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ABSTRACT 

The PV based generation is recognized as one of the most promising RES 

technology and large scale implementation projects in various countries demonstrate this 

trend. Due to such large scale PV integration, power systems are growing in size and 

getting complex. Moreover, the use of other renewable energy sources such as wind has 

also seen an upswing and further trends also show significant increase in power 

electronic based loads thereby affecting the nature and performance of power systems. 

Moreover, today‟s power distribution system face greater challenges like power quality 

(PQ), efficiency and reliability to maintain grid stability and reliability because of high 

penetration of PV. It is a major challenge to supply reliable and good quality power round 

the clock. Voltage fluctuations, voltage imbalance, voltage sag, harmonics and transients 

are all well-known PQ issues that impair power system performance even in the wake of 

contemporary technological advancements. 

Traditional cost effective solutions include passive filters; however fast and accurate 

control within 1-2 cycles and transition from lagging to leading vars is possible only 

using shunt compensators. Voltage source converter (VSC) can be used as shunt 

compensators to enhance the system's power quality and minimize issues including 

harmonics, reactive power burden, low power factor, and load unbalancing. New grid 

code requirements stipulate that the DG system including PV, vehicle to grid and wind 

turbine system shall contribute to grid stability and services as well as deliver active 

power to grid. 

The proposed work‟s objective is to develop and design techniques for improving the 

quality of power supplied to non-linear loads by single-phase and three-phase systems 

during normal and abnormal grid conditions including low voltage ride through 

operation. To achieve these objectives, several control algorithms have been developed 

for improving power quality and LVRT operation. The control methods require the feed 

forward term, DC-link voltage controllers, synchronization techniques, estimation of the 

basic component of load current and reference active and reactive power based on 

magnitude of voltage sag during LVRT operation. Extensive simulation and experimental 

investigations have been conducted to assess the effectiveness of the system and the 
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control algorithms. Conventional control techniques viz Synchronous Reference frame 

Theory (SRFT) and Second Order generalized Integrator (SOGI) have been initially 

tested on the prototype system developed in the laboratory. 

Two new control algorithms for single phase and three phase single stage grid connected 

PV system which includes self-adaptive Batmen Polynomial (BP) and Radial Basis 

Function Neural Network (RBFNN) algorithm for active power injection and reactive 

power compensation. The H-bridge inverters are employed as a SAPF to mitigate many 

power quality issues and achieve load compensation in single-phase and three-phase 

systems feeding a range of linear and non-linear loads. Detailed simulation results are 

recorded and verification of these results on the experimental setup is performed. 

Simulation has been performed in MATLAB/SIMULINK environment. 

PQ problems in three phase distribution system under distorted grid condition have been 

studied. The control algorithms developed for this system are Levenberg Marquardt (LM) 

trained SOGI filter with unit template synchronization method and conductance-based 

control algorithm with D-SOGI based synchronization method. Detailed simulation 

results are recorded and verification of these results on the experimental setup is 

performed. Simulation has been performed in MATLAB/SIMULINK environment. 

Next, the operation and grid requirement of single phase system during LVRT mode of 

operation.  The designed controllers include adaptive Laguerre polynomial (LP) and 

Sliding Window Recursive Discrete Fourier Transform (SWRDFT) based controller. The 

experimental setup has been controlled using dSPACE 1104. Experimental results of all 

techniques have been analyzed in details.  

The operation and grid requirement of three-phase system during LVRT mode of 

operation includes the design and development of a (Gagenbuer Polynomial) GP 

function-based and Load power based controller for LVRT and UPF mode of operation. 

The developed controllers have been equipped with enhanced LVRT capabilities and 

respond quickly and correctly to changing system conditions. Simulation and 

experimental results of all techniques have been analyzed in details.  
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Chapter-1: Introduction               

1.1. General 

Power demand is increasing day by day so it is imperative to increase energy sources also. 

Integrating renewable energy source (RES) sources into utility grid is a growing 

opportunity as well as a challenge [1]. The adoption of RES not only meets the energy 

shortfall but also reduces environmental pollution to a great extent. However, the 

uncertainty and intermittency of renewable energy sources need to be looked into carefully. 

The stability and safety of power grid (with RES energy sources) especially in case of 

faults need detailed studies.  

Photovoltaic (PV) based power generation has been thoroughly explored and widely 

utilized worldwide. The PV technology has seen exponential growth from 1992 till date [1-

2]. The PV based generation is recognized as one of the most promising RES technology 

and large scale implementation projects in various countries demonstrate this trend [2]. 

Medium to small scale consumers have received several incentives and government grants 

for adopting PV technology.  

Table-1.1 shows the recent and estimated capacity of PV capacity (in GW) worldwide 

along with the cumulative growth in percentage points [3]. 

 

TABLE-1.1 Recent and estimated capacity (GWp)[3-4] 

Year-end 2016 2017 2018 2019 2020 2021 2022
 2023 

Cumulative (GW)  306.5 403.3 512 633 ~770 ~950 ~1150 ~1450 

Annual New(GW) 76.8 99 109 121 121-154 160-200  191 345.5 

Cumulative 

growth(%) 

32% 32% 27% 24% 24% 27%  21% 30% 

 

Due to such large scale PV integration, power systems are growing in size and getting 

complex. Moreover, the use of other renewable energy sources such as wind has also seen 

an upswing and further trends also show significant increase in power electronic based 

loads thereby affecting the nature and performance of power systems [1]. 
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PV panels show poor conversion efficiency while operating normally, and their output is 

non-linear and dependent on temperature and weather conditions. Thus, the maximum 

power point tracking (MPPT) approach is utilized to harvest maximum power with 

maximum efficiency from PV panels [5]. Several MPPT approaches have been proposed in 

the literature [5]. Perturb & Observe (P & O) MPPT method is applied in this research 

work because of its simplicity, strong tracking ability, accuracy and ease of 

implementation. 

Moreover, today‘s power distribution system face greater challenges like power quality 

(PQ), efficiency and reliability to maintain grid stability and reliability because of high 

penetration of PV. Hence various grid codes have been proposed to regulate seamless 

integration of PV system with distributed grid[6]. It is a major challenge to supply reliable 

and good quality power round the clock. Voltage fluctuations, voltage imbalance, voltage 

sag, harmonics and transients are all well-known PQ issues that impair power system 

performance even in the wake of contemporary technological advancements. Harmonic 

distortion is one of the most significant concerns among these PQ issues [7-8]. Studies 

indicate that the degree of harmonic distortion in a system rises as the system's technology 

advances and consumer loads become predominantly non-linear. Such PQ problems 

deteriorate the supply at the consumer side as well as at the point of common coupling 

(PCC) for a number of reasons. Sometimes sensitive instruments in hospitals and medical 

equipment may malfunction because such PQ issues[9].The severity of PQ issues and the 

resulting economic losses has motivated engineers to search for new, improved and 

effective solutions for conventional PQ problems such as reactive power compensation, 

load unbalancing, poor power-factor and voltage regulation[10-11]. Traditional cost 

effective solutions include passive filters; however fast and accurate control within 1-2 

cycles and transition from lagging to leading vars is possible only using shunt 

compensators. Voltage source converter (VSC) can be used as shunt compensators to 

enhance the system's power quality and minimize issues including harmonics, reactive 

power burden, low power factor, and load unbalancing [11]. 

However, a power system operator finds challenges in the operation of distributed grid due 

to bidirectional power flow, operation during faulty conditions and maintaining good 

power quality standards. Thus, more studies need to be carried on control techniques of 
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grid connected power converter under normal as well as faulty conditions [12]. New grid 

code requirements stipulate that the DG system including PV, vehicle to grid and wind 

turbine system shall contribute to grid stability and services as well as deliver active power 

to grid [13].  

In case of grid malfunctioning, there may be severe impacts in the form of flickers, low 

voltage and poor power quality (PQ) resulting in increased losses. A voltage sag in grid 

connected system is a transient caused due to lightning strikes, power line short circuits, 

and other mishaps [14]. The islanding protection may be activated and a power outage may 

result if the momentary drop in grid voltage amplitude exceeds the normal voltage 

threshold. The stability of the grid connected PV is also affected to a certain level.  Thus, 

the designed control strategies for power converters should be equipped to detect the fault 

and most importantly to react quickly to mitigate the potential adverse effect of fault to the 

grid side [15].   

 

1.2.  Relevance of  PQ in Modern Distribution System: 

The term "electric power quality" (PQ) is used to analyze and maintain the desired quality 

of the power [6,16]. Problems with the AC supply system can have a variety of causes, 

including both natural ones like lightning, flashovers, equipment failure, and faults as well 

as man-made ones such voltage distortions and notches. Due to their non-sinusoidal current 

requirement and non-linear load behavior, a number of the customer loads products also 

contaminate the supply system. Hence, the supply system's voltage, current, or frequency 

deviations—which might lead to equipment failure—are used to measure power quality 

[17]. The voltage at the point of common coupling (PCC), where many loads are 

connected, frequently shows harmonics, surges, spikes, notches, sag/dip, glitches, flickers, 

outages, swell, imbalance, fluctuations etc. These problems emerge in the supply system 

especially in the presence of nonlinear loads like furnaces, uninterruptible power supplies, 

and variable speed drives. Nevertheless, power quality concerns related to the current 

drawn from the AC mains include poor power factor, harmonic currents, reactive power 

load, and unbalanced currents, and harmonic currents caused by some nonlinear loads. 

Several methods have been developed to address these problems in either already-in-use 

systems or soon-to-be-constructed equipment [18]. The activities of design and 
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development engineers engaged in research and development (R&D) in the fields of power 

electronics, power systems, electric drives, digital signal processing, and sensors have 

changed as a result. The bulk of equipment that use power converters at the front end must 

properly designed in light of these recently identified demands. Depending on the nature of 

the loads, such as voltage-fed loads, current-fed loads, or a combination of both, a series of 

power filters of various types, such as passive, active, and hybrid in shunt, series, or a 

combination of both configurations, are used externally to mitigate power quality issues. 

PQ issues such as poor power factor, harmonic currents, unbalanced currents, and 

excessive neutral current can be solved due to these methods. Custom power devices like 

Distribution Static Compensators (DSTATCOMs), Dynamic Voltage Restorers (DVRs), 

and Unified Power Quality Conditioners (UPQCs) [19] are often used to mitigate current, 

voltage, or both types of power quality issues. 

1.3.  Power Quality Issue[6,7,20-21]: 

The power distribution networks face several PQ issues. The transient and steady state 

categories that might be used to characterize various PQ issues are detailed in this section. 

 

Fig.1.1 Abnormal conditions in the grid voltage  

1.3.1. Voltage Sag and Swell: 

Voltage sag is defined as a decrease in the root mean square (rms) value of voltage lying 

between 0.1 and 0.9 pu, whereas voltage swell is defined as an increase in rms value of 
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voltage between 1.1 and 1.8 pu at the power frequency level. Voltage rise and fall times 

range from 0.5 cycles to 1 minute. 

1.3.2. Short Voltage Interruption: 

In an electrical power system, the loss of voltage for a short time is called a voltage 

interruption (rms<0.1 pu). This pause can last anywhere from a half cycle to three 

seconds. 

1.3.3. Large Voltage Interruption: 

When there is no electricity for more than a minute, a "long voltage interruption" results. 

1.3.4. Voltage Flicker: 

A consistent voltage fluctuation that occurs at a frequency lower than the power frequency 

is known as voltage flicker. Voltage flicker may be caused due to load variation, short 

circuit faults, grid switching etc. 

1.3.5. Voltage Spikes: 

Voltage spikes are fast, significant fluctuations in voltage magnitude. The duration of 

spikes might range from a few microseconds to a few milliseconds and are usually caused 

by lightning strikes, grid interaction, load switching, capacitor switching, electromagnetic 

interference etc.  

1.3.6. Harmonic Distortion in Voltage and Current: 

Harmonics are integer multiples of the fundamental frequency, which for the Indian power 

system is 50 Hz, several nonlinear load cause harmonic such as distortion comprise 

integral multiple of voltage and current. In a power system, harmonic signals alter the 

voltage and current waveform thereby distorting them from the ideal sinusoidal waveform. 

Harmonic distortion is measured using the Total Harmonic Distortion (THD). 

1.3.7. Poor Power Factor: 

In a power distribution system, a low PF on the supply side increases the load on the 

supply system. This is in contrast to a situation with a Unity Power Factor (UPF) which is 

always preferred. 

 

1.3.8. Unbalanced Voltage and Currents: 

Unbalanced voltage or current is measured by how much the negative or zero sequence 

components differ from the positive sequence component. Unbalanced operation of three-
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phase system is caused by voltages that are not equal. Unbalanced currents cause too 

much current in the system's neutral wire, which could cause equipment to malfunction. 

1.3.9. Voltage Fluctuation: 

The term "voltage fluctuation" refers to transient fluctuations in voltage level. Typically, 

this fluctuation is smaller than 0.1 pu. 

 

1.4.   State of the Art Techniques in PQ: 

The control of single-phase and three-phase grid-connected PV systems with the ability to 

improve power quality under normal and distorted grid conditions feeding non-linear 

loads and assessing low voltage ride through capability under faulty grid conditions has 

been thoroughly discussed in the literature. PV systems have their own inherent non-

linearity, it is vital to employ maximum power point tracking techniques. The researchers 

have proposed a few different methodologies, some of which are referred to as "Perturb 

and Observe" (P&O), "incremental conductance," "fuzzy-based," and "neural network-

based." Due to the fact that the P&O approach is both the simplest and most successful of 

the bunch, it is applied in the thesis work.  

The research contained in this thesis focuses on the development of appropriate controllers 

designed to mitigate a number of power quality concerns and provide ride-through 

capabilities during grid faults. The control algorithms must be capable of completing 

multiple tasks, including the estimation of the fundamental component, the estimation of 

the synchronizing signal, the estimation of the DC-link voltage controller, the estimation 

of the feed-forward current, and reactive power support during faulty grid conditions. 

Several control-techniques have been developed to estimate the fundamental component 

of the load current in single-phase and three-phase systems under varying grid conditions. 

While developing these control algorithms, rapid response and minimum oscillations 

under steady-state and dynamic conditions under varied scenarios were taken into account. 

In both single-phase and three-phase grid connected PV systems, several techniques have 

been implemented to improve power quality and fault-riding capabilities in abnormal grid 

situations. Conventional techniques such as Synchronous reference frame theory (SRFT) 

and Second Order Generalized Integrator (SOGI) have been implemented. New 

controllers have been proposed such as adaptive Bateman Polynomial (PB) and Radial 
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basis function neural network (RBFNN) based on Gaussian distribution function are 

described in the literature. SOGI controllers and its various variants have been 

implemented in both single-phase and three-phase systems.  

Different control strategies have been considered for the fundamental component 

extraction of load current under polluted grid conditions, including the Double Second 

Order Generalized Integrator (D-SOGI) and unit template based control strategy for three-

phase systems. Maintaining the quality of the power in a polluted grid is a priority while 

developing and designing the controller. Levenberg Marquardt (LM) trained SOGI filter 

and Conductance based control approach are two of the controllers employed in this work. 

Similar to this, a single phase system uses SOGI based controller, Laguerre 

Polynomial(LP) and Fast Fourier transform-based sliding window recursive discrete 

Fourier(SWRDFT) transform-based approach, and in case of three-phase system uses 

SOGI based controller, Gagenbuer polynomial(GP) based controller and Load power-

based control technique is used for PQ improvement and LVRT mode operation. 

 

1.5.  Objectives of the Proposed Work: 

Based on a complete literature review of the design and development of the shunt 

compensator and its control methods for single-phase and three-phase systems, it has been 

concluded that the development of control algorithms must address a large number of 

considerable challenges. This result was obtained after investigating the shunt 

compensator's design and development. Concerns like these include things like reaction 

time, convergence, computing load, complexity, static error, robustness, and stable 

operation under both steady-state and dynamic situations. 

The primary objectives of the proposed research are to design and develop single-phase 

and three-phase control techniques for VSC with advanced features. These VSCs are 

realized as shunt compensator. Moreover, the thesis investigates some of the applications 

VSC in grid integration of renewable energy sources such as solar photovoltaic (PV) 

systems under normal and abnormal grid conditions. These objectives have been 

accomplished by designing and developing single-phase and three-phase shunt 

compensators. Extensive testing of these compensators has been carried out under various 

loading by implementing some new control algorithms. Testing under abnormal condition 
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such as low voltage ride through (LVRT) has also been attempted. The work can be 

broadly categorized under the following section. 

 

1.5.1. Design of Single-Phase and Three-Phase System: 

Conventional H bridge configuration for single-phase and 3-leg configuration for three-

phase system has been designed simulated and developed experimentally. Power 

components for the single-phase VSC include a DC-link capacitor and respective H-

bridges. Moreover, interface inductors, a single/three-phase programmable supply, linear 

and non-linear loads, and a voltage source converter are used. A 3 leg VSC configuration 

having six IGBT has been realized for a three phase system. A three-phase AC 

programmable supply has been used into a system that operates on three-phase power. 

Voltage and current sensors are used in the hardware configuration of a single-phase or 

three-phase grid-connected photovoltaic (PV) system to measure the different voltage and 

current parameters of the system. Both the grid voltage parameters and the PV 

arrangement were taken into consideration throughout for the design of PV array.  

 

1.5.2. Mitigation of PQ issues in Single-Phase and Three-Phase Grid Connected PV 

System: 

The power distribution system faces PQ issues such voltage sag and swells, harmonics 

distortion, poor power factor (PF), and load unbalancing because of the inductive and non-

linear nature of loads. According to IEEE standards, it's important to maintain sinusoidal 

supply currents while also reducing harmonics in the supply current. Designing and 

creating innovative control techniques for VSC control in single-phase and three-phase 

prototype power systems has become a prominent area of study in the last ten years. The 

goal of this thesis was to design and develop new control algorithms for control of VSCs 

for single and three phase system. Literature review discusses a number of the 

conventional control algorithms such as Synchronous Reference Frame Theory, SOGI 

filter-based, and two new control techniques such as adaptive Bateman polynomial (BP) 

controller and Radial basis function neural network (RBFNN)-based Gaussian distribution 

function recommended for VSC in SAPF control methods. Moreover, the Perturb and 

Observe (P & O) a maximum power point tracking (MPPT) method is applied in order to 
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extract the most possible power from PV while maintaining highest possible efficiency.  

The comprehensive simulation studies and VSC hardware implementation are performed 

for linear and non-linear loads in single-phase and three-phase grid connected PV systems. 

In-depth details are provided on the dynamic performance of VSC and the effectiveness of 

the recommended control strategies in reducing PQ issues under steady-state and dynamic 

load scenarios. The PQ problem studies in single phase system focus on 1) PF correction 

2) harmonic reduction 3) load reactive power compensation and in three phase on 1) PF 

correction 2) harmonic reduction 3) load reactive power compensation and 4) load 

balancing.  

 

1.5.3. PQ Issues During Distorted Grid Condition: 

This study presents different control schemes for improving the behavior of distribution 

system under distorted grid conditions. Under unbalanced supply and harmonics in the 

grid voltage, normal compensation algorithms fail to give desired results. Regulation of 

balanced and sinusoidal grid currents as several IEEE/ IET standards and grid codes 

becomes a major challenge. This work discusses the design of two control techniques for 

control of the grid connected converter namely conductance based controller and 

Levenberg Marquardt (LM) trained SOGI control technique realized for compensation in 

three phase system. The designed algorithm consists of calculating of reference current 

under highly unbalanced and distorted supply condition. The experimental and simulation 

results are validated and discussed in this thesis for single phase and three phase system. 

 

1.5.4. LVRT and FRT Capability of System: 

Voltage control and power quality (PQ) management are crucial aspects for the control of 

grid connected voltage source converters (VSC). Flickers, low voltage, and poor power 

quality (PQ) caused by grid malfunctions can increase losses. Lightning strikes, power 

line short circuits, and other events create grid-connected voltage sags. If the temporary 

drop in grid voltage amplitude exceeds the usual voltage threshold, islanding protection 

may trigger and cause a power loss. Stability of grid-connected PV may be compromised. 

Consequently, power converter control techniques should identify faults and act fast to 

minimize grid side damage. In this study control techniques have been developed 
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to improve PQ and LVRT capability. The new control techniques applied to solar 

photovoltaic (PV) tied single-phase grid include a Sliding Window Recursive Discrete 

Fourier Transform (SWRDFT) based algorithm and adaptive Laguerre polynomial (LP) 

controller, similarly for three-phase system the development of new algorithm based on 

adaptive Gagenbuer polynomial (GP) and load power based controller have been 

discussed. The major goal is to operate the VSC as per the standard grid codes and ensure 

quality power is delivered to the grid even under abnormal grid conditions. The system is 

designed to work at unity power factor during normal mode of operation. Reactive power 

injection is mandated as per a country‘s grid code and helps to regulate the voltage profile 

and low voltage ride through (LVRT) during grid voltage fluctuations. Additionally 

control features have been added to maintain satisfactory response under low voltage 

condition also.   

 

1.6. Thesis Outline:  

The thesis has chapters. 

Chapter 1: Introduction: This chapter provides a brief introduction to the power quality 

issues that are present in the distribution system, as well as other challenges that are 

present in the distribution system, such as PV integration and faulty grid condition, as well 

as the control methods that can be used to deal with these challenges. 

Chapter 2: Literature Review: In this chapter, the literature review on power quality 

problem/challenges and remedies is given. This chapter includes a comprehensive 

literature overview of shunt compensator setups and control techniques. At the conclusion 

of this chapter, research gaps are identified based on a comprehensive literature review. 

Chapter 3: Design and Development of Single-Phase and Three-Phase Voltage 

Source Converter (VSC) Grid Connected PV System: This chapter discusses the design 

and development of single and three-phase VSC-based systems connected in shunt 

configuration for simulation and experimental studies. Focus is laid on voltage and current 

sensor circuits, and level converter circuits for gate driving for experimental testing. 

Stability analysis of single-phase and three-phase systems with various PI controller gain 

setting values is also addressed. In addition, the modeling of PV systems and integration 

into the grid are discussed in this chapter. 
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Chapter 4: Power Quality Improvement Techniques in Single and Three Phase Grid 

Connected PV System: This chapter examines the incorporation of PV at the DC link of 

VSC. Also, this chapter covers PQ concerns mitigation control strategies like as SOGI, 

SRF, adaptive BP controller and adaptive RBFNN based on the Gaussian distribution 

function for control of VSC. 

Chapter 5: VSC Operation under Polluted Grid Condition: This chapter examines the 

PQ enhancement strategies such as conductance based algorithms and LM trained SOGI 

filters for three phase systems that are operating under distorted grid conditions. In this 

chapter, a variety of traditional approaches such as unit template method based on SOGI 

filter and D-SOGI control techniques are explored for the purpose of unit template 

extraction methods under distorted grid conditions. 

Chapter 6: LVRT Operation of Single-Phase System: In this chapter, the low voltage 

ride through operation for a single phase grid tied PV system is discussed. Normal 

operation mode as well as operation when the grid undergoes fault is observed. Sliding 

window recursive discrete Fourier transform (SWRDFT) and adaptive Laguerre 

Polynomial (LP) based controller are the two control methods developed and discussed in 

this chapter. Both of these methods are used for control of H-bridge VSC which is capable 

of LVRT operation. 

Chapter 7: LVRT Operation of Three-Phase System: In this chapter, the low voltage 

ride through operation for a three-phase grid tide PV system is discussed in case of faulty 

grid operation mode. Load power and GP function based algorithm are the two three-

phase control methods that are discussed in this chapter. Both of these methods have been 

designed for control of three legs VSC capable of normal as well as LVRT operation. 

Chapter 8: Conclusion: The various control methods and the integration of PV into the 

grid in single-phase and three-phase systems is summarized in this chapter. In the 

conclusion part, the future direction of research in this field also discussed. 
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Chapter-2: Literature Survey 

2.1. General Introduction  

This chapter discusses into great detail on the necessity for a compensator in compliance 

with different IEEE standards, numerous PQ difficulties, mitigation strategies, and LVRT 

operation. Voltage source converters (VSC) based on photovoltaic (PV) technology deliver 

active power transmission to the grid and load. Grid current balancing, harmonic reduction, 

reactive power balancing, and supply side power factor improvement to unity are important 

features to be controlled. The PV source can be directly linked to the VSC at its DC 

connection using a single-stage design. This chapter contains a thorough analysis of the 

literature on identifying adaptive control techniques for estimating the main load current 

component and producing reference currents. Also, a variety of control mechanisms have 

been tested in order to make the system resilient. A variety of configurations for single-

phase and three-phase grid-connected systems have been analyzed and put into practice for 

the proposed system's successful implementation on the basis of an exhaustive literature 

review. 

 

2.2.  Survey on Various Power Quality (PQ) issues: 

Power electronics loads are employed in many industrial, commercial, and residential 

loads, which have led to a variety of PQ issues at the distribution level. The major sources 

of PQ issues include switching between loads, variable speed drives (VSDs), arc furnaces, 

various rectification circuits on the load and grid sides, and non-linear loads [22-23]. These 

loads may be broadly divided into two groups: current harmonic sources and voltage 

harmonic sources. Reactive power demand, feeder losses caused by warming of 

conductors, poor power factor, voltage sag and rise, and poor voltage regulation increase as 

the fraction of this type of load increases, which affect the grid system [24]. Transformers 

and other nearby equipment are negatively impacted by this [25]. As a result, this chapter 

examines and investigates a thorough assessment of the many PQ challenges, solutions, 

and worldwide standards. 

Due to the high demand of reactive power needed by nonlinear load, the system will 

experience high levels of voltage and current harmonics. Due to this, the power factor on 

the grid side is also reduced, and the source current's sinusoidal form is altered. Grid 
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current and voltage must have a low THD percentage, according to standards from the 

International Electrochemical Commission (IEC) and the Institute of Electrical and 

Electronics Engineers (IEEE) [26-27]. IEEE 1159:2009 describes what you should do to 

monitor the characteristics of both single-phase and three-phase systems [28]. These 

standards are necessary so that manufacturers, researchers, and software developers can 

demonstrate them and calculate the power consumption of a system [29]. The guidelines 

for suggested practices and the management of harmonics in electrical power systems are 

outlined in IEEE 519:1992 [30]. The IEEE 1547:2018 standard, a revision of IEEE 

1547:2003 [31], outlines the requirements and guidelines for integrating distributed energy 

sources into electric power systems (EPSs) and other interfaces [32]. 

Passive filters, active power line conditioners, and hybrid filters are just a few of the 

methods that have been considered in literature and put to use to minimize harmonics [33-

39]. Active power line conditioner is a suitable technique for harmonic compensation since 

switching technology has been developed recently and there are less expensive ways to 

implement it, using DSP/field-programmable-gate-array(FPGA) based systems. Harmonics 

in the current are frequently eliminated by the use of active power filters (APFs) of the 

shunt type. In order to address voltage issues including voltage sag, voltage swell, flickers, 

voltage changes, voltage imbalance, and voltage harmonics, a series active compensator is 

connected in series at the load end. Series active power filters include DVRs and Solid 

State Static Series Compensators (SSSCs) [40]. The distribution system makes extensive 

use of shunt active power filters, a sort of DSTATCOM [41- 43]. With a shunt connection, 

it may be utilized as a VSC or Current Source Inverter (CSI) to the PCC. The active filter 

has been utilized to address current quality issues such voltage control, load balancing, and 

reactive power compensation. Several individuals now employ this compensator to address 

PQ issues as switching devices have improved [44,45]. When two active power filters are 

used in tandem, it is referred to as a "hybrid active power filter." An example of a hybrid 

active power filter is the UPQC [46-48]. Both voltage and current PQ issues can be 

improved, but it is difficult to regulate and requires additional switches, leading to higher 

cost. 
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2.3. Survey on Adaptive Control Algorithms for VSC:  

The precision with which the control algorithm extracts the reference current and accounts 

for harmonics produced by the load determines the efficacy of SAPF. In published studies 

[49-57], several temporal and frequency domain control approaches have been proposed. 

Conventional methods that are well-known and productive include Synchronous Reference 

Frame Theory (SRFT), Instantaneous Reactive Power Theory, Symmetrical Component 

Based Theory, and algorithms based on the cancellation of double frequency components. 

Many unique algorithms have been developed, including the Composite and Model 

observer-based technique [54-55] and the Kernel incremental learning algorithm [55-56]. 

These algorithms work well, but they need estimation of various parameters, extensive 

arithmetic operations, and extra filters. Moreover, a variety of frequency-domain 

algorithms, such as Fourier transform and the Kalman filter, have been used to control the 

VSC used as an active filter.  

Adaptive signal processing techniques have grown used in a number of areas in recent 

decades, including active noise cancellation, signal amplification, noise filtering, and echo 

cancellation. Least mean square (LMS) is the most often used adaptive algorithm due to its 

fundamental structure [58]. The step size defines how well the algorithm works in terms of 

weight convergence, and changing it directly affects its performance. The normalized least 

mean square (NLMS) technique was designed to solve the inadequacies of the LMS 

approach [59]. It is well known that, the step size parameter plays significant impact on the 

performance of LMS and NLMS. When determining the ideal step size, there is a trade-off 

between steady-state error and convergence. As a result, numerous focused study on this 

topic. 

The variable step size (VSS)-based adaptive approach is an alternative to the fixed step 

size. The approach must have a very low constant error and a high convergence rate in 

order for the adaptation to be successful[60], this study describes a simple VSS-LMS 

approach with adjustable step size and Mean Square Error reduction (MSE). The VSS-

LMS approach, on the other hand, is dependent on the initialization of the input weight 

vector and necessitates the adjustment of the step-size during sudden input signal 

fluctuations. The authors of [61-62] developed two conventional adaptive algorithm 

approaches, the Least Mean Fourth (LMF) and the Least Mean Absolute Third (LMAT). 
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The LMF and LMAT techniques outperform the usual LMS algorithm in terms of MSE, 

convergence speed, and steady-state error. 

Many adaptive algorithms[62] based on adaptive-linear-element (ADALINE) have recently 

been employed to identify the fundamental frequency component of load current. Qasim et 

al. [63] proposed three adaptive algorithms, two for predicting frequency and voltage and 

one for calculating load current. Particle Swarm Optimization (PSO) is utilized to increase 

each ADALINE's dynamic effectiveness. Chilipi et al. [64] developed a LMMN (least 

mixed norm) method. This approach captures all dynamic harmonics from the load current 

while simultaneously reducing the error created by the LMMN filter, hence improving 

dynamic performance. Badoni et al. [65] extracted the load current components and 

minimized the MSE using a discrete-time Weiner filter. B. Subudhi et al.[66] estimates the 

positive sequence current using a Kalman-based H filter. Furthermore, despite considerable 

swings in grid and load disturbances, the dc-link voltage is managed by the adaptive 

principles of the Kalman algorithm. In the literature[67-69], several writers have suggested 

compensation systems based on Artificial Neural Networks (ANN). Many ANN topologies 

have been published, such as the adaptive euro Fuzzy inference system (ANFIS), the radial 

functional neural network (RFNN), the feed-forward ANN, and the adaptive linear neural 

network (ADALINE). One of the most well-known and often utilized of these networks is 

the feed forward ANN [70] investigated control methods based on ANFIS-LMS as a 

technique of decreasing PQ difficulties.  

The MMCF-SOGI multiple complex coefficient filter-based control algorithm is described 

in [71]. Manoj et al. created the Adaptive zero attraction least-squares-mean approach (ZA-

LMS)[72]. Recent papers have examined the adaptive neural network-based approach [73], 

Wiener filter [74], Gauss Newton-based controller [75], the Affine projection algorithm 

[76], the combination (ATC-DLMS) diffusion estimation [77], and the Z2-proportional 

diffusion algorithm [78]. 

Alhaj Hussain et al. [79] investigated other adaptive filtering approaches, including the 

combination LMS-LMF algorithm, which outperforms all others. Modi et al. [80] described 

an improved Widrow-Hoff technique for optimizing grid current by extracting the basic 

load current. In [81] describes adaptive weighted zero attracting (RZA) control methods. 

Pavitra et al. [82] investigated optimum DSTATCOM impedance management. Pinaki 
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Mitra et al. [83] described a DSTATCOM artificial immune adaptive control method. 

M.Qasimet et al. suggest a implementation of ANN for SAPF [84], Neural network-based 

conductance estimate [85], and ANN-based predictive and adaptive control [86]. 

 

2.4.  Survey on Grid Connected PV System: 

Renewable energy sources including wind and photovoltaic (PV) power during the past ten 

years [87-88]. It is a crucial responsibility for those in charge to maintain the system's 

dependability and stability as well as the quality of the power. Each country has its own 

grid protocol that specifies how to link renewable energy sources to the electric system [89-

92]. 

PV systems can be scaled up, are clean, don't use fuel, and need no maintenance[93]. On 

the other hand, PV energy production is constrained by high installation costs, poor 

efficiency, and energy generation that is reliant on the weather [94-97]. The average solar 

system efficiency varies between 9% and 17% when different types of weather are taken 

into consideration [98]. Solar energy is a volatile type of energy since it depends on the 

weather. Using the proper control mechanisms is essential for ensuring the efficient and 

secure operation of photovoltaic (PV) systems. Several tracking algorithms [99-101] for 

maximizing the output of a solar PV array have been discussed in the literature. Due to 

their simplicity, traditional MPPT methods, including as those that use Fractional short-

circuit current (FSCC), Fractional open-circuit voltage (FOCV), Hill Climbing and Perturb 

and Observe, are often employed in a variety of circumstances [102-103]. 

Grid-connected PV systems are becoming more prevalent due to the availability of sunlight 

and advancements in power electronics. Voltage, frequency, phase angle, and amplitude are 

the most crucial parameters to track and regulate for grid-connected applications, according 

to control studies. Yet, synchronization is a major issue for inverters linked to the grid. 

According to Aisyah et al. [104], Murillo-Yarce et al. [105], PV systems may operate in 

both islanding/standalone mode and grid-integrated mode, depending on how they are 

configured and operated.  

There are single-phase and three-phase distribution systems, and different kinds of loads 

have been connected based on customer requirements [106, 107]. Both single-phase H-

bridge VSC and three-phase VSC can integrate PV into the distribution grid [108,109]. In 
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[110,111], the authors proposed a single-phase, multilayer photovoltaic (PV) inverter 

architecture with a special pulse width modulation (PWM) control method for grid-

connected PV systems. In the literature, PV systems have been connected to distribution 

grids in single-stage [112–116] and double-stage configurations for the capacity of active 

power injection [117] as well as the improvement of power quality. The most crucial factor 

in the integration of solar PV for efficient power injection is the design of the PV array 

[118, 129]. Battery storage systems have also been used as power backup during power 

outages and to reduce the unpredictable nature of solar PV [120, 121]. Tsai-Fu et al. [122] 

compared the power losses of single-stage and two-stage grid-connected photovoltaic 

systems. The overall power loss in a single-stage grid-connected PV system is comparable 

to that of a two-stage grid-connected PV system, according to loss analysis, and the single-

stage system can save a boost converter stage. PV integration enables for active power 

injection into the grid if the load requirement is less than the power generation for power. A 

DC-DC converter is not utilized in a single-stage configuration, but a DC-DC converter is 

used in a double-stage format. MPPT techniques have been applied and published in the 

literature in both versions. In single-stage configuration, MPPT provides the reference DC-

link voltage to regulate the DC-link voltage at maximum power point [123, 124], but in 

double-stage setup, MPPT is used to create the duty-cycle of the DC-DC. 

 

2.5. Survey on Control Techniques for LVRT Capability: 

In recent years, the penetration of renewable energy sources (RES) into the electrical grid 

has risen significantly thereby reducing the negative consequences of fossil fuel-based 

power plants. As a result of reduced module pricing, photovoltaic (PV) technology has 

become popular among other renewable energy sources[125-126]. This is needed to meet 

the ever increasing energy demand of industrial consumers and household consumers. This 

widespread use of single-phase and three-phase grid-connected PV systems and the 

emergence of large-scale distributed generation (DG) systems have raised concerns about 

grid reliability, quality and availability. Several grid standards and regulating criteria have 

been issued by power system operators (PSOs) or international groups (e.g. IEC and IEEE) 

to govern the interaction of DGs with the utility grid [127-129]. The regulations for wind 

power system or DGs connected to a medium or high-level grid account for majority of 
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grid requirements. Only a few grid codes and papers [130-131] explain the regulations 

pertaining to single phase PV systems. Grid-connected PV systems are often utilized on a 

modest scale at residential level and are designed to disconnect from the grid in the event 

of a malfunction within a few cycles [32]. However, due to the increasing penetration of 

PV in large-scale grid-connected systems, disconnection may produce undesirable 

conditions and also leads to detrimental influence on the distributed grid's dependability, 

stability and availability [132-134]. In the event of a voltage malfunction, it may result in 

flickers, low voltage and poor PQ problems resulting in decreased energy output and higher 

transmission and distribution losses [127]. Thus, focus on large scale PV integration needs 

to be studied from different perspectives. 

Alternatively, if a grid-connected PV system can offer ancillary services such as reactive 

power support and low voltage ride through (LVRT) capabilities [135], the end user will 

not experience flicker or poor power quality and PSOs will not have to restrict PV 

electrical grid integration. Such PV-grid systems will be smarter and more actively 

controlled in the coming years; thereby making the system more reliable. Low voltage ride 

through operation of the PV integrated system involves providing additional reactive power 

support based on the VSC rating. Depending on the amount of voltage sag at the point of 

common coupling (PCC), the much needed reactive power is injected into the grid as per 

grid standards [127]. 

With a high penetration of PV power into the utility grid, both short term and long term 

disturbances are more likely to happen. These manifest in the form of voltage and 

frequency disturbances, unbalances in three phase voltage and flickers. They can be further 

classified into long term disturbances and short term disturbances like as sag and swell in 

voltage, voltage spike and power outage [108]. Short term disturbances are more likely to 

happen [136-137]. Therefore, advance control strategies for the grid connected PV inverter 

need to ensure stable and reliable operation under these abnormal conditions. 

Therefore, grid codes and standards are required for the grid connected PV system for 

having capability of ride through the transient voltage sag [138]. Many countries have 

updated their own grid codes according to the grid requirements in order to ensure safety 

and seamless transfer of electrical energy to the grid. Many international bodies have also 
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developed their own standards such as IEEE in US, Germany, IEC in DKE and Switzerland 

[139].  

Here a few grid codes for different countries are specified for single phase system 

[138,139]  

1. Germany: The German grid code, also known as "VDE-AR-N 4105," addresses the 

technical criteria for grid connection of decentralized energy generation systems, including 

single-phase systems. The ranges of voltage and frequency, response periods, and other 

pertinent factors are specified in the regulations for LVRT functioning [139]. 

2. Spain: The "RD 1699/2011" grid code specifies the technical requirements for 

connecting low voltage, single-phase generation units to the grid. The specifications cover 

the necessary LVRT capabilities, voltage and frequency ranges, reaction times, and safety 

precautions are listed in [139]. 

3. UK: The National Grid Electricity System Operator (ESO), which is in charge of 

managing the UK grid code, lays out the technical specifications for integrating and 

running generation systems, including single-phase systems. In accordance with the grid 

code, LVRT operation, voltage and frequency restrictions, and other relevant parameters 

have been detailed in [139].  

 

Fig.2.1 LVRT Curves as per grid codes of different countries 

 

Fig.2.1 depicts multiple LVRT curves for specific countries. The German grid code 

requires generating systems to be capable of riding through a 0.15s voltage failure when the 

grid voltage amplitude drops to 0 V and inject some reactive current    into the grid, as 
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shown in Fig.2.1. On the same lines, other countries have set their benchmarks for reactive 

power injection. 

The major challenges for single phase grid connected PV systems are in designing 

appropriate controllers. The control methods presented should function properly for unity 

power factor mode operation (UPF) in steady state and inject computed reactive power in 

faulty or abnormal grid conditions. Some suitable methods for LVRT operation for single 

phase grid connected PV systems are mentioned in the literature [139] which mentioned 

different methods for compute appropriate reference current to handle ride through failures. 

Several control techniques for LVRT operation of two stage and single stage PV linked 

systems have been presented in the past [15, 127, 131, 140-144]. The operating principle of 

a single-phase grid-connected PV system in LVRT mode is discussed in this paper [127], 

which is based on single-phase PQ theory and a proportional resonant current control 

scheme. Paper [131] discusses an LVRT scheme for a transformer less single phase grid 

connected inverter (6sw-Cuk derived transformer-less inverter) based on single-phase 

instantaneous p-q theory. In paper [140], discusses LVRT operation based on 

synchronizing techniques (Second order general integral (SOGI) phase locked loop (PLL), 

T/4 delay PLL and Enhanced PLL). Paper [141] discusses three different configurations of 

transformer-less PV inverters in a single phase system such as full-bridge inverters with 

bipolar modulation (FB-BP), full-bridge inverters with DC bypass topology and the highly 

efficient and reliable inverter concept (HERIC) inverters are used for LVRT operation. 

Their control strategy based on two cascade loops viz. an inner loop for PQ issues and 

outer loop for current reference generation for inner loop. Braking chopper based LVRT 

scheme for single stage PV plant is discussed in [15] and an analytical approach for LVRT 

operation enhancement for single stage PV plant based on positive and negative sequence 

component in [142], a Z-source inverter based PV with LVRT capability is discussed in 

[143] and a new swarm algorithm (SSA) based controller for LVRT operation  of grid 

connected PV is discussed in [144].However, the majority of single phase LVRT capable 

systems utilize multiple PI regulators, which adds to the complexity of the system. 

For three-phase system, several issues under faulty grid condition are quite likely to take 

place in three-phase distribution systems. These are non-sinusoidal current injection 

[128,145], oscillation in active and reactive power demand [146] and over-tripping. 
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Therefore, different control methods are presented and some of the control methods are 

mentioned in literature[128, 147-152]. Paper [147] discusses a LVRT control strategy for 

two-stage three-phase PV-system which is based on computation of symmetrical 

components of voltage and current under faults. Paper [128] discusses a LVRT scheme 

based on interweaved generalized integrator (IGI) filter. Paper [148] presents a LVRT 

technique for a three-phase grid connected inverter based on non-linear phase-locked loop 

(PLL). In paper [149] the LVRT performance is analyzed using wavelet fuzzy neural 

network for weak grid condition while a positive sequence(PS) and negative sequence(NS) 

current controller for LVRT control has been discussed in[150]. An instantaneous active 

power control (ISPC) [151] and average active-reactive control (AARC) in [152] have been 

proposed for unbalanced grid condition. It is found that most of the proposed control 

strategies suffer from oscillation in active power and DC link voltage under abnormal grid 

condition. 

 

2.6. Research Gap 

Based on the extensive literature review, following research gaps are identified:- 

1. Fast and adaptive control techniques should be exploited to extract the 

harmonics from distorted grid and to generate reference current 

2. Advanced control techniques for single-phase and three-phase grid 

connected PV system for improvement in power quality are required. 

Some advanced techniques have been studied for shunt compensators 

3. It is imperative to study how these controllers can be modified in the 

presence of PV source.  

4. Non-PLL and PLL based fast and efficient synchronization techniques 

based on different types of adaptive filters etc. need to be designed and 

tested 

5. Synchronization techniques considering polluted grid, weak grid and 

different loading conditions should be addressed.  

6. Work on LVRT and FRT studies is very limited  

7.  
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2.7. Research Objectives 

1. Design and implementation of modern control algorithms for PQ 

improvement under different loading conditions. 

2. Design and performance Investigation of controllers under voltage sag, 

swell, harmonics, noise etc. and unbalanced grid conditions. 

3. Integration of PV under normal and abnormal grid conditions. 

4. Implementation of grid code which include LVRT and FRT capabilities of 

voltage source converters. 

2.8. Conclusion: 

In this chapter, a comprehensive literature review was conducted on single-phase and 

three-phase PV systems that are grid-connected, focusing on PV modeling, MPPT 

approaches, control algorithms, installation, and power management. Based on the 

literature review and the justifications for employing PV, a research gap and a list of 

study objectives have been established. 
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Chapter-3: Design and Development of Three-Phase and 

Single-Phase Shunt Active Power Filter (SAPF) Grid 

Connected PV System  

3.1 Introduction 

In this chapter, design and modeling of a VSC as compensator for single and three-phase 

with and without PV integration are discussed in detail. This chapter also discusses 

design of PV array and modeling of single stage and double stage PV system. VSC based 

system are designed and controlled to assure the successful implementation of new 

control approaches and their performance is examined on a prototype system under 

various system conditions. Grid supply, current and voltage sensors, a DSP, a VSC, and 

linear-nonlinear loads make up the majority of the built system. The design of each part is 

thoroughly discussed below. 

 

3.2. Design and Development of Single-Phase VSC System:  

Fig. 3.1(a) depicts the layout of a single phase SAPF system that is both effective and 

efficient when utilized with and without a grid-connected PV system. 

 

Fig.3.1(a) Single phase VSC controlled as a compensator  
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Fig.3.1(b) Matlab based simulation model of single phase system 

 

Fig.3.2 Single phase VSC with single-stage grid connected PV system 
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The designed system is realized to mitigate harmonics due to the non-linear load in the 

present system, perform reactive power compensation due to the inductive nature of the 

load, operate at low voltage under faulty grid conditions, and also improve power quality 

under distorted grid conditions. There are two ways to link the PV array to the grid: 

single stage and double stage systems. Fig.3.2 shows single phase VSC single stage grid 

connected PV system.  

 

Fig.3.3 Single phase VSC with double-stage grid conneted PV system 

 

The PV array has been linked directly to the VSC's DC-link in this setup. In this setup, no 

DC-DC converter has been employed hence a single-phase grid connected PV system is 

considered. The DC-link voltage's reference voltage, which is the maximum power point 

voltage, is achieved using the MPPT approach. Active power injection into the grid is 
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facilitated by this design. Fig. 3.3 depicts a single phase double-stage PV system that is 

connected to the grid. In this case, the PV system has been connected to the VCS using a 

DC-DC converter as illustrated in Fig. 3.3. The double stage system is advantageous to 

the single stage system when it comes to the robustness of the system, controllability, and 

the ability to employ PV arrays with lower ratings.  

The design of different components of a single-phase grid connected without or with 

solar energy integration is now discussed. The following design quantities have been 

considered [44] 

1. DC link capacitors 

2. Interfacing inductors 

3. DC reference value 

4. DC-DC  converter 

5. Current and Voltage sensors 

6. PV array configuration 

7. Amplification Circuits  

 

3.2.1. Calculation of DC link reference voltage: 

The DC link reference voltage of the system is depends on supply voltage of the system, 

for proper PWM control in a single-phase system, the system's DC link voltage must be 

greater than the peak supply voltage [44]. The peak value of the single phase system 

calculated as 

   √                                                                                 (3.1) 

where,    is the peak amplitude of AC phase voltage,    is the source voltage of single 

phase system. The rating of single phase system is 110V, 50Hz for simulation 

performance and 40V, 50Hz for the experimental system. The calculation of DC-link 

voltage can be given as: 

      
    √                                                                 (3.2) 

The dc reference value is calculated as 56.56V for experimental setup and set at 80V, for 

simulation the dc link reference voltage value is 155V and it is set as 200V for the SAPF 

operation.   
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3.2.2. Design of DC-link capacitor: 

DC-link voltage of the VSC is very sensitive to input grid voltage and the load current. 

The value of DC-link capacitance should be large enough to sustain DC-link voltage 

during dynamics[44]. The DC-link capacitance can be calculated using Eq.(3.3). 

    
       

 

 
(      

      
 )

                                                                 (3.3) 

Here, h(1.2) is the overloading factor,   (10A) is the compensator or VSC current, τ 

(0.02s) is time-constant, g(0.3) is gain constant,        (200V) is the reference DC-link 

voltage and     (155.56V ) is minimum DC-link voltage. Applying these values in 

Eq.(3.3), gives 

                                                                                    (3.4) 

A value of DC-link capacitor higher than the calculated value has been chosen for 

simulation. Selected value of     = 1500µF. Similarly, for the experimental system,   is 

10A,       is 40V and      is 55.56V and the calculated value of DC-link capacitor by 

Eq.(3.4) is 1706µF. Higher value of DC-link capacitance for the experimental setup is 

selected and it is chosen as 2200µF as per the availability in the laboratory. 

 

3.2.3. Design of Interfacing Inductor: 

Interfacing inductor is used to filter out the ripples in the current. Higher value of 

inductor provides better filtering but at the same time power loss is higher[44]. Hence, 

proper design of interfacing or filter inductor (  ) is very necessary and is calculated by 

Eq.(3.5).  

   
√        

       
                                                                           (3.5) 

Here,   is the modulation index (  =1),        is DC-link reference voltage,   is the 

overloading factor,    is the switching frequency and ∆i is the ripple content in the current 

and it is considered as 5% of maximum current. For simulation purpose its value is 

calculated to be 

                                                                                         (3.6) 

For experimental purpose its value is selected as 

                                                                                       (3.7)  



28 
 

Based on the availability and the calculated values, interfacing inductors of 3.5mH are 

selected for the simulation and experimental system. 

 

Table-3.1 Values of Different Parameters 

S.No Parameter Simulation Value Experimental Value 

1 Supply voltage 110V, 50Hz 110V, 50Hz 

2 DC-link reference 

voltage 

200V 200V 

3 DC-link capacitance 1500uF 2200uF 

4 Interfacing Inductor 3.20mH 2.0mH 

 

3.2.4. Design of Hysteresis Current Controller (HCC): 

Hysteresis current control is utilized to generate switching pulses. HCC is the most 

widely used current control technology due to its simple implementation, remarkable 

stability, absence of tracking error, very fast transient response, inherent limiting 

maximum current, and inherent resilience against load parameter variations. A survey of 

used current control approaches for PWM converters demonstrates, as shown in [153, 

154], that HCC is superior for active power filter applications. HCC provides superior 

suppression of low-order harmonics than PWM control, which is the primary objective of 

the active power filter. It is easy to accomplish with great precision and rapid response. 

However, its switching frequency is variable which is a drawback. 

 

 

Fig.3.4 Operation of fixed band HCC loop 



29 
 

 

Fig.3.5 Working of hysteresis current controller 

 

The error function is constrained by the HCC approach inside a predetermined hysteresis 

band. As shown in Fig.3.4, when the error exceeds either the upper or lower hysteresis 

limit, the hysteretic controller switches in order to keep the error within the 

predetermined range and feeds these pulses to VSI in order to provide the reference 

current. This technique is used for controlling a voltage source inverter so that the output 

current follows the a reference current waveform. 

Fig.3.5 shows the outputs of the hysteresis blocks are directly sent to VSI switches as 

firing pulses. HCC produces four pulses in a single-phase system and six pulses in a 

three-phase system[155]. The hysteresis bandwidth (HB) in fixed-band HCC has been 

treated as a constant, and in this study it has been taken as 2% of main current shown in 

Fig.3.5. 

 

3.2.5. Modeling and Stability Analysis of Single Phase Converter:  

In this section, the mathematical modeling of single phase VSC is carried out. The 

proposed SAPF model shown in Fig.3.6 incorporates a PI regulator block (   ), current 

control block and voltage source converter represented as     (s). Thus, the VSC model 

is realized using an outer voltage control loop and an inner current control loop. The 

outer loop is designed to regulate the DC link voltage of the VSC (   ) to reference DC 

voltage (   
    The actual grid current    is regulated to reference grid current (  

  and 
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appropriate pulses are developed using the hysteresis current controller (HCC).     (    

represents the transfer function of VSC which can be determined with the help of small 

signal analysis. The VSC based system is assumed to be under steady state condition for 

finding out the transfer function. The relationship between the converter input connected 

towards grid side (AC side) and converter output side (DC link) is depicted. The real and 

reactive power flow between the source, load and VSC are depicted in Eq.(3.8). 

       

 

Fig. 3.6 Representation of Active Filter Model 

 

                                                                                                (3.8) 

Here      denotes the rate of energy stored in the capacitor,       is the power input to 

converter,       is active power loss in SAPF and      is power absorbed in interfacing 

inductor. 

     
 

  
(
 

 
      

 )                                                                            (3.9) 

                                                                                                               (3.10) 

      
 

  
(
 

 
    

                                                                                             (3.11) 

         
                                                                                                     (3.12) 

Using Eq. (3.8) to Eq. (3.12) 

      
    

  
 *         

   

  
   

   +                                                           (3.13) 

Substituting    and      with appropriate terms including incremental changes     and 

     respectively in Eq. (3.13) 

           

              

where     and      denote steady state operating points, neglecting the higher order terms 

is obtained as  
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 *                 

    

  
    

             +              (3.14) 

Under steady state condition Eq. (3.13) can be written as  

            
                                                                                             (3.15) 

Now on subtracting Eq.(3.14) and Eq.(3.15) we get  

       
     

  
 [

           
    

  

          

]                                                         (3.16) 

The transfer function of converter      
    

   
 is obtained as 

     
                  

        
                                                                          (3.17) 

In the voltage control loop, the HCC block is employed to provide necessary gate pulses 

to VSC. The output of PI is supplied to HCC and utilized to generate reference current. 

For the modeling of PI controller, in Fig.3.6 the block    (   represents PI regulator 

which consists of one proportional and one integral controller to regulate DC link voltage 

at reference value. The PI controller is used to regulate the DC link voltage to its 

reference value such that the steady state error estimated in     reduces to zero. The 

control scheme is designed so that the grid compensates the converter losses. The PI 

controller depicted as    (  block is represented as 

    (      
  

 
                                                                         (3.18) 

where    is proportional gain and    is integral gain of the given system. Now using 

Fig.3.6 the transfer function of voltage control loop can be written as  

 (   
   (      (  

     (      (  
                                                                        (3.19) 

Substituting Eq. (3.17) and (3.18) and values of parameters mentioned in the Appendix, 

T(s) expression comes out to be  

 (   
            

                  
                                                                        (3.20) 

Appropriate values for PI gains need to be selected for proper control of the system. 

Accordingly, the step response and bode plot of the system are shown in Fig.3.7 and 

Fig.3.98 respectively. Table–3.2 shows the different combinations of     and    and the 

corresponding rise time, settling time and overshoot for step response, phase margin of 

the system evaluated from bode plot. From Table-3.2,     and    values are selected to be 
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0.55 and 15 respectively for which the response of the system is better and stability is 

ensured. The plots highlight fast settling time and good convergence achieved at 

moderate overshoot and satisfactory PM of 82.366
o
. 

 

 

Fig.3.7 Step response of the system corresponding to different gain parameters 

 

 

Fig.3.8 Bode plot of voltage control loop with different values of gains  

Table 3.2. Choice of PI gain parameters 

S.No.       PM(Phase margin(
o
) Ts (Settling 

time(s) 

Tr (Rise 

time(s) 

% Overshoot 

1 0.05 40 8.6572 0.4186 0.0088 78.88 

2 0.55 15 82.366 0.0762 0.0083 8.768 

3 1 10 88.438 0.1855 0.0056 2.338 

4 0.19 0.9 86.119 0.2853 0.268 5.1195 
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3.2.6. Modeling of PV Array: 

A solar cell can be modeled in several ways, taking various factors into account. The 

single-diode model with series resistance and parallel resistance is thought to be simpler 

to model and to be closer to the practical diode [22,81]. Fig. 3.9 depicts the single-diode 

model with series and shunt resistance. 

By using KCL the equation of output current (  ) is calculated as  

pdphc IIII                                                                                                  (3.20) 

p

scsc
ophc

R

IRV

a

IRV
III













 1)exp(                                                           (3.21) 

where,      is Photo Current,     is diode current,     is leakage current in parallel 

resistors and a is ideality factor  can be defined as 

q

TkAN
a cs                                                                                                          (3.22) 

where, k= Boltzmann constant =1.381x10
-23

; q=1.602x10
-19

;A= diode ideality factor , 

whose value is considered to be 1.4 for silicon polycrystalline array module;   = no. of 

cells in series of PV array;   = temperature . In the MATLAB/Simulink the PV panel 

considered parameters are tabulated in Table 3.3 

 

dI
pI

phI sR cI

cV
pR

    

Fig. 3.9 Single Diode model of PV array 

 



34 
 

Table 3.3: User-defined parameters of PV array module 

Parameters Ratings 

Maximum power 146.65W 

Cells per module (Ncell) 72 

Open Circuit Voltage (Voc) 49.7V 

Short Circuit Current (Isc) 4A 

Voltage at maximum power Vmp 41.9V 

Current at maximum power Imp 3.5A 

Shunt Resistance Rsh 116.32Ω 

Series Resistance Rse 0.569 Ω 

Temperature coefficient of Voc 

(%/deg.C) 

-0.27 

Temperature coefficient of Isc (%/deg.C) 0.05 

 

In this study, for the simulation performance the array is considered with number of 

series cells    as 5 and number of parallel cells    as 4 for 2.7kW of PV power output. 

 

3.2.7. Design of DC-DC boost converter[156]: 

A DC-DC converter is power electronics based circuit, which can step-up or step-down 

the level of the DC voltage. Boost DC-DC converter is used for stepping up the DC 

voltage shown in Fig.3.10. The output voltage of the boost converter can be written as 

   
   

   
                                                                                           (3.23) 

where,    is output voltage of the converter,      is the input voltage of the converter and 

  is the duty cycle of the converter which can be written as 

  
   

 
                                                                                             (3.24) 

where,     is the on time of the switch and   is the time period.  

The performance of the boost converter will be determined by the values of the inductor 

and capacitor employed in the converter. With the volt-sec balance technique, the value 

of the inductor is determined for boost operation. This value determines the system's 
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ripple current as well as the mode of operation, such as continuous or discontinuous 

conduction mode. The inductor's value ought to be 

                  

Fig.3.10 Layout of DC-DC boost converter 

 

   
    

     
                                                                             (3.25) 

where,    is the source inductance of the boost converter,    is the switching frequency 

of the converter and     is the ripple in output current. For single phase VSC application 

        and         is considered.  

The capacitance value can be calculated by using current-sec balance theory and it can be 

written as  

  
   (    

     
                                                                         (3.26) 

where,     is ripple in output voltage, for this application 2% ripple is considered.  

Table.3.4 DC-DC converter parameter selected  

S.no. Parameter Values 

1 Switching Frequency 5kHz 

2 Capacitor ~10uF 

3 Inductor 2.5mH 
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3.3. Design and Development of Three-Phase VSC System:  

Fig. 3.11(a) depicts a three-phase VSC configuration implemented as shunt compensator 

in three-phase three wire system. This arrangement has been evaluated under both normal 

and distorted grid voltage conditions. It is utilized for meeting reactive power demand of 

load and provides harmonic mitigation under non-linear or linear load conditions. The 

same configuration is also capable of handling low voltage ride through operation. 

Fig. 3.12 depicts the system configuration for a grid-connected, three-phase, three-wire, 

single-stage PV system. A PV string or array is connected to the DC-link voltage of a 

three-phase VSC. A DC-DC converter is not required in this configuration. The MPPT 

method is used to generate the reference DC-link voltage (      ). This technique can be 

used for low voltage ride through, harmonic reduction of grid current under linear and 

nonlinear load situations and active and reactive power correction. 

 

 

Fig.3.11(a) Configuration of three phase grid VSC system 
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Fig.3.11(b) Matlab model of three phase system 

 

 

Fig.3.12 Three-phase VSC with single-stage grid connected PV system 

 

Figure 3.13 depicts the system configuration of a grid-tied, triple-phase, double-stage PV 

system. This design uses a DC-DC boost converter to match the PV output with DC link 

voltage of VSC. The MPPT method is used to vary the duty cycle which is supplied to 

the DC-DC boost converter. Less number of PV modules can be used in this 

configuration compared to a single-stage grid-tied PV system. In addition, the design of 
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various systems has been discussed. HCC and the sensor component have already been 

covered. Simulation and experimental results consider different test case viz the normal 

balanced grid, the distorted grid, and low voltage conditions.             

    

 

Fig.3.13 Three-phase VSC with double-stage grid connected PV system 

 

3.3.1.  Calculation of DC link voltage: 

The DC link reference voltage of the system is depends on supply voltage of the system 

and it is expected that the DC-link voltage will be able to add reactive power to the grid. 

As a result, the applied grid voltage needs to be a little bit greater than the three-phase 

VSC's DC-link voltage [157]. The magnitude of the grid voltage can be calculated using 

the factor Eq. (3.27). 

   
 √    

√ 
                                                                            (3.27) 

where,    is the peak amplitude of AC phase voltage and     is the line source voltage 

of three phase system . The rating of three phase system is 70V, 50Hz for the 

experimental system and 110V, 50Hz for simulation performance. The calculation of 

DC-link voltage can be given as: 

      
    

 √    

√ 
                                                                     (3.28) 
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The dc reference value is calculated as 114.29V for experimental setup and set at 150V, 

for simulation the dc link reference voltage value is 155V and it set as 200V for the 

SAPF operation.   

3.3.2.   Calculation of DC link Capacitor 

The input grid voltage and load current have a significant impact on the DC-link voltage 

of the VSC. For DC link voltage to be maintained throughout dynamics, the DC-link 

capacitance value must be high enough [157]. The DC link's capacitance can be 

calculated using the Eq. (3.29). 

 

    
         

[      
      

 ]
                                                                        (3.29) 

where,     is phase voltage of three phase system,    is the compensator current (   

   ), h is overloading factor considered to be 1.2 for this application,   is time constant 

for this application it is equal to 0.02sec,   is gain constant( =0.04),     
 is the 

minimum dc link voltage (    
    ) and       

 is the DC link reference voltage 

(      
     ).  

 

3.3.3. Calculation of interfacing inductor 

Current ripples are filtered out using an interface inductor. Better filtering is provided by 

inductors with greater values, but the loss is also higher [157]. As a result, it is crucial to 

properly build the interface or filter inductor (  ), which is done by calculating by 

Eq.(3.30). 

   
√        

       
                                                                               (3.30) 

where, m is the modulation index,   is overloading factor,    is the switching frequency 

and    is the ripple current and it is considered 5% of the maximum current. 

Table.3.5 Three-Phase VSC parameter selected  

S.no. Parameter Simulation Values Experimental Value 

1 Supply Voltage 110V(L-L) 110V(L-L) 
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1 DC Link Voltage 200V 200V 

2 DC Link Capacitor 1500µF 1500µF 

3 Interface Inductor 3.5mH 3.5mH 

 

3.4. Design and Development of Sensor Circuit: 

3.4.1.  Current Sensor Circuit: 

LEM make LA-25P current sensor is used in the laboratory for sensing the grid and load 

current. It provides galvanic isolation between electronic and power circuits. According 

to the application, this transducer connection has been made as shown in Fig.3.14. With a 

conversion ratio of 1000:1, it provides a nominal value of 25A. A ±15V supply is 

required to operate this sensor, and the output voltage is measured across resistance (Rio) 

and the further signal is fed to the amplification circuit. The experimental representation 

of current sensor is shown in Figure 3.14 and Fig.3.15(a) shows the schematic circuit 

diagram of current sensor. Fig.3.15(b) shows experimental circuit of current sensor 

circuit. 

 

 

 

Fig. 3.14 Connection diagram of current sensor 
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Fig.3.15 (a) Schematic diagram of current sensing circuit using EasyEDA  

 

                           

Fig.3.15(b) Experimental circuit of current sensor circuit 

 

3.4.2.  Voltage Sensor Circuit: 

LEM make LV-25P voltage sensors which are used for sensing the PCC voltage and 

voltage across DC link capacitors. This sensor has a conversion ratio of 2500:1000; it 

provides the nominal value of 25V. A ±15V supply is required to operate this sensor. The 



42 
 

input voltage signal is fed to +HT and -HT terminals; the output voltage is measured 

across terminal M across resistance (Rvo) and a further signal is provided to the 

amplification circuit. The experimental representation of  voltage sensor is shown in 

Figure 3.16 and Fig.3.17(a) shows schematic diagram of voltage sensor circuit. 

Fig.3.17(b) shows experimental circuit of voltage sensor circuit developed in the 

laboratory. 

 

 

Fig. 3.16 Connection diagram of voltage sensor 

 

 

Fig.3.17(a) Schematic diagram of voltage sensor circuit drawn using EasyEDA 
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Fig.3.17(b) Experimental Circuit of voltage sensor circuit developed in the labrotory 

 

 

                                                                      (a) 

Fig. 3.18 (a) Schematic diagram of gate driving circuit using EasyEDA 

 

3.5.Design of Level Shifter for IGBT Driver: 

The dSPACE-1104/MicroLab box 1202 generates PWM signal of nearly +5V and the 

voltage to needed to trigger the IGBTs is +15V. Therefore, an amplification circuit has to 

be connected between the dSPACE-1104/MicroLab box 1202 and driver circuit 
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(SKYPER-32 pro) as shown in schematic circuit diagram of driver circuit in Fig. 3.18(a). 

It consists of AND Gate IC-7406 and transistor 2N222. IC required +5V DC supply and 

NPN transistor needed +15V DC supply to operate. The experimental model is shown in 

Figure 3.18 (b). 

 

 

                                                                        (b) 

Fig. 3.18 (b) Practical Implementation of amplification circuit driver circuit 

 

 

Fig.3.19 Experimental setup of single phase single-stage grid connected PV system  
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3.6. Single Phase Experimental Setup: 

Fig.3.19 shows the experimental setup of sigle phase VSC controlled as a SAPF in 

single-stage grid connected PV system. The principle parts required for the setup are 

listed as follows: personal computer, single-phase programmable supply; dSPACE 1104 

board; auxiliary DC supply; voltage and current sensors; H-bridge VSC; DSO; 

interfacing inductor; resistive load; load side inductor; diode bridge rectifier, 

programmable AC/DC supply. 

        Three-Phase Experimental Setup: 

Fig.3.20 depicts the experimental setup developed for a three-phase grid-connected PV 

system.  

 

 

Fig.3.20 Experimental setup of three phase VSC system 

 

The primary components are as follows: (1) PC (2) MicroLAB Box 1202 (3) Bridge 

rectifier (4) PV simulator (brand) (5) Programmable DC supply (6) Sensors and gating 

circuit (7) Three-phase VSC (8) Interfacing inductors (9) three-phase variable AC supply 

(10) Resistive load (11) Inductive load (12) DSO (13) Three phase programmable AC 

supply (build) (14) Power analyzer (HIKOI). 

 

3.7.Conclusion: 

This chapter provides a detailed discussion of the design and development of single-

phase and three-phase grid-connected PV systems. Moreover, experimental prototype 
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setup figures, system configuration, and design equations have been shown. In single-

phase and three-phase grid-connected PV systems, PV arrays of required rating can be 

connected in single-stage and double-stage configurations. It is important to enhance the 

quality of the power, offer reactive power compensation, inject active power into the grid, 

and meet the reactive power of the load. Hence these system configurations will be 

thoroughly tested in simulation as well as experimental prototypes in the upcoming 

chapters. 
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Chapter-4: Power Quality Improvement Techniques in Single 

and Three Phase Grid Connected PV System  

4.1  Introduction 

This chapter discusses controllers for VSC operating as a filter and it is designed to 

mitigate PQ problems. The PV panels maybe, integrated to VSC in one of two ways: 

single stage or double stage. A PV array coupled to a power distribution system has been 

described and designed in this work. The PV array of 2.7kW is connected to the system at 

the DC link of an H-bridge converter and is designed to function as an active shunt filter. 

Thus, studies on active filter connected to utility grid and RES integrated VSC are 

discussed in detail.  

 

4.2  Basic Compensation Principle of Active Filters: 

The fundamental block diagram for a shunt active filter is shown in the Fig.4.1. A shunt 

active power filter is designed to mitigate the effects of harmonic distortion and reactive 

power in electrical power systems. It works by injecting a compensating current into the 

power system to cancel out the harmonics and reactive power. 

The basic compensation principle of a shunt active power filter is based on the concept of 

current control. The filter monitors the current in the power system and compares it to a 

reference current waveform. If the current contains harmonics or reactive power, the filter 

injects a compensating current into the system that is out of phase with the harmonic or 

reactive current. By doing so, the filter cancels out the undesired current components and 

restores the waveform to its original sinusoidal shape. 

The compensation principle of a shunt active power filter involves several steps[158]: 

Current sensing: The filter measures the current in the power system using a current 

transformer or other sensing device. 

Current filtering: The filter removes any high-frequency noise or disturbances from the 

measured current signal. 

Current reference generation: The filter generates a reference current waveform that 

represents the desired sinusoidal current without harmonics or reactive power. 



48 
 

Current comparison: The filter compares the measured current with the reference 

current waveform to determine the amount of harmonics or reactive power present. 

Current injection: The filter injects a compensating current into the power system that is 

out of phase with the undesired current components. The compensating current is 

generated by an inverter that is controlled by the filter's control circuitry. 

Feedback control: The filter continually adjusts the compensating current to ensure that 

the current in the power system remains sinusoidal and free from harmonics and reactive 

power. 

By using this compensation principle, shunt active power filters can provide effective 

harmonic and reactive power mitigation in electrical power systems thereby improving 

power quality. 

               

Fig.4.1 Basic diagram of shunt active filter (SAPF) for current harmonic compensation  

 

4.3 Conventional Techniques for Extraction of Fundamental load Component in 

Single-Phase and Three-Phase System  

Control methods required for VSC control are employed to estimate the reference supply 

currents. The observed PCC voltages, supply currents, load currents, and DC bus voltage 

of VSC are all inputs to the controller. The basic control algorithm processes these input 

signals and reference supply currents are estimated. The computed reference supply 

currents are compared to the detected supply currents in order to operate the hysteresis 
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current controller, which generates switching pulses for IGBTs of VSC utilized as a 

SAPF in single and three phase systems. Two conventional control techniques are briefly 

covered in this subsection. It includes the essential formulas needed and generates 

reference currents for VSC. 

 

4.3.1 Synchronous Reference Frame (SRF) Technique: 

Using the SRFT approach, the basic active power component of the load current is 

extracted in this section [159]. The SRFT is based on the transformations of load currents 

by Clarke and Park transformation to produce α, β load current components in three 

phase systems. The Clark transformation is used to convert three phase quantity into two 

phase quantity given in Eq.(4.1) and Park transformation is used to convert stationary two 

phase quantity into rotating two phase quantity given in Eq.(4.2).   The two 

transformations involved are 

I. Clark Transformation 

[
   

   
]  

√ 

 
[
         

 √    √   
] [

   

   

   

]            (4.1) 

II. Park Transformation 

[
   

   
]  

√ 

√ 
*
        
         

+ [
   

   
]               (4.2) 

where     is rotating axis direct component,     is rotating axis quadrature component, 

    is stationary axis in-phase component,     is stationary axis out of phase component 

and             and phase load current of phase-a, phase b and phase c respectively.  

For Single Phase System 

 

Fig.4.2(a) SRFT Control technique for single phase system 

For single phase system the in-phase component and the quadrature-phase component are 

necessary for fundamental component estimation. The in-phase component     is taken as 

the load current itself while a quadrature-phase component is obtained using     phase 
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shift as shown in Fig.4.2(a). The SRFT technique's estimation of the fundamental load 

current contains significant ripples and requires filtering; hence a low pass filter (LPF) 

has been used to remove the ripples.  

For Three Phase System  

 

Fig.4.2(b) SRFT control technique for three phase system 

 

Fig.4.3(a) SRFT simulation model for single phase system 

 

 

Fig4.3(b) SRFT simulation model for three phase system 

4.3.2 Second Order Generalized Integrator(SOGI) Filter:  
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It is a second order generalized integrator which acts like band-pass filter (BPF) and low 

pass filter (LPF). The block diagram of SOGI is shown in Fig.4.4(a). SOGI controller 

produces two orthogonal outputs namely direct axis and quadrature axis at same 

frequency    and having same amplitude [160]. The direct axis output (   ) is in phase 

with input and quadrature axis output (   ) lags input by 90  . The transfer function 

shown in Eq.(4.3) and Eq.(4.4) acts like BPF and LPF respectively and gain ( ) of SOGI 

filter decides the bandwidth of filter. The problem with the fixed gain SOGI controller is 

that it works best only under narrow range of operating conditions. Moreover, once tuned 

it is not possible to vary these gains. 

 

 

Fig.4.4(a) Design of SOGI filter with gain constant ‗ ‘ 

 

Fig.4.4(b) Matlab based SOGI model    
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                             (4.3)   

 

 
   

  
 

   
 

          
                             (4.4)  

 

Fig.4.5 Root locus of SOGI filter 

 

For stability analysis of the proposed system, root locus is shown in Fig.4.5 for different 

values of gain ( ). The root locus is also analyzed in Fig.4.5 to check the stability of 

close loop transfer function.  From the plot, it is clear that for   =0 the system behaves 

like undamped system, for   in between 0 to 2 it behaves like underdamped system and 

for   =2 it is critically damped system. A further increment in gain   leads the system to 

overdamped characteristics as shown in Fig.4.5. 

The bode plot of BPF shown in Eq.(4.3) is shown in Fig.4.6 for different value of gain 

( ). It is observed from Fig.4.6 as the k increases; the bandwidth of filter increases and 

for lower value of     bandwidth decreases and becomes sharper. A sharper filtering 

action is required for effective BPF. Fig.4.7 shows the step response of Eq.(4.3) which 

shows a low value of   leads to a sluggish response and settling time is more. Effective 

filtering and fast response both are desired, and hence the value of   should be 

judiciously decided.  
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Fig.4.6 Bode diagram of SOGI filter using Eq.(4.3) different values of ‗ ‘ 

 

      

 

Fig.4.7 Step response of SOGI filter for different values of gain ‗ ‘ 

The gain   is decided as 0.707 for the simulation purpose to be the most appropriate. 
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4.4.   Techniques for Extraction of Fundamental load Component in Single-Phase 

and Three-Phase System: 

In this section two new controllers have been briefly discussed, it includes the essential 

formulas needed and generates reference current for VSC.  

 

4.4.1. RBFNN Controller 

Fig.4.1 shows the schematic diagram of an H-bridge shunt compensator connected to a 

system feeding non-linear loads. The shunt compensator comprises four and six switches 

based on system which are effectively controlled using the RBFNN controller. For 

Implementation of  RBFNN, gather training data and use k-means clustering to set the 

centers of the radial basis functions. Train the network by calculating activations with 

Gaussian functions and adjusting weights to minimize prediction error. Finally, evaluate 

the model's performance using metrics like Least Mean Squared Error (LMS) .The 

control scheme is designed to correctly track the fundamental component of load current 

under all load variations. The RBFNN technique is effectively designed to work as an 

adaptive filter and provide PQ improvement. 

         

 

Fig. 4.8(a) Block diagram of General RFNN Model  
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Fig. 4.8(b) Block diagram of proposed RFNN single neuron based model    

 

 

Fig. 4.8(c) Simulation model of RBFNN controller 

 

Fig.4.8(a) shows the configuration of generalized RBFNN model with multiple inputs, 

multiple neurons in the hidden layer and a single output. This is the conventional method 

involving multiple weights of associated neurons and is a complex approach. The 

proposed adaptive RBFNN controller in Fig.4.8(b) shows the proposed configuration 

with one input (load current), single neuron in hidden layer and output (  ) 

corresponding to the extracted weight. This network is trained online using the Least 

means Square (LMS) technique. Only two parameters viz. weight (   ) and centre (   ) 

are required to be trained to obtain the fundamental component of load current (  ). The 
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trained network can then be utilized for PQ improvement. The details of the proposed 

controller including the peak estimated current (  ), error (  ) and constants (α1, α2) are 

discussed in the next Section. 

 

4.4.1.1 Mathematical Formulation 

This Section discusses the mathematical details of the developed RBFNN controller. In 

Fig.4.8(a), the activation function (  ) of the j
th 

node in the hidden layer is defined as 

       ( 
  

 

   
                 (4.5) 

where      (    )  and                    denote the input vector for the NN, 

                       denotes the centre vector for the j
th 

node, bj is basis width of 

the j
th 

node. The output of the generalized RFBNN model is computed using Eq.(4.6) 

  (                             (4.6) 

where   ,   , ………….    are the weights to be updated. 

The conventional RBFNN controller in Fig.4.8(a) computes single output once all the 

weights have been tuned. In contrast, the proposed configuration in Fig.4.8(b) considers 

only a single neuron in the hidden layer which is updated using generalized LMS 

technique as shown in Eq.(4.7) 

   (        (     
  

    
          (4.7) 

where α1 is the convergence factor and <1, the single weight     is updated as 

   (        (     
  

    
           (4.8) 

where       (      
  denotes the error and is computed using the desired output  

(  ) and actual output (  ) , Substituting 

  

    
  (                      (4.9) 

The weight equation is now updated as 

   (        (     (                  (4.10) 

Similarly, the center      can be updated as  

   (        (     
  

    
            (4.11) 

where α2 is another convergence factor<1. Using the chain rule for derivatives, 
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              (4.12) 

These partial derivatives are computed as  

  

   
  (      , 

   

   
    , 

   

   
  

    

   
 

   

    
 and   

   

    
  (           (4.13) 

The updation for center,     is obtained as 

   (        (      (         (  
  

   
 (       )      (4.14) 

For simplification,   
   is taken as 1.0. The diagram showing the online updation of 

weight and center for system is shown in Fig.4.8(b).  

 

4.4.2. Bateman Polynomial based Controller: 

Bateman polynomial (BP) was proposed by Bateman [161]. These BP polynomials 

belong to the family of orthogonal polynomials. There are numerous generalization 

extensions and application of the Bateman polynomials discussed in the literature [161-

166]. The BP polynomials can be defined by the relation  

  (
 

  
)     (        (    (   (            (4.15) 

where    is a Legendre polynomials. The BP function   (   satisfies recurrence relation 

for integer values of ‗ ‘ 

(         (    (        (         (                  (4.17) 

where   is integer. 

  (                                                                                             (4.18) 

  (                                                                                         (4.19) 

  (    
 

 
  

 

 
                                                          (4.20) 

The fundamental current of a load is estimated in this study using the approximation 

function  (  , which is applicable to any function. In an ANN network, this polynomial 

function may simply replace the hidden layer. This means that BP-based algorithms can 

be designed to be faster and less resource-intensive than those based on multi-layer 

perceptron networks. 

Fig.4.9(a) shows the new controller implementation based on adaptive Bateman 

polynomials. The input is the load current (  ), and the output is the extracted 

fundamental weight (  ) of the load. The Least Mean Square (LMS) method is used to 
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train this network remotely. The basic component of load current may be obtained by 

training with just one parameter weight ( ). This network's output is put to use in the 

order to enhance PQ. 

The formula for weight updation using the LMS training approach is 

 (    (        (    (                     (4.21) 

where   is learning rate and  (   is updated  fundamental weight of respective phase. 

Now     

     (   ∑   (   
 
                           (4.22) 

where  (   is weight of the system trained by LMS. Similarly for three phase system 

phase-a phase-b and phase-c weights are separately trained adaptively. 

      (   ∑   (     
                            (4.23) 

      (   ∑   (    
 
                            (4.24) 

      (   ∑   (    
 
                            (4.25) 

 

 

 

Fig.4.9(a) Proposed BP polynomial based adaptive controller 

        

where   (     (   and   (   are the respective weights of phase-‗a‘, phase-‗b‘ and 

phase- ‗c‘ trained by LMS and    ,     and     are fundamental weights extracted for 

phase-a, phase-b and phase-c. The average weight of three-phase system is given by  

  (    
           

 
                                                                                                  (4.26) 

In this work PV has been integrated to the grid, to ensure maximum power transfer from 

PV to grid MPPT algorithm has been used and discussed in the following section.    
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Fig.4.9(b) Simulation model of adaptive BP controller 

 

4.5.  PV Curves and MPPT Operation:  

The environmental factors, in particular the temperature and irradiance, have a significant 

impact on the performance of PV. In section 3.1.6 the modeling of PV array has been 

discussed and for simulation performances a 2.7kW PV array has been used in this study.  

 

Fig.4.10(a) IV and PV curves for different values of irradiance at temperature 25
0
C 
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Fig4.10(b) IV and PV curve on different value of temperature at 1000W/m
2 

 

Fig.4.10 depicts a module's P-V and I-V curves. According to Fig. 4.10(a), the PV 

current and power change significantly when the irradiation changes.  Fig.4.10(b) shows 

IV and PV curves on different value of temperature, with change in temperature the 

operating voltage point for maximum power (   ) changes considerably. The output 

power of a PV array is lower at higher temperatures and higher at lower temperature. 

Maximum power point is referred to as maximum power point (   ), maximum power 

point voltage as maximum power point (    ), and maximum power point current as 

maximum power point (    ), respectively. To get the maximum power possible out of 

the PV module, string, or array, MPPT algorithm is necessary. P&O, Incremental 

Conductance (INC), and soft computing-based techniques like fuzzy logic and artificial 

neural network (ANN)-based algorithms are only a few of the MPPT algorithms that 

have been developed and used in the literature[102-103, 123-124]. P&O is one of the 

simplest and most straightforward algorithms out of all those addressed in the literature. 

It also offers good tracking performance. Fig.4.11 depicts the P&O algorithm flow-charts 

for a single-stage grid-connected PV system. The technique is based on obtaining voltage 

and current samples at regular intervals, it calculates power using those data, compares it 

to previously obtained power values, and predicts the maximum power at voltage (    ). 
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Given in Eq.(4.27), the mathematical expression for the P & O algorithm for single-stage 

grid-connected PV systems yields      and is subsequently used as       . 

{

                   
                   

                
                                    (4.27) 

The voltage step size used in Eq.(4.26) to update the reference maximum power voltage 

at each step is denoted by the symbol ∆V. In Eq.(4.28), the mathematical expression for 

the P & O algorithm for a double-stage grid-connected PV system with duty-cycle 

generation and DC-DC boost converter input is provided. 

    

Fig. 4.11 Flowchart of P & O MPPT algorithm[167] 
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{

                   
                   

                
                               (4.28) 

Here,   stands for the inverter's duty cycle, and ∆D stands for the step-size to update D's 

value. While a bigger step-size results in a quicker reaction, it also causes higher 

oscillations, which are undesirable because they continuously vary the output voltage. 

Because of this, an optimal value of ∆V = 0.1V for a single-stage system and ∆D = 0.001 

for a double-stage grid-connected PV system have been chosen. 

 

4.6. Feed-Forward Current Estimation: 

With VSC, the PV array transfers active power to the electrical system in accordance 

with its capacity and rating. In ideal case, the power generated by PV is delivered to the 

grid in an amount that is equal to the active power measured at the output of VSC 

(   =  ), however there is a small loss in the inverter. In this case,    stands for the 

power produced by the PV, while    is the AC side power of the VSC. At a DC link, 

power is computed as follows: 

                       (4.29) 

Active power calculated for ‗a‘ phase at ac side of the inverter 

            
     

 
                (4.30) 

Here,    is the maximum magnitude of the voltage signal for single phase system 

generated by using second order generalized integrator (SOGI) filter. 

   √   
     

       
   

  
                                 (4.31) 

where    is maximum amplitude of voltage signals and     is  in-phase and     is 

quadrature components. 

For three-phase system    is given by  

   
 

 
√  

    
    

                (4.32) 

where       and    are the phase voltages of three phase system.     is the feed forward 

current or peak current magnitude of the VSC current which is injected to the grid. 
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For single phase system: 

    for single phase system is calculated by using Eq.(4.29), Eq.(4.30) and Eq.(4.31). 

Thus      is given by Eq.(4.34) 

       
     

 
            (4.33) 

    
    

  
                (4.34) 

For three-phase system: 

    for three-phase system is calculated by using Eq.(4.29), Eq.(4.30) and Eq.(4.32). Thus 

    will be 

        
     

 
               (4.35) 

    
    

   
              (4.36) 

 

4.7. Loss Component Estimation: 

In practice, unexpected transients impact the system performance owing to rapid changes 

in load. Monitoring and regulating the DC link voltage(     is crucial for efficient SAPF 

compensation service. It is important to regulate DC link voltage and to reduce the error 

in DC link voltage(    , a typical conventional proportional-integral (PI) feedback 

controller is required and may be easily constructed. The error can be expressed as 

follows: 

                                            (4.37) 

For switching losses requirement, the reference value of DC link (        is subtracted 

from real time DC link voltage(    , and thus switching loss will be estimated as  

                ∫                             (4.38) 

where,    and    are the PI controller's proportional and integral gains. 

 

4.8. Generation of Switching Pulses: 

The overall active power demand of the load is computed by estimating the basic active 

power component of load current and the loss component determined from dc link 

voltages(    . 
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                                            (4.39) 

where    is output fundamental weight of load current of the system. Furthermore, for 

the single phase system, the required fundamental reference current (  
 ) is calculated by 

multiplying the predicted fundamental active component of the load (      by the unit 

in-phase component (  ). 

  
                                   (4.40) 

where   is unit vector template  

      
   

  
                                   (4.41) 

Similarly, for the three-phase system, the required fundamental reference currents (     
 ) 

is calculated by multiplying the predicted fundamental active component of the load 

(      by the unit in-phase component (    ). 

     
                                        (4.42) 

where       denotes unit vector templates for the three respective phases  

     
   

  
       

   

  
       

   

  
                              (4.43) 

Hysteresis current controller (HCC) is used for its simplicity and robust working for 

generation of switching signals. According to Fig.4.12, the hysteresis current controller 

(HCC) block creates gate pulses by comparing the measured source current (  ) with the 

reference current (  
 ).        

 

Fig.4.12 Switching Pulse Generation  

 

4.9. Performance Analysis of Single-Phase and Three-Phase System: 
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The next section provides a detailed study of the given controller's performance for both 

with and without solar power. 

4.9.1.  Simulation Performance of Single Phase System: 

This Section presents the results with the SRF, SOGI, adaptive BP based controller and 

adaptive RBFNN technique for a single-phase grid-connected system with/without PV 

integration. A 2.7kW PV array is integrated to power distribution system feeding non-

linear loads and linear loads. The system is simulated and its operation under various 

conditions is investigated using Simulink/ MATLAB.   

 

4.9.1.1.  Simulation Performance with SRF Technique of Single Phase System: 

Fig.4.13 shows the simulation results of intermediates parameters of SRF control 

algorithm on load change. It shows load current (  ), load current d-component (   ), load 

current quadrature q-component (   ) and output fundamental weight. 

 

 

Fig.4.13 Intermediate performancec of SRF technique (a) load current (  ), (b) load 

current  - component (   ), (c) load current quadrature q-component (   ) (d) output 

fundamental weight 
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Fig.4.14 shows the schematic diagram of single-phase VSC controlled by SRF control 

technique. Fig.4.15 shows simulation performance of SRF control algorithm during the 

variation from day time tonight time and linear, non-linear load variation for single phase 

grid connected 2.7kW of PV system. Fig.4.15 shows the plots for supply voltage(   , 

supply currents (  ), load currents (  ), compensator currents (  ), DC link voltage ((    ) 

and irradiance (   ). At starting time day mode is present, the irradiance is assumed to be 

a constant value 1000W/m
2
. At t=1.0s linear load is inserted and at t=1.3s non-linear load 

is inserted into the system. At t=1.6s night time is simulated and irradiance level is 

decreased till 0W/m
2
. Hence, the PV output power becomes zero during this period. 

During day time of  operation the grid receives power from PV and due to this the source 

voltage and current is out of phase similarly during night mode of operation PV power 

become zero so the requirement of the load is supplied by source thus during this tine 

source voltage and current in in-phase to each other. 

 

 

Fig.4.14 Layout of VSC controlled using SRF technique for single phase system 
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The compensator current also changes and the supply current increases to meet the new 

load demand. Even in the presence of distorted load currents, the supply current 

maintains sinusoidal behavior throughout both load change and irradiance change. In a 

single phase grid linked PV system, the PQ issues are successfully improved by 

SRF algorithm. 

Fig.4.16 shows the total harmonic distortion (THD) in source voltage, source current and 

load current to be 0.25%, 4.26% and 29.14% respectively during closed loop operation of 

SAPF. The proposed controller is able to maintain THD level of source current as per 

IEEE 519 and IEEE 1547 standard. 

 

 

Fig.4.15 Simulation performance of single phase VSC controlled by SRF showing (a) 

source voltage   (b) source current,   (c) load current,   (d) converter current,   (e) dc 

link voltage,    (f) irradiance(W/m
2
) 
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(a)                                                    (b)                                            (c) 

Fig.4.16 THD performance of SRF in single phase system (a) source voltage    (b) 

source current    (c) load current    

 

4.9.1.2. Simulation Performance with SOGI Algorithm for Single Phase System: 

Fig.4.17 shows intermediate performance of SOGI filter during the load change, shows 

load current (  ), in-phase component of load current (   ), quadrature phase component 

(   ) and output weight. 

 

 

Fig.4.17 Intermediate performance of SOGI filter (a) load current (  ), (b) in-phase 

component of load current (   ), (c) quadrature phase component (   ) (d) output weight. 
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Fig.4.18 Layout of VSC controlled using SOGI technique for single phase system 

 

 

Fig.4.19 Simulation performance of SOGI in single phase system showing (a) source 

voltage   (b) source current,   (c) load current,   (d) converter current,  (e) dc link 

voltage,   (f) irradiance(W/m
2
) 
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Fig.4.18 shows the structure of PV connected single-phase VSC controlled by SOGI 

filter. Fig.4.19 shows the simulation performance of SOGI control algorithm under the 

irradiance variation from day time and night time and under linear and non-linear load 

variation for single phase grid connected PV system. 

Fig.4.19 shows the plots for supply voltage (   , supply currents (  ), load currents (  ), 

compensator currents (  ), DC link voltage (   ) and irradiance (   ). At starting time day 

mode is simulated and the irradiance is kept at 1000W/m
2
. At t=1.0s linear load is 

inserted and at t=1.3s non-linear load is inserted into the system. At t=1.6s night time 

simulated. Hence irradiance level is decreased to 0W/m
2
. The PV delivers power to grid 

and load during the day time, which causes the source voltage and current to be out of 

phase. As PV power is zero during night time, the load requirements are supplied by the 

source thus the source voltage and current are in phase. The supply current maintains 

sinusoidal behavior throughout both load change and irradiance change, even in the 

presence of distorted load currents. The SOGI algorithm satisfactorily addresses the PQ 

concerns in a single phase grid connected PV system. 

Fig.4.20 shows the total harmonic distortion (THD) in source voltage, source current and 

load current to be 0.14%, 3.34% and 26.51% respectively during closed loop operation of 

SAPF. The proposed controller is able maintain THD level of source current as per IEEE 

1547 and 519 standard. 

 

(a)                                            (b)                                                (c) 

Fig.4.20 THD performance of SOGI controller in single phase system (a) source voltage 

   (b) source current    (c) load current    
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4.9.1.3. Simulation Performance with BP Controller of Single Phase System: 

Fig.4.21 shows the intermediate performance of proposed adaptive BP algorithm trained 

by LMS, shows load current (  ), desired weight, output fundamental weight and error of 

the system. As the load changes, the output fundamental weight of the system follows the 

desired weight and the error between desired weight and output fundamental weight is 

very less as shown in Fig.4.21. 

Fig.4.22 shows the structure of single phase VSC controlled by adaptive BP controller. 

For single phase system Fig.4.23 shows the plots for supply voltage(   , supply currents 

(  ), load currents (  ), compensator currents (  ), DC link voltage (   ) and irradiance 

(W/m
2
). A single-phase supply of 110V, 50Hz is system ac input and both linear and 

non-linear loads are considered. Initially, the connected load comprises linear and non-

linear components. Both day time and night time cases are explored. During daytime PV 

array of 2.7kW with irradiance of 1000 W/m
2
 is simulated upto t=1.6s and beyond t =1.6s 

PV array irradiance is reduced to 0W/  (considered as night time). Thus, the results in 

Fig.4.23 highlight the effect of PV integration till t=1.6s and its subsequent removal 

thereafter.  

       

 

Fig.4.21 Intermediate performance of BP controller (a) load current (  ), (b) direct axis 

component of load current (   ), (c) quadrature axis component (   ) (d) output weight.  
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Fig.4.22 Layout of VSC controlled using adaptive BP technique for single phase system 

 

 

Fig.4.23 Simulation performance of adaptive BP in single phase system showing (a) 

source voltage   (b) source current,   (c) load current,   (d) converter current,  (e) dc 

link voltage,   (f) irradiance(W/m
2
) 
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The night time operation corresponds to SAPF operation without RES integration. The 

tracked weight is shown in Fig.4.23 and it is observed that the actual weight tracking is 

fast achieved within 2 cycles even when the linear load inserted at t=1s and a non-linear 

load increased at t=1.3s. Convergence is reached within two cycles irrespective of the 

load changes.  Fig.4.23 shows PQ improvement results and focuses on power factor 

correction and harmonic mitigation. Severe load variation is introduced at t=1s and 1.3s. 

The compensator injects the necessary currents and the grid currents are sinusoidal. Thus, 

the adaptive BP controller achieves load compensation.  

 

Fig.4.24 shows the total harmonic distortion (THD) in source voltage, source current and 

load current to be 0.26%, 3.32% and 28.08% respectively during closed loop operation of 

SAPF. The proposed controller is able maintain THD level of source current as per IEEE 

519 and 1547 standard. 

 

(a)                                           (b)                                                  (c) 

Fig.4.24 THD performance of adaptive BP controller in single phase system (a) source 

voltage    (b) source current    (c) load current    

 

4.9.1.4.  Simulation Performance with RBFNN Controller of Single Phase System: 

Fig.4.25 shows the intermediate performance of proposed RBFNN algorithm, shows load 

current (  ), desired weight, output fundamental weight and error of the system. Proposed 

RBFNN is trained by LMS. As the load changes, the output fundamental weight of the 

system follows the desired weight and the error between desired weight and output 

fundamental weight is very less as shown in Fig.4.25. 
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Fig.4.25 Intermediate performance of proposed RBFNN controller (a) load current (b) 

desired weight (c) output weight (d) error function  

 

 

Fig.4.26 Layout of VSC controlled using adaptive RBFNN technique for single phase 

system 
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Fig.4.26 shows the structure of single phase VSC controlled by proposed RBFNN control 

algorithm. For single phase system Fig.4.27 shows the plots for supply voltage(   , 

supply currents (  ), load currents (  ), compensator currents (  ), DC link voltage (   ) 

and fundamental weight (FW). A single-phase supply of 110V, 50Hz is system ac input 

and both linear and non-linear loads are considered. Initially, the connected load 

comprises linear and non-linear components. Both day time and night time cases are 

explored. During daytime PV array of 2.7kW with irradiance of 1000 W/m
2
 is simulated 

upto t=1.6s and beyond t =1.6s PV array irradiance is reduced to 0W/  (considered as 

night time). Thus, the results in Fig.4.27 highlight the effect of PV integration till t=1.6s 

and its subsequent removal thereafter. The night time operation corresponds to VSC 

operation without RES integration. Fig.4.27 shows PQ improvement results and focuses 

on power factor correction and harmonic mitigation. Load variation is introduced at t=1s 

and 1.3s. The compensator injects the necessary currents and the grid currents are 

sinusoidal. Thus, the developed adaptive RBFNN controller achieves load compensation.        

           

 

Fig.4.27 Performance of controller showing (a) source voltage   (b) source current,   (c) 

load current,   (d) converter current,  (e) DC link voltage,   (f) fundamental weight, 

FW 
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(a)                                         (b)                                         (c) 

Fig.4.28 THD performance of SOGI controller in single phase system (a) source voltage 

   (b) load current   (c) source current     

 

Fig.4.28 shows the total harmonic distortion (THD) in source voltage, source current and 

load current to be 0.20%, 2.83% and 28.64% respectively during closed loop operation of 

SAPF. The proposed controller is able maintain THD level of source current as per IEEE 

519 and 1547 standard. 

 

4.9.2. Simulation Performance of Three Phase System: 

This Section presents the results with the SRF, SOGI, adaptive BP based controller and 

adaptive RBFNN technique for a three-phase grid-connected system with/without PV 

integration. A 2.7kW PV array is integrated to power distribution system feeding non-

linear loads and linear loads. The system is simulated and its operation under various 

conditions is investigated using Simulink/ MATLAB.   

 

4.9.2.1.  Simulation Performance with SRF Technique for Three Phase System: 

Fig.4.29 shows the structure three-phase VSC controlled by SRF control technique. 

Fig.4.30 shows simulation performance of SRF control algorithm during the variation 

from day time to night time and linear, non-linear load variation for three phase grid 

connected PV system of 2.7kW same as single phase system.  
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Fig.4.29 Three phase SRF control structure  

 

 

Fig.4.30(a) Simulation performance of three phase SAPF controlled by SRF showing (a) 

source voltage      (b) source current,      (c) load current,      (d) converter 

current,     (e) dc link voltage,    
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Fig.4.30(a) shows the plots for supply voltage(      , supply currents (     ), load 

currents (     ), compensator currents (     ) and DC link voltage (   ). Fig.4.30(b) 

shows the plots for supply voltage(   , supply currents (     ), load currents (     ), 

compensator currents (     ), DC link voltage (   ) and irradiance (   ). At starting time 

day mode is present, the irradiance is 1000W/m
2
. At t=1.0s linear load is inserted and at 

t=1.3s non-linear load is inserted into the system in Fig.4.30(a). At t=1.6s night time is 

simulate. Thus irradiance level decreased to 0W/m
2
 and PV output power become zero 

during this period in Fig.4.30(b). 

As a result, the source voltage and current are out of phase when the grid is operating 

during the day. Similarly, when the grid is operating at night, when PV power is zero and 

the load is provided by the source then the source voltage and current are in phase. The 

supply current maintains sinusoidal behavior throughout both load change and irradiance 

change, even in the presence of distorted load currents. 

 

Fig.4.30(b) Simulation performance of three phase SAPF controlled by SRF showing (a) 

source voltage      (b) source current,      (c) load current,      (d) converter 

current,     (e) dc link voltage,   (f) irradiance(W/m
2
) 
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(a)                                                 (b)                                           (c) 

Fig.4.31 THD performance of SRF in three phase system (a) source voltage    (b) source 

current    (c) load current    

 

Fig.4.31 shows the total harmonic distortion (THD) in source voltage, source current and 

load current to be 0.15%, 5.36% and 26.09% respectively during closed loop operation of 

SAPF. The proposed controller is not able maintain THD level of source current as per 

IEEE 519 and IEEE 1547 standard. 

 

4.9.2.2.  Simulation Performance with SOGI Algorithm for Three-Phase System: 

Fig.4.32 shows the structure three-phase VSC controlled by SOGI control technique. 

Fig.4.33 shows simulation performance of SOGI control algorithm during the variation 

from day time to night time and linear, non-linear load variation for three phase grid 

connected PV system same as single phase system. 

Fig.4.33(a) shows the plots for supply voltage(      , supply currents (     ), load 

currents (     ), compensator currents (     ) and DC link voltage (   ) Fig.4.33(b) 

shows the plots for supply voltage(   , supply currents (     ), load currents (     ), 

compensator currents (     ), DC link voltage (   ) and irradiance (   ). Some 

disturbances like as linear load, non-linear load and transient from day time to night time 

at 1sec, 1.3sec in Fig.4.33(a) and 1.6sec in Fig.4.33(b) respectively, during all these 

disturbance the supply current maintains sinusoidal behavior throughout both load change 

and irradiance change, even in the presence of distorted load currents.  
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Fig.4.32 Three phase SOGI control structure  

 

 

Fig.4.33(a) Simulation performance of three phase system controlled by SOGI filter 

showing (a) source voltage      (b) source current,      (c) load current,      (d) 

converter current,     (e) dc link voltage,    
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Fig.4.33(b) Simulation performance of three phase system controlled by SOGI filter 

showing (a) source voltage      (b) source current,      (c) load current,      (d) 

converter current,     (e) dc link voltage,   (f) irradiance(W/m
2
) 

 

(a)                                          (b)                                         (c) 

Fig.4.34 THD performance of SOGI controller in three phase system (a) source voltage 

   (b) source current    (c) load current    

 

Fig.4.34 shows the total harmonic distortion (THD) in source voltage, source current and 

load current to be 0.23%, 3.93% and 27.19% respectively during closed loop operation of 
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SAPF. The proposed controller is able maintain THD level of source current as per IEEE 

1547 and 519 standard. 

 

4.9.2.3.  Simulation Performance with BP Controller of Three-Phase System: 

Fig.4.35 shows the structure three-phase VSC controlled by SOGI control technique. 

Fig.4.36 shows simulation performance of SOGI control algorithm during the variation 

from day time to night time and linear, non-linear load variation for three phase grid 

connected PV system same as single phase system. Fig.4.36(a) shows the plots for supply 

voltage(      , supply currents (     ), load currents (     ), compensator currents (     ) 

and DC link voltage (   ). Fig.4.36(b) shows the plots for supply voltage(      , supply 

currents (     ), load currents (     ), compensator currents (     ), DC link voltage (   ) 

and irradiance (   ). Some disturbances like as linear load, non-linear load and transient 

from day time to night time at 1s, 1.3s in Fig.4.36(a) and 1.6s in Fig.4.36(b) respectively, 

during all these disturbance the supply current maintains sinusoidal behavior throughout 

both load change and irradiance change, even in the presence of distorted load currents.  

    

 

Fig.4.35 Three phase adaptive BP control structure 
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Fig.4.36(a) Simulation performance of adaptive BP controller forthree phase system 

showing (a) source voltage      (b) source current,      (c) load current,      (d) 

converter current,     (e) dc link voltage,    

 

Fig.4.36(b) Simulation performance of adaptive BP controller forthree phase system 

showing (a) source voltage      (b) source current,      (c) load current,      (d) 

converter current,     (e) dc link voltage,   (f) irradiance(W/m
2
) 
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                       (a)                                       (b)                                         (c) 

Fig.4.37 THD performance of adaptive BP controller in three phase system (a) source 

voltage    (b) source current    (c) load current    

 

Fig.4.37 shows the total harmonic distortion (THD) in source voltage, source current and 

load current to be 0.24%, 3.87% and 26.59% respectively during closed loop operation of 

SAPF. The proposed controller is able maintain THD level of source current as per IEEE 

519 and 1547 standard. 

 

4.9.2.4.  Simulation Performance with RBFNN Controller of Three-Phase System: 

Fig.4.38 shows the structure three-phase VSC controlled by SOGI control technique. 

Fig.4.39 shows simulation performance of SOGI control algorithm during the variation 

from day time to night time and linear, non-linear load variation for three phase grid 

connected PV system same as single phase system. 

Fig.4.39 shows the plots for supply voltage(      , supply currents (     ), load currents 

(     ), compensator currents (     ), DC link voltage (   ) and irradiance (   ). Some 

disturbances like as linear load, non-linear load and transient from day time to night time 

at 1s, 1.3s in Fig.4.39 and 1.6s in Fig.4.40 respectively, during all these disturbance the 

supply current maintains sinusoidal behavior throughout both load change and irradiance 

change, even in the presence of distorted load currents. 
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Fig.4.38 Structure of proposed RBFNN controlled three phase VSC 

 

 

Fig.4.39 Simulation performance of three phase system controlled by proposed RBFNN 

showing (a) source voltage      (b) source current,      (c) load current,      (d) 

converter current,     (e) dc link voltage,    
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Fig.4.40 Simulation performance of three phase system controlled by proposed RBFNN 

showing (a) source voltage      (b) source current,      (c) load current,      (d) 

converter current,     (e) dc link voltage,   (f) irradiance(W/m
2
) 

 

Fig.4.41 shows the total harmonic distortion (THD) in source voltage, source current and 

load current to be 0.26%, 2.23% and 27.59% respectively during closed loop operation of 

VSC. The proposed controller is able maintain THD level of source current as per IEEE 

519 and 1547 standard. 

 

(a)                                      (b)                                          (c) 

Fig.4.41 THD performance of proposed RBFNN in three phase system 
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4.10. Comparison: 

After the detailed analysis of simulation performance of the proposed controllers, the 

comparison result with conventional SRF technique and SOGI model are presented in 

Fig.4.42 and Table-4.1. It shows that SRF technique shows delay in response because it is 

phase locked-loop (PLL) is dependent and complex in nature and SRFT shows also high 

steady state error as shown in the Fig.4.42. SOGI show a fast convergence of weight with 

oscillation compared to other proposed controllers. Both the techniques SRF and SOGI 

are non-adaptive in nature. Comparatively, both these controllers have fast convergence 

without any delay in response, almost no oscillation and zero steady state error. The 

adaptive BP controller has a peak overshoot during the load change. The BP based 

controller and RBFNN based controller are adaptive in nature. Also, total harmonic 

distortion (THD) of supply currents of both techniques is much lower with the 

conventional techniques. The SRF technique and the SOGI need modifications for 

satisfactory performance. The proposed adaptive BP and RBFNN are simple and give 

excellent results under load variations. These can be applied to VSC integrated with PV 

array as well as without PV array. 

 

Fig.4.42 Comparison of fundamental weights using (a) SRF (b) SOGI (c) BP and (d) 

RBFNN 
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Table 4.1: Comparative Performance of different techniques 

S.No. Parameter SRF technique SOGI BP RBFNN 

1.   PLL (requirement) Yes No No No 

2. Technique Non-adaptive Non-adaptive Adaptive Adaptive 

3. Tracking 

performance  

Moderate  Moderate Good Good 

4.  Weight 

Convergence  

Moderate(>2 

cycles) 

Moderate(>3  

cycles) 

Fast (< 2 cycles) Fast (< 2 

cycles) 

5. Steady state error Yes No No No 

6. Oscillation No Yes No No 

7. Dependency on 

control parameters 

Highly dependent Yes No, self-

adaptive 

No, self-

adaptive 

8. Complexity Very high  Medium Lower Lower 

9. % Peak Overshoot NA NA Yes NA 

                                                                      Single phase system 

10. % THD of    0.25% 0.14% 0.26% 0.20% 

11. % THD of    29.14% 26.51% 28.08% 28.64% 

12. % THD of     4.26% 3.34% 3.23%  2.83% 

Three Phase System 

13. % THD of       0.15% 0.23% 0.24% 0.26% 

14. % THD of        26.09% 27.19% 26.59%  27.59% 

15. % THD of        5.36% 3.96% 3.87%  3.23% 

 

4.11.  Experimental Performance: 

An experimental setup of a single-phase and three-phase system has been developed to 

validate the simulation results of the proposed system. The performances of SRF, SOGI. 

Adaptive BP based controller and adaptive RBFNN are investigated in steady state and 

dynamic changes under various loading scenarios for both the cases viz. SAPF without 

and with PV integrated system. The experimental parameters are mentioned in the 

Appendix.   
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4.11.1. Single Phase Performance: 

The experimental performances of SRF, SOGI, adaptive BP based controller and 

adaptive RBFNN is investigated in single phase system and the steady state and dynamic 

response under various loading scenarios for both the cases viz. SAPF without and with 

PV integrated system is analyzed in following section. 

 

4.11.1.1.  Experimental Performance with SRF Technique for Single-Phase System: 

The experimental performances of SRF is investigated in single phase system and the 

steady state and dynamic response under various loading scenarios for both with and 

without PV integrated system is analyzed. The intermediate performance of SRF control 

technique is shown in Fig.4.43 which shows load current (  ), direct axis component of 

load current (   ), quadrature axis component of load current (   ) and output weight of 

SRFT.  The output weight of SRFT changes as the load changes but it has some 

oscillation as shown in Fig.4.43.  

 

 

Fig.4.43 Intermediate performance of SRF control technique showing (a) load current 

(  ) (b) direct axis component (     (c) quadrature axis component (     (c) output weight 

 

The steady state performance of the single phase system is shown in Fig.4.44. Fig.4.44(a) 

shows waveform of source voltage(    and load current(   . Fig.4.44(b) shows the 

waveform of source voltage (    and source current(   .  The THD in load current is 
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33.61% as shown in Fig.4.44(c).The THD in source voltage is 2.07% and THD in source 

current 4.99% shown in Fig.4.44(d) which as per IEEE 519 standard. The SRF based 

single phase VSC performs harmonic reduction for supply currents in single system. In 

addition, the supply voltage and current have an in-phase relationship showing almost 

unity power factor operation 

  

(a) (c) 

Fig.4.44 Steady state waveforms of single phase system showing (a) source voltage (  ) 

and load current (  ) (b) source voltage (  ) and source current (   )  

 
 

(b) (d) 

Fig.4.44 Steady state waveforms of single phase system showing (c) THD of    (2.04%) 

and    (33.61%)(d) THD of    (2.07%) and    (4.99%) 

 

The dynamic performance of the single phase system without PV is shown in Fig.4.45 (a-

b) in which source voltage (    , source current (  ), load current (  ), converter current 

(  )DC link voltage (   ), and output fundamental weight are shown. From Fig.4.45 (a-b) 
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it is observed that during the change in load, the DC link voltage is stable and the grid 

current is sinusoidal. The harmonic content in grid current is also maintained as per IEEE 

519 standard.  

 

 
 

(a) (b) 

Fig.4.45 Dynamic performance of SRFT without PV for single phase system showing (a) 

(                         (b) (             

 

Fig.4.46 (a-b) shows dynamic performance of SRF for single phase system with PV 

integrated at the DC link of the inverter. Fig.4.46(a) shows (           ) and clearly an 

out of phase relationship between the source voltage and source current are visible due to 

PV integration.  Fig.4.46(b) shows (             ) in which DC link voltage is stable. 

 

  

(a) (b) 

Fig.4.46 Dynamic performance of SRFT with PV for single phase system showing (a) 

(             (b) (             ) 
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4.11.1.2.  Experimental Performance with SOGI Controller for Single-Phase 

System: 

The intermediate performance of SOGI controller is shown in Fig.4.47 which shows load 

current (  ), in filtered phase component of load current (   ), filtered quadrature phase 

component of load current (   ) and output weight of SOGI controller.  The output 

weight of SOGI changes as the load changes but it takes two cycles to converge as shown 

in Fig.4.47. 

 

                             

Fig.4.47 Intermediate performance of SOGI filter showing (a) load current (  ), (b) in-

phase component of load current (   ), (c) quadrature phase component of load current 

(   ) (d) output weight. 

 

  

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

Fig.4.48 Steady state waveforms of single phase system showing (a) Source Voltage (  ) 

and load current (  ) (b) Source Voltage (  ) and source current (   ) (c) THD of    

(1.81%) and    (33.64%) (d) THD of    (1.75%) and    (4.71%) 

 

The steady state performance of the single phase system is shown in Fig.4.48. Fig.4.48(a) 

shows waveform of source voltage(    and load current(   . Fig.4.48(b) shows the 

waveform of source voltage (    and source current(   .  The THD in load current is 

33.64% as shown in Fig.4.48(c).The THD in source voltage is 1.75% and THD in source 

current is 4.71% as shown in Fig.4.48(d) which as per IEEE 519 standard. 

 

  

(a) (b) 

Fig.4.49 Dynamic performance of SOGI without PV for single phase system showing (a) 

(                         (b) (             
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The dynamic performance of the single phase system without PV is shown in Fig.4.49 (a-

b) in which source voltage (    , source current (  ), load current (  ), converter current 

(  ), DC link voltage (   ), and output fundamental weight are shown. From Fig.4.49 (a-

b) it can be noticed that the grid current is sinusoidal and the DC link voltage is stable 

with changes in load. Grid current harmonic content is also upheld in accordance with 

IEEE 519 standard. 

Fig.4.50 (a-b) shows dynamic performance of SOGI for single phase system with PV 

integrated at the DC link of the inverter. Fig.4.50(a) shows (           ) and clearly an 

out of phase relationship between the source voltage and source current are visible due to 

PV integration.  Fig.4.50(b) shows (             ). 

 

  

(a) (b) 

Fig.4.50 Dynamic performance of SOGI with PV for single phase system showing (a) 

(             (b) (             ) 

 

4.11.1.3. Experimental Performance with Adaptive BP Controller for Single-Phase 

System: 

The intermediate performance of BP controller is shown in Fig.4.51 which shows load 

current (  ), desired fundamental weight of load current, output fundamental weight of 

load current and error output weight of BP controller.  
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Fig.4.51 Intermediate performance of BP controller showing (a) load current (  ), (b) 

desired fundamental weight of load current, (c) output fundamental weight of load 

current(d) output error. 

 

The steady state performance of the single phase system is shown in Fig.4.52. Fig.4.52(a) 

shows waveform of source voltage(    and load current(   . Fig.4.52(b) shows the 

waveform of source voltage (    and source current(   .  The THD in load current is 

29.08% as shown in Fig.4.52(c).The THD in source voltage is 1.65% and THD in source 

current is 4.65% as shown in Fig.4.52(d) which as per IEEE 519 standard. 

 

  

(a) (c) 

Fig.4.52 Steady state waveforms of single phase system showing (a) source voltage (  ) and load 

current (  ) (b) source voltage (  ) and source current (   )  
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(b) (d) 

Fig.4.52 Steady state waveforms of single phase system showing (c) THD of    (2.50%) and    

(29.08%) (d) THD of    (1.65%) and    (4.65%) 

 

  

(a) (b) 

Fig.4.53 Dynamic performance of BP  controller without PV for single phase system 

showing (a) (                         (b) (             

 

The dynamic performance of the single phase system without PV integration is shown in 

Fig.4.53 (a-b) in which source voltage (    , source current (  ), load current (  ), 

converter current (  )DC link voltage (   ), and output fundamental weight are shown. 

From Fig.4.53 (a-b) is noted that the grid current is sinusoidal and the DC link voltage is 

stable with changes in load. Grid current harmonic content is also upheld in accordance 

with IEEE 519 standard. 

Fig.4.54 (a-b) shows dynamic performance of BP controller for single phase system with 

PV integrated at the DC link of the inverter. Fig.4.54(a) shows (           ) and clearly 
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an out of phase relationship between the source voltage and source current are visible due 

to PV integration.  Fig.4.54(b) shows (             ). 

 

  

(a) (b) 

Fig.4.54 Dynamic performance of BP controller with PV for single phase system 

showing (a) (             (b) (             ) 

 

4.11.1.4.  Experimental Performance with RBFNN Controller for Single-Phase 

System: 

The experimental performances of RBFNN is investigated in single phase system and the 

steady state and dynamic response under various loading scenarios for both with and 

without PV integrated system is analyzed. 

 

 

Fig.4.55 Intermediate performance of proposed RBFNN controller 
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The intermediate performance of proposed RBFNN controller is shown in Fig.4.55 which 

shows load current (  ), desired weight of load current, output weight of load current and 

error between desired weight and output weight of proposed RBFNN controller.  The 

output weight of proposed RBFNN controller changes as the load values and it is shown 

in Fig.4.55. The steady state performance of the single is shown in Fig.4.56. Fig.4.56(a) 

shows waveform of source voltage(    and load current(   . Fig.4.56(b) shows the 

waveform of source voltage (    and source current(   .  The THD in load current is 

33.54% as shown in Fig.4.56(c).The THD in source voltage is 1.88% and THD in source 

current 4.58% shown in Fig.4.56(d) which as per IEEE 519 standard.  

                           

 
 

(a) (c) 

 
 

(b) (d) 

Fig.4.56 Steady state waveforms of single phase system showing (a) source voltage (  ) 

and        load current (  ) (b) source voltage (  ) and source current (   ) (c) THD of    

(1.97%) and    (33.54%) (d) THD of    (1.88%) and    (4.58%)  
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The dynamic state performance of proposed single-phase system is taken during load 

disturbances with help of digital storage oscilloscope.  The dynamic performance of the 

system without PV is shown in Fig.4.57 (a-b) in which source voltage (    , source 

current (  ), load current (  ), converter current (  ), DC link voltage (   ), and output 

fundamental weight are shown. From Fig.4.57 (a-b) it is observed that during the change 

in load, the DC link voltage is stable and the grid current is sinusoidal. 

  

(a) (b) 

Fig.4.57 Dynamic performance of proposed RBFNN controller without PV for single 

phase system showing (a) (                         (b) (             

 

  

(a)                     (b) 

Fig.4.58 Dynamic performance of proposed RBFNN controller with PV for single phase 

system showing (a) (             (b) (             ) 

 

Fig.4.58(a-b) shows dynamic performance of proposed system with PV integrated at the 

DC link of the inverter in single phase system. Fig.4.58(a) shows (           ) and clearly 
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an out of phase relationship between the source voltage and source current are visible due 

to PV integration.  Fig.4.58(b) shows (             ) . The reference current is computed 

using the proposed RBFNN controller. 

 

4.11.2. Three Phase Performance: 

The performances of SRF, SOGI, adaptive BP based controller and adaptive RBFNN is 

investigated in three-phase system and the steady state and dynamic response under 

various loading scenarios for both the cases viz. SAPF without and with PV integrated 

system is analyzed in following section. 

 

4.11.2.1.  Experimental Performance with SRF Technique for Three-Phase System: 

The experimental performances of RBFNN is investigated in three phase system and the 

steady state and dynamic response under various loading scenarios for both with and 

without PV integrated system is analyzed. The steady state performance of the three-

phase system is shown in Fig.4.59. Fig.4.59(a) shows waveform of three phase source 

voltage(       and three phase load current(      . Fig.4.59(b) shows the waveform of 

three phase source voltage (       and three phase source current(      . The THD in 

load current is 22.78% as shown in Fig.4.59(c).The THD in source voltage is 2.11% and 

THD in source current 6.59% shown in Fig.4.59(d) which is close to IEEE 519 standard. 

 

  

(a) (c) 

Fig.4.59 Steady state waveforms of three phase system showing (a) source voltage 

(     ) and load current (     ) (b) source voltage (     ) and source current (      ) 
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(b) (d) 

Fig.4.59 Steady state waveforms of three phase system showing (c) THD of       

(2.11%) and       (22.78%)(d) THD of       (1.19%) and       (6.59%) 

 

The dynamic performance of the three-phase system without PV is shown in Fig.4.60 (a-

d) in which source voltage of phase a (     , source current of all three phases (     ), 

load current of all three phases (     ), converter current of phase a (   ), DC link voltage 

(   ), and output fundamental weight are shown. From Fig.4.60(a-b) it is observed that 

during the change in load, the DC link voltage is stable and the grid current is sinusoidal. 

The harmonic content in grid current is also maintained as per IEEE 519 standard. 

 

  

(a) (b) 

Fig.4.60 Dynamic performance of SRFT without PV for three phase system showing (a) 

(                           (b) (                 
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(c) (d) 

Fig.4.60 Dynamic performance of SRFT without PV for three phase system showing (c)  

(                 (d) (                 

 

The output weight shows fast convergence and reference current changes as per load 

changes. This indicates a satisfactory operation of SRF based control technique under 

different loading condition. The steady state of the system is achieved within one to two 

cycle of operation. Fig.4.61 (a-b) shows dynamic performance of SRF for three phase 

system with PV integrated at the DC link of the inverter. Fig.4.61 (a) shows 

(               ) and clearly an out of phase relationship between the source voltage and 

source current are visible due to PV integration. 

  

(a) (b) 

Fig.4.61 Dynamic performance of SRFT with PV for three phase system showing (a) 

(                 (b) (               ) 

Figure 4.61(a) shows that the source current is sinusoidal and the source current 

decreases as the load increased. Grid current harmonic content is also maintained in 
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accordance with IEEE 1547 standard. Fig.4.61(b) shows (               ). The reference 

current is computed using the SRFT controller. It is observed that during the operation of 

PV integrated VSC, PV supplies power to both load and grid. The operation is stable and 

irrespective of highly non-linear load current, the grid current is sinusoidal and meets 

IEEE 1547 standard for single and three phase system. 

 

4.11.2.2.  Experimental Performance with SOGI Controller for Three-Phase 

System: 

The experimental performance of SOGI controller in a three-phase system is explored, 

and the steady-state and dynamic response under various loading situations is analyzed 

for both with and without a PV integrated system. The steady state performance of the 

three-phase system is shown in Fig.4.62. Fig.4.62(a) shows waveform of three phase 

source voltage(       and three phase load current(      . Fig.4.62(b) shows the 

waveform of three phase source voltage (       and three phase source current(      .  

The THD in load current is 24.03% as shown in Fig.4.62(c).The THD in source voltage is 

1.41% and THD in source current 3.25% shown in Fig.4.62(d) as per IEEE 519 standard. 

Harmonic reduction for supply currents in three phase systems is carried out using the 

single phase SAPF based on the SOGI filter. Furthermore, the supply voltage and current 

operate with nearly unity power factor due to their in-phase relationship. 

  

(a) (c) 

Fig.4.62 Steady state waveforms of three phase system showing (a) source voltage 

(     ) and load current (     ) (b) source voltage (     ) and source current (      ) 
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(b) (d) 

Fig.4.62 Steady state waveforms of three phase system showing (c) THD of       

(1.41%) and       (24.03%)(d) THD of       (1.07%) and       (3.25%) 

  

(a) (b) 

 
 

(c) (d) 

Fig.4.63 Dynamic performance of SOGI controller without PV for three phase system 

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

(                 
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The dynamic performance of the three phase system without PV is shown in Fig.4.63 (a-

d) in which source voltage of phase-a (     , source current of all three phases (     ), 

load current of all three phases (     ), converter current of phase a (   ), DC link voltage 

(   ), and output fundamental weight are shown. From Fig.4.63 (a-b) it is observed that 

during the change in load, the DC link voltage is stable and the grid current is sinusoidal. 

The harmonic content in grid current is also maintained as per IEEE 519 standard. The 

output weight exhibits quick convergence and reference current variations with changing 

loads. This shows that the SOGI filter-based control approach has performed 

satisfactorily under various loading conditions. The steady state of the system is achieved 

within two cycles of operation. 

 

  

(a) (b) 

Fig.4.64 Dynamic performance of SOGI controller with PV for three-phase system 

showing (a) (                 showing (b) (               )             

               

Fig.4.64 Dynamic performance of SOGI controller with PV for three phase system 

Fig.4.64 (a-b) shows dynamic performance of SOGI for three phase system with PV 

integrated at the DC link of the inverter. Fig.4.64 (a) shows (               ) and clearly 

an out of phase relationship between the source voltage and source current are visible due 

to PV integration. The source current is sinusoidal and decreases as the load increases, as 

shown in Figure 4.64 (a). Moreover, IEEE 1547 standard compliance is maintained for 

the harmonic content of the grid. Fig.4.64 (b) shows (               ). It is observed that 

during the operation of PV integrated SAPF, PV supplies power to both load and grid. 
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Regardless of the extremely nonlinear load current, the operation is steady, and the 

source current is sinusoidal and fulfills IEEE 1547 standard for three phase systems. 

4.11.2.3. Experimental Performance with Adaptive BP Controller for Three-Phase 

System: 

The steady state performance of BP controller for the three-phase system is shown in 

Fig.4.65. Fig.4.65(a) shows waveform of three phase source voltage(       and three 

phase load current(      . Fig.4.65(b) shows the waveform of three phase source voltage 

(       and three phase source current(      .  The THD in load current is 22.40% as 

shown in Fig.4.65(c).The THD in source voltage is 1.31% and THD in source current 

3.87% shown in Fig.4.65(d) which is close to IEEE 519 standard. 

 

  

(a) (c) 

  

(b) (d) 

Fig.4.65 Steady state waveforms of three phase system showing (a) source voltage 

(     ) and load current (     ) (b) source voltage (  ) and source current (      ) (c) 

THD of       (2.07%) and       (22.40%)(d) THD of       (1.31%) and       (3.87%) 
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The dynamic performance of the three-phase system without PV is shown in Fig.4.66 (a-

d) in which source voltage of phase a (     , source current of all three phases (     ), 

load current of all three phases (     ), converter current of phase a (   ), DC link voltage 

(   ), and output fundamental weight are shown. From Fig.4.66(a-b) it is observed that 

during the change in load, the DC link voltage is stable and the grid current is sinusoidal. 

The harmonic content in grid current is also maintained as per IEEE 519 standard. 

 

  

(a) (b) 

  

(c) (d) 

Fig.4.66 Dynamic performance of SRFT without PV for three phase system showing (a) 

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

(                 

 

The output weight shows fast convergence and reference current changes as per load 

changes. The steady state of the system is achieved within one to two cycle of operation. 

Fig.4.67 (a-b) shows dynamic performance of three phase system with PV integrated at 
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the DC link of the inverter. Fig.4.67 (a) shows (               ) and clearly an out of 

phase relationship between the source voltage and source current are visible due to PV 

integration. 

Figure 4.67(a) shows that the source current is sinusoidal and the source current 

decreases as the load increased. Grid current harmonic content is also maintained in 

accordance with IEEE 1547 standard. Fig.4.67(b) shows (               ). The reference 

current is computed using the BP controller. The operation is stable and irrespective of 

highly non-linear load current, the grid current is sinusoidal and meets IEEE 1547 

standard for single and three phase system.  

 

  

(a) (b) 

Fig.4.67 Dynamic performance of SRFT with PV for three phase system showing (a) 

(                 (b) (               ) 

 

4.11.2.4.  Experimental Performance with Adaptive RBFNN Controller for Three-

Phase System: 

The steady state performance of the three-phase system is shown in Fig.4.68. Fig.4.68(a) 

shows waveform of three phase source voltage(       and three phase load current 

(      . Fig.4.68(b) shows the waveform of three phase source voltage (       and three 

phase source current(      .  The THD in load current is 23.77% as shown in 

Fig.4.68(c).The THD in source voltage is 2.30% and THD in source current 2.98% 

shown in Fig.4.68(d) as per IEEE 519 standard. Harmonic reduction for supply currents 

in single and three phase systems is carried out using the single phase SAPF based on the 
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proposed RBFNN controller. Furthermore, the supply voltage and current operate with 

nearly unity power factor due to their in-phase relationship 

 

  

(a) (c) 

Fig.4.68 Steady state waveforms of three phase system showing (a) source voltage 

(     ) and load current (     ) (b) source voltage (     ) and source current (      ) 

  

(b) (d) 

Fig.4.68 Steady state waveforms of three phase system showing (c) THD of       

(2.30%) and       (23.77%)(d) THD of       (1.47%) and       (2.63%) 

 

The dynamic performance of the three phase system without PV is shown in Fig.4.69 (a-

d) in which source voltage of phase-a (     , source current of all three phases (     ), 

load current of all three phases (     ), converter current of phase a (   ), DC link voltage 

(   ), and output fundamental weight are shown. From Fig.4.69(a-b) it is observed that 

during the change in load, the DC link voltage is stable and the grid current is sinusoidal. 

The harmonic content in grid current is also maintained as per IEEE 519 standard. The 
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harmonic content in grid current is also maintained as per IEEE 519 standard. The 

fundamental gain FW shows fast convergence and reference current changes as per load 

changes. This indicates a satisfactory operation of RBFNN based control technique under 

different loading condition. The steady state of the system is achieved within one cycle of 

operation.  

 

  

(a) (b) 

  

(c) (d) 

Fig.4.69 Dynamic performance of proposed RBFNN controller without PV for three 

phase system showing (a) (                           (b) (                 (c)  

(                 (d) (                 

 

Fig.4.70 (a-b) shows dynamic performance of proposed RBFNN controller for three 

phase system with PV integrated at the DC link of the inverter. Fig.4.70(a) shows 

(               ) and clearly an out of phase relationship between the source voltage and 

source current are visible due to PV integration. The source current is sinusoidal and 

decreases as the load increases, as shown in Fig.4.69(a). Moreover, IEEE 1547 standard 
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compliance is maintained for the harmonic content of the grid. Fig.4.70(b) shows 

(               ). 

  

(a) (b) 

Fig.4.70 Dynamic performance of proposed RBFNN controller with PV for three phase 

system showing (a) (                 (b) (               ) 

 

Table 4.2 shows experimental performances of the conventional and proposed 

controllers. It is observed that during the operation of PV integrated SAPF, PV supplies 

power to both load and grid. Regardless of the extremely nonlinear load current, the 

operation is steady, and the source current is sinusoidal and fulfills IEEE 1547 standard 

for single and three phase systems. 

 

Table 4.2 Experimental Performances 

Experimental Performances of Single phase system 

S.No Parameter SRF technique SOGI BP RBFNN 

10. % THD of    2.04% 1.81% 2.50% 1.97% 

11. % THD of    33.61% 33.64% 29.08% 33.54% 

12. % THD of     4.99% 4.71% 4.65%  4.58% 

Experimental Performances of Three Phase System 

13. % THD of       1.63% 1.41% 2.07% 2.30% 

14. % THD of        22.78% 24.03% 22.40% 23.77% 

15. % THD of        6.59% 3.25% 3.87% 2.63% 
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4.12.  Conclusion: 

This chapter‘s major contributions include design of SRFT and SOGI conventional 

control algorithm and the design and development of self-adaptive BP and RBFNN 

applied in single phase and three-phase single stage grid connected PV system for active 

power injection and reactive power compensation. The H-bridge inverters are employed 

as a SAPF to mitigate many power quality issues. These proposed structures are 

important for accomplishing load compensation in single-phase and three-phase systems 

feeding a range of linear and non-linear loads. The use of SRFT, SOGI, adaptive BP and 

RBFNN-based controllers are broad in scope, and it may be utilized for grid connected 

systems with or without a PV source interfaced to it. The system performance aspects are 

demonstrated when taking into account the influence of PV as well as at during night. 

The control algorithms have been designed to fulfill the entire reactive power needs of 

the load while also providing power quality enhancement features. The performance of 

SRFT and SOGI control is not up to standard, extra LPF is required to increase the 

performance of the SRFT and SOGI control algorithms. Adaptive BP and RBFNN 

consistently perform better in single-stage grid connected with and without PV condition. 

This chapter also includes experimental results for all control strategies for single-phase 

and three-phase grid-connected PV systems. The result clearly validates the efficient 

injection of active and reactive power to the grid based on load demand and PV power 

output. Power quality has improved under both linear and non-linear load conditions. 
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Chapter-5: Control of Three-Phases VSC as a SAPF under 

Polluted Grid Conditions  

5.1  Introduction 

Electrical systems must operate effectively and with a reliable power source. However, 

electrical grids can encounter problems with the quality of the power, resulting in what is 

known as a "polluted grid." Numerous disturbances, including sag/swell, harmonics, 

voltage fluctuation, unbalances, and other issues with power quality, are indicative of a 

polluted grid. These problems may negatively affect the functionality and dependability 

of connected equipment, resulting in decreased efficiency, equipment damage, and higher 

operating costs. 

By resolving power quality issues, it is feasible to improve the stability, efficiency, and 

lifespan of electrical systems while reducing the risks associated with grid pollution. 

This chapter discusses some and established and new control methods for three-phase 

system to estimate the synchronizing signals under distorted grid voltage scenarios, as 

well as SAPF operation of a three-phase system under normal grid and polluted grid 

conditions for reactive power compensation and power quality improvement. 

 

5.2. Unit Template Generation from Polluted Grid in Three Phase System 

This chapter deals with three-phase VSC operation under polluted grid condition. The 

performance of VSC depends on the reference current estimation that depends on unit 

template of the system. Thus in this section unit template estimation in three phase 

system is discussed during polluted grid condition.  

 

5.2.1. Unit Template for Three-Phase System: 

The voltage signal of each phase can be estimated using the simplest approach is possible 

using unit templates. For grid synchronization, researchers frequently adopt this approach 

under conditions of standard grid voltage [168-170]. At PCC, three-phase voltages are 

monitored and represented as   ,   , and   . The conventional unit template method fails 

to obtain synchronization templates properly under distorted grid condition and it will 
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impact the performance of VSC. Thus, the individual in-phase component (     ) of 

each phases are obtained from SOGI filter shown in Fig.5.1.  

     

Fig.5.1(a) Structure of SOGI based unit template technique for three-phase system 

       

Fig.5.1(b) Simulation model of SOGI based unit template technique for three-phase 

system 
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The unit template (     ) of each phase voltage is determined by dividing in phase 

component of respective phase by the magnitude of the three-phase grid voltage at PCC 

(  ). Eq.(5.1) provides the in-phase unit templates for each phase. The in-phase unit 

templates for each phase are calculated as 

    
   

  
      

   

  
      

   

  
        (5.1) 

where      ,     and      are in-phase component of phase-a, phase-b and phase-c 

respectively.     is maximum amplitude of voltage signals is calculated by  

   
 

 
√  

    
    

                 (5.2) 

 

5.2.1.1 Simulation Performance of Unit Template Method: 

Fig.5.2 shows simulation performance of three phase system, shows source voltage 

     (  , in-phase component of source voltage       (  ,     and unit template of each 

phase     . It is the simplest and most efficient method for extracting unit templates. 

When the source voltage changes in Fig. 5.2 at time t=0.5s, the conventional unit 

template approach performs smoothly during normal grid condition but during distorted 

grid condition the templates are also distorted shown in Fig.5.2(a)  where as in case of 

SOGI based unit templates method the transition between normal to distorted grid is 

smooth and unit template maintain sinusoidal and balanced during this transition shown 

in Fig.5.2(b).  

 

Fig.5.2(a) Simulation performance of conventional unit template method for three phase 

system  
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Fig.5.2(b) Simulation performance of SOGI based unit template method for three phase 

system  

 

5.2.2.  D-SOGI for Three-Phase System: 

The double second-order generalized integrator (D-SOGI) structure is shown in Fig.5.3 

and it is described below. The D-SOGI extracts the instantaneous symmetrical 

components of voltage based on Second-Order Generalized Integrator [76,171].  

In this chapter, an unbalanced and distorted three phase supply is input to the D-SOGI 

block which extracts the positive and negative sequence. With the help of this method, a 

voltage vector (         
      

      
 ) of the supply (which may be unbalanced or 

distorted) can be split into its sequence component by using following equations [172-

173]. 
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Fig.5.3(a) D-SOGI structure for three-phase system to extract positive and negative 

voltage components 

 

Fig.5.3(b) Simulation model of  D-SOGI structure for three-phase system to extract 

positive and negative voltage components 

 

where   denotes the time shifting operator at fundamental frequency which is equivalent 

to phase shift (        ).  



118 
 

The structure of D-SOGI is shown in Fig.5.3 and it is evident from the figure that it is 

equivalent to two SOGI filters. Input three phase voltages are converted to direct and in-

quadrature signals,   and   components. These signals are further used for calculation of 

positive sequence component     
  and negative sequence component     

 [174]. Thus, 

D-SOGI filter effectively extracts sequence components, and further used for reference 

current generation. The in-phase unit templates for each phase: 

    
  

 

  
      

  
 

  
      

  
 

  
         (5.6) 

where      is unit template of respective phase-a, phase-b and phase-c,      
  is positive 

sequence component of respective phase-a, phase-b and phase-c and    is maximum 

amplitude of voltage signals is calculated by  

   
 

 
√  

    
    

                 (5.7) 

where    is phase-a voltage,    is phase-b voltage and    is phase-c voltage. 

 

5.2.2.1 Simulation Performance of D-SOGI Filter: 

Fig.5.4 shows the simulation performance of D-SOGI filter. Fig.5.4 shows distorted three 

phase source voltage      (  , positive sequence component of source voltage (      
 ,  ,  

   and unit template of each phase     .  

 

Fig.5.4 Simulation performance of D-SOGI for three phase system 
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Regardless of the grid status, reference current must be sinusoidal and in phase with 

source voltage in order for VSC to operate without interruption in a polluted grid 

condition. D-SOGI is employed in this chapter's three phase VSC to extract the reference 

current with the help of the positive sequence components. 

   

5.3. VSC Operation of Three-Phase System Under Polluted Grid Condition: 

Operating a three-phase system, such as a voltage source converter (VSC) under polluted 

grid condition can result into a number of difficulties. Pollution in the grid refers to the 

existence of harmonics, voltage sags, swells, transients, and other disturbances that depart 

from the ideal sinusoidal waveform. Three-phase systems use three-phase AC power 

circuits, each of which is 120
0
 apart. Various types of loads, including linear, non-linear, 

and mixed loads, are connected to three-phase supply systems. The function of the 

proposed VSC controller design involves compensation of reactive power for power 

factor correction, harmonic elimination, load balancing, and voltage regulation under 

non-linear load condition. In this chapter, effective approaches for load compensation are 

discussed which ensure smooth operation under normal and distorted grid condition. By 

correcting for the reactive power required by the load, the quality of the power may be 

enhanced, and this calls for a proper controller design for control of three-phase VSC.  

    

Fig.5.5 Three phase system reprsentation  
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The system configuration for the compensation of harmonic current of three-phase three-

wire distribution system using VSC is shown in Fig.5.5. The system is supplied by three-

phase 110 V (L-L), 50 Hz AC supply connected to a non-linear load. The non-linear load 

is represented by a resistive and inductive load connected at the end of three-phase diode 

rectifier. The active filter is realized in the form of VSC which is connected at the Point 

of Common Coupling (PCC) through interface inductors Lc as shown in Fig.5.5. All 

system parameters are mentioned in the Appendix. The experimental setup is developed 

using LEM sensors which are used to detect the relevant load and source voltages and 

currents. Micro LAB box is used for implementing the designed circuits. The Micro LAB 

box generates the required gating pulses for VSC, which controls the VSC and 

compensates for the different problems of power quality. 

 

5.3.1.Three-Phase Levenberg Marquardt (LM) Trained SOGI Filter: 

This is an adaptive control scheme trained by LM technique applied on SOGI filter as 

illustrated in Fig.5.6.  

 

Fig.5.6(a) Proposed LM trained SOGI control scheme 
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Fig.5.6(b) Simulation model of LM trained SOGI control scheme for phase-‗a‘ 

 

The gain of SOGI filter used in this proposed control scheme under distorted grid 

condition is trained by LM control method. SOGI‘s DC gain affects the performance of 

the filter, thus for better performance LM method is used for training and it is an efficient 

method for obtaining weights automatically. LM algorithm for weight update is based on 

effective combination of Steepest Descent Method and Newton method[175] . The 

Steepest Descent method works best when the design vector is away from the optimum 

value and effectively reduces the value of function. On the other hand, the most important 

consideration of the Newton method is that it converges fast when design vector is near 

optimum value.  LM method combines the advantages of both Steepest Descent and 

Newton method [175]. 

The objective function is defined according to mean square error minimization      

 (   
 

 
(  ∑     

 
      

 

 
                    (5.8) 

where y denotes the output of the system,    weight of ith input,   , i
th

 input of network 

and e is the error of the system. For minimizing the objective function  
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  (  

  
 (      (                          (5.9) 

LM method modifies the diagonal element of the Hessian matrix (  ) 
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(
  (  

  
)  

 

  
(      (                                                   (5.10) 

Modified Hessian matrix is expressed as  

 [ ̃ ]                                                        (5.11) 

where [I] is identity matrix and   is a positive constant, where value is large initially 

(around    ) and then reduced to zero gradually. The inverse of Hessian matrix [ ̃ ]
  

 is 

expressed as 

 [ ̃ ]
  

 [         ]
  

 [    ]
  

 
 

 
           (5.12) 

Thus, LM method is designed to have a large value of   initially which is decreased 

finally to a low value. Thus, the search method works as Steepest Descent method for 

high value of    and for low value of   it works as Newton method. 

Weight update equation using LM method is depicted as  

  (      (    [          ]
  

 (           (5.13) 

From Eq.(5.9), Eq.(5.10) and Eq. (5.13) 

 (      (     [ (   (        ]
  

 (   (       (5.14) 

where  (     is the updated weight and  (   is the old weight,   is the step size of the 

system. In proposed control system  (     is represented by  (     (updated DC 

gain of SOGI filter),  (   is old weight is represented by   (old DC gain of SOGI filter), 

 (   is unit vector of respective phase voltage of input represented as  

 (       
                                         (5.15) 

where    
 is in phase unit template of ith phase and    

 is quadrature phase unit template 

of ith phase . Now  

 (   (        

    

                                             (5.16) 

From Eq.(5.14) and Eq.(5.16) 

 (      (     *    

    

       +
  

 (   (      (5.17) 

Further solving gives the basic weight updating equation which is expressed as 

  (      (   
    

 

   
                           (5.18) 
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Fig.5.7 Design of LM trained adaptive SOGI for phase-‗a‘ 

 

The value of   depends on the load current as the variation in load current from 

fundamental load current is more than 10% the   will switch to high value and when it is 

less than 10% it will switches to lower value and   (   is error which is expressed by 

Eq.(5.19) and shown in Fig.5.7. 

                                              (5.19) 

Thus, in case of any disturbance in system the value of ‗ ‘ gets adjusted automatically 

and the response of system will settle as per desired condition. The performance of the 

proposed method using LM technique is investigated. 

Now for the reference current generation unit template method is used as discussed in 

Section 5.2.1 and the reference current of respective phase can be written as  

  
         

         
             (5.20) 

where W is fundamental Weight of three phase system,   
  is reference current of phase a, 

  
  is reference current of phase b and   

  is reference current of phase c. These references 

currents are compared with source current of their respective phase for the generation of 

gate pulses by using HCC block. 

 

5.3.2.  Conductance based Control Algorithm: 

The block diagram of the suggested control system is shown in Fig.5.8 which consists of 

a D-SOGI filter for sequence extraction from unbalanced and distorted grid voltage and 

SAPF reference current calculation. 
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Fig.5.8(a) Conductance Based Control Algorithm with DSOGI block for distored grid 

condition 

 

Fig.5.8(b) Simulation model of conductance based control algorithm with DSOGI block 

for distored grid condition 

 

The proposed controller consists D-SOGI filter discussed in Section 5.2.2 and reference 

current generation block, which is based on instantaneous active power supplied to the 

load determined by the dot output of the PCC voltage and load current.  

                  (5.21) 
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where                denotes the voltage at PCC and                   
  denotes 

current demanded by load connected to the system at PCC[176]. 

Now the reference current calculation is based on active power delivered to load, which 

is determined using the conductance approach as given below:  

  
                 (5.22) 

where    is total conductance of the system calculated by 

                     (5.23) 

where       is output of PI controller which is used to regulate DC link voltage of VSC to 

set at       
 and    is conductance of the system calculated by 

   
  

*|  
 |

 
 |  

 |
 
 |  

 |
 
+
         (5.24) 

where   
 ,   

  and   
  are positive sequence voltages of the respective phases[177]. 

These reference currents are sinusoidal and balanced irrespective of the unbalancing in 

load and grid supply. The simplified but effective technique is now tested 

 

5.4. Performance Analysis of Three Phase System under Normal and Distorted 

Grid Condition: 

In this section, the adaptive SOGI tuned using LM technique and conductance based 

controller are now tested for its performance under distorted and undistorted grid 

condition. In this case, a three-phase three-wire SAPF is used for supplying compensation 

currents to the system at PCC. The system feeds three-phase non-linear RL load. The 

non-linear load is modeled by using R-L connected to diode rectifier end. The reference 

voltage for SAPF DC link is fixed at 200 V. A PI controller regulates the DC-link voltage 

by comparing the real-time DC-link capacitor voltage Vdc and comparing it with respect 

to reference DC-link voltage    
 . An unbalancing in the load current is introduced, and 

the performance of the system is analyzed in the following subsections. 

 

5.4.1. Simulation Performance:  

The simulation performance of proposed system is analyzed during undistorted and 

distorted grid supply condition and load variation is also introduced during the operation 

for both the cases. Two test conditions viz. load decrement and load increment for a short 
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span of time are considered. The operation and performance of the system is analysed 

with the help of Simulink results for corresponding cases.  

 

5.4.1.1.Simulation Performance of LM Trained SOGI: 

Fig.5.9 shows the intermediate performance of proposed LM trained SOGI. Fig.5.9 

shows load current of phase a (   ), filtered in phase component of load current (    
), 

error ( (  ) and output weight, the intermediate performance of proposed system found 

satisfactory during the load changes.  

 

Fig.5.9 Intermediate performance of LM SOGI 

 

The performance of adaptive SOGI is shown in Fig.5.10 in which source 

voltage(            , reference current(            , source current(            , load 

current(            , compensator current(            , output weight of three phase and 

dc link voltage (     are shown. 

The THD distortion of 10% in source voltage from 1s is added and load is increased at 

1.7s. During normal grid, distorted grid condition and during load changes, the source 

current       is sinusoidal and balanced as IEEE519 shown in Fig.5.11(b). Fig.5.11 shows 

the total harmonic distortion (THD) in source voltage, load current and source current to 

be 10%, 26.69% and 2.63% respectively during closed loop operation of VSC. The 

proposed controller is able maintain THD level of source current as per IEEE 519 

standard. 
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Fig.5.10(a) Simulation performance of LM SOGI showing (a) source voltage      (b) 

reference current,       (c) source current,      (d) load current,      (e) converter 

current,      (f) output weight (g) DC link voltage,     

Fig.5.10(b) Simulation performance of LM SOGI showing (a) source voltage      (b) 

reference current,       (c) source current,      (d) load current,      (e) converter 

current,      (f) output weight (g) DC link voltage,     
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Fig.5.11 THD performance of LM based SOGI (a) source voltage    (b) load current     

(c) source current    

5.4.1.2. Simulation Performance of Conductance based Algorithm: 

The proposed conductance based controller reference current calculation is based on 

positive sequence component of source voltage calculated by using D-SOGI filter 

discussed in Section 5.2.2. The performance of conductance based controller is shown in 

Fig.5.12 in which source voltage(            , reference current (            , source 

current (            , load current(            ,compensator current(            , load 

conductance of three phase and dc link voltage(     are shown. The THD distortion of 

10% in source voltage from 1.0s is added in Fig5.12(a) and load is increased at 1.7s in 

Fig.5.12(b). During normal grid, distorted grid condition and during load changes, the 

source current       is sinusoidal and balanced as IEEE519 shown in Fig.5.12. 
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Fig.5.12(a) Simulation performance of conductance based controller showing (a) source 

voltage      (b) reference current,       (c) source current,      (d) load current,      (e) 

converter current,      (f) load conductance (g) DC link voltage,    

     

Fig.5.12(b) Simulation performance of conductance based controller showing (a) source 

voltage      (b) reference current,       (c) source current,      (d) load current,      (e) 

converter current,      (f) load conductance (g) DC link voltage,    
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Fig.5.13 shows the total harmonic distortion (THD) in source voltage, load current and 

source current to be 10%, 26.33% and 4.43% respectively during closed loop operation of 

SAPF. The proposed conductance based controller is able maintain THD level of source 

current as per IEEE 519 standard under normal and polluted grid condition. 

 

 

 

Fig.5.13 THD performance of conductance based controller (a) source voltage    (b) load 

current     (c) source current    

 

5.4.2. Experimental Performance: 

An experimental setup of three-phase system has been developed to validate the 

simulation results of the proposed system. The proposed control techniques used for both 

distorted and undistorted grid supply conditions and used to examine the steady state and 

dynamic performance under different conditions. The Experimental parameters are 

mentioned in the Appendix.   
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5.4.2.1.Experimental Performance of LM trained SOGI: 

Fig.5.14 Shows intermediate performance of LM trained SOGI filter, which shows load 

current (  ), filtered in phase component of load current (   ), error (e(t)) and output 

weight of the system. The system performance is observed during load increment and 

decrement and it found satisfactory during these disturbances. Fig.5.15 shows the steady 

state performance of proposed LM based SOGI filter for normal grid condition. Fig 

5.15(a) shows waveforms of source voltage (     ) and load current (     ). Fig5.15(b) 

shows THD of source voltage (     ) and load current (     ).  Fig 5.15(c) shows 

waveforms of source voltage (     ) and source current (     ). Fig5.15 (d) shows THD 

of source voltage (     ) and source current (     ). The values of THD in the load 

current and source voltage are observed to be 23.77% and 2.30% as shown in Figs.5.15 

(b). The THD of source current is 2.88% as shown in Fig.5.15 (d). The VSC is controlled 

as SAPF and performs harmonic reduction satisfactorily for supply currents. In addition, 

the supply voltage and current have an in-phase relationship showing almost unity power 

factor operation 

 

    

Fig.5.14 Experimental intermediate performance of LM SOGI showing (a) load current 

(  ), (b) in-phase component of load current (   ), (c) error (e(t)) and (d) output weight 
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(a) (b) 

 
 

(c) (d) 

Fig.5.15 Steady state waveforms under normal grid system showing (a) source voltage 

(     ) and load current (     ) (b) THD of       and       (c) source voltage (     ) and 

source current (      ) (d) THD of       and        

 

Fig.5.16 show the steady state performance of proposed LM based SOGI filter for 

distorted grid condition with 10% THD in source voltage. Fig 5.16(a) shows waveforms 

of source voltage (     ) and load current (     ). Fig5.16(b) shows THD of source 

voltage (     ) and load current (     ).  Fig 5.16(c) shows waveforms of source voltage 

(     ) and source current (     ).  Fig5.16(d) shows THD of source voltage (     ) and 

source current (     ).The values of THD in the load current and  source voltage is 

observed to be 19.72% and 10.84% as shown in Figs.5.16(b). The THD of source current 

is 3.49% as shown in Fig.5.16(d). The proposed VSC also performs load balancing and 

satisfactorily harmonics compensation in supply current under distorted grid condition. 
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Under this condition the supply voltage and current are in phase and unity power factor 

operation. 

  

(a) (b) 

  

(c) (d) 

Fig.5.16 Steady state waveforms under distorted grid system showing (a) source voltage 

(     ) and load current (     ) (b) THD of       and    (c) source voltage (     ) and 

source current (      ) (d) THD of       and        

 

Fig.5.17 presents the dynamic response due to introduction of sudden disturbances in the 

system under distorted grid condition. The responses are captured with the help of storage 

oscilloscope for distorted grid supply condition. Fig.5.17(a) shows results under distorted 

grid supply condition and the plots show supply voltage (    , reference current (   ), 

source current (   ) and load current (   ). Fig.5.17(b) results have been captured for 

distorted grid supply condition and these show supply voltage (    , source current 

(     ). Fig5.17(c) shows supply voltage (    , source current (   ), output weight and 



134 
 

DC-link voltage (   ). From Figs. 5.17(a-c) it is observed that on increasing the load, the 

fundamental weight changes fast and reference current is increased due to increase in 

load. This indicates fast and satisfactory response of LM trained SOGI technique for both 

distorted and undistorted grid condition. The steady state is achieved well within one 

cycle with the proposed strategy. 

  

(a) (b) 

                                 

(c) 

Fig.5.17 Dynamic performance of LM trained SOGI for three phase system showing (a) 

(                                      ) (b) (                  (c) plot of (         

                     

 

5.4.2.2. Experimental Performance of Conductance Based Algorithm: 

Fig.5.18 Shows intermediate performance of conductance based controller, which shows 

distorted source voltage (   ), load current (  ), load conductance and total load power of 

the system. The system performance is observed during load increment and it found 

satisfactory during disturbances. 
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Fig.5.18 Intermediate performance conductance based controller showing (a) distorted 

source voltage (   ), (b) load current (   ), (c) load conductance and (d) total load power 

 

Fig.5.19 show the steady state performance of proposed conductance based controller for 

normal grid condition. Fig 5.19(a) shows waveforms of source voltage (     ) and load 

current (     ). Fig5.19(b) shows THD of source voltage (     ) and load current (     ).  

Fig 5.19(c) shows waveforms of source voltage (     ) and source current (     ). 

Fig5.19(d) shows THD of source voltage (     ) and source current (     ). The values 

of THD in the load current and  source voltage is observed to be 23.40% and 1.95% as 

shown in Figs.5.19(b). The THD of source current is 3.25% as shown in Fig.5.19(d) for 

supply currents and the VSC controller successfully reduces harmonics. 

  

(a) (b) 

Fig.5.19 Steady state waveforms under normal grid system showing (a) source voltage 

(     ) and load current (     ) (b) THD of       and       
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(c) (d) 

Fig.5.19 Steady state waveforms under normal grid system showing (c) source voltage 

(     ) and source current (      ) (d) THD of       and       

Fig.5.20 shows the steady state performance of proposed conductance based controller 

for distorted grid condition with 10% THD in source voltage. Fig 5.20(a) shows 

waveforms of source voltage (     ) and load current (     ). Fig5.20(b) shows THD of 

source voltage (     ) and load current (     ).  Fig 5.20(c) shows waveforms of source 

voltage (     ) and source current (     ). Fig5.20(d) shows THD of source voltage 

(     ) and source current (     ).The values of THD in the load current and  source 

voltage is observed to be 19.72% and 10.84% as shown in Figs.5.20(b). As per Fig. 

5.20(d), the source current's THD is 3.85%. Moreover, the conductance based controller 

successfully balances loads and corrects harmonics in supply current under distorted grid 

conditions. The supply voltage and current operate with a unity power factor under these 

circumstances. 

 
 

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

Fig.5.20 Steady state waveforms under distorted grid system showing (a) source voltage 

(     ) and load current (     ) (b) THD of       and       (c) source voltage (     ) and 

source current (      ) (d) THD of       and       

 

The dynamic response under distorted grid conditions is shown in Fig.5.21. Digital 

storage oscilloscope is used to record the responses for the distorted grid supply 

condition. Fig.5.21(a) shows results under distorted grid supply condition and the plots 

show supply voltage (    , reference current (   ), source current (   ) and load current 

(   ). Fig.5.21(b) results have been captured for distorted grid supply condition and these 

show supply voltage (    , source current (     ). Fig5.21(c) shows supply voltage 

(    , source current (   ), output weight and DC-link voltage (   ).  

 

  

(a) (b) 

Fig.5.21 Dynamic performance of conductance based controller for three phase system 

showing (a)(                 (b)(                 
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(c) 

 

Fig.5.21 Dynamic performance of conductance based controller for three phase system 

showing (c) (                              

 

As the load increases, the calculated load conductance changes and reference current 

increases as a result, as seen in Figs. 5.21(a)–(c). This shows that the conductance based 

controller approach responds quickly and satisfactorily to both distorted and undistorted 

grid conditions. The suggested technique successfully reaches the steady state in just 

two cycles. 

 

5.5.  Comparison: 

Table 5.1 summarizes the results of a detailed investigation of the simulation and 

experimental performance of LM trained based SOGI with unit template control 

technique and Conductance based algorithm with D-SOGI technique for three-phase 

system under normal and polluted grid conditions and compared with standard SOGI 

based controller. According to IEEE 519 standards, the suggested adaptive LM SOGI and 

conductance-based controller is simple and produces outstanding results under load 

changes in polluted and normal grid conditions. 
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Table 5.1: Comparative Performance of different techniques 

S.No. Parameter LM SOGI Conductance 

based controller 

Standard 

SOGI 

1.   PLL (requirement) No No No 

2. Technique Self- adaptive Non-adaptive Non-adaptive 

3. Tracking performance  Very good Good Moderate 

4.  Weight Convergence  Fast (< 2 cycles) Moderate(2-3cycle) Moderate 

6. Dependency on control 

parameters 

No, self-adaptive Dependent Dependent 

7. Meets International 

standards 

Yes Yes Yes 

Performance under normal grid condition 

8. % THD of       0.31% 1.07% 0.23% 

9. % THD of       23.77% 23.40% 27.19% 

10. % THD of       2.29% 3.25% 3.93% 

Performance under distorted grid condition 

11. % THD of       10.84% 10.89% 10.80% 

12. % THD of       19.72% 19.19% 20.14% 

13. % THD of       3.94% 3.85% 4.2% 

 

5.6. Conclusion: 

Techniques for improving power quality are discussed in this chapter for grid conditions 

that are distorted or contaminated. In this chapter, a variety of unit template extraction 

methods, such as D-SOGI and the unit template approach for three phase systems are 

discussed. For SAPF operation in a polluted grid situation in a three phase system, two 

control strategies are explored and compared with standard SOGI controller. The first of 

these techniques is the LM trained SOGI filter; in this approach, the unit template method 

is employed for unit template computation. In the second controller technique, a 

conductance-based approach is employed, in this approach, a D-SOGI filter is used for 

positive sequence extraction, and the extracted sequence is then used for reference 

current calculation based on the load power demand. In simulation and experimental 

performances of both controllers were found satisfactory under polluted and normal grid 
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condition. Both active and reactive power compensation, as well as power quality 

improvement has been achieved.  
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Chapter-6: LVRT Operation of Single-Phase System 

6.1  Introduction 

A voltage sag is a short dip in voltage that may occur in grid-connected systems as a 

result of a  number of different types of incidents (e.g., lightning strikes, switching, short 

circuit in power lines, power outage etc.). A sag in the grid voltage amplitude may be 

enough to surpass the usual voltage threshold, which will then cause the islanding 

protection [178] to be triggered, and lead to the disconnection of the power supply. For a 

PV connected grid system these kinds of disturbances may threaten grid stability of the 

system.  

This chapter concentrates on the advanced control mechanisms that are used in single-

phase grid-connected photovoltaic systems ensure stable and reliable operation under 

abnormal condition such as voltage sags. 

 

6.2. Grid Codes for Single Phase System for Low Voltage Ride Through Operation 

(LVRT): 

There are various difficulties with low voltage ride through (LVRT) operation in 

renewable energy systems. These include accurately detecting voltage drops, ensuring 

grid code compliance, managing implementation costs, minimizing the impact on energy 

production, and maintaining grid stability. Key concerns include interoperability with 

LVRT systems, technical issues, and communication. In addition, choosing the right 

LVRT parameters and performing frequent testing and maintenance are critical. LVRT 

systems must adjust to new requirements and obstacles as power grids develop. To 

address these difficulties, a combination of technical solutions, regulatory measures, and 

collaboration between renewable energy system operators and grid management bodies is 

required. 

Grid codes are normally set and enforced by regulatory agencies or standards 

organizations in charge of the operation and stability of the electrical grid. Depending on 

the nation or location, different grid codes have been applied to single-phase LVRT 

systems. 
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Here a few grid codes for different countries are specified for single phase system 

[138,139]  

1. Germany: The German grid code, also known as "VDE-AR-N 4105," addresses the 

technical criteria for grid connection of decentralized energy generation systems, 

including single-phase systems. The ranges of voltage and frequency, response periods, 

and other pertinent factors are specified in the regulations for LVRT functioning [139]. 

2. Spain: The "RD 1699/2011" grid code specifies the technical requirements for 

connecting low voltage, single-phase generation units to the grid. The specifications 

cover the necessary LVRT capabilities, voltage and frequency ranges, reaction times, and 

safety precautions and are listed in [139]. 

3. UK: The National Grid Electricity System Operator (ESO), which is in charge of 

managing the UK grid code, lays out the technical specifications for integrating and 

running generation systems, including single-phase systems. In accordance with the grid 

code, LVRT operation, voltage and frequency restrictions, and other relevant parameters 

have been detailed in [139].  

Fig.6.1(a) depicts multiple LVRT curves for specific countries. The German grid code 

requires generating systems to be capable of riding through a 0.15s voltage failure when 

the grid voltage amplitude drops to 0 V and inject some reactive current    into the grid, 

as shown in Fig.6.1(a). On the same lines, other countries have set their benchmarks for 

reactive power injection. 

 

Fig.6.1(a) LVRT Curves as per grid codes of different countries  
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The functioning of a single phase system under normal and abnormal grid conditions is 

set in accordance with the grid codes that are specified by standard bodies in the 

following parts.   

 

6.3.  Low Voltage Ride Through Operation in Single-Phase System:  

In single phase grid connected PV system, the LVRT operation is more challenging as 

compared to three phase grid connected PV system. This chapter deltas with a detailed 

discussion of LVRT and UPF mode of operation for single phase grid connected PV 

system.  

 

Fig.6.1(b) Proposed single phase system description 

 

The proposed system has the conventional H bridge topology of the single phase VSC as 

shown in Fig.6.1(b). It comprises a single phase full bridge inverter having four Insulated 

gate bipolar transistors (IGBT) switches and a DC bus. A 1.3 kW PV array is connected 
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at the DC link. An interfacing inductor    is used to connect the inverter at the point of 

common coupling (PCC). This ensures control of power through the active filter and 

secondly, the inductor acts as a first order passive filter and helps in harmonic 

attenuation.  

The system is supplied by single phase 110V, 50Hz ac supply and the non-linear load is 

modeled as a combination of resistive-inductive (RL) load connected at the terminals of 

full wave bridge rectifier. The controller is equipped to handle abnormal operating 

condition. The complete system description is mentioned in Appendix.    

    

6.4. Reference Current Generation Control Techniques: 

In this section two different control techniques have been discussed for extracting the 

required reference current and tested for working in two modes namely LVRT and UPF. 

LVRT controllers are built specifically to solve the unique issues associated with grid 

voltage disruptions. They must be capable of quick and dynamic control, grid code 

compliance, safety, and adaptability. These characteristics set them apart from standard 

controllers used in renewable energy systems, which are typically incapable of handling 

the complex and critical tasks required during LVRT events. The required reference 

current for both modes of operation consists of two components: an active component 

that is responsible for of UPF mode of operation and a reactive component that is 

responsible for the LVRT mode of operation. Three different control techniques viz. 

Laguerre polynomial based controller, Sliding window recursive discrete Fourier 

transform (SWRDFT) based controller and SOGI based controller are discussed below 

for VSC controlled as active filter under normal and LVRT condition.   

 

6.4.1.  Laguerre Polynomial based Controller: 

Fig.6.2 shows the proposed Laguerre polynomial based controller which is utilized for 

the control of single-phase PV system to generate switching pulses for the single phase 

VSC. The required inputs for the control are grid current (  ), load current (  ), DC link 

voltage (    , PCC voltage (    ), PV current (   ) and PV voltage (   ). 

All the grid and load parameters are sensed instantaneously and depending on the 

prevailing conditions, either MPPT mode or LVRT mode is implemented. The control 
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scheme has been formulated to compute the required active and reactive power references 

and discussed in detail for both the operation modes.  

 

 

Fig.6.2(a) Block diagram representation of the proposed LP controller 
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Fig.6.2(b) Simulation model of LP controller 

 

The proposed control scheme is divided into several sub-parts as shown in Fig.6.2. 

1. Fundamental current extraction using Laguerre polynomials 

2. Calculation of unit templates required for synchronization 

3. Calculation of reference current in normal mode of operation  

4. Calculation of reference current under LVRT operation mode 

5. Generation of switching pulses 

These processes are discussed in detail as follows: 

6.4.1.1. Mathematical Formulation of LP Control Technique:  

Laguerre polynomial (LP) was proposed by Edmond Laguerre[179]. These polynomials 

have remarkable properties that include a guarantee of convergence for polynomial and 

orthogonal properties[179]. These polynomials find applications in the areas of uniform 

approximation, numerical analysis and solution of ordinary and partial differential 

equations. 

The proposed controller realizes adaptive Laguerre polynomial (LP) control as shown in 

Fig.6.2. It uses one input (load current) and a single output  (   which corresponds to the 

fundamental weight extracted. This network is trained online using the Least Mean 

Square (LMS) approach. Only one parameter weight ( ) is required to be trained for 

obtaining the fundamental component of load current.  The output of this network is 

utilized for PQ improvement. The mathematical formulation of the proposed control 

technique and stability analysis is also discussed in this Section. 
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The sensed load current is processed through Laguerre polynomial function and it is 

controlled to estimate the fundamental component of load current. The standard Laguerre 

polynomial based differential equation is given by[180] 

  
   

    (    
  

  
                                                         (6.1) 

for       Laguerre differential equation has regular singular points at -1,1 and  . Thus 

by using series solution method, the solution of Laguerre differential equation ( ) can be 

evaluated as follows  

 Let   ∑    
(     

                                                                               (6.2) 

Substituting the derivatives suitably in Eq.(6.1) gives 

   
  

  
 ∑   (     (       

                                                      (6.3) 

    
   

    ∑   (    (       (       
                                           (6.4) 

substituting Eq. (6.2,6.3) and Eq.(6.4) in Eq.(6.1) and arranging in increasing order of   

gives 

 ∑  (    (       (      

 

   

 (    ∑  (     (      

 

   

  ∑   
(    

 

   

 

                                                                                                                       (6.5)      

∑    (    (       (      (       ∑   (       (       
   

 
   (6.6) 

From Eq.(6.6) coefficient of  (     (i.e. j=0) 

    (           

   
                                                                (6.7)  

from Eq.(6.7)              

coefficient of      (       is  

  (          (            

   
(        

(     
                                                                  (6.8) 

In Eq.(6.8) substituting  =0 gives 

   
 (      

                                                               (6.9) 

where   = 1,2,3…so on 

This recursive relation can be computed for any value of  , in particular for   =1 
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                                                                                 (6.10) 

when   =2,   
 (    

     
 (    

                                                                                 (6.11) 

In Eq.(6.2) putting   =0 gives 

  ∑    
  

                                                                    (6.12) 

This is expanded and written as 

             
                                                         (6.13) 

Now substituting the coefficients from Eq.(6.10) and (6.11) in Eq. (6.13) 

    *  
 

 
  

 (    

         +                                              

 (6.14) 

If we put     , the value of   is known as LP, denoted by   (   

  (     
 

(    
  

 (    

(    
                                              (6.15) 

which can be written in short form as  

   (   ∑
(      

(    (     
   

                                                           (6.16) 

Now, using Eq.(6.16)   (   can be written as 

where   (     ,    (       

  (    
 

 
(           (    

 

 
(                

Thus, the recursive relation of LP is 

 (     (    (   (         (     (    (                         (6.17) 

Generally,   (   is used to approximate any given function and in this chapter it is used 

to estimate the load fundamental current from the load current input. This polynomial 

function can be easily used in place of hidden layer in ANN network. This helps to make 

the overall algorithm using LP more efficient and less time consuming as compared to 

multi-layer perceptron network. 

 

6.4.1.2. Unit Template Calculation: 

The unit template of the system voltage is required for grid synchronization and it is 

calculated by using grid voltage. The unit vector template (  ) is generated by using 

Second order Generalized Integrator (SOGI) filter as shown in Fig.6.2. 
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     √   
      

                                                                  (6.18) 

     
   

  
 and     

   

  
                                                               (6.19) 

where    is the maximum amplitude of voltage,     is the in-phase component and     is 

the quadrature component. 

 

6.4.1.3. Estimation of Reference Currents in Normal Mode: 

Two modes of operation are defined for the system viz. normal mode and the LVRT 

mode. The normal mode of operation works in the maximum power point tracking 

(MPPT) while the LVRT mode working is based on the regulations specified by the grid 

codes. 

In case of normal mode of operation, the controller is designed such that system works in 

unity power factor mode. The reference grid current is estimated based on the active 

power injection. The fundamental component of load current(  )is estimated by using 

Laguerre polynomial function. Secondly, to enhance dynamic response and incorporate 

the contribution of solar PV, the feed forward term (   ) is evaluated as 

    
    

    
  

                                                                 (6.20)     

where     is the power fed by PV module and    is the maximum amplitude of voltage. 

Third, the DC link voltage regulation is also considered and the output of the PI 

controller is regarded as switching loss in voltage source converter (VSC). Monitoring 

and regulating the DC link voltage(     is crucial for efficient VSC operation. A 

conventional proportional-integral (PI) feedback controller is required to reduce the error 

in DC link voltage(     and may be easily constructed. The error can be expressed as 

follows: 

                                                                          (6.21) 

For switching losses requirement, the reference value of DC link (       is subtracted 

from real time DC link voltage(    , and thus switching loss is estimated as       

                ∫                                                        (6.22) 
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where    and    are the PI controller's proportional and integral gains. The overall active 

power demand of the load is computed by estimating the basic active power component 

of load current and the loss component determined from dc link voltages(    . 

                -                                                           (6.23) 

Furthermore, the required fundamental reference current (  
 ) is calculated by multiplying 

the predicted fundamental active component of the load (      by the unit in-phase 

component (  ). 

  
                                                                          (6.24) 

 

6.4.1.4. Estimation of Reference Currents in LVRT Mode: 

The VSC supplies reactive power during two conditions i.e. high reactive loading or 

during fault condition. The system shown in Fig.6.2 depicts a sag detection unit. Fig.6.3 

shows a mode selector switch for choosing between MPPT and LVRT modes and 

controller details in both the modes for generating switching logic are discussed.  

In case of normal mode of operation, the PV unit injects power to grid through MPPT 

mode at unity power factor by ensuring maximum power injection from PV panels. The 

mode selection unit will change operation from MPPT to LVRT and vice versa according 

to per unit value of the grid voltage (     as shown in Fig.6.3. This     is computed from 

the instantaneous value of terminal voltage and the maximum value. 

 

 

Fig.6.3 Diagram indicating switchover between two modes of operation 
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Fig.6.4 Flowchart showing the selection of reference powers for designed controller  

 

Fig.6.4 shows the flowchart of operation of proposed system in abnormal grid condition 

that in normal mode of operation, active power reference is determined by MPPT 

operation i.e         , while reference reactive power will be zero i.e       ar for 

unity power factor operation. In case of fault, the power reference will change according 

to amount of sag in voltage and grid codes shall be followed. The active power reference 

will be the output power of PV panels in non-MPPT mode operation. The reactive power 

injection during fault is decided by requirement of IEEE Std. 1547-2018 [181] and is 

specified in grid codes as  

 

      {

                                       

 (      
                   

                                                  

                                     (6.25) 

 

where k is the adjustment factor and taken as a constant. 

Once the reference powers have been computed in both the modes, the next step involves 

computing the reference currents. 

    
   (

      

  
)                                                          (6.26) 
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6.4.1.5. Switching Pulse Generation: 

The total reference current of the grid will be  

      
     

    
                                                             (6.27) 

The hysteresis current controller (HCC) block is used to compare     
  current with the 

sensed grid current (  ) and generate the required pulses for single phase VSC as shown 

in Fig.6.2. The next technique discussed is Sliding window recursive discrete Fourier 

transform (SWRDFT) based controller and SOGI based controller in the following 

Sections.  

 

6.4.2. SWRDFT Control Technique: 

A novel SWRDFT based control technique is proposed and developed as shown in 

Fig.6.5 which controls the single-phase double-stage PV system to generate switching 

pulses for single phase VSC. The required control variables are grid voltage (  ), grid 

current (  ), load current (  ), DC link voltage (   ), PV voltage (VPV) and PV current 

(IPV). The controller monitors the instantaneous values of these parameters of the system 

and computes the active and reactive powers. Current reference signals are generated and 

compared using hysteresis current control (HCC) to generate the requisite control action. 

The proposed controller is divided into the following sub-parts for analysis viz. unit 

template calculation, switching loss calculation, switching pulse generation,     

calculation, current reference generation in normal and LVRT mode and SWRDFT 

controller. This is represented in Fig.6.5(a) and the details of the controller are discussed 

in the following Sections. 

 

6.4.2.1. Mathematical Design of SWRDFT Controller: 

A discrete Fourier transform (DFT) based SWRDFT control is mathematically designed 

for the extraction of fundamental component of load current. It is based on signal 

decomposition technique which is a special case of short-time Fourier transform (STFT) 

[182-184]. In this technique, a signal x[n] is multiplied by window g[n] having finite 

length in time and the output signal       can be represented as                . 

The window duration governs the analysis of time localization, whereas bandwidth of 

window governs frequency resolution. If   is the center of window, the frequency 
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representation is given by         where   is digital frequency in range of      . 

Mathematically, the STFT can be defined as 

        ∑            
                                      (6.28) 

where p is a constant shift imposed on the window. Eq.(6.28) can be rewritten for a 

frequency    

               ∑                (     
                    (6.29)                                     

     ∑            
                                       (6.30) 

                                                              (6.31) 

The filter interpretation of STFT is as shown in Fig.6.6(a) 

In this case g[n] is low-pass filter and its discrete time fourier transform (DTFT) is 

      . The DTFT time reversal property involves                                             

                                               (6.32) 

The frequency shifting property involves     

            [   (     ]    ( 
           (6.33) 

Thus for a particular frequency    

            [   (    )]    (              (6.34) 

For sliding window recursive DFT, rectangular window is used 

     ,
      (        
                               

                 (6.35) 

The z-transform of Eq.(6.35) is given by 

    (   
        

     
                               (6.36) 

Representing Eq.(6.34) in z-domain 

            [     (  )]    (             (6.37) 

From Eq.(6.36) and Eq.(6.37) 

  (   
    

    

       
                              (6.38) 

where  

        

If    
   

 
  in DFT, then 
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Fig.6.5(a) Control layout based on SWRDFT controller. 
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Fig.6.5(b) Simulation Model of SWRDFT controller 

 

 

Fig.6.6 SWRDFT controller showing (a) filter interpretation of STFT (b) block diagram 

of SWRDFT technique (c) equivalent structure of SWRDFT (d) block diagram of 

SWRDFT based technique 

     
  
 

    
  

 

where   
  

 is delay element. From Eq.(6.38) the block diagram of SWRDFT can be 

drawn which is shown in Fig.6.6(b).The SWRDFT block diagram shown in Fig.6.6(b) is 

a digital filter with complex coefficient. Fig.6.6(c) is the equivalent structure of 

Fig.6.6(b) where        and   (   is obtained from Eq.(6.38) 
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Now by taking the real and imaginary portion of STFT from Fig.6.6(c) gives 

  
       

                        (                        (6.39) 

  
       

                       (                       (6.40) 

 

Fig.6.6(d) is the equivalent time-varying filter structure obtained using Eq. (6.39) and 

Eq.(6.40). 

 

 

Fig.6.7 Flowchart showing the selection for reference powers for the designed controller 

 

6.4.2.2. Estimation of Reference Current: 

The proposed controller has the capability to operate in unity power factor mode and in 

LVRT mode based on the prevailing grid conditions. The per unit grid voltage     is first 

calculated to ascertain the amount of sag. Using the grid code specification in Eq.(6.41) 

the reference power components for both active power and reactive power in normal and 

LVRT condition are specified as Eq.(6.41). 

The flowchart of proposed control action is next formulated which detects the case of 

normal or faulty grid condition and it is shown in Fig.6.7. 
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                     {
     √    

      
 

      (          

                                           {
         

      

            (6.41) 

 

The reference current generation is carried out next on the basis of active power 

component (    and the reactive power component (   . The detailed formulation of 

reference current generation is divided in following two sections 

 

6.4.2.3. Active Power Component (  ) 

In case of normal mode of operation, the controller is designed such that system works in 

unity power factor mode. The reference grid current is estimated based on the active 

power injection. The fundamental component of load current (  ) is estimated by using 

SWRDFT. 

     √   
          

                         (6.42) 

Further, to enhance the dynamic response and incorporate the contribution of solar PV, 

the feed forward term is evaluated. This term is evaluated based on the Pref computed 

according to the amount of sag present in the grid voltage as shown in Fig.6.7 

 
    

     

  

                                     (6.43) 

Third, DC link voltage regulation of the VSC is also considered and the output of the PI 

controller is regarded as switching loss in voltage source converter (VSC). Monitoring 

and regulating the DC link voltage(     is crucial for efficient SAPF compensation 

operation. A conventional proportional-integral (PI) feedback controller is required to 

reduce the error in DC link voltage(     and may be easily constructed. The error can be 

expressed as follows: 

                                           (6.44) 

For switching loss estimation, the reference value of DC link (       is subtracted from 

the actual DC link voltage(     and thus switching loss is estimated as       
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                ∫                              (6.45) 

where  and    are the proportional and integral gains of PI controller. The overall active 

power demand of the load is computed by estimating the basic active power component 

of load current and the loss component determined from dc link voltages(    . 

                -                           (6.46) 

Furthermore, the required fundamental reference current (  ) is calculated by multiplying 

the predicted fundamental active component of the load (      by the unit in-phase 

component (  ). 

                                    (6.47) 

where    is unit template of the system.   

 

6.4.2.4. Reactive Power Component (  ): 

Once voltage sag fault is detected, the controller is designed to work in LVRT mode. The 

reference grid current is estimated based on the reactive power injection. In Fig.6.7 the 

reference reactive power demand under different conditions is illustrated as per grid code 

requirement. It is observed that both reference active and reactive power reference are 

varied as per the severity of the fault. Eq.(6.41) shows that under severe sag condition 

when     is less than 0.5pu, the reference reactive power is equal to maximum PV power 

    , i.e. during this case reactive power injection given priority over active power 

injection. Once the reference powers have been computed according to the level of 

voltage sag, the next step involves computing the reference currents.  

      (
        

  
)                      (6.48) 

The total reference current of the grid is computed as  

                                         (6.49) 

The hysteresis current controller (HCC) block compares      current with the sensed 

source current (  ) and generates four pulses for the proper operation of single phase VSC 

as shown in Fig.6.5. 

6.4.3. SOGI based Controller: 

It is a second order generalized integrator which acts like BPF and LPF. The block 

diagram of SOGI is shown in Fig.6.8(a) and Fig.6.8(b) shows simulation model of SOGI 
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based controller. SOGI controller produces two orthogonal outputs namely direct axis 

and quadrature axis at same frequency    and having same amplitude. The direct axis 

output (   ) is in phase with input and quadrature axis output (   ) lags input by 90  . The 

transfer function shown in Eq.(6.50) and Eq.(6.51) acts like BPF and LPF respectively 

and gain (k) of SOGI filter decides the bandwidth of filter. The fixed gain SOGI 

controller works best under narrow range of operating conditions. Moreover, once tuned 

it is not possible to vary these gains. 

 

Fig.6.8(a) Design of Adaptive SOGI filter 

 

Fig.6.8(b) Simulation Model of SOGI based Controller 

 

 
   

  
 

    

          
                                                (6.50)   

 
   

  
 

   
 

          
                     (6.51)   

 

6.4.3.1.  Reference Current Generation: 

In case of normal mode of operation, the controller is designed such that system works in 

unity power factor mode. The reference grid current is estimated based on the active 
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power injection. The fundamental component of load current (  ) is estimated by using 

SOGI. 

   √   
     

             (6.52) 

For switching loss estimation, the reference value of DC link (       is subtracted from 

the actual DC link voltage(     and thus switching loss is estimated as       in Eq.(6.45). 

The overall active power demand of the load is computed by estimating the basic active 

power component of load current and the loss component determined from dc link 

voltages(     in Eq.(6.46), furthermore the active power reference current is given by 

Eq.(6.47) 

             

In LVRT mode of operation, the reference current estimation depends on the amount of 

reactive power injection based on magnitude of voltage sag shown in Eq.(6.41). Once the 

reference powers have been computed according to the level of voltage sag, the next step 

involves computing the reference currents as per Eq.(6.48).  

      (
        

  
)                 

 

Fig.6.8(c) Switching Pulse generator Based on SOGI Controller 

 

Thus, the total reference current (    ) is given by 

                     (6.53) 



161 
 

The required gate pulses to control of single phase VSC operation is generated with HCC 

block by  comparing the source current (  ) and reference current (    ) for the proper 

operation shown in Fig.6.8(c).  

6.5.Simulation Performance Analysis: 

This section presents the simulation performances with the developed Laguerre and 

SWRDFT technique for a single-phase grid-connected PV distribution system feeds 

nonlinear loads and linear loads. The simulation performance is analyzed into two modes, 

namely, normal mode of operation and abnormal mode of operation using 

Simulink/MATLAB. Appendix highlights the design value of parameters of the proposed 

system for simulation as well as experimental studies. 

 

6.5.1. Simulation Performance of Laugerre Polynomial Based Control Technique: 

Fig.6.9 depicts MATLAB/Simulink performance of proposed LP based controller with 

added LVRT capability. The intermediate performance of LP is shown in Fig.6.9(a), 

which shows load current (  ),  desired fundamental Weight, output weight and error of 

desired weight and output weight. 

 

 

Fig.6.9(a) Intermediate Performance of LP based controller   
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Fig.6.9(b) and Fig.6.9(c) depicts MATLAB/Simulink performance of proposed LP  based 

controller with added LVRT capability. Fig.6.9(b) shows the plots of source voltage (    

, source current (  ), source reactive power (    and the generated PV power    . 

Fig.6.9(b) shows the performance of proposed system during transition from night-time 

to day-time. During daytime, PV array of 1.3kW with irradiance of 1000 W/m
2
 is 

simulated at t=3s. Before t =3s PV array irradiance is 0W/m
2
 which is considered as night 

time. Thus, the results in Fig.6.9(b) highlight the effect of PV integration at t=3s. The 

night time operation (till t=3s) corresponds to SAPF operation without renewable energy 

integration (      ). During the normal mode of operation, reactive power 

requirement of grid is zero (         and Power delivered by PV to the grid and load 

is 1.2kW as shown in Fig.6.9 (b). Further, the source voltage and current are in phase 

relationship demonstrating UPF operation during night-time. The phase relationship 

changes from in-phase to out of phase during PV integration after t=3s. 

 

 

Fig.6.9(b) Simulation performance of LP controller during normal mode operation 

showing (a) source voltage (    , (b) source current (  ), (c) source reactive power (    

(d) generated PV power     
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Fig.6.9(c) shows the performance under transition between UPF-operation to LVRT 

operation. Fig6.9(c) shows source voltage   , source current   , per unit voltage    , 

inverter active power     , inverter reactive power      and DC link voltage    . 

 

Fig.6.9(c) Simulation performance of LP controller during LVRT operation showing (a) 

source voltage   , (b) source current   , (c) per unit voltage    , (d) inverter active power 

    , (e) inverter reactive power      (f)  DC link voltage     

 

In Fig.6.8(c) from t=3s to 3.4s a voltage sag of 0.7pu is introduced. According to the 

established grid codes, the reactive and active power inverter references get modified as 

per Eq.(6.25) to 600Var and 800W respectively. Now from Eq.(6.25) for a voltage sag of 

0.7pu the power output of the VSC is computed to be  

      (           

        Var 

     √          
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The magnitude of voltage sag also influences the reactive power demand of the grid. 

Thus, for 0.7pu voltage during sag conditions, the power injection from the inverter i.e. 

     and      change from 0var to 600var and 1000W to 800W respectively. Severe sag 

requires higher reactive power support along with a corresponding lower value of active 

power injection from the inverter when the kVA rating of VSC is considered constant. 

Further, the DC link voltage exhibits a little perturbation during the onset of sag but 

stabilizes due to PI controller action at reference dc link voltage value of 200V. 

 

6.5.2.  Simulation Performance of SWRDFT Control Technique: 

Fig.6.10 depicts MATLAB/Simulink performance of proposed SWRDFT based 

controller with added LVRT capability. The intermediate performance of SWRDFT is 

shown in Fig.6.10(a), which shows load current (  ), real part of SWRDFT (  
 (  ) from 

Eq.(6.39), imaginary part of SWRDFT (  
 (  ) from Eq.(6.40) and fundamental weight 

of load current from Eq.(6.42).  

       

 

Fig.6.10(a) Intermediate performance of SWRDFT based controller 

 

Fig.6.10(b) and Fig.6.10(c) depicts MATLAB/Simulink performance of proposed 

SWRDFT based controller with added LVRT capability. Fig.6.10(b) shows the plots of 

source voltage (    , source current (  ), source reactive power (    and the generated 
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PV power    . Fig.6.10(b) shows the performance of proposed system during transition 

from night-time to day-time. During daytime, PV array with irradiance of 1000 W/m
2
 is 

simulated at t=3s. Before t =3s PV array irradiance is 0W/m
2
 which is considered as night 

time. Thus, the results in Fig.6.10(b) highlight the effect of PV integration at t=3s. The 

night time operation (till t=3s) corresponds to SAPF operation without renewable energy 

integration. During the normal mode of operation, reactive power requirement of grid is 

zero as shown in Fig.6.10(b). Further, the source voltage and current are in phase 

relationship demonstrating UPF operation during night-time. The phase relationship 

changes from in-phase to out of phase during PV integration after t=3s. 

 

 

Fig.6.10(b) Simulation performance of system using SWRDFT control during normal 

operation showing (a) source voltage (    , (b) source current (  ), (c) source reactive 

power (    (d) generated PV power     

 

Fig.6.10(c) shows the performance under transition between UPF operation to LVRT 

operation. Fig.6.10(c) shows source voltage   , source current   , per unit voltage    , 

inverter active power     , inverter reactive power      and DC link voltage    . In 

Fig.6.10(c) from t=3s to 3.4s a voltage sag of 0.7pu is introduced. According to the 

established grid codes, the reactive and active power inverter references get modified as 
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per Eq.(6.41). The magnitude of voltage sag also influences the reactive power demand 

of the grid. Thus, for 0.7pu voltage during sag conditions, the power injection from the 

inverter i.e.      and      change from 0var to 600var and 1000W to 800W respectively. 

Severe sag (         ) requires higher reactive power (         ) support along 

with a corresponding lower value of active power injection (      ) from the inverter 

when the kVA rating of VSC is considered constant. Further, the DC link voltage exhibits 

a little perturbation during the onset of sag but stabilizes due to PI controller action at 

reference dc link voltage value of 200V. 

 

 

Fig.6.10(c)  Simulation performance of SWRDFT during LVRT operation showing (a) 

source voltage   , (b) source current   , (c) per unit voltage    , (d) inverter active power 

    , (e) inverter reactive power      (f)  DC link voltage     

 

 

6.5.3. Simulation Performance of SOGI Based Control Technique: 

Fig.6.11 depicts MATLAB/Simulink performance of proposed SOGI based controller 

with LVRT capability. The intermediate performance of SOGI is shown in Fig.6.11(a), 

which shows load current (  ), in-phase part of SOGI  (   ) from Eq.(6.50), quadrature 
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phase part of SOGI (   ) from Eq.(6.51) and fundamental weight of load current from 

Eq.(6.53). 

Fig.6.11(b) and Fig.6.11(c) depict MATLAB/Simulink performance of proposed SOGI 

based controller with added LVRT capability. Fig.6.11(b) shows the plots of source 

voltage (    , source current (  ), source reactive power (    and the generated PV power 

   . Fig.6.11(b) shows the performance of proposed system during transition from night-

time to day-time. During daytime, PV array with irradiance of 1000 W/m
2
 is simulated at 

t=3s. Before t =3s PV array irradiance is 0W/m
2
 which is considered as night time. Thus, 

the results in Fig.6.9(b) highlight the effect of PV integration at t=3s. The night time 

operation (till t=3s) corresponds to SAPF operation without renewable energy 

integration. During the normal mode of operation, reactive power requirement of grid is 

zero as shown in Fig.6.11(b). Further, the source voltage and current are in phase 

relationship demonstrating UPF operation during night-time. The phase relationship 

changes from in-phase to out of phase during PV integration after t=3s. 

 

 

Fig.6.11(a) Intermediate performance of SOGI based controller 
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Fig.6.11(c) shows the performance under transition between UPF operation to LVRT 

operation. Fig.6.11(c) shows source voltage   , source current   , per unit voltage    , 

inverter active power     , inverter reactive power      and DC link voltage    . In 

Fig.6.11(c) from t=3s to 3.4s a voltage sag of 0.7pu is introduced. According to the 

established grid codes, the reactive and active power inverter references get modified as 

per Eq.(6.41). The magnitude of voltage sag also influences the reactive power demand 

of the grid. Thus, for 0.7pu voltage during sag conditions, the power injection from the 

inverter i.e.      and      change from 0var to 600var and 1000W to 800W respectively. 

Severe sag (         ) requires higher reactive power (         ) support along 

with a corresponding lower value of active power injection (      ) from the inverter 

when the kVA rating of VSC is considered constant. Further, the DC link voltage exhibits 

a little perturbation during the onset of sag but stabilizes due to PI controller action at 

reference dc link voltage value of 200V. 

 

 

Fig.6.11(b) Simulation performance of system using SOGI control during normal 

operation showing (a) source voltage (    , (b) source current (  ), (c) source reactive 

power (    (d) generated PV power     
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Fig.6.11(c)  Simulation performance of SWRDFT during LVRT operation showing (a) 

source voltage   , (b) source current   , (c) per unit voltage    , (d) inverter active power 

    , (e) inverter reactive power      (f)  DC link voltage      

   

6.6.Comparison: 

The controllers are based on Laguerre polynomials, SWRDFT and SOGI to extract the 

fundamental component of load current and use it for control algorithm design. As a 

result, the suggested LP control, SWRDFT and SOGI performances and responsiveness 

are compared as shown in Fig.6.12. The fundamental weights obtained from load current 

(  ) utilizing the proposed LP, SWRDFT and SOGI controller are shown in Fig.6.12. The 

detailed simulation performances of LP, SWRDFT and SOGI controller have been 

discussed during UPF and LVRT mode of operation. The LP controller shows better 

performance than SWRDFT and SOGI controller in terms of fast settling time, less 

oscillations, lower peak overshoot and peak undershoot. Table-6.1 shows the results of a 

comparison using LP, SWRDFT and SOGI controllers. It may also be demonstrated that 

the SWRDFT and SOGI controllers are non-adaptive in nature and SWRDFT is complex 
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in nature. Table 6.1 and Fig.6.12 shows LP based controller shows better performance 

than other two controller viz SWRDFT and SOGI based controller.  

 

Fig.6.12 Comparison of Fundamental Weight with different controllers 

     Table 6.1: Comparative performance of different techniques 

S.No. Parameter Proposed     

SWRDFT 

Proposed LP SOGI 

1. PLL (requirement) No No No 

2. Technique Non-adaptive Adaptive Non-adaptive 

3. Settling Time  (~0.08sec)  (~0.03sec)     (~0.10sec) 

4. Weight Convergence Fast(<2.5  cycles) Fast(<2  cycles) Slow 

5. Oscillation Less(<   ) Less(<   ) Less(<   ) 

6. Dependency on control 

parameters 

Yes No, self-adaptive Yes 

7. Complexity High Lower Least 

8. % Peak overshoot 50% NA NA 

9. % Peak undershoot >100% NA NA 

10. Sampling Time 50   50   50   
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6.7.  Experimental Performance: 

   An experimental setup of a single phase system has been developed to validate the 

simulation results of the proposed LP based controller. The performance of Laguerre 

Polynomial control technique is investigated in steady state and dynamic changes under 

various loading scenarios for both the cases viz. SAPF operation is shown without and 

with PV integrated system and under normal and abnormal grid conditions. The 

experimental setup shown in chapter 3 and to replicate the solar PV curve, a PV array 

simulator (Chroma) is used. Voltage and current measurements are performed using Hall 

Effect sensors for current (LA55-P) and voltage (LA55-V). A digital signal processor 

dSpace-1104 is employed to execute the control approach. A power quality analyzer 

(HIOKI make) is used to evaluate the harmonic spectra of various parameters and various 

signals are recorded on a four channel oscilloscope (Aglient make). 

 

6.7.1. Operation in Normal Mode Without PV Integration: 

The intermediate performance of proposed LP control technique for SAPF control is 

shown in Fig.6.13 for a load change. Fig.6.13 shows load current, desired weight, output 

weight and error function of the system.   

 

Fig.6.13  Intermediate performance of LP controller  

 

The steady state performance of the system for non-linear RL load is shown in Fig.6.14. 

Fig.6.14(a) shows waveform of source voltage(    and source current (   . Fig.6.14(b) 
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shows the waveform of source voltage (    and load current (   .  The THD in load 

current is 27.54% as shown in Fig.6.14(c). The THD in source voltage is 1.87% and THD 

in source current is 3.94% as shown in Fig.6.14(d) which as per IEEE 519 standard. The 

proposed single phase SAPF performs harmonic reduction satisfactorily for supply 

currents. In addition, the supply voltage and current have an in-phase relationship 

showing almost unity power factor operation. 

 

Fig.6.14 Waveforms showing (a) source voltage (  ) and grid current (  ) (b) source 

voltage(  ) and load current (   ) (c) THD of    (1.87%) and    (27.54%)(d) THD of   

(1.87%) and    (3.94%) for harmonic reduction 

 

The dynamic performance of the system is shown in Fig.6.15 in which source voltage 

(   , source current (  ), load current (  ), DC link voltage (   ), reference current (    ), 

load RMS current (  (    ) and output fundamental weight of load current are shown. 

From Fig.6.15 it is observed that during the change in load, the DC link voltage is stable 
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and the grid current is sinusoidal. The harmonic content in grid current is also maintained 

as per IEEE 519 standard. The load fundamental gain       shows fast convergence and 

reference current changes as per load changes. The steady state of the system is achieved 

within 2-3 cycles of operation using Laguerre Polynomial control approach. 

 

 

Fig.6.15 Dynamic response during load increase using LP controlled VSC showing 

                (               

6.7.2. Operation in Normal condition with Integrated PV 

Fig.6.16 depicts the steady-state performance of the proposed system integrated with PV. 

The single phase system operates in the MPPT mode. This set of results is obtained using 

the PV array simulator. Fig.6.16(a) depicts the waveform of(      , and Fig.6.16(b) 



174 
 

depicts the power demand of the load is 75.9W Fig.6.16(c) depicts the waveforms of 

(       and Fig.6.16(d) depicts the power delivered to the grid by PV is 317.6W. In this 

study, PV meets the load power demand and also simultaneously exports the net surplus 

power to the grid.  

 

 

Fig.6.16 Waveforms showing (a) source voltage (  ) and load current (  ) (b) load power 

demand (     ) (c) Source Voltage (  )and grid current (  ) (d) power supplied to the 

grid  

 

Fig.6.17(a) shows the dynamic performance of proposed system with PV integrated at the 

DC link of the inverter. Fig.6.17(a) shows                    plots and clearly an out of 

phase relationship between the source voltage and source current is visible due to PV 

integration. It is observed that during the operation of PV integrated SAPF, PV supplies 

power to both load and grid. Fig.6.17(b) shows PV and IV curves of the system during 

PV integration and the maximum power is drawn from PV using MPPT at the provided 

DC link voltage. The operation is stable and irrespective of highly non-linear load 
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current, the grid current is sinusoidal and meets IEEE 1547 standard. Thus, PQ 

improvement is obtained with the designed controller. 

 

       

 

Fig.6.17(a)  Response of  LP controlled SAPF integrated with PV  

 

 

 

Fig.6.17(b) IV and PV curves for PV module indicating MPPT operation point in normal 

mode of operation 
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6.7.3. Operation Under Abnormal Grid Condition 

Fig.6.18(a-b) show the performance of proposed system in LVRT mode. Fig6.18(a) 

shows the grid voltage (  ), voltage pu (   ), grid reactive power (  ) and reference 

current (    ). As voltage sag is detected by sag detector, the operation shifts from UPF 

mode of operation to LVRT mode of operation. Fig.6.18(a) and Fig.6.18(b) capture the 

transition period. In Fig.6.18(a), the voltage (input) is reduced from 1.0 to 0.6 pu and it 

can be observed that the reactive power demand has increased from an initial value of 

zero. Moreover, the reference current increases during LVRT period as an additional 

reactive current component needs to be injected as per grid code standards. 

 

           

      (a) 

          

(b) 

Fig.6.18 Response of LP controlled VSC in LVRT mode 
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Fig.6.18(b) shows the grid voltage (  ) and grid current(  ) for both the modes. In UPF 

mode of operation, both grid voltage and grid current are in same phase and in LVRT 

mode of operation the grid current start lagging behind grid voltage because the grid 

reactive demand increases during sag.  

  

6.8. Conclusion:  

This chapter discusses the operation and grid requirement of single phase system during 

LVRT mode of operation.  The designs of proposed controllers adaptive LP and 

SWRDFT based controller are one of the primary accomplishments of this study. All 

controllers are able to track the fundamental component of load current faithfully. Under 

normal condition and voltage sag condition the simulation performance of LP, SWRDFT 

and SOGI controllers are discussed in detail. LP, SWRDFT and SOGI controllers have 

been designed to work effectively in normal and LVRT modes. Even under normal mode 

of operation, both daytime and nighttime operations have been depicted. The grid code 

standards have been referred to while designing the LVRT control operation. Based on 

the level of voltage sag, the reference reactive power and active power are computed, and 

accordingly fed to the grid during LVRT mode of operation. The transition from one 

mode to another is also depicted and shows the grid voltage and grid current relationship. 

The experimental performance of LP controller during normal and LVRT mode of 

operation is discussed in detail. The designed LP controller effectively meets the criteria 

of enhanced power quality in the form of reduced harmonic distortion in grid current and 

shows better performance as compared to other two controllers.  
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Chapter: 7 LVRT Operation in Three-Phase System 

7.1  Introduction 

Three-phase Low Voltage Ride-Through (LVRT) is the ability of a three-phase power 

generation system to continue operating and ride through voltage dips or grid 

disturbances without disconnecting the network. LVRT is especially significant for 

renewable energy sources including wind turbines and solar photovoltaic systems, which 

are gradually being incorporated into the power grid. 

The power generated by renewable sources is supplied to the grid during normal 

operation, contributing to the overall power supply. However, voltage disruptions such 

as grid faults or rapid changes in load demand can occur on the grid. These disruptions 

can induce a drop in voltage, which can lead to power generation system instability or 

disconnection. 

LVRT capacity plays an essential role in maintaining the stability of renewable energy 

systems during voltage drops. It allows the system to ride through the disruptions while 

remaining connected to the grid. Thus power generation system contributes to grid 

stability and reliability. 

LVRT requirements and standards vary from one country to another and regions. In order 

to guarantee grid stability, grid regulations typically state the minimal LVRT capabilities 

that power generation systems must achieve. Three-phase power generation systems 

employ control algorithms and protection devices to accomplish LVRT. These solutions 

often include monitoring grid voltage and responding to voltage drops by altering system 

operational settings. To ride through a voltage disturbance, the control system may 

regulate power output and alter reactive power production. 

This chapter focuses on the advanced control techniques used in three-phase grid-

connected solar systems to provide reliable and stable operation under abnormal 

conditions such as voltage sag. 

 

7.2. System Description of Three-Phase System: 

This chapter deals with LVRT and UPF mode of operation for three phase grid connected 

PV system. The proposed system has the conventional three phase three leg topology of 

converter. It comprises a three phase full bridge inverter having six IGBT switches and 
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DC bus. A 2.7kW PV array is connected at the DC link. The VSC connected at PCC 

through interfacing inductor shown in Fig.7.1. This figure also displays the system setup 

for reactive power and harmonic current correction in an unbalanced and distorted three-

phase, three-wire PV-connected distribution system. For simulation investigations, a 

three-phase programmable supply is utilized while a CHROMA make PV array simulator 

is utilized for experimental verification. A three-phase diode rectifier feeding resistive–

inductive load represents a nonlinear load at the rectifier end. A shunt compensator is 

depicted in Fig.7.1 by a VSC that is coupled to the Common Coupling Point (PCC) via 

interface inductors. Using LEM sensors, the load and supply voltages and currents are 

measured for the hardware setup. The controller based on the Micro LAB box 1202 is 

utilized to generate the gating pulse logic required by the VSC.  

 

 

Fig.7.1 System Description of Three Phase System  

 

7.3. Reference Current Generation Control Techniques 

In this section, three different control strategies for extracting the required reference 

current have been presented and tested for operation in two modes, namely LVRT and 

UPF. The required reference currents for both modes of operation are made up of two 

parts: an active component for the UPF mode of operation and a reactive component for 
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the LVRT mode of operation. For three-phase VSC controlled as active filter under 

normal and LVRT conditions, three alternative control strategies are discussed below: 

Gegenbaur polynomial based controller, load power based controller and SOGI based 

controller. These controllers are designed and utilized to regulate a three-phase PV 

system connected to the grid.  

 

7.3.1 Gegenbaur Polynomial based Controller: 

Fig.7.2 shows the proposed Gegenbaur polynomial (GP) based controller which is made 

to control three-phase PV system to provide six switching pulses for three-phase VSC 

and simulation model of GP based controller. The required inputs for the control are 

source current (  (    ), load current (  (    ) DC-link voltage (   ), PV current (   ) and 

PV power (    . Depending on the current state of the system, the controller takes action 

after sensing all the source and load parameters. An additional part of the control 

algorithm involves computing the requisite amount of active and reactive power into the 

grid based on the presence/absence of voltage sag.  

Gegenbaur polynomial (GP) was proposed by Leopold Gegenbaur [185]. This GP 

polynomial shows orthogonal properties in interval [-1 to1]. The GP‘s    
(  

(   is a 

generalized case of Legendre polynomial [186] and Chebyshev polynomials [187]. The 

proposed GPs   
(  

(   are solutions of Gegenbauer differential equation for integer 

values of ‗n‘ 

(     
   

    (      
  

  
  (                         (7.1) 

where n is integer and   is a constant, for        the above equation reduces to 

Legendre and for    , the same equation reduces to Chebyshev differential equation. 

By using series solution method, the solution of Gegenbauer differential equation is 

obtained and the GPs   
(  

(   are 

  
 (                                                                                             (7.2) 

  
 (                                                                                          (7.3) 

  
 (        (                                                               (7.4) 

Thus the recursive relation of GPs is 

  
 (   

 

 
   (          

 (   (           
 (                                      (7.5) 
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The fundamental current of a load is estimated in this study using the approximation 

function  
 (  , which is applicable to any function. In an ANN network, this polynomial 

function may simply replace the hidden layer. This means that GP-based algorithms can 

be designed to be faster and less resource-intensive than those based on multi-layer 

perceptron networks. 

 

Fig.7.2(a) Proposed GP polynomial based adaptive control system 

 

 

Fig.7.2(b) Simulation model of  GP polynomial based adaptive controller 

 

It can be observed in Fig.7.2, a new controller implementation is based on adaptive 

Gegenbauer polynomials. The input is the three-phase load currents(      , and the 

output is the extracted fundamental weight of the load (     ). The Least Mean Square 

(LMS) method is used to train this network remotely. The basic component of load 
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current may be obtained by training with just one parameter weight (w). This network's 

output is put to use in the order to enhance PQ of the three-phase system. 

The formula for weight updation of the given GP based controller using the LMS training 

approach is 

 (    (        (    
 (                                   (7.6) 

where   is the learning rate, w(k) is the updated  fundamental weight of respective phase 

and      is the in-phase component of the respective phase. Now     for phase-a 

       (   ∑   (     
                             (7.7) 

where   (   is weight of phase-a trained by LMS. Similarly for phase-b and phase-c 

      (   ∑   (    
 
                               (7.8) 

      (   ∑   (    
 
                               (7.9) 

where   (   and   (   are the respective weights of phase-‗b‘ and phase- ‗c‘ trained by 

LMS and     and     are fundamental weights extracted for phase-b and phase-c. 

 

7.3.2. Load Power based Adaptive Controller:  

Load power control algorithm is developed based on the calculation of load current, 

compute the fundamental load requirement and train the load fundamental with LMS 

technique and this control algorithm is designed to operate in LVRT and UPF mode of 

operation. Fig.7.3 (a) shows the load power requirements of the three phase system.  

For phase-a load power can be written as, 

                         (7.10) 

Similarly for phase-b and for phase-c 

                           (7.11) 

                         (7.12) 

Now from Eq. (7.10), (7.11) and (7.12) the total load power is  

                                     (7.13) 

Now for fundamental component of the load current  

    
  

  
                  (7.14) 

where   equivalent voltage of three phase system is can be written as 

   
 

 
√  

    
    

                                                              (7.15) 
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Fig.7.3 Proposed load power based controller 

 

Now the weight extraction from load power based control technique is trained by LMS 

algorithm, the updated fundamental weight for phase-a, phase-b and phase-c load current 

shown in Fig.7.3(b) can be written as  

For phase-a 

       (      (                   (7.16) 

where   is step size,      is error function of phase-a and     is active load power 

requirement of phase-a 

                        (7.17) 
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Fig.7.4 Matlab model of Load power based controller 

 

where    is unit template of phase-a 

   
  

  
                           (7.18)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

where    is phase-a voltage. Similarly for phase-b  

       (      (                         (7.19) 

                             (7.20) 

   
  

  
                 (7.21) 

For phase-c 

       (      (                          (7.22) 
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                            (7.23) 

   
  

  
           (7.24) 

where     and     are the fundamental weights extracted by phase-‗b‘ and phase-‗c‘. 

 

7.3.3 SOGI based Controller: 

It is a second order generalized integrator which acts like BPF and LPF. The block 

diagram of SOGI is shown in Fig.7.5(a) and Fig.7.5(b) shows simulation model of SOGI 

based controller. SOGI controller produces two orthogonal outputs namely direct axis 

and quadrature axis at same frequency    and having same amplitude. The direct axis 

output (   ) is in phase with input and quadrature axis output (   ) lags input by 90  . The 

transfer function shown in Eq.(7.25) and Eq.(7.26) acts like BPF and LPF respectively 

and gain (K) of SOGI filter decides the bandwidth of filter. The fixed gain SOGI 

controller is works best under narrow range of operating conditions. Moreover, once 

tuned it is not possible to vary these gains. 

 

 

Fig.7.5(a) Design of SOGI based controller for three phase system 
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Fig.7.5(b) Simulation model of SOGI based controller  

 

   

  
 

    

          
                                                  (7.25)   

 
   

  
 

   
 

          
                       (7.26)   

The fundamental component of load current of phase a  (     is estimated by using 

SOGI. 

    √    
      

               (7.27) 

where      is phase a in phase component,      is phase a quadrature axis output which 

lags input by 90  Similarly, for phase b fundamental component of load current  

    √    
      

               (7.28) 

where     is fundamental weight of load current for phase b. For phase c fundamental 

component of load current 

    √    
      

               (7.29) 

where     is fundamental weight of load current for phase c. 
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7.3.4 Switching Loss Component Extraction: 

The switching loss in VSC is considered based on the output of the PI controller and the 

DC link voltage regulation. The proper operation of shunt compensator depends on the 

monitoring and regulation of the DC link voltage (   ). The active power switching loss 

of the power electronics converter is taken as the PI controller's output in Fig.7.6 and can 

be represented as 

 

 

Fig.7.6 Switching loss component 

 

                ∫                      (7.30) 

where    and    are integral and proportional gains of PI controller respectively and      

is the error in dc link voltage which can be written as follows: 

                                                                              (7.31) 

where        is the DC link reference voltage. 

 

7.3.5. Operation during Voltage Sag: 

As shown in Fig. 7.7, the newly built controller provides more ability to operate in the 

LVRT mode based on the current grid situation. The magnitude of sag is initially 

established by computing the grid voltage per unit. 

   
 

 
√  

    
    

                                                              (7.32) 

    
  

          
                                                                 (7.33) 

The reference power components for active power and reactive power in both normal and 

LVRT conditions are then calculated using the grid code standards in Eq.(7.34) 
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Fig.7.7 Flowchart for control action under voltage sag conditions 

 

{
 
 
 

 
 
               {

      

         

               {
     √    

      
                   

      (          

             {
         

      

      (7.34) 

 

7.3.6. Reference Current Generation:  

The active component and reactive component are used to generate the reference currents 

which are discussed below. 

 

7.3.6.1. Active Power Component: 

Normal mode of operation is controlled by the active power component of the system. In 

this case, the system work is controlled to unity power factor (UPF) mode when the pu 
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voltage is close to unity. Grid current and supply voltage are in phase with one another 

after compensation. The load current fundamental (     ), switching loss component 

(     ), and PV feed forward component (   ), the active power component of the load 

determined. Using the GP function, Load power based controller and SOGI based 

controller, the fundamental of load current is calculated as illustrated in Fig.7.2, Fig.7.3 

and Fig.7.5 respectively  

      
 

 
                                                                    (7.35) 

where    ,     and     are load current fundamental weight components for phase-a, 

phase-b and phase-c respectively. 

Also, to include the contribution of solar PV, the feed-forward term is calculated based 

on the sag in the system shown in Fig.7.5. 

    
     

   
                                                                           (7.36) 

where       denotes the active power of solar PV array. 

Now, from Eq.(7.30), Eq.(7.35) and Eq.(7.36) 

                                                                      (7.37) 

The required active fundamental reference currents (     ) are computed as: 

           (                                                                (7.38) 

where   (    represent the three in-phase voltage templates of three phase system. 

 

7.3.5.2  Reactive Power Component 

The system is regulated to operate in LVRT mode in the event of voltage sag in the 

system. This mode is distinct from the default operating mode and has been added in 

accordance with grid code specifications. The grid reference currents are calculated 

during LVRT mode of operation based on reactive power injection, as illustrated in 

Fig.7.7. Voltage sag calculation is the first step, and thereafter from Eq.(7.34)  the 

appropriate reference power (    ) to be injected  is determined. The reference three-

phase currents are calculated after the reference powers have been calculated based on 

the degree of voltage sag. 

    (
        

   
)                          (7.39) 
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The three-phase grid reference currents are calculated as 

                                        (7.40) 

According to Fig.7.8, the hysteresis current controller (HCC) block creates six pulses by 

comparing the measured source current (is) with the reference current (    ). 

 

                        

Fig.7.8 Layout of reference current and gating pulse generation  

 

7.4. Simulation Result and Discussion: 

This section covers the simulation performance of the Gegenbuer polynomial based 

controller, Load power based control technique and SOGI based control approaches for 

three-phase grid-connected and PV-integrated power distribution system in the presence 

of normal and abnormal grid conditions. The system's performance is analyzed in several 

ways: before the sag, during the sag, and after the sag. Simulink / MATLAB software is 

used to simulate the system and analyze its operation under various situations. The design 

value of the proposed system's parameters for simulation studies are mentioned in 

Appendix. 

 

7.4.1 Simulation  Performance with GP Controller: 

Fig.7.9 shows simulation performance of proposed GP function trained by LMS. 

Fig.7.9(a) shows intermediate performance of  proposed GP controller. Fig7.9(a) shows 

load current of phase-a (   ), desired fundamental weight, output fundamental weight and 

error of phase-a. The proposed GP controller output is trained by LMS algorithm, in 
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Fig.7.9(a) it is observed that the output weight is tracking the fundamental component of 

load current. The error is almost close to zero expect during the disturbance. the load 

changes the intermediate performance of the proposed system is tracking the desired 

condition.  

 

 

Fig.7.9(a)  Intermediate performance of GP controller 

 

Fig.7.9(b) shows simulation performance of GP control algorithm during the variation 

from day time to night time and non-linear load variation for three phase grid connected 

PV system of 2.7kW.  Fig.7.9(b) shows the plots for supply voltage(      , supply 

currents (     ), load currents (     ), compensator currents (     ), DC link voltage (   ) 

and irradiance(    (W/m
2
)). At starting time day mode is present and the irradiance is 

considered as 1000W/m
2
. At t=1.0s load is increased. At t=1.3s night time is simulated 

and irradiance level is decreased to 0W/m
2
 and PV output power becomes zero during 

this period. As a result, the source voltage and current are out of phase when the grid is 

operating during the day. Similarly, when the grid is operating at night, when PV power 

is zero and the load is provided by the source, the source voltage and current are in phase. 
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The supply current maintains sinusoidal behavior throughout load change and irradiance 

change, even in the presence of distorted load currents. 

 

 

Fig.7.9(b) Simulation performance of GP controller under UPF mode 

 

Fig.7.9(c) shows the performance of the system during a transient between UPF mode to 

LVRT mode and back again to UPF mode of operation. Fig.7.9(c) shows the source 

voltage (     ), source currents (     ), inverter active power (    (  ) and inverter 

reactive power (    (    ). The proposed system is integrated with 2.7kW PV array. 

Fig.7.9(c) demonstrates that before sag grid current is out of phase with grid voltage, 

which shows PV power is feeding to the grid, when a sag of 0.55pu is introduced at 

t=0.6s, the system responds by changing its active and reactive power shown in 

Fig.7.9(c). The active power supplied by VSC of the system is lowered by 200W, but the 

VSC reactive power is raised by 700var. At t=2.5s sag is cleared and it is observed that 

the system transitions from faulty to normal mode smoothly during the pre-sag, sag and 

post sag conditions as illustrated in Fig.7.9(c).      
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Fig.7.9(c) Simulation performance of GP controller during LVRT mode 

 

7.4.2 Simulation Performance of Load Power based Controller:  

Fig.7.10 shows simulation performance of proposed load power based function trained by 

LMS. Fig.7.10(a) shows intermediate performance of  proposed load power based 

controller. Fig7.10(a) shows load current of phase-a (   ), desired load current of phase-a, 

error of phase-a and fundamental weight of phase-a. The proposed load power based 

controller output is trained by LMS algorithm, as per Fig.7.10(a) as the load changes the 

intermediate performance of the proposed system is tracking and the fundamental weight 

also increases. 

Fig.7.10(b) shows simulation performance of load power based control algorithm during 

the variation from day time to night time and non-linear load variation for three phase 

grid connected PV system of 2.7kW.  Fig.7.10(b) shows the plots for supply 

voltage(      , supply currents (     ), load currents (     ), compensator currents 

(     ), DC link voltage (   ) and irradiance(    (W/m
2
)). At starting time day mode is 

present, the irradiance is 1000W/m
2
. At t=1.0s load is increased of the system. At t=1.3s 

night time started and irradiance level decreased till 0W/m
2
 and PV output power become 
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zero during this period. As a result, the source voltage and current are out of phase during 

the day. However, at night, PV power is zero and the load is supplied by the source, the 

source voltage and current are in phase. To satisfy the increased load need, the supply 

current increases. Even in the case of distorted load currents, the supply current retains 

sinusoidal behavior during load and irradiance changes. 

 

Fig.7.10(a) Intermediate performance of Load Power based controller 

 

Fig.7.10(b) Simulation performance of Load Power based controller under UPF mode 
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Fig.7.10(c) Active power and reactive power demand during LVRT mode 

 

Fig.7.10(c) shows the performance of the system during a transition between UPF mode 

to LVRT mode and back again to UPF mode of operation. Fig.7.10(c) shows the source 

voltage (     ), source currents (     ), inverter active power (    (  ) and inverter 

reactive power (    (    ). The proposed system is integrated with 2.7kW PV power. 

Fig.7.10(c) demonstrates that before sag system works in UPF mode of operation in 

which grid current is out of phase with grid voltage, which shows PV power is feeding to 

the grid, when a sag of 0.55pu is introduced at t=0.4s, the VSC responds by changing its 

active and reactive power shown in Fig.7.10(c). The active power of the system is 

lowered by 200W, but the reactive power is raised by 700var. Similarly, at t=0.7s sag is 

cleared and it has been observed that the system transitions from faulty to normal mode 

smoothly during the pre-sag, sag and post sag conditions as illustrated in Fig.7.10(c). 

 

7.4.3 Simulation Performance of SOGI based Controller: 

Fig.7.11 shows simulation performance of SOGI based controller. Fig.7.11(a) shows 

intermediate performance of  SOGI based controller, which shows load current (  ), in-
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phase part of SOGI  (   ) from Eq.(7.25), quadrature phase part of SOGI (   ) from 

Eq.(7.26) and fundamental weight of load current from Eq.(7.27), Eq.(7.28) and 

Eq.(7.29) of their  respective phases. Fig.7.11(a) shows as the load changes, the 

fundamental weight also increases. 

 

 

Fig.7.11(a) Intermediate performance of SOGI based controller 

 

Fig.7.11(b) Simulation performance of  SOGI based controller under UPF  mode 
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Fig.7.11(b) shows simulation performance of  SOGI based control algorithm during the 

variation from day time to night time and non-linear load variation for three phase grid 

connected PV system of 2.7kW.  Fig.7.11(b) shows the plots for supply voltage (      , 

supply currents (     ), load currents (     ), compensator currents (     ), DC link 

voltage (   ) and irradiance(    (W/m
2
)). At starting time day mode is present, the 

irradiance is 1000W/m
2
. At t=1.0s load is increased. At t=1.3s night time simulated and 

irradiance level decreased till 0W/m
2
 and PV output power become zero during this 

period. As a result, the source voltage and current are out of phase when the grid is 

operating during the day. At night, when PV power is zero and the load is supplied by the 

source, the source voltage and current are in phase. To satisfy the increased load need, the 

supply current increases. Even in the case of distorted load currents, the supply current 

retains sinusoidal behavior during load and irradiance changes. 

 

Fig.7.11(c) Active power and reactive power demand during LVRT mode 

 

Fig.7.11(c) shows the performance of the system during a transient between UPF mode to 

LVRT mode and back again to UPF mode of operation. Fig.7.11(c) shows the source 

voltage (     ), source currents (     ), inverter active power (    (  ) and inverter 
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reactive power (    (    ). The proposed system is integrated with 2.7kW PV power. 

Fig.7.11(c) demonstrates that before sag system works in UPF mode of operation in 

which grid current is out of phase with grid voltage, which shows PV power is feeding to 

the grid, when a sag of 0.55pu is introduced at t=0.4s, the VSC responds by changing its 

active and reactive power shown in Fig.7.11(c). The active power of the system is 

lowered by 200W, but the reactive power is raised by 700var. Similarly, at t=0.7s sag is 

cleared and it has been observed that the system transitions from faulty to normal mode 

smoothly during the pre-sag, sag and post sag conditions as illustrated in Fig.7.11(c). 

 

7.4.4 Comparison of Proposed GP and Load power based Control Technique- 

These proposed controllers  based on GP, load power and SOGI based controller are used 

to extract the fundamental component of load current and use it for control algorithm 

design. As a result, the proposed GP, load power and SOGI based controller 

performances and responsiveness are compared, as shown in Fig.7.12. The fundamental 

weights obtained from load current (  ) utilizing the GP based controller, load power 

based controller and SOGI based controller are shown in Fig.7.12. The GP based 

controller outperforms load power controller and SOGI based controller in terms of fast 

settling time, less oscillation and less peak overshoot. Table-7.1 shows the results of a 

comparison using GP controller, Load power based controller and SOGI based controller. 

The fundamental weights of Load power based controller is fast to converge but it has 

steady state error in response with some oscillation. In addition, the suggested approach 

has a substantially lower total harmonic distortion (THD) of supply currents than the 

other control technique. The suggested GP and load power based controller are 

straightforward and produce great performance under varying loads and during normal 

and abnormal grid conditions. 

 

Table 7.1: Comparative performance of different techniques  

S.No. Parameter Proposed GP Proposed Load 

Power 

SOGI 

1.  PLL (requirement) No No No 

2. Technique Adaptive Adaptive Non-
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Adaptive 

3. Settling Time <4cycles 

(~0.08sec) 

<5cycles 

(~0.10sec) 

 

(0.15sec) 

4.  Weight Convergence  Fast(<3  cycles) Fast(<2  cycles) Moderate 

5. Oscillation  Less(<   ) Less(<   ) Less(<   ) 

6. Load Current(  ), % 

THD of IL 

2.5A,27% 2.5A,27% 2.5A,27% 

7.  Source Current(  ), % 

THD of Is 

2.8A,(~4.2%) 2.8A,(~3.94%) 2.8A(~4.8%) 

8. Dependency on 

control parameters 

No, self-adaptive No, self-adaptive Dependent 

9. Complexity Lower Lower Lower 

10. Sampling Time 50   50   50   

 

                    

 

Fig.7.12 Comparison of Output Fundamental Weight 
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7.5. Experimental Performance      

The experimental setup of three-phase compensator has been developed in the laboratory 

and proposed GP polynomial function based control technique is validated under various 

conditions. A programmable PV array simulator (Chroma) is used to recreate PV curves. 

For measurement and control of the system LEM make Hall Effect sensors are used and 

both voltage (LV25-P) and current (LA25-P) sensors are used. MicroLAB Box 1202 is 

used to control VSC digital signal processing. The measurements are taken using an 

HIOKI power analyzer, and the dynamic responses of the system are collected with a four 

channel oscilloscope. 

 

Fig.7.13 Intermediate Performance of GP Controller showing (a) load current of phase-a 

(   ), (b) desired fundamental weight, (c) output fundamental weight (d) error of phase-a 

 

Fig.7.13 shows intermediate performance of GP controller. Fig.7.13 shows load current of 

phase-a (   ), desired fundamental weight, output fundamental weight and error of phase-

a. The GP controller output is trained by LMS algorithm. Fig.7.14 shows the performance 

of GP function based control technique for three phase system. Fig.7.14 shows the 

response of phase-a showing source current of phase-a (   ), load current of phase-a (   ), 

load RMS current of phase-a and fundamental weight of phase-a (   ) extracted by using 

GP function based control technique. It is clear that the source current is sinusoidal even 
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though load current is distorted. Further, GP polynomial technique shows fast 

convergence and fundamental extraction of load varies in accordance with the load 

changes. 

 

 

Fig.7.14 Dynamics performance of phase-a during load increase (           (        ) 

 

 

Fig.7.15(a) Waveforms of source voltage (     ) and voltage in per unit (   ) 
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Fig.7.15(b) Estimation of pu voltage (   ) form three-phase source voltages (     ) under 

different sag conditions. 

 

 

Fig.7.16(a) Dynamic performance during sag (             ) 

 

The source voltage (     ) and estimated voltage in per unit (   ) are shown in 

Fig.7.15(a). According to Fig.7.15(b), a voltage sag conditions is shown when voltage 

dips from 1pu to 0.8pu. It is clear that the calculated per unit value of voltage varies 

appropriately when the amount of sag in the grid voltage is introduced. The performance 
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of GP function based control technique is demonstrated experimentally under abnormal 

grid condition. Fig.7.16(a) and Fig.7.16(b) show the experimental results with LVRT 

capability of the controller in the presence of voltage sag. 

Fig.7.16(a) shows the voltage pu (   ), VSC active power (    ) in W, source reactive 

power (    ) in Var and dc-link voltage (   ). It is noted that in accordance with the 

established grid regulations  [138,139], the active power decreases and the reactive power 

increases when the grid voltage decreases from 1pu to 0.8pu.The DC link voltage of the 

system is well regulated. 

Source voltage of phase-a (   ), source current of phase-a (   )and reactive power (    ) 

during UPF and LVRT operation are shown in Fig.7.16(b). This figure also depicts the 

change from UPF to LVRT mode when sag occurs. According to the observed results, 

both the source voltage and source current are in phase in the UPF mode of operation 

under the pre-sag mode of operation. However, during sag conditions, LVRT mode is 

activated and the source current begins to lag behind the source voltage as the grid 

reactive demand rises during this mode of operation. Thus, the performance of the GP 

polynomial controller is observed to be satisfactory under different operating modes. 

 

 

Fig.7.16(b) Performance of phase-a during transition from no-sag to sag introduction 

(          ) 
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The findings also show that when a voltage sag in the supply voltage is detected, the 

reactive power demand of the system rises while the active power demand falls 

accordingly. This is in line with the stringent grid codes which necessitate grid support 

during low voltage conditions. Further, the power rating (kVA) of VSC is constant and 

the system has to be safeguarded, this is also necessary to protect the system. Thus, the 

controller is designed to contribute to Q and reduce P during adverse grid conditions. 

Additionally, the dc link voltage is properly stabilized to its reference value both before 

and after the introduction of sag. So, the results show that a three-phase PV integrated 

system can be used to provide grid support when needed and in accordance with grid 

standards. A perfect conformity between the simulation results and the experimental 

findings is observed. The established power control method based on GP is effective, 

efficient, and quick to react as desired. 

 

7.5 Conclusion: 

This chapter discusses the operation of PV-grid interface three-phase systems and 

discusses their augmented control operation during LVRT mode. The chapter includes 

the design and development of a GP function-based, Load power based controller and 

standard SOGI based controller for LVRT and normal mode of operation. These two new 

controllers have been designed and developed to track the fundamental component of 

load current effectively in both normal and LVRT modes and compared with 

conventional standard SOGI controller, as per the grid code standards. The controllers 

have been designed in such a way based on the magnitude of voltage sag, the needed 

reactive power is estimated first and then injected into the system and the active power is 

correspondingly reduced during this operation. The simulation findings of GP and Load 

power based controller are satisfactory and are demonstrated for normal and abnormal 

grid conditions. The transition from one mode to another is also depicted as well as the 

phase relationship between grid voltage and grid current in both the modes. The designed 

controllers operate as a shunt active filter during the normal operation and ensure good 

power quality by lowering harmonic distortion in grid current. Moreover, the GP based 

controller performs adequately under normal grid voltage setting, voltage sag conditions 



205 
 

and during the post-sag phase. Thus, the experimental performance of GP controller 

during normal and LVRT mode of operation is discussed which shows better results 

under simulation studies. The developed GP controller has been equipped with enhanced 

LVRT capabilities and responds quickly and correctly to changing system conditions and 

shows better performances as compared to other two controllers. 
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Chapter:8 Conclusion and Future Scope 

The objective of this thesis is to develop and design techniques for  improving the quality 

of power supplied to non-linear loads by single-phase and three-phase systems during 

normal and abnormal grid conditions including low voltage ride through operation. To 

achieve these objectives, several control algorithms have been developed for improving 

power quality and LVRT operation. The control methods require the feed forward term, 

DC-link voltage controllers, synchronization techniques, estimation of the basic 

component of load current and reference active and reactive power based on magnitude 

of voltage sag during LVRT operation. Extensive simulation and experimental 

investigations have been conducted to assess the effectiveness of the system and the 

control algorithms. The following part discusses the thesis's concluding remarks. 

 

8.1. Conclusion 

Chapter 1 provides an introduction and the background for the various power challenges, 

harmonic sources, and mitigation techniques and in Chapter 2, a comprehensive literature 

review was conducted on single-phase and three-phase PV systems that are grid-

connected. This chapter focuses on PV modeling, MPPT approaches, control algorithms, 

installation, and power management. Based on the literature review and the justifications 

for employing PV, research gaps have been identified and lists of objectives have been 

decided. 

Chapter 3 provides a detailed discussion of the design and development of single-phase 

and three-phase grid-connected PV systems. Moreover, experimental prototype setup 

figures, system configuration, and design equations have been developed. PV arrays can 

be connected in single-stage and double-stage configurations. To enhance the quality of 

the power, offer reactive power compensation, inject active power into the grid, and 

inject reactive power into the grid, this system single phase and three phase 

configurations have been developed and tested both simulation as well as in experimental 

prototype studies have been carried out and investigated. 

Chapter 4 major contributions include design and development of SRFT and SOGI 

conventional control algorithm and the design and development of self-adaptive BP and 

RBFNN algorithm applied as single phase and three-phase single stage grid connected 
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PV system for active power injection and reactive power compensation. The H-bridge 

inverters are employed as a SAPF to mitigate many power quality issues and achieve load 

compensation in single-phase and three-phase systems feeding a range of linear and non-

linear loads. The SRFT, SOGI, adaptive BP and RBFNN-based controllers may be 

utilized for  control of grid connected systems with or without a PV source interfaced to 

it. The system performance aspects are demonstrated when taking into account the 

influence of PV as well as at during night. The control algorithm has been designed to 

fulfill the entire reactive power needs of the load while also providing power quality 

enhancement features. The performance of SRFT and SOGI control requires extra LPF to 

improve the performance of the SRFT and SOGI control algorithms. Adaptive BP and 

RBFNN consistently perform better in single-stage grid connected with and without PV 

condition. This chapter also includes experimental results for all control strategies for 

single-phase and three-phase grid-connected PV systems. The result clearly validates the 

efficient injection of active and reactive power to the grid based on load demand and PV 

power output. Power quality improvement is depicted under both linear and non-linear 

load conditions. 

Chapter 5 presents different control techniques for improving power quality for 

performance under distorted grid. In this chapter, a variety of unit template extraction 

methods, such as D-SOGI and the unit template approach for three phase systems are 

discussed. For SAPF operation in a polluted grid situation in a three phase system, two 

control strategies are explored. The first of these control techniques is the LM trained 

SOGI filter; in this approach, the unit template method is employed for synchronization. 

In the second controller technique, a conductance-based approach is employed, in this 

approach, a D-SOGI filter is used for positive sequence extraction, and the extracted 

sequence is then used for reference current calculation based on the load power demand. 

Simulation and experimental performances of both controllers were found good under 

polluted and normal grid condition. Both active and reactive power compensation, as well 

as power quality improvement has been achieved under distorted grid condition. 

Chapter 6 discusses the operation and grid requirement of single phase system during 

LVRT mode of operation.  The designed controllers include adaptive LP and SWRDFT 

and this happen to be one of the primary accomplishments of this study. The results show 
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that controllers are able to track the fundamental component of load current faithfully; the 

simulation performance of LP, SWRDFT and conventional SOGI based controller are 

discussed in detail. The controllers have been designed to work effectively in normal and 

LVRT modes. Even under normal mode of operation, both daytime and nighttime 

operations have been depicted. The grid code standards have been referred to while 

designing the controller in LVRT control operation. Based on the level of voltage sag, the 

reference reactive power and active mode, and accordingly reactive power support is 

provided during LVRT mode of operation. The transition from one mode to another is 

also depicted and shows the grid voltage and grid current relationship. The experimental 

performance of LP controller during normal and LVRT mode of operation is discussed. 

The designed controller effectively meets the criteria of enhanced power quality in the 

form of reduced harmonic distortions in grid current and reactive power support under 

LVRT condition. 

Chapter 7 discusses the operation and grid requirement of three-phase system during 

LVRT mode of operation. This chapter includes the design and development of a GP 

function-based and Load power based controller for LVRT and UPF mode of operation. 

This proposed controller has been designed to track the fundamental component of load 

current effectively in both normal and LVRT modes, as per the grid code standards. The 

controllers have been designed in such a way that based on the magnitude of voltage sag, 

the needed reactive power is estimated first and then injected into the system and the 

active power is correspondingly reduced during this operation. The simulation findings of 

GP function based, Load power based controller and SOGI based controller are 

satisfactory and are demonstrated for normal and abnormal grid conditions. The transition 

from one mode to another is also depicted as well as the phase relationship between grid 

voltage and grid current in both the modes. The designed controller operates as a shunt 

active filter during the normal operation and ensures good power quality by lowering 

harmonic distortion in grid current. The designed controller performs adequately under 

normal grid voltage setting, voltage sag conditions and during the post-sag phase. The 

experimental performance of GP function based controller during normal and LVRT 

mode of operation is also discussed. The developed controllers have been equipped with 

enhanced LVRT capabilities and respond quickly and correctly to changing system 
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conditions. The performance of the GP function based controller has been found better in 

terms of fast settling time, oscillation convergence, no steady state error as compared to 

other two controllers. 

 

8.2. Future Scope 

Design, control, and analysis of single-phase as well as three-phase grid-connected with 

and without PV systems have been demonstrated in this thesis work. Various 

synchronization algorithms, both old and modern, have been developed to perform under 

undesirable grid-voltage conditions. The development of new synchronization methods, 

particularly for DC-offset situation, still need more research work and investigation. The 

stable operation of the synchronization algorithms under varied grid voltage conditions 

could also be examined mathematically. 

In this work various conventional and advanced adaptive signal processing algorithms 

have been demonstrated to estimate the fundamental component of load current. 

Nowadays, researchers are focusing on adaptive digital filters. These filters reduce the 

system complexity and require less computation time to implement in digital signal 

processors. In addition, the proposed controllers have to be designed to operate under 

have low voltage ride through capability during abnormal grid condition.  The future 

scope of this research could concentrate on new control approaches with reduced 

complexity with an integrated PV system, as well as new PLL techniques for grid 

synchronization for operation under polluted grid conditions. The broad scope of this 

study includes PV integration with a new design of DC-DC converter that minimizes 

converter switch count, power management in hybrid system by integrating fuel cell, 

wind power and PV arrays, and EV integration with the grid.    
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Appendix  

Simulation and Experimental Parameters for considered single phase system: 

Parameters Simulation Experimental 

Grid Voltage                        

(without & with PV) 

    40V (without & 

with PV) 

Grid frequency                              
     

Sampling time                  
Interfacing Inductor                   

Irradiance                           
PV Rating 2.7kW 500W 

DC-link Capacitor                       
Feeder Parameters          ,R = 0.02Ω         ,R = 

0.02Ω 

Controller gains kp=1.5 and ki=0.33 Adjusted and tuned 

Non-linear load Single phase diode 

rectifier with R=80Ω and 

L=100mH 

Single phase diode 

rectifier with R=90Ω 

and L=100mH 
 

Simulation and Experimental Parameters for considered three-phase system: 

Parameters Simulation Experimental 

Grid Voltage                        

(without & with PV) 

    40V (without & 

with PV) 

Grid frequency                              
     

Sampling time                  
Interfacing Inductor                   

Irradiance                           

PV Rating 2.7kW 500W 

DC-link Capacitor                       
Feeder Parameters          ,R = 0.02Ω         ,R = 

0.02Ω 

Controller gains kp=0.9 and ki=0.19 Adjusted and tuned 

Non-linear load Three-Phase diode 

rectifier with R=80Ω and 

L=100mH 

Three-Phase diode 

rectifier with R=90Ω 

and L=100mH 

 


