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proposed Modified Versoria based Zero-Attraction algorithm in comparison with LMS, 

ZA-LMS and RZA-LMS is efficient, which has improved settling time and reduced 

steady state oscillation when subjected to dynamic situations. Table 5.1 shows the FFT 

analysis of different algorithm, and their THD values.  

 

Fig 5.15 Performance comparison of proposed algorithm with other control 

Methodologies. 

Table 5.1   THD comparison of different Algorithm with the proposed MVZA-LMS 

Quantity LMS ZA-LMS RZA-LMS MVZA-LMS 

% THD  1.58 1.18 1.12 1.06 

IG Magnitude 75.3 75.39 75.47 76.54 

% THD  0.04 0.03 0.04 0.04 

VG Magnitude 338.8 338.8 338.8 338.8 

% THD  23.63 23.63 23.63 23.63 

ILB Magnitude 23.93 23.93 23.93 23.93 

% THD  6.60 6.60 6.60 6.60 

Iinv Magnitude 93.89 93.89 93.94 98.89 
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CHAPTER 6 

CONCLUSION 

 

Simulink, coupled with MATLAB, serves as a modelling tool for the two-level 

conversion of power architecture in grid-connected SPGS (Solar Photovoltaic 

Generation Systems). The primary objective of the suggested control mechanism is to 

achieve load balancing, maintain operation at Unity Power Factor (UPF), and mitigate 

harmonics to enhance power quality at the Point of Common Coupling (PCC). This 

proposed research provides valuable insights into control schemes. 

To regulate the Voltage Source Converter (VSC), an indirect current control approach 

is utilized to generate the necessary switching pulses. The suggested approach, known 

as MVZA-LMS (Modified Versoria Zero Attraction-Least Mean Square), evaluates the 

active component of the load current. The Proportional-Integral (PI) control method is 

employed to determine the weight factor of the DC-link. Comparative analysis with 

other control methodologies, including ZA-LMS, RZA-LMS, LMS reveals that the 

suggested MVZA-LMS control technique significantly reduces the Total Harmonic 

Distortion (THD) of the grid current. Upon evaluating the outputs, it can be concluded 

that the performance of the proposed model surpasses that of many zero-attractor based 

LMS controllers. 

The proposed algorithm exhibits a fast convergence rate and robustness, while also 

reducing computational complexity. Moreover, the THD achieved aligns with the 

standards set by IEEE-519. 
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FUTURE SCOPE 

 

In the future, further research can be conducted to explore additional control strategies 

and algorithms for power conversion in grid-interconnected SPGS. This could involve 

investigating advanced control techniques such as predictive control, fuzzy logic 

control, or neural network-based control. Additionally, the integration of energy storage 

systems, such as batteries or supercapacitors, can be explored to enhance the stability 

and reliability of the grid-connected SPGS. The application of advanced optimization 

algorithms to improve the efficiency and performance of the power conversion system 

is also a promising area for future investigation. Furthermore, the scalability and 

applicability of the proposed control mechanism can be explored for larger-scale 

renewable energy systems and microgrids. 
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