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ABSTRACT 
 

The combination of various power electronic loads and linear loads in the modern 

distributed grid offers a dynamic and complex electrical environment. These loads may 

have a major impact on power quality, resulting in problems like low power factor and 

harmonic production that compromise the grid's stability and effectiveness. This thesis 

work includes both current and voltage related PQ issues such as voltage sag, voltage 

swell, voltage harmonics, load unbalancing, reactive power compensation and poor 

power factor. 

In this work, design and control of single and three-phase grid connected PV 

system has been presented. It permits power quality enhancement, load balancing, and 

active and reactive distribution compensation in single-phase and three-phase grid 

connected system. A single-phase, single-stage topology of a grid-integrated PV 

system is utilized to feed nonlinear loads at the point of common coupling (PCC). A 

simple Perturb and observe (P&O) MPPT technique is used to extract the maximum 

available power from PV in single stage single phase and three-phase grid connected 

PV system. 

The Parameters of grid connected PV system are estimated and hence the 

prototype of single-phase and three-phase grid connected PV system are designed for 

Shunt Active Power Filter (SAPF), Series Active Power Filter and Unified Power 

Quality Compensator (UPQC). The shunt and series active power filter are also named 

as DSTATCOM and DVR respectively in the thesis work. Ideally, a control algorithm 

requires a synchronizing technique, fundamental component, a DC link voltage 

controller and the feed-forward term. The generation of reference source current for 

providing switching signals to voltage source converter (VSC) requires synchronizing 

signals or sine template. Most of the proposed control scheme for DSTATCOM and 

DVR are using unit template based synchronizing signals. But the unit template 

method will not generate balanced and sinusoidal synchronizing signals under weak 

grid conditions. For that weak grid condition, a conventional Synchronous Reference 

Frame Theory (SRFT), Second order generalized integrator and modified PLL is 

utilized in the single and three-phase grid connected system. 
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The fundamental component extraction techniques are used to estimate the 

fundamental component of load current and source voltage. SRFT, Instantaneous 

Reactive Power Theory (IRPT), Hermite Polynomial, and Bernoulli Polynomial based 

load compensation control schemes are used in single-phase grid connected PV 

system. 

The fundamental load component is extracted from distorted load current using 

a single layer neural network. The objective of the designed controller is to fulfill the 

load’s active power demand from the generated solar PV power and feed the excess 

power back to the grid when surplus. When solar PV is not integrated with the grid, 

the voltage source converter (VSC) acts as a distribution static compensator 

(DSTATCOM), improving the system's utilization factor. 

In order to mitigate power quality issues in electrical systems, specialised 

power device design and control are essential. The development and implementation 

of novel solutions to problems including voltage sags, swells, harmonics, transients, 

and other power quality issues is the main goal of this research. The research highlights 

the incorporation of customised power components designed for particular uses, 

providing improved efficiency and dependability. The results are validated as per 

IEEE-519 standards. 

Developing advanced power electronics solutions, such as shunt active power 

filter, series active power filter, and unified power quality compensator, is included in 

the design part. These devices are designed to deliver a modified response to the 

system's particular features under consideration, enabling focused mitigation of power 

quality issues. A significant aspect of this research is control techniques, which 

highlight the innovative and flexible management of customized power devices.  

The study investigates advanced control methods, including as adaptive ε-

NSRLMMN, and q-LMF to maximise device performance in various kinds of 

operating conditions. The objective is to assure efficient power quality improvement 

by real-time monitoring, efficient responses, and effective compensation. In 

conclusion, this research advances custom power devices as useful equipment for 

reducing issues with power quality. The integration of detailed design techniques with 

smart control methods presents an auspicious path towards enhancing the 
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dependability and efficiency of electrical systems, consequently strengthening the 

reliable and sustainable functioning of modern power grids. 
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CHAPTER 1 

INTRODUCTION 

1.1 General 

The process of integrating renewable energy sources into our existing electrical grids is 

revolutionary and marks a fundamental change in how we produce and use electricity. 

The need to switch to sustainable and clean energy sources, fight climate change, and cut 

greenhouse gas emissions is driving this transformation. Renewable energy sources must 

be seamlessly assimilated into conventional power grids, which have traditionally relied 

heavily on fossil fuels and centralized generation. Examples of such sources are solar, 

wind, and hydropower. Integrating renewable energy sources with existing electrical 

networks has become crucial on a global scale in response to rising environmental 

concerns and the need for a more sustainable energy future. In order to fulfill the world's 

rising energy needs and reduce carbon emissions and climate change, it is essential and 

environmentally appropriate to produce electrical energy from renewable energy sources. 

Because they are endless, renewable energy sources that employ natural processes to 

produce electricity are seen as sustainable. Photovoltaic solar panels turn sunlight directly 

into electricity. These cells produce DC electricity, which is transformed into AC power 

for usage in buildings, commercial establishments, and the grid. Rooftop solar PV 

systems, solar farms, and smaller off-grid applications are all examples of their utilization.  

The presence of a large number of nonlinear loads in the existing power system 

causes undesirable effect. The nonlinear loads draw non-sinusoidal current from the 

power source, which makes the source current non-sinusoidal. These are some examples 

of nonlinear loads personal computers (PC), adjustable speed drives (ASDs), and power 

electronics-related equipment. Harmonics, which are integer multiples of the fundamental 

frequency (often 50 Hz) in AC power networks, can be produced by nonlinear loads. 

These harmonics can cause problems with power quality by altering the voltage and 

current waveforms. Harmonic distortion can make equipment overheat, decrease the 

effectiveness of power distribution, and impair the functionality of other delicate 

electrical devices. 
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A single-stage photovoltaic (PV) connected grid system is a reasonably 

straightforward solar power design that links a solar array to the electrical grid directly 

without the need for complicated power electronics or energy storage. The solar 

electricity produced in such a system is delivered directly into the grid, where it can be 

utilized to power electrical loads or credited to the owner's utility account. 

1.2 Power Quality standards 

The regulatory authorities and standards organization establishes the technical guidelines 

and specifications related to power quality (PQ) standards in electrical distribution 

systems. In order to ensure that electrical systems and equipment operate properly and 

effectively, these standards aid in defining permissible values of certain power quality 

criteria. Issues including voltage and current waveforms, frequency, harmonics, voltage 

sags, voltage swells, and other disturbances are often covered by power quality standards. 

Classification of PQ comes under the standards IEC 61000-2-5:1995, IEC61000-2-

1:1990, and IEEE 1159:1995. Transients’ phenomenon comes under the standards IEC 

61000-2-1:1990, IEC-1159:1995, and IEC 816:1984. Voltage sag and swells come under 

IEC 61009-2-1:1990 and harmonics come under IEEE 519:1992, IEC 61000-2-1:1990.  

1.3 Classification of Power Quality Problems 

Problems with an electrical power supply's voltage and current waveforms are referred to 

as power quality concerns, and they can have an impact on the functionality and 

performance of connected electrical and electronic equipment. Based on their nature and 

behaviors, these issues can be divided into several categories. The power quality problems 

are classified into different categories such as voltage variations, frequency variation, 

harmonics, transients voltage disturbance, voltage flicker, and voltage imbalance. In this 

research work, two main PQ problems are considered voltage-related and current-related. 

The voltage-related PQ issues are subcategorized into voltage sag, voltage swell, voltage 

unbalance, and voltage flicker and these PQ problems occur at grid/source voltage. Other 

related PQ problems are current harmonics, poor power factor, and reactive power 

demand due to nonlinear loads present in the distribution system. 

1.3.1 Voltage-based PQ issues 

Voltage-based PQ issues that occur at the source side or grid side are as follows: 
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 Voltage Sag: When the supply voltage drops between 0.1 pu and 0.9 pu of the 

standard rated rms voltage at a power frequency between 0.5 cycles and 1 minute, 

this is referred to as voltage sag. These are temporary decreases in voltage below 

a specific level, which are often brought on by power grid problems or the startup 

of major machinery. Equipment failures or shutdowns can result from voltage 

sags. Voltage sag lasts for a short duration from a few milliseconds to a few 

seconds. 

 Voltage Swell: Voltage swells are momentary raises of voltage above a 

predetermined threshold. They may cause sensitive equipment to be damaged and 

can be brought on by the switching of capacitor banks or the disconnecting of 

heavy loads. Voltage swell lasts for a short duration from a few milliseconds to a 

few seconds. 

 Voltage imbalance: An imbalance in the voltage levels of the three phases in a 

three-phase power system. This can cause equipment overheating and inefficiency 

in three-phase motors. 

 Voltage interruptions: A momentary loss of voltage that is typically brought on 

by faults or the tripping of safety features in the power distribution system. 

 DC offset: A direct current (DC) component that is constant or slowly varying is 

superimposed on the alternating current (AC) voltage waveform, which is a power 

quality problem known as DC offset in voltage. This may happen as a result of 

several operational and voltage-related power quality problems. Undesirable 

effects of DC offset are transformer saturation, overheating in motors, and 

equipment malfunctions. 

 Voltage harmonics: The presence of non-sinusoidal components in the voltage 

waveform is commonly referred to as harmonic distortion. Non-linear loads, such 

as variable speed drives, can introduce harmonics into the system, which can lead 

to overheating in transformers and motors. 

1.3.2 Current-based PQ issues 

Nonlinear loads are a common cause of power quality problems in source currents in 

electrical systems. Devices and equipment that draw non-sinusoidal current waveforms 

from the power source are referred to as nonlinear loads. Typically, this is due to the 
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electronic switching components that are already present in these devices and equipment. 

These loads have the potential to cause several power quality issues, particularly current 

harmonics. 

 Current Harmonics: Transient pulses or surges of current are drawn by 

nonlinear loads, which can distort the current waveform. Harmonic currents, 

which are multiples of the fundamental frequency, represent this distortion. 

Harmonic currents can cause several problems, including Overheating of 

conductors and transformers and reduced power factor, leading to lower apparent 

power and potential penalties from utilities. 

 Voltage Distortion: Harmonic currents from nonlinear loads can cause voltage 

distortion in the power system. The ideal sinusoidal waveform can be altered and 

deviated from by this voltage distortion, which also includes waveform distortion 

and harmonic distortion. Voltage distortion can damage delicate equipment 

connected to the same system, lead to faults, or reduce the equipment's lifespan. 

 Poor Power Factor: Typically, nonlinear loads have a low power factor, which 

causes them to consume more apparent power than actual power. Higher 

electricity prices may arise from this, and power factor improvement efforts may 

be necessary. 

1.4 State of Art in Power Quality 

Due to increase of nonlinear loads in the distribution system causes undesirable effects 

on modern distribution systems. These nonlinear loads cause current-related power 

quality issues such as poor power factor, current harmonics, and reactive power demand. 

These current related PQ issues are mitigated through shunt active power filter (SAPF) 

also considered as distribution static compensator (DSTATCOM). Different control 

schemes are utilized for SAPF. Unit template or PLL-less synchronization technique is 

used to extract the synchronizing signals. But unit template method is not suitable for 

distorted grid conditions. The SAPF will work satisfactorily under distorted grid 

conditions by employing PLL schemes such as SOGI, EPLL, MAF-PLL, CCF PLL, 

MCCF, and so on. Voltage source converters (VSC) based on photovoltaics (PV) fulfill 

the two distinct functions of bidirectional active power transfer to the grid and load in 

grid-connected systems. Grid current balancing, harmonic reduction, reactive power 
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balancing, and raising the supply side power factor to unity can all be accomplished by 

controlling them. The PV source can be connected directly to the VSC at its DC link using 

the single-stage design or integrated through a DC-DC boost converter using the double-

stage configuration. The most common MPPT techniques utilized are incremental 

conductance (InC) and Pertub & Observer (P&O). These MPPT techniques are meant to 

extract the maximum power from the PV array.  

The PV source and nonlinear loads are additionally linked to the grid at the point 

of common coupling (PCC) via a voltage source converter. These power electronic-based 

loads are favored because they are more efficient and smaller. The nonlinear loads 

consume reactive power, which lowers the quality of the electricity and introduces 

harmonics into the system, increasing losses. To address the aforementioned problems, 

SAPF is built and programmed to perform power factor correction, reactive power 

compensation, and harmonic mitigation. In order to enhance the power quality in 

distribution systems, it is advised to adhere to several international standards based on 

IEEE and IEC. IEEE-519 requirements for grid current harmonic mitigation should be 

followed. The IEEE-519 standard specifies that the grid current's total harmonic distortion 

shall be less than 5%. Additionally, when PV systems are connected to the grid, the IEEE-

1547 standard states the permissible harmonic content that can be injected. 

The Shunt APF is developed in MATLAB Simulink for single-phase and three-

phase distribution systems. Varying loads are carried out to investigate the performance 

of the proposed system. The two-level inverter is considered for single-phase and three-

phase distribution systems. Comparing two-level inverters to more sophisticated 

multilevel inverters, two-level inverters are more straightforward in terms of design and 

control. This simplicity may lead to less expensive manufacture, simpler maintenance, 

and faster deployment. Two-level inverters are suitable for low-to-moderate power 

applications in single-phase distribution systems, making them a good choice for various 

residential and small commercial setups. The SAPF's performance is also influenced by 

how precisely the control algorithm extracts the reference current and compensates for 

the harmonics produced by the load. The Literature review mentions many time and 

frequency domain algorithms, such as Synchronous Reference Frame Theory, 

Instantaneous Reactive Power Theory, Second Order Generalised Integrator, etc. These 

algorithms are time-based conventional ones. Other time-domain algorithms, like 
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Composite and model observer-based algorithms, Kernel incremental learning methods, 

and others, perform well but call for fine-tuning of some parameters, intensive arithmetic, 

and additional filters. Additionally, some frequency-domain methods, including the 

Fourier transform and Kalman filter, have been employed to manage the SAPF and 

distribution static compensator (DSTATCOM). The newly developed control algorithms 

for shunt active power compensation in distribution systems need to be investigated, 

according to a thorough literature analysis on power quality issues and methods for 

mitigating them. The ability of these control algorithms to correct power quality issues in 

PV integrated grid-connected systems under a variety of linear, and non-

linear circumstances must also be examined. In-depth research is required for 

performance study of control algorithms for grid-connected single-phase and three-phase 

systems. Two-leg SAPF topology is used in single-phase grid-connected systems, 

whereas three-phase three-wire topology is used in three-phase distribution systems. Both 

of these topologies are standard and have been tested in the past. The shunt APF with 

conventional and advanced control scheme is utilized for current related PQ issues. Poor 

power factor, harmonics in the source current, load imbalance, and reactive power 

imbalance are the current-based power quality issues. Control methods adopted for Shunt 

Active Power Filters address these PQ issues. The PV-integrated DC link capacitor meets 

the load demand in cases of variable PV and during load perturbations are also examined. 

All of these systems' performances are thoroughly described, along with detailed test 

results that include experimental ones. 

Series active filters are used in distribution systems to reduce problems with 

power quality and enhance the overall efficiency of the electrical network. Numerous 

issues, including harmonic distortion, voltage sags, swells, flickers, and other disruptions, 

can be solved by using these filters. Distribution systems' harmonic distortion can be 

significantly decreased by using a series of active power filters. They identify harmonic 

currents using advanced control algorithms and real-time monitoring, inject equal but 

opposing currents to cancel the harmonics out, and the result is a cleaner supply voltage. 

Series active power filters can aid voltage quality by reducing voltage sags, swells, and 

flickers in addition to harmonic mitigation. To stabilize the voltage levels within 

predetermined limits, they can inject or absorb reactive power. There have been reported 

in the literature control methods for the DVR based on synchronous reference frame 
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theory (SRFT), Adaline-based fundamental extraction, instantaneous symmetrical 

component theory, energy-optimized control, PQR instantaneous power theory, 

symmetrical component estimation, etc. The control schemes such as SRFT, IRPT, SOGI, 

Hermite ANN, Bernoulli’s polynomial-based ANN, q-LMF, ε − NSRLMMN are utilized 

for fundamental load compensation.  

An advanced and comprehensive power quality solution called the Unified Power 

Quality Conditioner (UPQC) is utilized in distribution systems to simultaneously address 

several power quality problems. In order to solve issues such as voltage sag, swell, 

harmonics, flicker, and unbalance, it includes both series and shunt active power filters. 

State-of-the-art UPQCs employ advanced control algorithms that ensure optimal 

operation under varying load and network conditions. These algorithms are capable of 

real-time monitoring and quick response to maintain power quality. Some of the UPQC 

control schemes discussed in this thesis work are SRFT, MAF-SRF, and Mittag-Leffler 

ANN. Also, the developed control scheme for a series of active power filters in a three-

phase distribution system needs to be investigated. The voltage-related PQ issues are 

mitigated using series SAPF (DVR). The performance of the DVR is investigated under 

voltage-related PQ issues such as voltage sag, swell, voltage harmonics, and voltage 

imbalance. Another custom power device is UPQC which is utilized to mitigate PQ issues 

related to both voltage and current. The UPQC and DVR are integrated with PV source 

analysis and performance under varying PV solar irradiance, varying load, and distorted 

grid is investigated in this thesis work.  

Distribution systems frequently employ phase-locked loops (PLLs), particularly 

when it comes to the distribution of electrical power. PLLs play a key role in the 

generation and control of synchronous signals, the monitoring and regulation of voltage 

and frequency, and the maintenance of the stability and dependability of the electrical 

grid in distribution systems. Different distributed energy resources, including solar 

photovoltaic (PV) systems and wind turbines, are integrated into modern power 

distribution systems. These DERs are synchronized with the grid using PLLs, providing 

that the power generated is in-phase with the voltage and frequency of the grid. 

PLLs are essential for keeping the electrical grid's frequency and voltage stable. 

They continuously check the grid's voltage and frequency, and when deviations are 

detected, they give feedback to the control systems so that they can change the power 
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output of generators or active compensators like STATCOMs and DVR. The literature 

study focuses development of various PLLs, and Synchronous Reference Frame Theory 

(SRFT) is the most basic PLL. SRF-PLL is widely used and functions well under typical 

circumstances. However, this PLL does not reliably track frequency and phase angle 

when the grid is distorted. Finding alternatives to SRFT-based PLLs is therefore crucial. 

For handling various grid anomalies, orthogonal signal generator (OSG) based PLL has 

been widely used and implemented in recent years. Additionally, compared to SRF-PLL, 

its tracking capability is quite good and accurate. Generalized sinusoidal integrator 

(SOGI-PLL) is the most widely used OSG-PLL, and other PLLs that have been discussed 

in the literature include the Discrete Fourier Transform, Notch, Second Order Generalised 

Integrator Fuzzy Logic Controller, and Cascaded Generalised Integrator (CGI) PLL. PLL 

control schemes such as SRFT, SOGI, MAF, and FAMAF PLL are developed and 

discussed in this thesis work. 

1.5 Thesis Structure 

The content of the thesis work has been divided into the following chapters: 

Chapter 1: This chapter deals with the introduction of power quality (PQ), PQ standards, 

classification of PQ problems, and mitigation of PQ issues. 

Chapter 2: This chapter deals with the extensive literature survey on PQ issues, effects, 

and mitigation techniques. Also, shunt APF, Series APF, and UPQC-based control 

scheme literature is discussed. Synchronization techniques for DSTATCOM, DVR, and 

UPQC (conventional and advanced control) under various grid abnormalities are 

discussed. 

Chapter 3: This chapter discusses the design of a single-phase shunt active power filter 

for grid-connected PV system. The proposed control scheme for single-phase 

DSTATCOM is discussed and examined under normal and distorted grid conditions. The 

proposed control scheme is simulated in MATLAB Simulink and experimentally 

validated using hardware setup using dSpace 1104, OPAL-RT real-time simulator, Power 

quality analyzer, and Digital storage oscilloscope (DSO). The performance of the 

proposed control scheme is compared with the conventional control scheme. 
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Chapter 4: This chapter discusses the design of a three-phase shunt active power filter 

grid-connected PV system. The proposed control scheme for three-phase DSTATCOM 

is discussed and examined. The proposed control scheme is simulated in MATLAB 

Simulink and experimentally validated using hardware setup using dSpace 1104, OPAL-

RT real-time simulator, Power quality analyzer, and Digital storage oscilloscope (DSO). 

The performance of the proposed control scheme is compared with the conventional 

control scheme. 

Chapter 5: This chapter discusses the design of a three-phase series active power filter 

grid-connected PV system. The proposed control scheme for three-phase DVR is 

discussed and examined. The proposed control scheme is simulated in MATLAB 

Simulink and experimentally validated using hardware setup using OPAL-RT real-time 

simulator, power quality analyzer, and Digital storage oscilloscope (DSO). The 

performance of the proposed control scheme is compared with the conventional control 

scheme. 

Chapter 6: This chapter discusses the design of a three-phase unified power quality 

compensator (UPQC) grid-connected PV system. The proposed control scheme for the 

three-phase UPQC is discussed and examined. The proposed control scheme is simulated 

in MATLAB Simulink and experimentally validated using hardware setup using OPAL-

RT real-time simulator, power quality analyzer, and Digital storage oscilloscope (DSO). 

The performance of the proposed control scheme is compared with the conventional 

control scheme. 

Chapter 7: This chapter discusses weak grid-connected systems that experience voltage 

sag, swell, harmonics, and DC offset. Different PLLs are created for synchronisation and 

tested with weak and non-ideal single-phase grids. The discussion includes the Phase 

Locked Loop (PLL) techniques such as Synchronous Reference Frame Theory (SRFT-

PLL), SOGI-PLL, and FAMAF PLL. A hardware prototype created in the lab under 

various grid conditions is used to study the performance analysis of the proposed PLL in 

MATLAB Simulink. The steady state and dynamic performance analyses for precisely 

identifying the phase angle and generating the sinusoidal unit template under weak grid 

conditions are addressed in detail. 
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Chapter 8:  Conventional and adaptive control algorithms, grid synchronization 

methods, control algorithms for DSTATCOM, DVR, and UPQC, and the integration of 

PV to the grid in single-phase and three-phase systems are all summarised in this chapter. 

The last chapter also includes a presentation of the work's future scope. 
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CHAPTER 2 

LITERATURE SURVEY 

 

2.1 General 

The previous chapter gives a detailed introduction to the power quality issues, their 

effects, and mitigation techniques. It includes a variety of problems, including changes in 

voltage, frequency, harmonics, and disturbances. Increased energy expenses, equipment 

damage, and service interruptions can all result from poor power quality. The grid-

connected system with and without PV integration is discussed in the previous chapter. 

The system configuration of grid-connected VSC with its control schemes is discussed in 

this chapter. Various Literature is reviewed for grid synchronization with conventional 

and advanced control schemes. The grid-connected VSC is controlled to achieve reactive 

power balance, harmonic reduction, and power factor correction. 

In this chapter, an extensive literature survey on load compensation control 

schemes for shunt active power filters concerning current generation is discussed. This 

chapter deals with custom power devices (CPDs) such as shunt active power filter, series 

active power filter, and unified power quality compensator and their control scheme for 

generating reference switching signals for their respective IGBT switches. It is necessary 

to investigate the performance of conventional and proposed control schemes for CPDs 

under distorted grid conditions. The PV integration with the existing grid is also 

discussed. 

2.2 Literature Survey on PQ issues, Effects, and Mitigation techniques 

High levels of harmonics have been introduced into an electrical supply system as a result 

of the growing reliance on power electronics-based devices at the utilization level. The 

electrical supply system is contaminated by the large number of consumer electronics that 

operate as nonlinear loads and draw nonsinusoidal currents. At the point of common 

coupling (PCC), which is coupled to other loads, power quality (PQ) problems become 

evident. The functionality of connected loads and their lifespan is impacted by problems 

including voltage harmonics, surge, sag/dip, swell, and others [1-4]. Due to the increase 

of nonlinear load, the reactive power demand and losses increase. Various negative 
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consequences on electrical systems and connected equipment can be caused by poor 

power quality. Due to high penetration of nonlinear loads in the system causes large 

reactive power demand, as well as injects the current and voltage harmonics. This results 

in a poor power factor and makes the source current non-sinusoidal [5-6]. Consequently, 

this chapter studies and analyses a comprehensive assessment of numerous PQ issues, 

mitigation techniques, and distinct international standards.  

The International Electrotechnical Commission (IEC) and the Institute of 

Electrical and Electronics Engineers (IEEE) are two established organizations that create 

and disseminate standards for electrical and electronic technologies. The quality, 

interoperability, and safety of many electrical and electronic systems are greatly 

influenced by these standards. This standard outlines the prerequisites for integrating 

distributed energy resources (DERs) safely and reliably into the electrical power system. 

The IEEE 519 standard specifies recommendations for reducing harmonic distortion and 

regulating harmonics in electrical power networks [7-8]. The IEC is a global organization 

that creates and disseminates electrotechnology standards. Internationally renowned and 

frequently embraced by numerous nations are IEC standards [9-10]. 

Electrical waveforms having harmonics, which are non-sinusoidal, can damage 

power systems and affect the functionality of electrical and electronic equipment. 

Numerous methods and technologies are used to reduce harmonics and enhance power 

quality. Some of the harmonic mitigation techniques are passive filter, active filter, 

variable frequency drives, and phase shifting transformer. But in this research work active 

filters will be discussed. For reducing harmonics in electrical power systems, passive 

harmonic filters are a popular and economical solution. They function by giving particular 

harmonic frequencies a low-impedance path to follow, effectively redirecting and 

lowering harmonic currents in the system. Inductors, capacitors, and resistors are 

common passive electronic parts found in passive harmonic filters [11-14]. Some of the 

advantages of passive filters are cost-effectiveness, reliability, low maintenance, and 

compact size. There are some limitations of limited tuning, Limited range, and resonance 

risk. Many applications can benefit from passive harmonic filters, especially when 

tackling known and specific harmonic problems.  

Active filters or other methods might be more appropriate for systems with 

dynamic and shifting harmonic spectra or for applications needing a wider spectrum of 
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harmonic mitigation [15]. The active filters considered for PQ mitigation are configured 

in shunt and series. The shunt active power filter also known as DSTATCOM is used for 

mitigating current related PQ issues [16-17]. The series active power filter such as DVR 

is used to mitigate voltage-related PQ issues [18-19]. Electrical systems' harmonic 

distortion can be efficiently reduced using active power filters, which are essential in 

contexts with non-linear loads. They eliminate the undesirable harmonics and produce 

cleaner electricity by introducing equal and opposite harmonics. A system's power factor 

can be enhanced by using active power filters, bringing it closer to unity (1.0). Reactive 

power demand is decreased by a higher power factor, which can lead to cheaper electricity 

bills and distribution system losses. The researchers discuss various control schemes for 

DSTATCOM. The UPQC has served the combine objectives of both shunt and series 

active power filters [20]. The UPQC can mitigate both current and voltage-related PQ 

issues [21]. 

2.3 Literature Survey Control algorithm of Shunt APF 

The efficient performance of a grid-connected shunt active power filter usually depends 

on its control scheme. Various control schemes are designed to extract the fundamental 

load current through load compensation and thus generate the reference source current. 

Literature reviews on the design configuration of shunt APF are thoroughly discussed in 

various research papers [22-23]. The mostly conventional schemes such as synchronous 

reference frame theory (SRFT), IRPT, SOGI, and unit template base control schemes are 

utilized for PQ mitigation techniques [24-25]. However, due to their slow response and 

poor dynamic performance, other advanced control schemes are required. An adaptive 

neuro-fuzzy interference system LMS control scheme is utilized for load compensation 

and mitigates the current related power quality issues as presented by M. Badoni, A. 

Singh, and B. Singh [26]. The proposed control scheme is found to be effective under 

steady-state and dynamic load conditions. P. Chittora and A. Singh developed an efficient 

controller based on a multiple complex coefficient filter (MCCF), and second-order 

generalized integrator (SOGI) to mitigate PQ issues under normal and weak grid 

conditions [27]. A. Gharmi et. al. presented a sliding mode control for three-phase shunt 

APF [28]. The implementation of the sliding-mode controller enhances tracking 

performance characteristics, and power quality, and reduces reactive power demand. P. 
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Chittora et al. introduce Chebyshev Function expansion ANN-based shunt compensation 

in a three-phase grid-connected system. ANNs provide a tool for approximating random 

functions, which can be used for solving a specific problem quickly. Developing neural 

network topologies without hidden layers is essential since ANNs employ a lot of hidden 

layers to increase accuracy, which consumes a lot of computational work [29-31]. 

Utilizing Chebyshev polynomials, such a single-layer functional link ANN eliminates the 

hidden layer [32]. The proposed ChANN method performs superbly in terms of 

convergence, minimal processing effort needed, and sinusoidal source currents. In [33-

34] a notch filter-based control scheme is introduced to extract the fundamental load 

current which is used to generate the reference source current. In [35], the authors 

proposed a backstepping controller with self-tuning filter for single-phase SAPF. The 

control scheme is designed for two loops, one is an inner loop and another is an outer 

loop. The disadvantages of conventional LPF-based load compensation are corrected 

using a self-tuning filter. 

Various adaptive control schemes based on real-time training are discussed in 

literature such as Levenberg Marquardt [36-37]. Another adaptive filter based on the N-

LMS control scheme is implemented for grid synchronization and PQ improvement. The 

proposed N-LMS control scheme provides the estimated component free from negative 

sequence components and low-order harmonics [38]. The LMS [39], Leaky-LMS [40], 

variable LMS [41-42], Least mean fourth [43-44], leaky least mean fourth [45-46], LMS-

LMF [47], normalized LMF [48], quantum LMF (q-LMF) [49], and Weiner Filter [50]. 

The orthogonal polynomials can also be used for the extraction of fundamental 

active load components and for generating the reference source current for generating 

switching signals for single and three-phase grid-connected systems. Some of the 

orthogonal polynomial methods are Hermite polynomial-based ANN (HeANN) [51], 

Bernoulli’s polynomial-based ANN (BePANN) [52], and Lagurre based polynomial [53] 

for mitigating the PQ issues in grid-connected inverter system. Ppaer [54] presents the 

control system of an active shunt compensator for quick harmonic compensation. In order 

to lessen the injection of non-sinusoidal currents into the ac mains, it is linked in shunt to 

the distribution system. An instantaneous quantity-based time domain control technique 

is typically used to operate an active shunt compensator. These algorithms operate under 

both ideal and non-ideal assumptions, and include p-q theory [55], I cosφ [56], nonlinear 
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control algorithm [57], direct power control [58], model predictive control [59], 

instantaneous reactive power theory [60], etc. Other control algorithms include the CFT 

(Character of Triangle Function) control algorithm [61], which is based on the character 

of the distorted load currents' triangle function; the adaptive filter-based control algorithm 

[62], which necessitates numerous approximations for the estimation of the fundamental 

component of load currents; and the composite observer-based control algorithm [63]. 

Digital signal processors, or DSPs, are used to handle control variables in the active filter 

technology application [64]. In order to account for power factor, paper [65] examined 

the effectiveness of the synchronous detection and I cosφ control algorithms and 

suggested that the latter performed better. Implementing synchronous detection 

algorithms using analogue circuits and various approaches, such as same power, equal 

current, and equal resistance, has been covered by paper [66]. According to paper [67], 

this technique can be used to rectify power factor in non-ideal ac mains, although the 

performance is not ideal, particularly when the supply system is distorted. Another 

modification of the synchronous detection approach [68]. Although the simulation 

produces the expected results, the harmonic control is not attained to the desired degree. 

2.4 Literature Survey Control algorithm of Series APF 

Electrical systems and connected devices can be significantly impacted by voltage-related 

power quality problems. Power quality difficulties can be caused by many issues, such as 

internal problems with a facility, the utility grid, or a mix of the two. Many power quality 

researchers demonstrate that DVR has been successfully employed to address the power 

quality issues in the distribution network. Some of the voltage-related PQ issues are 

voltage sag, swell, flicker, noise, voltage unbalance, and voltage harmonics [70]. Two 

topologies are used for DVR configuration, Battery-supported DVR and another 

capacitor-supported DVR. In [71] capacitor capacitor-supported DVR is considered for 

mitigating voltage-related PQ issues with the use of a genetic algorithm (GA).  The GA 

optimization is used to tune the value of the PI controller. The Dual P-Q theory has been 

proposed to generate the instantaneous reference voltage signal to compensate for the 

load voltage with direct power flow control [72]. The adaptive neuro-fuzzy inference 

system is used to regulate the gain of the PI controller of capacitor-supported DVR [73]. 

A SOGI-based control of DVR is used to mitigate the voltage sag, swell, and interruptions 
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in a grid-connected PV system. It used a unit vector template (UVT) to enhance the 

effectiveness of grid-connected renewable energy resources [74]. 

According to [75], the DVR has been utilized to reduce harmonic distortion 

successfully. Sundarabalan and Selvi [76] have reported on the usage of DVR for 

mitigation in recent research studies. Using the real coded genetic algorithm optimized 

fuzzy logic controller, DVR was used to correct both balanced and unbalanced voltage 

sag/swell in the load side for the DG system under various fault scenarios. The series-

injected DVR voltage is synchronized with the grid terminal voltage during in-phase 

compensation to restore the load voltage magnitude. When energy-optimized 

compensation is used, the DVR recovers the load voltage magnitude while minimizing 

the need for active power. The size of the injected voltage, the phase leap, and how the 

active power is used all affect how these techniques behave [77-79]. 

2.5 Literature Survey Control algorithm of UPQC 

Unified Power Quality Compensators (UPQC) have many different control 

methodologies, technological advances, and power quality applications. A literature 

review on UPQC control might provide insightful information. Using an adaptive 

method, the Firefly Algorithm (FFA) and Recurrent Neural Network (RNN) control 

strategies are investigated. UPQC control pulses are optimised using FFA, and the 

optimisation parameter is trained using an RNN. Based on the source side and load side 

factors, the series and shunt Active Power Filters (APF) produce the best control pulses. 

In addition to its capacity to raise the PQ in the distribution system, this strategy is capable 

of injecting active power into the grid [80]. Various control strategies for UPQC to 

mitigate PQ issues are investigated such as ADALINE [81], modified P-Q theory [82], 

sliding mode control (SMC) [83], Enhanced PLL-based SRF [84], modified generalized 

integrator (GI) [85], adaptive neuro-fuzzy inference system (ANFS) [86].  A moving 

average filter (MAF) based SRF is utilized to extract the fundamental load current and 

generate the reference source current in a three-phase grid-connected PV inverter. The 

series compensator compensates for the grid side power quality problems such as grid 

voltage sags/swells. The compensator injects voltage in-phase/out-of-phase with the point 

of common coupling (PCC) voltage during sag and swell conditions, respectively [87].  



17 
 

In grid-side converter (GSC) systems, the crucial parameters such as amplitude, 

frequency, and phase of grid voltage should be measured and controlled for grid-tied 

applications [88]. Frequency variations have a greater impact on traditional equipment 

that does not employ electronics or on relatively inexpensive electronic devices in most 

circumstances [89]. PLL is a standard synchronization method that requires power 

fluctuations to be sustained since their instability affects the resultant reference signal. To 

increase steady-state performance during poor grid conditions, conventional PLL uses a 

feedback loop-filter (LF) to monitor the frequency and phase. A great challenge 

associated with the PLL is obtaining a fast and accurate estimation of phase angle and 

frequency estimation under abnormal grid conditions in grid-tied PV UPQC [90-92]. 

Neural network-based soft computing techniques are increasingly in demand for 

creating adaptive control methods in the PQ domain. By using the weight update 

equations, the least mean square algorithm (LMS) in [93] adaptively estimates the 

reference signal needed for converter switching. A varied step-size LMS-based technique 

(VSSLMS) is proposed in [94] to address the issue of low convergence rate caused by 

fixed-step size. In order to extract the amplitude of the distorted load current and innovate 

the performance, a leakage component is added to the current LMS algorithm in another 

technique based on leaky LMS (LLMS) that is discussed [95]. Furthermore, in a PV grid 

integrated system, altering the leakage factor offers more accurate power frequency 

estimates and effective control [96], [97]. 

2.6 Literature Survey synchronization techniques 

The estimation of synchronizing signals from source voltage and the calculation of the 

fundamental load component from the load current signal are both necessary steps in the 

control algorithms used for shunt compensation, series compensation, and hybrid 

compensation. The unit template approach is the easiest way to create the synchronizing 

signal, but it can only be used when the source voltage is ideal [98, 99]. However, if there 

are power quality issues with the grid voltage, such as noise, distortion, and DC-offset, 

then new and improved techniques are needed to estimate the synchronizing signals. 

Researchers have also suggested several PLL approaches, some of which do not perform 

well under less-than-ideal source conditions. The most common PLL is a synchronous 

reference frame (SRF), it provides better performance under ideal grid conditions but 
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shows poor performance under distorted grid conditions [100,101]. Another common 

synchronization technique is generalized integrator-based PLLs such as SOGI, EPLL, 

TOGI, and ROGI. The conventional SOGI estimates the phase and frequency information 

under normal and distorted grid conditions [102-104]. The frequency adaptive SOGI PLL 

has the limitations of implementation complexity, tuning sensitivity, and reduced 

stability. While frequency fixed SOGI PLL is proposed to ensure stability and simple 

implementation [105,106]. SOGI PLL does not perform satisfactorily under the highly 

distorted grid and DC offset condition. An enhanced 3P-EPLL in combination with 

multiple delayed signal cancellation (DSC) filters has been proposed to accurately 

estimate the grid synchronous information even under non-ideal grid settings. In order to 

get rid of the input dc offsets and even-order harmonics, a DSC operator is set at each 3P-

EPLL input [107]. Another more stable enhanced phase-locked loop (Ms-EPLL) 

technique, a modified version of EPLL is discussed and applied in a three-phase grid 

integrated PV system [108,109]. A type 3 modified notch filter-based type 3 SOGI-PLL 

with the inherent capacity to reject dc offset and reduce phase errors has been proposed 

by authors in [110]. 

The use of a sliding Fourier transform-based PLL for the synchronization of a 

three-phase grid-interactive SPV system has been demonstrated by Mansour et al. [111]. 

The PLLs can be divided into three categories: 1) power-based PLLs, 2) orthogonal signal 

generation PLLs, and 3) adaptive filter-based PLLs. Xu et al. [112] have provided an 

outline of a comparative study of numerous PLLs. The most recent issues with PLLs, 

according to a significant amount of literature, include phase error minimization and dc 

offset. For SOGI to operate effectively under variable frequency conditions, SOGI-FLL 

has been proposed [113-114]]. In order to determine the frequency of the input signal, the 

FLL block is realized. In the event of a DC-offset in the source voltage, SOGI-FLL does 

not provide satisfactory results due to its poor filtering capability. To reject the DC offset 

in grid voltage, a modified SOGI-FLL has been presented [115, 116]. Additionally, it has 

been noted that in steady-state circumstances on a heavily distorted grid, the frequency 

estimated by the FLL exhibits variable degrees of oscillation. 

For grid synchronization, several cascaded fixed-tuned notch filters or FIR filter 

designs based on an adjustable sample rate have also been published [117, 118]. Due to 

the execution of additional algorithms on the same digital signal processor, the adaptive 
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sampling method implementation could be complicated. Under ideal circumstances, 

three-phase systems can use an enhanced phase-locked loop (PLL) [119]. To reject the 

detrimental effects of disturbances, however, some in-loop filters can be included in the 

enhanced PLL at the penalty of added complexity [120]. Advanced methods are typically 

divided into two categories. One is a prefiltering-based solution, which uses control 

techniques such as complex-coefficient filters [121], dual SOGI [122], delayed signal 

cancellation (DSC) operators [123], and others before the PLL loop. Adaptive notch filter 

[124], MA filter [125], dq-frame DSC operator [126], and other particular filters are used 

in the phase control loop of the SRF-PLL as part of an additional approach called in-loop 

filtering. However, the in-loop filtering method results in a slower response since it adds 

a temporal delay to the PLL control loop. 

The cascaded DSC (CDSC) operator's design is adaptable since different operator 

configurations can be used with different input voltages. The predicted harmonic 

components [127–130] determine how many DSC operators should be included in the 

CDSC string. Under grid disturbances and surroundings with fluctuating frequency, the 

SRF-PLL based on the adaptive CDSC prefilter generates precise and quick responses 

[131]. The phase and frequency estimation include interdependent loops where they are 

simultaneously influenced by each other, making parameter tweaking delicate and 

difficult. In order to employ the Park transformation in the phase detector, it also 

necessitates the assessment of trigonometric functions (sine and cosine). Additionally, a 

square root operation is performed to preserve the quadrature-axis component of the Park 

transformation insensitive to changes in the amplitude. In order to apply the sine, cosine, 

and square root operations, Taylor infinite series must be used, which requires a 

significant amount of computational work to implement on a digital signal processor. 

Artificial neural networks (ANN) play a unique function in estimating power system 

parameters. They have been applied to the detection of harmonics, symmetry phase 

components, and more [132, 133]. Back-propagation techniques and repeated training of 

neurons for accurate weight estimation were used in some of the earliest ANN systems. 

Online and supervised training algorithms have emerged as superior substitutes for offline 

training techniques. Furthermore, if real-time implementation algorithms based on ANN 

methodologies are to replace the conventional PLL, they should be quick, accurate, and 

roughly converge within a few cycles. Adaline is made up of a single neuron that 
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processes input from various sources and produces a single output after properly training 

the weights that are involved. Because the Adaline-based PLL is straightforward and 

training can be done online, it is possible to train for and monitor sudden changes in 

voltage amplitude, phase angle, and frequency.  

Various PLLs are discussed in the literature [134-144] such as Synchronous 

Reference Frame Theory (SRFT) PLL. This PLL is commonly used and works well under 

normal conditions. However, this PLL suffers from frequency and phase angle tracking 

in distorted grid conditions. It is necessary to overcome the disadvantage of SRFT PLL 

hence Decoupled Double Synchronous Reference Frame (DDSRF-PLL) is proposed. It 

uses double decoupled SRFT PLL which obtains the positive and negative sequence from 

grid voltage but introduces time delays which causes sluggish dynamic response. 

2.7 Research Gaps 

The following research gaps are noted according to the findings of the comprehensive 

literature review: 

1. An advanced and adaptive control scheme is required for load compensation and 

generating reference source current for CPDs. 

2. Extensive investigation is required for grid-connected PV systems under distorted 

grid conditions. 

3. Extensive investigation is required for non-PLL and PLL in grid-connected CPDs. 

4. It is necessary to address synchronization methods that take into account a 

polluted grid, a weak grid, and various loading situations. Also necessary is an 

accurate evaluation of these based on simulation and experimental research. 

2.8 Objective of Research work 

1. Design, control, and performance investigation of single and three-phase grid-

connected PV systems under normal and distorted grid conditions. 

2. Design of advanced control schemes for shunt APF, series APF and UPQC. 

3. Performance comparison of advanced control scheme with conventional control 

scheme of CPDs. 

4. Investigation of PQ problems under distorted grid condition 
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5. Experimental verification of the proposed control scheme under different loading 

and distorted grids. 

2.9 Conclusion 

This chapter includes thorough reviews of the literature on a range of power quality (PQ) 

problems, and their solutions. Under abnormal and distorted grid situations, several time 

and frequency domain adaptive control methods have also been addressed to estimate the 

basic component of load current and to generate the reference current. We show various 

grid synchronization PLLs to address various grid irregularities. Single-stage grid-

connected PV systems control schemes have also been covered.  An extensive literature 

survey has been done on CPD’s control scheme. The extensive investigation has led to 

the identification of research gaps and the formulation of research objectives. 
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CHAPTER 3 

 

DESIGN AND CONTROL OF SINGLE-PHASE SHUNT ACTIVE 

POWER FILTER FOR GRID CONNECTED PV SYSTEM 

 

3.1 Design of Single-Phase Grid-Connected Shunt Active Power Filter 

This chapter deals with the design of a single-phase shunt active powerFig.3. 1 filter 

(SAPF) with PV integration at the distribution level. The proposed Single-phase SAPF 

configuration consists of voltage source converter (VSC) with two legs and four switches. 

The VSC comprises insulated gate bipolar transistors (IGBTs) based switches with 

antiparallel diodes and a DC link capacitor as shown in Fig. 3.1. The proposed system is 

simulated in MATLAB Simulink software. The VSC is designed to operate in current 

operating mode, thus also known as current controlled VSC. The simulation model of a 

single-phase grid-connected PV system consists of an interfacing inductor, VSC, a solar 

PV array, nonlinear loads, and a ripple filter. The designed rating of experimental VSC. 

A small experimental prototype is developed in the laboratory to verify the simulated 

performance of SAPF. The developed system is controlled by a digital signal processor 

(DSP). The designing of these quantities is required: 

1. DC-link bus voltage 

2. DC-link Capacitor 

3. Interfacing Inductor 

4. PV array 

5. Sensors circuits 

6. Hysteresis current controller 

3.1.1 Calculation of DC-link Bus Voltage 

          During PWM operation, the minimum required AC voltage across the ac input of 

VSC of DSTATCOM decides the value of DC link Bus Voltage. The DC bus voltage is 

required to inject the reactive power into the grid. The DC link bus voltage must be greater 

than the standard applied grid voltage. The peak amplitude of applied grid voltage is given 

by Eq. (3.1). 
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V୔ = √2vୱ           (3.1) 

where, V୔ is the peak amplitude of the grid voltage and vୱ is the RMS value of applied 

grid voltage. For the 230V, 50Hz simulation system, and 40V, 50Hz experimental system, 

the DC-link bus voltage is given by Eq. (3.2) and Eq. (3.3) respectively 

Vୢ ୡ(୰ୣ୤) > Vୢ ୡ(୫୧୬) = √2vୱ = √2 × 230 = 325.57V     (3.2) 
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Fig. 3.1  System Configuration Diagram of Single-phase Single-stage grid-connected PV System 

and for experimental study. 

Vୢ ୡ(୰ୣ୤) > Vୢ ୡ(୫୧୬) = √2vୱ = √2 × 40 = 56.56V      (3.3) 

The DC-link bus voltage reference (Vୢୡ(୰ୣ୤)) must be greater than the minimum DC link 

bus voltage (𝑉ௗ௖(୫୧୬)). In the Simulation system, the DC-link reference voltage is 

considered 400V and in the experimental system, the DC-link reference voltage is 80V.  

3.1.2 Calculation of DC-link Capacitor 

          In single-stage single-phase grid-connected PV system has a DC link capacitor at 

the input port of VSC. The simulation and experimental value of the DC link Capacitor 

is calculated using (3.5) and (3.6) using [69]. DC link voltage of the VSC is affected by 

grid voltage. The value of DC link Capacitance must be able to sustain the DC link voltage 

fluctuations. 
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Cୢୡ =
୴౩த୧ౙౙୟ୩భ

భ

మ
(୚ౚౙ(౨౛౜)

మ ି୚ౚౙ(ౣ౟౤)
మ )

                    (3.4) 

where Vୢ ୡ(୰ୣ୤) is the DC link bus voltage, Vୢ ୡ(୫୧୬) is the minimum DC link voltage, τ is 

the time constant, a is the overloading factor, kଵ is the gain constant and iୡୡ is the VSC’s 

compensating current. Let a = 1.2, iୡୡ = 25A, Vୢ ୡ(୰ୣ୤) = 400V, Vୢ ୡ(୫୧୬) = 375.27 V, 

τ = 0.02s, and kଵ = 0.3. The DC link capacitance for simulation is given by   

Cୢୡ =
୴౩த୧ౙౙୟ୩భ

భ

మ
(୚ౚౙ(౨౛౜)

మ ି୚ౚౙ(ౣ౟౤)
మ )

= 1527.6μF                (3.5) 

and it is taken as Cୢୡ = 2000 μF (simulation). For experimental setup, vୱ = 40V, iୡୡ =

15A, a = 1.2, Vୢ ୡ(୫୧୬) = 56.56V, Vୢ ୡ(୰ୣ୤) = 80V , τ = 0.02s, and kଵ = 0.3. The value 

of DC link capacitance for experimental setup is given by  

Cୢୡ =
୴౩த୧ౙౙୟ୩భ

భ

మ
(୚ౚౙ(౨౛౜)

మ ି୚ౚౙ(ౣ౟౤)
మ )

= 2699.19μF                 (3.6) 

Based on the availability Cୢୡ = 4700μF was used in experiments. 

3.1.3 Calculation of Interfacing Inductor 

         An interfacing inductor is utilised to filter the current ripples. The selection of an 

inductor with a proper inductance value must be considered. It is very evident that the 

larger the value of inductance, the better the filtering, but with increased power loss. 

L୤ =
√ଷ୫୚ౚౙ(౨౛౜)

ଵଶୟ୤౩౭∆୍ౙ౨
                   (3.7) 

Here, ‘L୤’ is the interfacing inductor, ‘m’ is the modulation index, ‘fୱ୵’ is the switching 

frequency and ∆Iୡ୰ is the current ripple which is considered 5% of the maximum current. 

The value of L୤ for simulation is calculated by (3.8) and for experimental setup, it is 

calculated by (3.9). 

L୤ =
√ଷ୫୚ౚౙ(౨౛౜)

ଵଶୟ୤౩౭∆୍ౙ౨
=

√ଷ∗ଵ∗ସ଴଴

ଵଶ∗ଵ.ଶ∗ଵ଴∗ଵ଴଴଴∗ଵ.ହ
= 3.20mH              (3.8) 

L୤ =
√ଷ୫୚ౚౙ(౨౛౜)

ଵଶୟ୤౩౭∆୍ౙ౨
=

√ଷ∗ଵ∗଼଴

ଵଶ∗ଵ.ଶ∗ଵ଴∗ଵ଴଴଴∗ଵ.ହ
= 0.64mH              (3.9) 

The experimental value of the interfacing inductor is considered slightly higher than the 

calculated value and it is taken as 2mH. 
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Table 3.1:  Parameter Values used in Simulation and Experimental 

Element Parameters Simulation 

Values 

Experimental 

Values 

Supply side Source  230V(rms),50Hz 40V(rms),50 Hz 

Shunt Active 

Power Filter 

DC link capacitor Cୢୡ=2000µF Cୢୡ=4700µF 

Interfacing filter 

inductor 

L୤=3.2mH L୤=2mH 

Proportional gain K୔=2 K୔=0.05 

Integral gain K୧=5 K୧=0.5 

Switching 

Frequency 

Fୱ=5kHz Fୱ=5kHz 

Loads 1-Ø diode rectifier ---- ---- 

R-L Load RL=40Ω and 

LL=90mH 

RL=40Ω and 

LL=90mH 

 

 

3.1.4 Modelling and Design of PV array 

         Photovoltaic (PV) module modeling is an important aspect of solar energy system 

design and analysis. PV modules are the key components of solar panels that convert 

sunlight into electricity. Modelling of PV modules involves understanding their electrical 

behavior, and performance characteristics, and predicting their output under various 

operating conditions. Some of the Keypoints regarding the modelling of PV modules 

includes: 

1. Electrical Characteristics 

2. Single Diode Model  

3. Model Parameters 

4. Temperature Effects 

5.  Irradiance Effects 

6. Modelling Software        

7. Validation and Accuracy 



26 
 

  PV modules exhibit both current-voltage (I-V) and power-voltage (P-V) characteristics. 

These characteristics describe how the module’s electrical output varies with changes in 

sunlight intensity and temperature. The most common model used for PV module 

simulation is the single-diode model. The module can be represented by a single diode 

connected in parallel with a current source. The model considers parameters such as short-

circuit current (Iୗେ), open circuit voltage (V୓େ), maximum power point voltage (V୫୮), 

maximum power point current (I୫୮), and fill factor (FF). Some of the model parameters 

such as diode ideality factor, series resistance, shunt resistance, and temperature 

coefficients must be determined. The performance of the PV module is influenced by 

varying temperatures and irradiance. 

 Several software tools are available for modeling PV modules, such as 

MATLAB/Simulink, PVsyst, PVLIB, and SAM (System Advisor Model). These tools 

provide comprehensive modeling capabilities, allowing users to simulate PV module 

performance under different environmental conditions.  A single PV module cannot 

generate a large amount of power. Thus, it is required to connect these PV modules in 

series or parallel to achieve desired voltage and current levels. The number of PV modules 

connected in series or parallel constitutes PV strings. These PV strings together are 

Known as PV arrays.  

𝑰𝒑𝒉 

𝑰𝒅 𝑰𝒔𝒉 

𝑹𝒔𝒉 

𝑹𝒔𝒆 𝑰𝒐 

𝑽𝒐 

 

Fig.3.2 Circuit diagram of Practical single diode model of PV cell 

The circuit diagram of the PV cell with shunt and series resistance is shown in Fig. 3.2. 

The output current 𝐼ை is calculated by applying Kirchhoff’s current law, 

I୭ = I୮୦ − Iୢ − Iୱ୦         (3.10) 

I୭ = I୮୦ − I଴ ቂexp ቀ
୚౥ା୍బୖ౩౛

ୟ
ቁ − 1ቃ −

୚౥శ୍బୖ౩౛

ୖ౩౞
     (3.11) 
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In equation (3.11), I୮୦ represents the photon current, Iୢ represents the diode current, Iୱ୦ is 

the leakage current in parallel resistor, Rୱୣ is the resistor connected in series, Rୱ୦ is the 

resistor connected in the shunt, a is the ideality factor and V୭ is the terminal voltage. 

a =
୒౩౛୅୩୘

୯
                  (3.12) 

where q is the electron charge (1.602 × 10ିଵଽ), Nୱୣ is the number series cell in the PV 

array, k is Boltzmann’s constant (1.381 × 10ିଶଷ), T is the cell temperature in Kelvin. 

The ideality factor for silicon polycrystalline module is 1.3. The photon current is given 

by 

I୮୦ =
୍౨

୍౨(౨౛౜)
൫I୮୦(୰ୣ୤) + μୱୡ∆T൯       (3.13) 

∆T = Tେ − Tେ (୰ୣ୤)                   (3.14) 

The photon current(I୮୦(୰ୣ୤))  at standard test condition (STC) is approximately equal to 

the short circuit current at STC (Iୱୡ(୰ୣ୤)) in A/K, (I୮୦(୰ୣ୤) ≈ Iୱୡ(୰ୣ୤)).  Here, I୰(୰ୣ୤) is 

irradiance at STC which is 1000 W/mଶ and the PV cell temperature (Tେ (୰ୣ୤)) at STC is 

298K and μୱୡ is the temperature coefficient of short circuit current. Diode current (Iୢ) is 

directly proportional to the reverse saturation current (I୭) which is expressed by Eq. 

(3.15), 

Iୢ = I୭ ቂexp ቀ
୚ోା୍ోୖ౩౛

ୟ
ቁ − 1ቃ                   (3.15) 
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୍౩ౙ(౨౛౜)
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ଵ
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where, V୭ୡ(୰ୣ୤) is the open circuit voltage of the PV module at STC, ∈୥ is the energy band 

gap which is 1.2 eV for silicon-based PV cells. For the PV array, the PV array current I୔୚ 

is expressed by Eq. (3.17). 

I୔୚ = N୔I୮୦ − I୭ ൥exp ൭
୚ౌ౒ା୍ోୖ౩౛൬

ొ౩
ొౌ

൰

ୟ
൱ − 1൩ −

୚ౌ౒ା୍ోୖ౩౛൬
ొ౩
ొౌ

൰

ୖ౩౞൬
ొ౩
ొౌ

൰
   (3.17) 
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where, 𝑁௦ and 𝑁௉ is the number of modules connected in series and parallel of a PV array 

respectively. For the simulation model, Zytech Engineering Technology ZT190S is 

selected for performance analysis. The parameters of PV module are shown in Table 3.2. 

Table 3. 2: PV module Parameters at STC (Zytech Engineering Technology ZT190S) 

Parameters Rating 

Maximum Power (P୫ୟ୶) 190.15 W 

No. of cells per module 72 

Open circuit voltage (V୭ୡ) 44.86 V 

Short-circuit current (Iୱୡ) 5.5 A 

Voltage at maximum power point (V୫୮) 37.73 V 

Current at maximum power point (I୫୮) 5.5 A 

Temperature coefficient of V୭ୡ -0.364 

Temperature coefficient of Iୱୡ 0.102 

Shunt resistance of a cell (Rୱ୦) 179.26 Ω 

Series resistance of a cell (Rୱୣ) 0.2794 Ω 

 

The output current and voltage of the PV module depend on environmental conditions. 

The output power and current of the PV module vary with P-V and I-V curves. The output 

power and current of the PV module increase with the increase in irradiance (100W mଶ⁄ , 

500W mଶ⁄ , 1000W mଶ⁄ ) at a fixed temperature of 25℃. But if temperature increases 

(25℃, 35℃, 45℃) and irradiance is constant (1000W mଶ⁄ ), the output power and current 

decreases. The P-V and I-V curve of the selected Zytech Engineering Technology 

ZT190S module is shown in Fig. 3.3. The P-V and I-V curve shows the open circuit 

voltage, and maximum power point (MPP). The MPP is the combination of voltage and 

current at which the PV module or array produces the maximum power output.  The 

MPPT algorithm ensures that the PV system works at or near the MPP by continuously 

tracking and modifying the operating point. This maximizes power output and optimizes 

energy harvesting. The voltage at MPP is known as the maximum voltage (V୫୮) while 

current at MPP is also known as maximum current (I୫୮). There are two methods of 

connectivity between PV array and utility viz single-stage grid-tied PV system and 



29 
 

double-stage grid-tied PV system. In this research work, a single-stage grid-tied PV 

system is utilized. A single-stage grid-connected photovoltaic (PV) system, also known 

as a single-stage grid-tied PV system, is a form of PV system that links the PV array 

directly to the utility grid without the requirement for an intermediate energy storage 

system. It works by converting the direct current (DC) electricity supplied by the PV 

modules into alternating current (AC) power that is synchronized with the utility grid's 

voltage and frequency. 

          The process of designing a PV array from PV modules involves determining the 

configuration, sizes, and arrangement of the modules to generate the necessary power 

output and meet certain system requirements.  

 
(a)                                                                  (b)  

Fig.3. 3 P-V and I-V curve of PV module (a) 25℃ and at specified irradiance (b) 1000 𝑊 𝑚ଶ⁄  and at 
specified temperatures 

It is important to determine the PV array arrangement based on available space, shading 

concerns, system voltage, and desired performance. The following are examples of 

frequent configurations: 

 

1. Series Connection: Modules are linked in series to enhance system voltage while 

retaining current. This design is appropriate when there is little shade and larger voltages 

are required. 
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2. Parallel Configuration: Modules are linked in parallel to keep the system voltage 

constant while boosting current. This arrangement is useful when there is shade and 

preserving the overall system voltage is critical. 

 

3. Combination: To obtain the necessary system voltage and current, a combination of 

series and parallel connections can be used. 

In a single-stage PV system, there is no DC-DC boost converter. The PV array 

voltage should be higher than the reference DC link voltage of the voltage source 

converter (VSC). The MPPT technique must be capable of generating the maximum 

voltage at MPP. The minimum number of series-connected PV modules required is 

calculated by (3.18) 

Nୗ =
୚ౚౙ(ౣ౟౤)

୚ౣ౦
=

ଷଶହ.ହ଻

ଷ଻.଻ଷ
= 8.61        (3.18) 

Thus, the number of series-connected PV modules is selected as 11. The parameters of 

the PV string or array are given in Table 3.3 and the P-V and I-V curves of the PV array 

are shown in Fig. 3.4. 

Table 3.3: PV array Parameter at standard test condition (Zytech Engineering 

Technology ZT190S) 

Parameters Value 

No. of series PV modules (Nୗ) 11 

No. of parallel PV modules (N୔) 1 

Maximum Power (P୫୮) 2092 W 

Open circuit voltage (V୓େ) 493.5 V 

Short circuit current (Iୗେ) 5.5 A 

Voltage at MPP (V୫୮) 415 V 

Current at MPP (I୫୮) 5.04 A 
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(a)                                                                  (b) 

Fig.3.4 P-V and I-V curve of PV array (a) 25℃ and at specified irradiance (b) 1000 𝑊 𝑚ଶ⁄  and at 
specified temperatures 

3.1.5 Design of current and voltage sensors 

Sensors are essential in monitoring and identifying numerous electrical parameters in the 

shunt active power filter (SAPF) experimental setup. APFs are used in electrical systems 

to reduce harmonics and improve power quality.  

 

(a)                                                                  (b) 

Fig.3.5 (a) Circuit diagram of voltage sensor (b) Photograph of DC link voltage and PCC voltage sensors 

The sensors in an APF experimental setup can provide the APF controller with the 

necessary feedback and control signals. Various voltage and current parameters are 

required to be sensed for controlling the shunt active power filter to mitigate power 

quality issues.  

The DC link voltage, PCC voltage, source current, compensating current, and load 

current are sensed through voltage and current sensors. The sensed voltage and current 



32 
 

are given to ADC channels of dSpace. A voltage sensor (LEM LV-25P) is used for 

measuring PCC voltage and another voltage sensor is used for measuring DC link voltage. 

The circuit diagram and photograph of voltage sensors are shown in Fig. 3.5 (a-b). Two 

voltage sensors have been used for measuring PCC voltage and DC link voltage. A DC 

supply of +/-15V supply is required to operate the voltage sensor. The output signal of 

the voltage sensor is fed into the buffer circuit. After buffering the output using OPAM 

(OP07), the resultant signal is given to the designed control scheme with the help of ADC 

of dSpace. 

 

(a)                                                                    (b) 

Fig.3.6 (a) Circuit diagram of current sensor (b) Photograph of source current, load current, and 
compensating current sensors  

Three LEM LA-25P are used for sensing source, load, and compensating current. The 

LEM LA-25P is a Hall effect sensor that operates at ±15𝑉 DC supply. The output of the 

sensors is fed into the ADC channel of dSpace. Fig. 3.6 (a)-(b) show the circuit diagram 

of the current sensor and a photograph of the current sensors. 

3.1.6 Design of voltage amplifier circuit for gating signals 

         The output signal obtained from the PWM port of dSpace is 5V. The IGBT switches 

of VSC require 15V for switching operation. The process of regulating the 5V to 15V 

requires a gating circuit. The gating circuit consists of suitable resistors, hex Inverter 

7406N, and 2N2222 N-P-N transistors. The circuit diagram and actual practical 

photograph of the gating circuit are shown in Fig. 3.7 (a-b). 
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(a)                                                                 (b) 
Fig.3.7 (a) Circuit diagram of gating circuit for IGBTs switches (b) Photograph of developed gating circuit 

3.1.7 Experimental Hardware setup 

 

Fig.3.8  Photograph of Experimental set-up 

        Figure 3.8 depicts the experimental setup for a grid-connected PV system using the 

Chroma 62100H-600S (PV simulator). The PV simulator exhibits qualities similar to a 

rooftop PV panel. To implement the proposed control method on hardware, the controller 

dSpace 1104 controller is used. LEM LV-25P and LA-25P HALL effect transducers are 

used in the sensor circuit. The experimental results' waveforms are obtained using a 

Keysight DSOX2014A oscilloscope and a HIOKI PQ3100 power analyzer. Keithley 

triple channel DC supply provides power to the VSC driving circuit and sensor circuits. 

In the proposed system, a GwInstek APS-1102A programmable AC/DC supply is also 
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used to generate distorted voltage signals. The suggested grid-connected PV distribution 

system has been experimentally tested with a nonlinear R-L load. 

3.2 Control Scheme for single-phase grid-connected SAPF under normal and 

polluted grid 

         A single-phase shunt active power filter (SAPF) is used in a single-phase electrical 

system to reduce harmonic distortions, enhance power factor, and control voltage. In 

order to eliminate harmonic currents and enhance power quality, the control strategy for 

a single-phase SAPF a controller for detecting the load current, isolating harmonic 

components, and producing compensatory currents. Some of the conventional control 

schemes that are discussed below are Synchronous Reference Frame Theory (SRFT), 

Instantaneous Reactive Power Theory (IRPT), and Complex Coefficient Filter (CCF). 

The describe section below the mathematical formulation and description of the SRFT 

conventional control technique. 

3.2.1 Synchronous Reference Frame Theory (SRFT) 

         Synchronous Reference Frame Theory (SRFT) based control schemes for 

controlling DSTATCOM are discussed in many papers [24]. The SRFT is based on Park’s 

and Clarke’s transformation. The main objective of SRFT control is to generate the 

fundamental component of load current.  The SRF control scheme generates the reference 

supply current from the nonlinear load current. This section describes the control block 

for the SRF-based control scheme which will generate the switching signals for VSC of 

DSTATCOM. The nonlinear load current is first transformed into its alpha and beta 

Clarke components. The alpha component (i୐஑) is in the same phase as the actual load 

current while beta component is 90° phase shift delayed to the actual load current. The 

i୐஑ and i୐ஒ signals are transformed into Park’s d-q component (Iୢ and I୯). Both the 

components are passed through LPF to extract the DC components I୊ୢ
ᇱ  and I୯

ᇱ  and filtered 

out all non-DC components from the load current. When a grid-connected PV system is 

considered, the feed-forward PV current (I୔୚୤୤) is subtracted from the addition of filtered 

fundamental load current (I୊ୢ
ᇱ ) and switching loss component I୪୭ୱୱ. 
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Fig.3.9 SRF-based Control Scheme for Single-phase grid-connected PV DSTATCOM 

The I୪୭ୱୱ is the loss component which is necessary to adjust the DC capacitor’ voltage. 

The resultant component is the total fundamental current component is I୊୳୬ୢ. The 

resultant fundamental current is multiplied by the synchronizing signal obtained from 

single-phase PLL. Park transformation is used to obtain the fundamental load component 

given by 

൤
Iୢ(t)
I୯(t)

൨ = ቂ
sin θ − cos θ
cos θ sin θ

ቃ ൤
i஑(t)
iஒ(t)

൨                                          (3.19) 

The switching loss component I୪୭ୱୱ is calculated as 

I୪୭ୱୱ(n) = I୪୭ୱୱ(n − 1) + k୔{Vୢ ୡୣ(n) − Vୢ ୡୣ(n − 1)} + k୧Vୢ ୡୣ(n)    (3.20) 

where, Vୢ ୡୣ is the DC link voltage error given by Eq. (3.21) 

Vୢ ୡୣ(n) = Vୢ ୡ(୰ୣ୤)(n) − Vୢ ୡ(n)         (3.21) 

The peak amplitude of voltage (V୲) is then obtained by taking the square root of the sum 

of the square of vୱ஑, and vୱஒ, which is then used to create the synchronizing unit's in-

phase template (sin) for generating reference current. 

vୱ஑ = V୫sinωt               (3.22) 

vୱஒ = V୫sin ቀωt −
஠

ସ
ቁ              (3.23) 
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V୲ = ටvୱ஑
ଶ + vୱஒ

ଶ               (3.24) 

u =
୴౩ಉ

୚౪
= sin θ              (3.25) 

The reference source current (iୱ
, ) is calculated by multiplying the resultant total 

fundamental current component with the synchronizing signal (sin θ), given by Eq. 

(3.26), 

iୱ
∗ = (I୊୳୬ୢ ∗ sin θ) = (I୊ୢ

ᇱ + I୪୭ୱୱ − I୔୚୤୤) ∗ (sin θ)     (3.26) 

By comparing the currents coming from the actual source and the reference source, the 

hysteresis current controller (HCC) creates four switching signals for driving the IGBTs 

of VSC. 

3.2.2 Instantaneous Reactive Power Theory (IRPT) 

An approach to controlling the reactive power in a power distribution system is 

called Instantaneous Reactive Power Theory (IRPT)-based control of the DSTATCOM 

(Distribution Static Compensator). The control strategy is based on the concept of 

"instantaneous reactive power" (also known as "p-q theory" or "instantaneous power 

theory"). It involves measuring the instantaneous values of voltage and current at the point 

of connection (PC), and then calculating the reactive power (Q) and active power (P) 

components in real-time. 

 The IRPT control scheme determines the necessary compensation based on the 

computed values of P and Q. In order to achieve the intended reactive power 

compensation, the algorithm then creates proper control signals for the DSTATCOM to 

inject or absorb reactive power as necessary. By regulating the reactive power, voltage 

stability, and power quality will be improved. The single-phase AC supply and load 

current are sensed by real-time sensors and used to calculate the instantaneous active and 

reactive power. The source voltage (vୱ) and load current (i୐) are transformed into alpha-

beta components (vୱ஑, vୱஒ, i୐஑ and i୐ஒ). 
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Fig.3.10 Block diagram of IRPT-based control scheme of Single-phase grid connected DSTATCOM 

The instantaneous active (p୐) and reactive power (q୐) flowing into the load side are 

calculated as 

p୐ = vୱ஑i୐஑ + vୱஒi୐ஒ          (3.27) 

q୐ = vୱ஑i୐ஒ − vୱஒi୐஑           (3.28) 

The signals p୐ and q୐ consists of non-DC components. These components are filtered 

out using LPFs to extract the DC component of both obtained power P୐
ᇱ and Q୐

ᇱ . The 

fundamental active power P୐
∗ is added to the instantaneous active power loss component 

(P୐୭ୱୱ) which is required to adjust the DC link voltage of the DC capacitor. While the 

reactive power required to maintain the Point of common voltage (Q୐୭ୱୱ) power loss 

component is added with instantaneous reactive power (q୐). The fundamental active 

power (P∗) and reactive power (Q∗) are obtained by  

P∗ = p୐ + P୐୭ୱୱ

Q∗ = q୐ + Q୐୭ୱୱ
ൠ                              (3.29) 

The reference alpha-beta component (i஑
∗ ) and (iஒ

∗ ) are calculated from fundamental active 

power (P୐
∗) and reactive power (Q୐

∗ ) and expressed as 

൤
i஑
∗ (t)

iஒ
∗ (t)

൨ =
ଵ

୴౩ಉ
మ ା୴౩ಊ

మ ቂ
vୱ஑ vୱஒ

vୱஒ −vୱ஑
ቃ ൤

P∗

Q∗൨       (3.30) 
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൤
Iୢ(t)
I୯(t)

൨ = ቂ
sin θ − cos θ
cos θ sin θ

ቃ ൤
i஑
∗ (t)

iஒ
∗ (t)

൨       (3.31) 

These alpha-beta components (i஑
∗ , iஒ

∗ ) are transformed into d-q components (Iୢ, I୯). The 

peak amplitude of voltage (V୲) is then obtained by taking the square root of the sum of 

the square of vୱ஑ and vୱஒ,  which is then used to create the synchronizing unit's in-phase 

template (sin𝜃 or u୮) for generating reference current as discussed in Eq. 3.32 to Eq.3.35. 

vୱ஑ = V୫sinωt               (3.32) 

vୱஒ = V୫sin ቀωt −
஠

ସ
ቁ              (3.33) 

V୲ = ටvୱ஑
ଶ + vୱஒ

ଶ               (3.34) 

u୮ =
୴౩ಉ

୚౪
= sin θ              (3.35) 

The fundamental direct component Iୢ is multiplied by the synchronizing signal sin θ to 

obtain reference supply current or source current. This obtained reference source current 

is compared with the actual or sensed source current in the PWM current controller or 

HCC, to obtain switching signals for the VSC of DSTATCOM.  

iୱ
∗ = (Iୢ ∗ sin θ)         (3.36) 

3.2.3 Hermite function-based ANN control Technique 

In this chapter, a single-phase grid-connected PV system with a Hermite Function-

based ANN (HeANN) control scheme is discussed and developed under both ideal and 

polluted grid voltage conditions. The schematic diagram of the proposed system with 

HeANN control scheme is shown in Fig. 3.11. 

The input, hidden, and output layers are all part of the multilayer network 

comprising the proposed system's ANN structure, which is depicted in Fig. 3.12. The 

functional expansion employing Hermite polynomials serves as the buried layer. 

These higher-order functional neural networks, which are used for image 

denoising, channel equalisation, and noise processing, are based on nonlinear function 

expansions. Examples include the Chebyshev functional expansion (ChANN) [32], 

Legendre Functional Neural Network (LANN), Trigonometric Functional Expansion, and 
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Hermite Expansion [51]. Shunt active power filtering is applied using some of these 

techniques in both three-phase and single-phase systems [31-35]. 
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Fig.3.11 Schematic of single-phase grid-connected PV system 

Hermite polynomials (HeP) were first introduced by Pierre-Simon Laplace in 

1810, and Pafnuty Chebyshev improved on the research in 1859. The Hermite 

polynomials are named for Charles Hermite, who published a treatise on polynomials in 

early 1864. Hermite Polynomials accurately anticipated the data points given for estimate. 

The method is used in the study of partial differential equations, the least squares 

approximation, and quantum harmonic oscillators. 

As a control technique, the Hermite expansion-based Artificial Neural Network 

(HeANN) is used to reduce PQ problems in single-phase grid-linked PV systems. The 

HeANN differs from traditional neural networks in that it is based on the functional 

expansion of nonlinear inputs and has one hidden layer. HeANN's weights undergo online 

training to achieve quick convergence and quick dynamic response. For load 

compensation and reference source current, the Hermite function expansion-based control 
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technique is used. Three key factors active power demand of the load, switching loss 

calculation handled by the grid, and feedforward PV component are used to determine 

the reference source current. HeANN's weights are adjusted with LMS, giving the 

controller its adaptive nature. Using a hysteresis current controller (HCC), the reference 

source current and the actual source current are compared. The switching signals for VSC 

will be generated by the HCC. 

The structure is made up of an output layer, a functional expansion, and input 

signals (𝑥ଵ, 𝑥ଶ, 𝑥ଷ … … . , 𝑥௡). The functional expansion functions (∅௠(𝑥௡) as a hidden 

layer of the NN, expanding the bounds of the inputs to effectively comprehend the 

network. Through the LMS method, the proposed NN's weights are modified in real-time. 
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Fig.3.12 Structure of Single-layer neural network with functional expansion layer 

The computational complexity and time are reduced by the functional expansion. The 

relationship between input and output variables is expressed as 

y,(n) = f(s)          (3.37) 

S(n) = ∑ W୧∅୧(X)୏
୧ୀଵ          (3.38) 

where X = [xଵ, xଶ, xଷ, … . . , x୬]  denotes the Hermite functional expansion of the input 

variable and W୧(n) = [WଵWଶWଷ … . . W୏] represent the weights coefficient of Hermite 

Function based NN, yᇱ(n) denotes the calculated or the estimated quantity as a function 

of the input variable, and S is the summation of the product of weights w୨୧ and 

functionality expanded input vector ∅୧(X). The computed sum is passed through the 

activation function, which is nonlinear in this article i.e., hyperbolic tangent function to 

calculate the estimated output signal yᇱ. 

yᇱ = tan h (s)          (3.39) 
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The learning method is utilized to update the weights through the Least Means Square 

(LMS) and reduce the error ‘e’. 

e(n) = y(n) − yᇱ(n)         (3.40) 

W(n) = W(n − 1) + μe(n)sinθ            (3.41) 

where  y(n) is the actual output, yᇱ(n) is the estimated output signal, e(n) is the calculated 

error at every instant of time ‘n’, μ is the step size and, sinθ is the PLL’s synchronizing 

signal. 

First four Hermite Polynomials are shown in Eq. (3.42), 

H଴(x) = 1

Hଵ(x) = 2x

Hଶ(x) = −2 + 4xଶ

Hଷ(x) = 12 − 48xଶ + 16xସ⎭
⎬

⎫

       (3.42) 

These polynomials represent the ANN's function expansion block, which uses load 

current (i୐) as an input variable to calculate the active load current component. The 

corresponding load components can be presented as 

I୐଴(x) = 1

I୐ଵ(x) = 2i୐

I୐ଶ(x) = −2 + 4i୐
ଶ

I୐ଷ(x) = −12i୐ + 8i୐
ଷ

⎭
⎪
⎬

⎪
⎫

        (3.43) 

I୐୊ୟ୴୥ = [I୐଴(୶) I୐ଵ(x) I୐ଶ(x)]       (3.44) 

The weighted sum of the load current with the Hermite function extended yields the 

fundamental active load component. Its output is added up and then put through a tanh 

activation function. The proposed ANN's weights are updated online via LMS.  It restricts 

the output to a range between 0 and 1. The scaling factor for the load current is 0.01. 

I୐୊ୣୱ୲ = I୐୊ୟ୴୥
୘ W         (3.45) 
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Fig.3.13 Control scheme based on HeANN for single-phase grid-connected PV system. 

The error is calculated as  

e = y − yᇱ          (3.46) 

e = i୐ − I୐ୣୱ୲sinθ         (3.47) 

e = i୐ − I୐୊ୟ୴୥
୘ Wsinθ         (3.48) 

The weight 'W' is updated to reduce the error while simultaneously minimizing the mean 

square error (MSE). The worst dynamic state, or load unbalancing, has been considered 

in the paper that has been proposed. The weight is updated by using the Gradient Descent 

technique given by Widrow and Hoff, 

W(n) = W(n − 1) −
ஜ

ଶ
∇I୐ୣୱ୲e(n)       (3.49) 

where ∇I୐ୣୱ୲e(n) =
பୣ(୬)

ப୍ై౛౩౪
  denotes the gradient of the error. 

MSE = E[eଶ] = (i୐ − I୐ୣୱ୲sinθ)ଶ       (3.50) 

Differentiate Equation (3.50), 

ப୉(ୣమ)

ப୍ై౛౩౪
= −2sinθ (i୐ − I୐ୣୱ୲sinθ)ᇣᇧᇧᇧᇧᇤᇧᇧᇧᇧᇥ

ୣ

=2esinθ      (3.51) 

W(n) = W(n − 1) −
ஜ

ଶ
(−2esinθ)       (3.52) 

W(n) = W(n − 1) + μesinθ                              (3.53) 
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The updated weight (W(n)) is calculated by adding the previous weight (W(n − 1))  and 

product of step size (μ), error (e), and sine template (sin θ). The step size considered for 

the adaptive LMS algorithm is selected between 0 and 1. The weight (W(n))  is updated 

accordingly to the load change or any other dynamic changes. The voltage from the 

single-phase source is split up into its ‘α-β’ components. Through a TÚ4 phase shift in the 

source voltage, the quadrature signal is obtained. The squared and added signals are both 

in phase and quadrature. The peak amplitude of voltage (V୲) is then obtained by taking 

the square root of the sum of the square of vୱ஑ and vୱஒ, which is then used to create the 

synchronizing unit's in-phase template (sin θ) for generating reference current. There 

mathematical operation is shown in Eq. (3.54) to Eq. (3.57). 

vୱ஑ = V୫sinωt                          (3.54) 

vୱஒ = V୫sin ቀωt −
஠

ସ
ቁ              (3.55) 

V୲ = ටvୱ஑
ଶ + vୱஒ

ଶ               (3.56) 

u =
୴౩ಉ

୚౪
= sin θ              (3.57) 

The proposed HeANN control system yields the switching signals for VSC. High-

frequency operation of the power converter switches results in switching loss (I୪୭ୱୱ) in 

the system. By operating a PI controller across the difference between the dc-link voltage 

(Vୢୡ) and reference dc-link voltage ൫Vୢ ୡ(୰ୣ୤)൯, the switching loss is determined. The PI 

controller receives the dc error signal (Vୢୡୣ) as an input, and produces the loss component 

(I୪୭ୱୱ). The grid supply compensates for the proposed system's switching loss. The 

proposed control scheme's loss component is stated as 

I୪୭ୱୱ(n) = I୪୭ୱୱ(n − 1) + K୔{Vୢ ୡୣ(n) − Vୢ ୡୣ(n − 1)} + K୍Vୢ ୡୣ(n)   (3.58) 

where, K୔ and K୍ are the proportional and integral gain constants of the PI controller. Due 

to the integration of PV with the proposed system, its active contribution must be 

computed. The active power component of PV is shown by its feedforward component 

(I୔୚୤୤).  

I୔୚୤୤ =
ଶ୔ౌ౒

୚౪
          (3.59) 

The computed total current I୲୭୲ୟ୪ is expressed as 

I୲୭୲ୟ୪ = I୐ୣୱ୲ + I୪୭ୱୱ − I୔୚୤୤        (3.60) 
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This total current is further utilized to produce the reference current (iୱ
∗) and it is 

expressed as 

iୱ
∗ = I୲୭୲ୟ୪ ∗ sin θ         (3.61) 

This reference current (iୱ
∗) is compared with the actual source current(iୱ) into an HCC-

based PWM controller and produces four switching signals (Sଵିସ)for VSC to operate as 

a shunt active power filter (SAPF). 

 

3.2.4 Bernoulli Polynomial based ANN (BePANN) control Technique 

This technique uses for higher-order functional neural networks based on 

polynomials include speech recognition, picture processing, and communication systems. 

To reduce the present PQ issues present in single-phase grid-connected PV inverters, 

Bernoulli's Polynomial expansion-based ANN is used for load compensation. The 

functional expansion block, which differs from any other typical ANN, is known as the 

hidden layer of the ANN. BePANN allows for more accurate and less oscillatory 

fundamental component extraction. This element will be used to produce reference source 

current. BePANN's mathematical expression and use in grid-connected PV systems are 

discussed below. 

Jacob Bernoulli combines the Bernoulli coefficient and the Bernoulli numbers. 

They work using the Euler-MacLaurin formula and series expansion of functions. The 

first four of Bernoulli’s Polynomials are as follows 

B଴(t) = 1,  Bଵ(t) = t −
ଵ

ଶ
, Bଶ(t) = tଶ − t +

ଵ

଺
,    Bଷ(t) = tଷ −

ଷ

ଶ
tଶ +

ଵ

ଶ
t  (3.62) 

At t=0, the Bernoulli’s numbers will be 

B଴ = 1,  Bଵ =
ିଵ

ଶ
, Bଶ =

ଵ

଺
, Bଷ = 0 

Bernoulli’s Polynomial satisfied these conditions [52], which are 

(a) B୏
ᇱ (t) = KB୏ିଵ(t),                     (K ≥ 1) 

(b) ∆୲B୏(t) = Kt୏ିଵ,                       (K ≥ 0) 

(c) B୏ = B୏(0) = B୏(1),                 (K ≠ 1) 

(d) Bଶ୫ାଵ = 0,                                    (m ≥ 1)  

In the proposed research article, the Bernoulli’s Polynomial (BeP) is used for load 

compensation. The load current i୐୬(x) is expanded into its intermediate components 

I୐଴(x), I୐ଵ(x), I୐ଶ(x) and so on. The BeP represents the function expansion block of 
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ANN as shown in Fig.3.14, the input signal is the load current i୐ and the output of the 

BePANN is the fundamental active load current component. The weight component of 

the proposed ANN is updated and trained online through adaptive LMS. The intermediate 

component or expanded load components are given by Eq (3.63) 

I୐଴(x) = 1

I୐ଵ(x) = i୐ −
ଵ

ଶ

I୐ଶ(x) = i୐
ଶ − i୐ +

ଵ

଺

I୐ଷ(x) = i୐
ଷ −

ଷ

ଶ
i୐
ଶ +

ଵ

ଶ
i୐⎭

⎪
⎬

⎪
⎫

        (3.63) 

In the proposed research article, the first three terms are considered. The non-linear 

functional expansion of load current is expanded into three terms (dominant), 

I୐୊ = [I୐଴(୶) I୐ଵ(x) I୐ଶ(x)]୘                  (3.64) 

I୐ୣୱ୲ = I୐୊
୘ . W = W୘I୐୊                   (3.65) 

For simplification, the load current i୐ is scaled down by 0.01. The average fundamental 

load current I୐୊ୟ୴୥, is passed through the activation function ‘tanh’ which will limit the 

output in the range -1 and 1.  

The error is calculated as  

e = y − yᇱ          (3.66) 

e = i୐ − I୐ୣୱ୲sinθ          (3.67) 

The error is minimized by updating the weights ‘W’ so that MSE is also minimised. In 

the proposed article the worst dynamic condition i.e., load change has been considered. 

The weight is updated by using the Gradient Descent technique given by Widrow and 

Hoff 

W(n) = W(n − 1) −
ஜ

ଶ
∇I୐ୣୱ୲e(n)       (3.68) 

where ∇I୐ୣୱ୲e(n) =
பୣ(୬)

ப୍ై౛౩౪
  denotes the gradient of the error. 

MSE = E[eଶ] = (i୐ − I୐ୣୱ୲sinθ)ଶ       (3.69) 

Differentiate Equation (3.69) 

ப୉(ୣమ)

ப୍ై౛౩౪
= −2sinθ (i୐ − I୐ୣୱ୲sinθ)ᇣᇧᇧᇧᇧᇤᇧᇧᇧᇧᇥ

ୣ

       (3.70) 

W(n) = W(n − 1) −
ஜ

ଶ
(−2esinθ)       (3.71) 

W(n) = W(n − 1) + μesinθ        (3.72) 
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Fig.3.14 Structure of Single-layer neural network with Bernoulli’s Polynomials. 

The updated weight (W(n)) is calculated by adding the previous weight (W(n − 1))  and 

product of step size (μ), error (e), and sine template (sin θ). The step size considered for 

the adaptive LMS algorithm is between 0 and 1. The weight (w(n))  is updated 

accordingly to the load change or any other dynamic changes. 

The load current i୐ is functionally expanded by using higher order Bernoulli’s 

polynomial. The load current expansion through Bernoulli’s Function is expressed by the 

expanded load current components I୐଴, I୐ଵ, I୐ଶ. The total current I୲୭୲ୟ୪ is constituted from 

the average fundamental current I୐୊ୟ୴୥, PV feedforward current (I୔୚୤୤) and dc switching 

loss component (I୪୭ୱୱ). 

vୱ(t) = V୫sin (ω୧t + φ୧ᇣᇧᇤᇧᇥ
஘౟

)           (3.73) 

The voltage error (e୴) is the difference between the in-phase voltage component and the 

source voltage (vୱ). 

e୴(t) = vୱ(t) − v஑(t)         (3.74) 

The quadrature component (vஒ) of the source voltage signal is expressed by  

vஒ(t) = ω୬ ∫ v஑(t) dt         (3.75) 

where, ω୬ is the natural frequency of SOGI PLL [83]. The Laplace transform of 

quadrature component of source voltage, 

vஒ(s) = ω୬
୴ಉ(ୱ)

ୱ
         (3.76) 
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Fig.3. 15 Control scheme for single-phase grid-connected PV inverter based on BePANN. 

From Fig. 3.15, the in-phase component of source voltage is obtained using SOGI and 

expressed as  

v஑(t) = ∫ ω୬ൣK଴e୴(t) − vஒ(t)൧dt       (3.77) 

v஑(t) = ∫ ω୬K଴[vୱ(t) − v஑(t)] − ω୬ ∫ vஒ(t) dt     (3.78) 

The Laplace Transform of the above equation is given by 

v஑(s) = ω୬K଴ ቂ
୴౩(ୱ)

ୱ
−

୴ಉ(ୱ)

ୱ
ቃ − ω୬

୴ಊ(ୱ)

ୱ
      (3.79) 

The transfer function of the in-phase component is expressed as 

D(s) =
୴ಉ(ୱ)

୴౩(ୱ)
=

୏బன౤ୱ

ୱమା୏బன౤ୱାன౤
మ        (3.80) 

The transfer function of the Quadrature component is expressed as  

Q(s) =
୴ಊ(ୱ)

୴౩(ୱ)
=

୏బன౤
మ

ୱమା୏బன౤ୱାன౤
మ        (3.81) 

Therefore, the transfer function for SOGI is written as 

ୈ(ୱ)

୕(ୱ)
=

୴ಉ(ୱ)

୏బୣ౬(ୱ)
=

ன౤ୱ

ୱమାன౤
మ          (3.82) 
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The main objective of SAPF is to generate an equal and opposite current harmonics 

waveform present in load current from Shunt connected VSC, that will cancel out the 

harmonics and thus make the source current or grid current sinusoidal. The reference 

source current requires the synchronizing signal (sinθ), load fundamental current (I୐ୣୱ୲), 

PV feedforward current (I୔୚୤୤) and switching loss current (I୪୭ୱୱ).  The synchronizing is 

obtained through SOGI PLL. The average fundamental load current (i୐୊ୟ୴୥) is expressed 

as 

I୐୊ୟ୴୥ = ቂ(1 ∗ W) + ቀi୐ −
ଵ

ଶ
ቁ ∗ W + ቀi୐

ଶ − i୐ +
ଵ

଺
ቁ ∗ W + ⋯ ⋯ ⋯ ቃ   (3.83) 

The total fundamental load current is obtained by passing the average fundamental load 

current through the activation function (tan h). 

I୐ୣୱ୲ = (tan h) ∗ I୐୊ୟ୴୥        (3.84) 

The switching losses occur in VSC which is compensated by the DC link capacitor. The 

switching loss is estimated by calculating the DC link voltage error (Vୢୡ(ୣ୰୰୭୰)(n)) and 

regulating it to zero using a PI controller. The DC link voltage error is the difference 

between the sensed DC link voltage and the reference DC link voltage. 

Vୢ ୡ(ୣ୰୰୭୰)(n) = Vୢ ୡ(୰ୣ୤)(n) − Vୢ ୡ(n)                 (3.85) 

The output of the PI controller is expressed as 

I୪୭ୱୱ(n) = I୪୭ୱୱ(n − 1) + K୔൛Vୢୡ(ୣ୰୰୭୰)(n) − Vୢୡ(ୣ୰୰୭୰)(n − 1)ൟ + K୍Vୢୡ(ୣ୰୰୭୰)(n)           (3.86) 

The peak amplitude of voltage (V୲) is then obtained by taking the square root of the sum 

of the square of vୱ஑ and vୱஒ, which is then used to create the synchronizing unit's in-phase 

template (sinθ) for generating reference current using Eq. (3.86) to Eq. (3.89). 

vୱ஑ = V୫sinθ                (3.87) 

vୱஒ = V୫sin ቀθ −
஠

ସ
ቁ               (3.88) 

V୲ = ටvୱ஑
ଶ + vୱஒ

ଶ               (3.89) 

u =
୴౩ಉ

୚౪
= sin θ              (3.90) 

The reference source current (iୱ
∗) is obtained by multiplying the total net current (I୲୭୲ୟ୪) 

with synchronizing signal (sin θ). 

iୱ
∗ = (I୲୭୲ୟ୪ ∗ sin θ) = (I୐ୣୱ୲ + I୪୭ୱୱ − I୔୚୤୤) ∗ (sin θ)    (3.91) 
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The hysteresis current controller (HCC) is used to generate the four switching signals for 

driving the IGBTs of the VSC by comparing the actual source current (iୱ) with the 

reference source current (iୱ
∗). 

3.3 Simulation Results 

3.3.1 Performance Analysis with SRFT control scheme 

Synchronous Reference Frame Theory-based control scheme is designed and 

tested under stable and balanced operating conditions, load increment. At t=0.3s, the 

linear load is added to the connected load as shown in Fig.3.16. to fulfill the load demand, 

the source current increase at t=0.3s up to t=0.5s. Similarly, to fulfill the reactive power 

requirement, the compensating current is also increased. The DC link voltage settle at 

400V with a small peak of ±1V.  The power analysis of the SRFT control scheme under 

load change for a single-phase grid-connected system is shown in Fig.3.17. 

 
Fig.3.16 Performance Analysis of SRFT under load change and polluted grid 
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Fig.3.17 Power analysis with SRFT control scheme of single-phase grid-connected system. 

Under steady-state conditions, only nonlinear load is connected in a system. The 

active power demand of the load (P୐) is 3.9kW while reactive power demand (Q୐) is 

5.4kW under steady-state condition (till t=0.3s). The active power demand of the load is 

fulfilled by the source’s active power (Pୗ) while the remaining power of the source is fed 

into the VSC and the reactive power demand of load is fulfilled by VSC’s power (Qେ). 

Under dynamic load conditions, the linear load is connected to the system the power 

requirement is increased to 5.4kW and reactive power demand is 4.06kW. The additional 

active power demand is fulfilled by source power while the reactive power demand of 

load is fed by VSC. 

The FFT analysis of the single-phase grid-connected system with nonlinear load 

under normal grid conditions is shown in Fig. 3.18. The THD of source voltage, load 

current and source current are 2.03%, 32.88%, and 3.2% respectively.  
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The dynamic performance with SRFT control is tested under the condition of 

irradiance change. At t=0.2s to 0.3s, the irradiance is fixed at 1000W/m2. The load is a 

combination of both linear and nonlinear load which is constant throughout the time 

interval. The load active and reactive power demand during 1000W/m2 are 5.4kW and 

4.06kVar respectively. The active power generated by the VSC in a PV-integrated single-

phase system is actively controlled to match the active power requirements of the loads 

and to contribute to the grid as needed. 
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(a)                                            (b)                                        (c) 

Fig.3.18 FFT analysis of (a) source voltage (b) load current (c) source current under the single-phase grid-
connected system with SRFT control scheme. 

The PV’s active power is utilized to fulfill the load’s active power demand while the 

surplus power is fed into the source or exported from the source to fulfill the remaining 

load power demand. While the reactive power demand of load is provided by VSC’s 

reactive power (4.2kVar). As the irradiance is decreased to 500W/m2, the PV current is 

also decreased as shown in Fig.3.20(b). In this case, the source current must be increased 

to generate the required power. The active power demand of load (5.4kW) is fulfilled by 

PV power (1.026kW) and the remaining power is fulfilled by the source’s active power 

(4.92kW).  When 0W/m2 of solar radiation is taken into account, SAPF operation without 

PV integration is meant. PV doesn't provide active power during this nighttime scenario, 

thus the source current rises and the source power rises to satisfy the 5.4kW total load 

requirement. Only PQ issues are mitigated by the SAPF, and no active power transfer 

occurs at this time to meet the 5.4kW load demand. 
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(a)                                            (b)                                        (c) 

Fig.3.19 FFT analysis of (a) source voltage (b) load current (c) source current under polluted grid with 
SRFT control scheme. 
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(b) 

Fig.3.20 (a) Performance analysis of single-phase grid-connected PV system under Irradiance change (b) 
Power analysis under irradiance change. 

3.3.2 Performance Analysis with IRPT control scheme 

When implementing an Instantaneous Reactive Power Theory (IRPT) based control 

scheme in a grid-connected system with the addition of loads, the control strategy needs 

to adapt to the changes in the system's power requirements. The system operates in a 

steady state at a fixed irradiance of 1000W/m2. At t=0.3s, the linear load is added into the 

system increasing the load current (i୐). As the load is increased the source's current (iୱ) 

is also increased as shown in Fig.3.21. The DC link voltage (Vୢ ୡ) is regulated at 400V 

with very small variation for less than one cycle. The compensating current is increased 

to fulfill the reactive power demand of the load. 
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Fig.3.21 Performance analysis of IRPT control scheme under load change and polluted grid. 

The dynamic performance of IRPT control is tested under the condition of irradiance 

change. At t=0.2s to 0.3s, the irradiance is fixed at 1000W/m2. The load is a combination 

of both linear and nonlinear load which is constant throughout the time interval. The load 

active and reactive power demand during 1000W/m2 are 3.9kW and 1.47kVar 

respectively. The active power generated by the VSC in a PV-integrated single-phase 

system is actively controlled to match the active power requirements of the loads and to 

contribute to the grid as needed. The PV’s active power is utilized to fulfill the load’s 

active power demand while the surplus power is fed into the source or exported from the 

source to fulfill the remaining load power demand. While the reactive power demand of 

load is provided by VSC’s reactive power (1.47kVar). As the irradiance is decreased to 

500W/m2, the PV current is also decreased as shown in Fig.3.22. In this case, the source 

current must be increased to generate the required power. The active power demand of 

the load (5.4kW) is fulfilled by PV power (1.026kW) and the remaining power is fulfilled 

by the source’s active power (4.93kW). At night, irradiance goes to 0W/m2, and the total 
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load’s active power demand (3.9kW) is fulfilled by the source’ active power. The DC link 

voltage (𝑉ௗ௖) is stable and regulated at 400V. 

 
Fig.3.22  Power analysis of the proposed system with IRPT control scheme under irradiance change. 

The FFT analysis of the proposed system with IRPT control scheme is shown in Fig.3.23. 

The THD of the source voltage (vୱ), load current (i୐), source current (iୱ) are 0.15%, 

32.88%, and 4.81%, respectively. The FFT analysis of the proposed system with IRPT 

control scheme is shown in Fig.3.24. The THD of the source voltage (vୱ), load current 

(i୐), source current (iୱ) are 14.28%, 32.88%, and 4.89%, respectively. 

 

. 
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Fig.3.23 THD of source voltage, load current, and source current under normal grid. 

 
Fig.3.24 THD of source voltage, load current, and source current under the polluted grid. 

3.3.3 Performance Analysis with HeANN control scheme under normal and 

polluted grid 

The performance of the proposed system is shown in Fig.3.25 having the signal 

source voltage (vୱ), source current (iୱ), and dc-link voltage (Vୢୡ). At t=0.3s, the load is 

increased. The dynamic performance of the proposed control technique with load change 

is shown below in Fig. 3.25. The source current is in phase with the source voltage and 

SAPF injects the compensating current to oppose the load current harmonics injected into 

the supply.  
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Fig.3.25  Performance analysis of HeANN under normal and polluted conditions in a single-phase grid-
connected PV system at 1000W/m2. 

 
(a)                                     (b)                                        (c) 

Fig.3.26 FFT analysis of proposed systems with HeANN control scheme under normal grid (a) source 
current (b) load current 

Fig. 3.26 (a-b) shows the FFT analysis of source current and load current under load 

change conditions without PV integration. The THD of the source current is 2.77% and 

the load current is 32.88%.  
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Fig.3.27  Dynamic Performance of the single-phase grid-connected PV system with varying irradiance 

The system’s performance is also investigated under varying solar irradiance as depicted 

in Fig. 3.27 with the waveforms of signal active load power (P୐), reactive load power 

(Q୐), source active power (Pୱ), source reactive power (Qୗ), compensator’s active and 

reactive power (Pେ, Qେ). The solar irradiance of the PV array is changed at t = 0.3s, the 

irradiance is 1000 W/m2. The source current is reduced as PV will insert its power into 

the system. The PV will be able to generate its maximum power into the system as the 

irradiance of the PV array is 1000 W/m2. The PV array provides its maximum power of 

2.05kW to the system. The load’s active power demand of 3.9kW is partially fulfilled by 

the PV while the remaining power is provided by the source’s active power. Also, the 

reactive power demand of the load (1.428kVar) is fed by the VSC. The dc-link voltage is 

maintained constant at 400V with a very small variation of +5V which is settled within 

two cycles. 
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The FFT analysis of the proposed system with IRPT control scheme is shown in 

Fig.3.28. The THD of the source voltage (vୱ), load current (i୐), source current (iୱ) are 

14.29%, 32.88%, and 4.90%, respectively come under the favorable limit of IEEE-519 

standards. 

 
(a)                                            (b)                                         (c) 

Fig.3.28  FFT analysis under polluted grid with HeANN control. 

It is also necessary to investigate the control algorithm’s performance on its intermediate 

signals. The load current is scaled down by dividing it by 0.01. The intermediate signals 

of the proposed control algorithm for load compensation are shown in Fig. 3.29. The load 

current expansion through Hermite’s Function is expressed by the expanded load current 

components I୐଴, I୐ଵ, I୐ଶ. All these components are summed to get the fundamental 

average load current I୐୊ୟ୳୥. The updated weight (W) of the proposed algorithm is 

regularly updated through LMS to reimburse for load disturbance and solar irradiance 

change. The total load current I୲୭୲ୟ୪ is composed of PV’s feed-forward current (I୔୚), dc-

link loss’s component (I୪୭ୱୱ) and estimated fundamental load current (I୐ୣୱ୲). The weight 

signal and error signal increase as the load current increases. At t = 0.3s, the linear load 

(R-L) connected to the system, and thus total load current increases. The weight through 

LMS is also updated and gets increased as the load current increases. Also, the expanded 

load current through Hermite expansion is increased as the load increases. 
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3.3.4 Performance Analysis with BePANN control scheme Under normal grid and 

polluted grid 

The dynamic performance of grid-connected PV SAPF under the control of 

BePANN is tested using MATLAB Simulink and verified with the experimental results. 

The PV is disconnected from the system. A linear R-L load is added into the system which 

already has a nonlinear R-L load at t=0.3s to 0.5s. 

 

Fig.3.29 Intermediate signals/waveforms of control technique based on HeANN 

The source current increases when the load increases to fulfill the load demand. The 

source current is sinusoidal at a polluted grid as shown in Fig. 3.30, the compensating 

current is also increased due to load increase, for fulfilling the load’s reactive power 

demand. The DC link is maintained to its reference value to its PI voltage controller with 

a small voltage fluctuation at load increase and polluted grid. 
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Fig.3.30 Dynamic performance of proposed grid connected SAPF with BePANN control scheme under 
load change and distorted grid. 

 
(a)                                             (b)                          (c) 

Fig. 3.31 FFT analysis of source voltage, load current, and source current with BePANN 

It is seen in Fig. 3.31, that the THD of source voltage, load current, and source current 

are 0.09%, 32.88%, and 2.21% respectively with the BePANN control scheme.  
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Fig. 3.32 Dynamic Performance analysis under varying solar irradiance with BePANN. 

The performance of the proposed system under varying solar irradiance is shown in Fig. 

3.32. The solar PV irradiance is 1000W/mଶ at t=0.2 to 0.3s.  During 1000W/mଶ 

irradiance, the PV array current, and voltage at 400V and 5.1A respectively. The PV 

current decreases when solar irradiance decreases to 500W/mଶ. The active and reactive 

power demand of load are 5.48kW and 1.47kVar respectively, where 1.01kW of active 

power demand is fulfilled by solar PV and the remaining power of 4.47kW is fed by 

source power. The reactive power demand of load is fully provided by VSC. At t=0.6s, 

night condition is created by maintaining solar irradiance to zero. During night conditions, 

the load’s active power demand is provided by grid while the VSC provides the reactive 

power demand of the load.  
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(a)                               (b)                     (c) 

Fig. 3.33 FFT analysis of source voltage, load current, and source current under distorted grid condition 
with BePANN 

The THD of the source voltage, load current, and source current under distorted grid 

conditions with the BePANN control scheme are 14.29%, 32.88%, and 3.46% which is 

under IEEE-519:2014 standards as shown in Fig.3.33. This FFT analysis shows the 

effectiveness of the proposed control scheme under normal, varying solar irradiance and 

distorted grid. 

The intermediate waveforms of the proposed system with the BePANN control 

scheme under load change conditions are shown in Fig. 3.34. The load increased at t=0.3s, 

due to which load current (i୐), load current expansion component through Bernoulli’s 

Polynomial (I୐଴, I୐ଵ, I୐ଶ) get increased. The calculated error (e) and weight (W), and 

estimated fundamental load component (I୐ୣୱ୲) are shown in Fig. 3.34. The adaptive LMS 

algorithm is used to update the weight (W) of the load component with the change in load 

or any other variations in the system. The step size (μ) is chosen as 5e-6. The load current 

is scaled down by 0.01 for easy operation.  

3.4 Experimental Results 

The hardware prototype of a single-phase grid-connected non-linear load system 

developed in the lab using dSPACE 1104 with and without PV interfaced systems is 

discussed in this section along with the experimental results of the developed system with 

Synchronous Reference Frame Theory (SRFT), Instantaneous reactive power theory 

(IRPT), Hermite function-based ANN (HeANN), and Bernoulli Polynomial based ANN 

(BePANN) based controller for SAPF. A 300W maximum power Chroma EN50530 PV 

array is connected to the inverter's DC connection. Results for the hardware are obtained 
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using a power analyzer and a DSO. To evaluate the efficacy of these control algorithms, 

performance analysis is carried out under various non-linear, and mixed loading 

circumstances. 

 
Fig. 3.34 Intermediate waveform of proposed BePANN controller under load change. 

3.4.1 Performance Analysis with SRFT control scheme 

The single-phase shunt APF is experimentally at 40V, 50Hz supply feeding both 

linear and nonlinear loads. The conventional SRFT control is utilized for extracting 

fundamental load current and generating the switching signals. The SRFT-based control 

scheme is modeled in dSpace 1104 on a hardware prototype developed on single-phase 

grid-connected systems. The steady-state performance of grid-connected SAPF with 

SRFT control scheme is shown in Fig. 3.35. The waveforms of source voltage, source 

current, and load current are shown in Fig. 3.35(a-b). The THD of source voltage, source 
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current, and load current are 1.84%, 4.9%, and 32.45% respectively shown in Fig. 3.35(c-

d) 

Vvs
74.40 Vvs

94.40

Ais
843.1 AiL

59.1

 
(a)                                                                (b) 

 
(c)                                                            (d) 

Fig. 3.35 Steady state performance analysis of SRFT controller under nonlinear load (a) waveform of source 
voltage (𝑣௦) and source current (𝑖௦) (b) waveforms of source voltage (𝑣௦) and load current (𝑖௅) (c) THD of 
source current (b) THD of load current 

The load requires an active power of 60.32W and a reactive power of  25.95Var. The load 

active power demand is fulfilled by source active power which is 72.64W. The remaining 

source active power 12.32W meets the switching losses. The reactive power demand of 

the load is met by the compensator’s reactive power as shown in Fig.3.36. 
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(a)                                                                 (b) 
Fig. 3.36 Steady-state power analysis of SRFT controller with nonlinear load (a) source side power (b) load 
side power 

The dynamic performance of the SRFT control scheme is shown in Fig. 3.37. Initially, 

only nonlinear loads are connected to the system. The source voltage (vୱ) and source 

current (iୱ) are in the same phase. The DC link voltage is regulated to 80V. At some 

instant of time, linear loads are included, which also increases the source current and 

slight change in DC link voltage. The source current increases to fulfill the load active 

power demand as shown in Fig. 3.37(a). The reference source current (iୱ
∗) generated 

through the SRFT control scheme is compared with the actual source's current (iୱ) to get 

the switching signals for IGBTs’ switches. The compensating current (iୡୡ) is also 

increased with the load increase as shown in Fig.3.37(b). 
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𝐢𝐬
∗ 

 

(a)                                                                  (b) 
Fig. 3.37 Dynamic performance of the proposed system with conventional SRFT control scheme under 
load change (a) Experimental waveforms of source voltage (𝑣௦), source current (𝑖௦), load current (𝑖௅) and 
DC link voltage (𝑉ௗ௖) (b) 𝑣௦, 𝑖௦ , 𝑖௦

∗, and compensating current (𝑖௖௖). 

The intermediate signals with an increase of load with the SRFT control scheme are 

shown in Fig. 3.38. The fundamental active component of load current (I୊ୈ) is also 
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increased. The total current is increased (I୊୳୬ୢ) with an increase in load. The 

synchronizing signal (sinθ) is obtained through conventional PLL. The synchronizing 

signal is the sinusoidal during load change.  

𝐢𝐋 

𝐈𝐅𝐝 

𝐈𝐅𝐮𝐧𝐝 

𝐬𝐢𝐧 𝛉
 

Fig. 3.38 Intermediate signals of SRFT control scheme under load change. 

3.4.2 Performance Analysis with IRPT control scheme 

The steady-state performance of the proposed single-phase grid-connected PV 

system with the IRPT control scheme is shown in Fig.3.39(a-d). The source voltage and 

source current are in the same phase with a magnitude of 40.7V and 1.83 A respectively. 

The load current has a THD of 32.45%, while the THD of the source current is 4.72% 

which is under IEEE-519 standards. 

𝐯𝐬 = 𝟒𝟎. 𝟕𝑽 

𝐢𝐬 = 𝟏. 𝟖𝟑𝑨 

𝐯𝐬 = 𝟒𝟎. 𝟗𝑽 

𝐢𝐋 = 𝟏. 𝟓𝟗𝐀 

 

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

Fig. 3.39 Steady state performance analysis of IRPT controller under nonlinear load (a) waveform of source 
voltage (𝑣௦) and source current (𝑖௦) (b) waveforms of source voltage (𝑣௦) and load current (𝑖௅) (c) THD of 
source current (b) THD of load current 

The dynamic performance of the proposed system with IRPT control scheme is given in 

Fig. 3.40. At some instant of time the load is disconnected from the system, thus source 

current decreases to maintain the constant source power supply. The signals source 

voltage (vୱ), source current (iୱ), compensating current (iୡୡ), and DC link voltage (Vୢ ୡ) 

is shown in Fig 3.40 (a) under the condition of load disconnect. The DC link voltage is 

maintained at its reference voltage (80V) with the PI voltage controller. The reference 

source's current iୱ
∗ is in the same phase as the sensed source current, and VSC supplies 

the compensating current with load change as shown in Fig.3.40(b). The intermediate 

signals of the IRPT control scheme are shown in Fig. 3.40(c). The fundamental active 

power (P∗), reactive power (Q∗), and alpha-beta current components (i஑
∗ , iஒ

∗ ) are 

increasing with the increase of connected load. 

𝐯𝐬 
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𝐋𝐨𝐚𝐝 𝐃𝐞𝐜𝐫𝐞𝐚𝐬𝐞𝐝 𝐋𝐨𝐚𝐝 𝐃𝐞𝐜𝐫𝐞𝐚𝐬𝐞𝐝

 
(a)                                                          (b) 
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𝐢𝛃
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𝐐∗ 

𝐋𝐨𝐚𝐝 𝐈𝐧𝐜𝐫𝐞𝐚𝐬𝐞𝐝

 
                (c) 
Fig. 3.40 Dynamic Performance analysis with IRPT control scheme with the waveforms of (a) 𝑣௦, 𝑖௦, 𝑖௅ and 
𝑉ௗ௖ under load disconnection (b) 𝑣௦, 𝑖௦, 𝑖௦

∗ and 𝑖௖௖  under load disconnection (c) intermediate signals 𝑃∗, 𝑄∗, 
and 𝑖ఈ

∗ , 𝑖ఉ
∗  of IRPT control under load-increased conditions. 

3.4.3 Performance Analysis with HeANN control scheme 

Fig. 3.41 (a) shows the waveform source voltage and source current (vୱ and iୱ) 

under steady-state conditions, both are in the same phase. The THD in the source current 

is 4.33% which is under IEEE-519 standards, while the source voltage’s THD is 0.17% 

as shown in Fig.3.41 (b). Also, the waveforms of source voltage and load current (vୱ and 

i୐) is given in Fig. 3.41(c) having magnitude of 40.57V and 2.3A. The THD of load 

current is 33.58%. The THD of source current without compensation is almost equal to 

the THD of load current and it decreases to 4.33% with SAPF compensation of the 

proposed system. 

𝐯𝐬 = 𝟒𝟎. 𝟓𝟓𝑽 

𝐢𝐬 = 𝟐. 𝟓𝟐𝑨 

 

(a)                                                   (b) 
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𝐯𝐬 = 𝟒𝟎. 𝟓𝟕𝑽 

𝐢𝐋 = 𝟐. 𝟑𝑨 

 

(c)                                                           (d) 

Fig. 3.41 Steady state performance analysis of HeANN controller under nonlinear load (a) waveform of 
source voltage (𝑣௦) and source current (𝑖௦) (b) THD of source current (c) waveforms of source voltage (𝑣௦) 
and load current (𝑖௅) (d) THD of load current without PV interconnection 

The power analysis of the proposed system under HeANN control algorithm is 

shown in Fig. 3.42. The load active power demand is 93.7W and reactive power demand 

is 38.1 Var. The grid generates active power of 99.4W which is given to load to fulfil load 

active power demand. The VSC produces compensating current which can fulfil the 

reactive power demand of load, and meet switching losses. The power factor of the source 

side is 0.96. 

 

(a)                                   (b)                                       

Fig. 3.42 Power Analysis of the proposed system under steady-state conditions (a) grid power (b) load 
power  

The performance of the proposed control algorithm under PV and grid integration 

is shown in Fig. 3.43 (a). The signals vୱ, iୱ, i୐, Vୢ ୡ are shown in Fig. 3.43(a) when PV is 

connected with the system and load is also decreased. The source current is out of phase 
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which indicates that the PV array delivers active power to load and in case of any surplus 

power, it is fed to the grid. The DC-link voltage is increased to support the active power 

transfer to the system through a PV array. The PV simulator used in the proposed system 

is Chroma 62100H-600s which feeds 100 W approximately. It is observed that the load 

requires 33.5W of active power and 12.1Var of reactive power. After fulfilling the load 

demand the remaining power of PV is given to the grid which is 44.3W and the switching 

losses of the VSC which is 22.2W. The Power analysis under PV and grid integration is 

shown in Fig. 3.43(c-d).   

The dynamic performance of the proposed controller is tested under load 

increment. Fig.  3.44(a) shows the waveform of signals vୱ, iୱ, i୐ and Vୢ ୡ. When the load 

increases, the source current increases to fulfill the load’s active power demand. At the 

same time, the DC-link voltage is slightly decreased but after some time it will come to 

its reference value. In Fig. 3.44(b), the intermediate signals of the LMS weight updating 

method are shown. The fundamental load average current (I୐୊(ୟ୴୥)), weight (W), and error 

(e) signals increase as the load increases. The intermediate signals of HeANN load 

compensation are shown in Fig. 3.44(d) with the load increases. The signals 

I୐୊(ୟ୴୥),I୐଴,I୐ଵ,  are fundamental load average current, first load current expansion term, 

and second load current expansion term obtained through Hermite Expansion 

respectively. 

𝐯𝐬 = 𝟒𝟐. 𝟑𝟗𝑽 

𝐢𝐬 = 𝟏. 𝟏𝟒𝟕𝑨 
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𝐢𝐬 

𝐢𝐋 

𝐕𝐝𝐜 

𝐋𝐨𝐚𝐝 𝐃𝐢𝐬𝐜𝐨𝐧𝐧𝐞𝐜𝐭𝐞𝐝

 

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

Fig.3.43 Performance analysis of the proposed system with PV integration (a) Waveforms of 𝑣௦, 𝑖௦, 𝑖௅ and 
𝑉ௗ௖ in DSO (b) waveform of 𝑣௦, 𝑖௦ in Power analyser (c) source power (d) load power 
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(a)                                          (b)                                      (c) 

Fig. 3.44 Dynamic Performance of the Proposed system under load change with HeANN control algorithm 
(a) Experimental waveforms of supply voltage (𝑣௦), source current (𝑖௦), load current (𝑖௅) and DC link 
voltage (𝑉ௗ௖) (b)Intermediate signals of HeANN with waveforms of  𝑖௅, 𝐼௅௙(௔௩௚), W, e (c) 𝑖௅, 𝐼௅௙(௔௩௚), 𝐼௅ଵ, 
𝐼௅଴. 

3.4.4 Performance Analysis with BePANN control scheme 

Fig. 3.45 (a) shows the waveform source voltage, source current (vୱ and iୱ)  and 

source voltage, load current (vୱ and i୐) under steady-state conditions. The THD in the 

source current is 4.20% which is under IEEE-519 standards, while the source voltage’s 

THD is 0.16% as shown in Fig.3.45 (c). Also, the waveforms of source voltage and load 

current (vୱ and i୐) having a magnitude of 40.57V and 2.3A. The THD of load current is 

33.58%. The THD of source current without compensation is almost equal to the THD of 

load current and it decreases to 4.20% with SAPF compensation of the proposed system. 
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𝐢𝐬 = 𝟐. 𝟎𝟒𝟏𝟒𝑨 𝐢𝐋 = 𝟏. 𝟖𝟒𝟔𝑨 

𝐯𝐬 = 𝟒𝟏. 𝟔𝟓𝑽 𝐯𝐬 = 𝟒𝟏. 𝟔𝟓𝑽 

 
(a)                                                                 (b) 

 
             (c)                                                                      (d) 

Fig. 3.45 (a) Waveform of signal (𝑣௦  𝑎𝑛𝑑 𝑖௦) (b) Waveform of (𝑣௦  𝑎𝑛𝑑 𝑖௅) (c) THD of source current (d) 
THD of load current with BePANN controller 

The dynamic performance of the proposed single-phase SAPF with the BePANN control 

scheme is shown in Fig. 3.46 (a-d). At some instant of time load is increased due to which 

the source current increases. The total fundamental load current (I୐ୣୱ୲) is also increased 

with an increase in load current. The DC link voltage (Vୢ ୡ) is maintained to its reference 

value with the effect of the PI controller as shown in Fig. 3.46 (a). It is also evident from 

Fig. 34.6(b) that PV is connected with the VSC. In this condition, the source current and 

source voltage have some phase shift and the load is decreased at some instant in time. 

The DC link voltage is maintained at a constant magnitude.  Another set of signals such 

as source voltage, source current, load current, and DC link voltage with an increase in 

load are shown in Fig. 3.47(c). The compensating current (iେେ) is also increased to 

support reactive power compensation as shown in Fig. 3.46(d) with load increase 

condition. 
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(c)                                                                  (d) 

Fig. 3.46 Experimental waveforms of the proposed system with BePANN control scheme under (a) load 
change (vୱ, iୱ, I୐ୣୱ୲, Vୢୡ) (b) with PV integration (vୱ, iୱ, i୐, Vୢୡ) (c) load change (vୱ, iୱ, i୐, Vୢୡ) (d)  load 
change (vୱ, iୱ, i୐, iେେ) 
 
3.5 Comparative Performance analysis of control schemes of single-phase shunt 
active power filter 
The performance of the BePANN is contrasted with that of methods called SRFT, IRPT, 

and HeANN control technique. These methods are all used for load compensation under 

the same system parameters. From each algorithm, the fundamental active load 

component under load change conditions is extracted and compared for weight 

convergence in terms of oscillations, sampling time, PLL needs, settling time, 

convergence rate, and THD in source current. Table 3.4 and Fig. 3.47 are displayed to 

provide a more accurate comparison of performance. 
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Fig. 3.47 Simulation-based Performance comparison of fundamental current under varying load 
during t=0.3s to 0.5s with SRFT, IRPT, HeANN, and BePANN 

Table 3. 4:  Comparison of SRFT, IRPT, HeANN and BePANN Control Schemes 

S.No. Features SRFT IRPT HeANN BePANN 

1. PLL 

Require

d 

Normal 

and load 

change 

Required Required Not 

Required 

Not 

Required 

Distorted 

Grid 

Required Required Required Required 

2. Transformation 

required 

Yes Yes No No 

3. Convergence Slower 

(

3~4 𝑐𝑦𝑐𝑙𝑒𝑠)

Slower    

(3

~4 𝑐𝑦𝑐𝑙𝑒𝑠

Faster 

(1

~2 𝑐𝑦𝑐𝑙𝑒𝑠) 

Faster 

(1

~2 𝑐𝑦𝑐𝑙𝑒𝑠) 

4. Oscillations in 

fundamental 

weights 

More More No No 

5. THD of 

current 

(Simula

tion) 

Source 

Current 

4.09% 5.33% 2.77% 2.88% 

Load 

Current 

32.88% 32.88% 32.88% 32.88% 
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6. THD of 

current 

(Experi

mental) 

Source 

Current 

4.90% 4.72% 4.33% 4.20% 

Load 

Current 

32.45% 32.45% 33.58% 33.58% 

7. Error Moderate More  Less Less 

8. DC link voltage 

oscillations 

4V to 5V 4V to 

4.5V 

2V to 3V 2V to 3V 

9. Sampling time 60𝜇𝑠 60𝜇𝑠 50𝜇𝑠 50𝜇𝑠 

It is seen from Table 3.4, that the proposed HeANN and BePANN control schemes 

perform much better than conventional SRFT and IRPT control schemes for the proposed 

single-phase grid-connected PV system. All the mentioned control schemes can mitigate 

current related PQ issues and perform reactive power compensation.  The THD of source 

current with proposed BePANN with experimental setup is 4.20%, and 2.77% with 

HeANN in simulation performance. The Convergence of fundamental load components 

under load change is faster with HeANN and BePANN around 1 to 2 cycles as compared 

to SRFT and IRPT. 

3.6 Conclusion 

This chapter focuses on the design and implementation of four control algorithms for 

shunt compensation in PV integrated single-phase grid-connected systems: SRFT, IRPT, 

HeANN, and BePANN controllers. Both experimental setup in the lab and models created 

using Matlab Simulink are used to test the performance. Variations in solar irradiation 

and load changes are addressed in the performance study. The functional NN algorithms' 

performance compared with that of the conventional algorithms such as SRFT and IRPT. 

Since the proposed HeANN and BePANN algorithms are based on functional series 

expansion, they are easy to use and need less processing power. It has been determined 

that a few terms from these expansion series are adequate and appropriate. Moreover, 

these functional NNs have been made adaptive. The LMS algorithm performs the 

algorithms' real-time training. PLL synchronisation and Park-Clark transformation 

techniques, which are required for conventional techniques like SRFT, are no longer 

necessary. To achieve the optimal response, the SRFT and IRPT algorithms need 

transformation blocks and gain constant adjustment. Lastly, the tracking performance of 
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each algorithm under dynamic load variations is examined in order to carry out a fair 

comparison of all the methods. The THD of source current with proposed BePANN with 

experimental setup is 4.20%, and 2.77% with HeANN in simulation performance.  The 

performance of the newly proposed HeANN and BePANN algorithms is better for SAPF 

operation. Furthermore, under PV integration, these methods function quite satisfactorily. 
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CHAPTER 4 

 

DESIGN AND CONTROL OF THREE-PHASE SHUNT ACTIVE POWER 

FILTER FOR GRID CONNECTED PV SYSTEM 

4.1 Design of three-phase grid-connected shunt active power filter 

      The three-phase grid-connected PV system is utilized to mitigate current harmonics 

and reactive power compensation. Harmonic currents may penetrate the electrical system 

through non-linear loads like rectifiers, variable frequency drives, and other power 

electronic equipment. Harmonics can cause equipment overheating, voltage distortions, 

and interference with sensitive electronics. The detrimental impacts of harmonics can be 

successfully reduced by SAPF, which can detect and inject equal and opposite harmonic 

currents to cancel out the harmonics. The capacity of conventional power factor 

correction techniques, such as capacitors and inductors, to offer reactive power 

compensation under variable and non-linear load situations is constrained. A SAPF may 

change the injected reactive current to match the system requirements and maintain the 

appropriate power factor. This allows for dynamic reactive power compensation control. 

Unbalanced loads can result in an unequal distribution of power among the phases 

in three-phase systems. Voltage imbalances, greater losses, and decreased system 

effectiveness may result from this. To balance the loads over the three phases, a SAPF 

can track load imbalances and inject the proper current. The system configuration of a 

three-phase single-stage grid-connected PV system is shown in Fig. 4.1. The PV array is 

connected to a DC link capacitor without a DC-DC converter. An MPPT technique is 

required to obtain the reference DC link voltage. A VSC is connected in parallel with the 

nonlinear load. The VSC is responsible for generating the compensating current and fed 

into the grid. These compensatory currents are produced by the VSC and have the same 

amplitude and the opposite phase as the harmonic grid currents. The SAPF effectively 

balances out the harmonic currents by injecting these compensatory currents into the grid, 

producing a smoother sinusoidal current waveform. 
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Fig. 4.1 Proposed three-phase grid-connected PV SAPF system 

4.1.1 Calculation of DC link voltage 

         The supply voltage for simulation is considered as 400V (v୐ି୐) at 50Hz frequency, 

while for experimental validation the supply voltage is chosen 40V (v୐ି୐), 50Hz. The 

DC link voltage is calculated [69] using Eq. (3.19), 

Vୢ ୡ(୰ୣ୤) > Vୢ ୡ(୫୧୬) =
ଶ√ଶ

√ଷ
v୐ି୐ =

ଶ√ଶ

√ଷ
× 400 = 653.19V      (4.1) 

The reference DC link voltage Vୢ ୡ(୰ୣ୤) should be greater than the minimum DC link 

voltage Vୢ ୡ(୫୧୬), and thus it is considered 800V for simulation. The experimental DC link 

voltage is calculated using Eq. (4.2), 

Vୢ ୡ(୰ୣ୤) > Vୢ ୡ(୫୧୬) =
ଶ√ଶ

√ଷ
v୐ି୐ =

ଶ√ଶ

√ଷ
× 40 = 65.31V       (4.2) 

The reference DC link voltage Vୢ ୡ(୰ୣ୤) should be greater than the minimum DC link 

voltage Vୢ ୡ(୫୧୬), and thus it is considered 80V for experimental setup. 
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4.1.2 Calculation of DC link capacitor 

         The designed value of the DC link capacitor [69] is calculated using Eq. (4.3), 

Cୢୡ =
଺୩భ୴౦౞ୟ୧ౙౙத

୚ౚౙ(౨౛౜)
మ ି୚ౚౙ(ౣ౟౤)

మ =
଺×଴.ସ×ଶଷ଴.ଽସ×ଵ.ଶ×ଶହ×଴.଴ଶ

(଼଴଴మି଺ହଷ.ଵଽమ)
= 1558.7μF     (4.3) 

where,Vୢ ୡ(୰ୣ୤) is the DC link bus voltage, Vୢ ୡ(୫୧୬) is the minimum DC link voltage, τ is 

the time constant, a is the overloading factor, kଵ is the gain constant and iୡୡ is the VSC’s 

compensating current. Let a = 1.2, iୡୡ = 25A, Vୢ ୡ(୰ୣ୤) = 800V, Vୢ ୡ(୫୧୬) = 653.19 V, 

τ = 0.02s, and kଵ = 0.4. The value of DC-link capacitance Cୢୡ = 1558.7 μF and it is 

chosen as 1650 μF (simulation).  

4.1.3 Calculation of Interfacing Inductor 

         The interfacing inductor plays an important role in harmonic filtering and provides 

isolation between the PV array and the grid. Due to variable solar irradiation and other 

environmental factors, the output of the PV array may exhibit various variations and 

harmonics. These variations are filtered by the interface inductor, which also lowers the 

harmonic content of the current supplied into the grid. The value of the interfacing 

inductor can be calculated using Eq. (4.4), 

L୤ =
√ଷ୫୚ౚౙ(౨౛౜)

ଵଶୟ୤౩౭∆୍ౙ౨
                       (4.4) 

Here, ‘L୤’ is the interfacing inductor, ‘m’ is the modulation index, ‘fୱ୵’ is the switching 

frequency and ∆Iୡ୰ is the current ripple which is considered 5% of the maximum current. 

The value of L୤ for simulation is calculated by (4.5) and for experimental setup, it is 

calculated by (4.6). 

 L୤ =
√ଷ୫୚ౚౙ(౨౛౜)

ଵଶୟ୤౩౭∆୍ౙ౨
=

√ଷ×ଵ×଼଴଴

ଵଶ×ଵ.ଶ×ଵ଴×ଵ଴଴଴×ଵ.ହ
= 7.6mH                   (4.5)  

 L୤ =
√ଷ୫୚ౚౙ(౨౛౜)

ଵଶୟ୤౩౭∆୍ౙ౨
=

√ଷ×ଵ×଼଴

ଵଶ×ଵ.ଶ×ଵ଴×ଵ଴଴଴×ଵ.ହ
= 0.76mH                   (4.6) 

4.1.4 Design of PV array 

         There is no DC-DC boost converter in a single-stage PV system. The voltage of the 

PV array should be higher than the voltage of the voltage source converter (VSC)'s 

reference DC link. The highest voltage at MPP and reference DC voltage of the PV 
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array must be produced by the MPPT method. Eq. (4.7) calculates the necessary 

minimum number of series-connected PV modules. 

Nୗ =
୚ౚౙ(ౣ౟౤)

୚ౣ౦
=

଺ହଷ.ଵଽ

ଷ଻.଻ଷ
= 17.31        (4.7) 

Thus, the number of series-connected PV modules selected is 22. The parameters of the 

PV string or array are given in Table 4.1. 

Table 4.1: PV array Parameter at standard test condition (Zytech Engineering 
Technology ZT190S) 

Parameters Value 

No. of series PV modules (Nୗ) 22 

No. of parallel PV modules (N୔) 1 

Maximum Power (P୫୮) 4184 W 

Open circuit voltage (V୓େ) 986.9 V 

Short circuit current (Iୗେ) 5.5 A 

Voltage at MPP (V୫୮) 830.1 V 

Current at MPP (I୫୮) 5.04 A 

4.1.5 Experimental Hardware setup 

The prototype three-phase grid-connected PV inverter comprises grid current and 

voltage sensors viz. LEM-LA25P and LEM-LV25P. The sensors are used to sense the 

three-phase grid current, load current, compensating current, dc-link voltage, and grid 

voltage. The experimental setup is shown in Fig. 4.2. The dSPACE/Microlab Box consists 

of analog-to-digital conversion (ADC) and digital-to-analog conversion (DAC) pins. The 

sensor outputs are analog in nature and are to be converted into digital signals through an 

ADC port. The switching signals for VSC are generated by HCC. The PV simulator used 

in the experimental setup is Chroma 62100H-600S. The grid supply is fed by a three-

phase variable AC supply. An external DC supply is utilized for supplying the sensors 

circuit and gating circuit. A Keysight digital storage oscilloscope (DSO) is used to 

monitor and capture the dynamic response of the system. The steady-state performance 

of the proposed system is monitored and captured through the Hioki power analyzer. A 

personal computer (PC) and MATLAB are used to build the model and dSPACE is used 

to process the control algorithm. 
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Fig. 4.2 Experimental Setup of a three-phase grid-connected PV system 

4.2 Control Schemes for Three-phase grid-connected shunt active power filter 

 A three-phase shunt active power filter (SAPF) is used in a three-phase electrical system 

to reduce harmonic distortions, enhance power factor, and control voltage. To eliminate 

harmonic currents and enhance power quality, the control strategy for a three-phase SAPF 

typically encompasses detecting the load current, isolating harmonic components, and 

producing compensatory currents. Some of the conventional control schemes which are 

discussed below are Synchronous Reference Frame Theory (SRFT),  𝜀 −Normalized Sign 

Regressor Least Mean Mixed Norm (ε − NSRLMMN), and Quantum Least Mean Fourth 

(q-LMF). The below section describes the mathematical formulation and description of 

the conventional control technique. 

4.2.1 Synchronous Reference Frame Theory (SRFT) 

 This technique is often used in distribution systems to improve power quality by 

compensating for reactive power and harmonics. In this context, the SRFT control scheme 

is used to generate a reference supply current for the DSTATCOM to mitigate the effects 

of nonlinear load currents. The control block mentioned below is responsible for 

generating switching signals for the three-phase Voltage Source Converter (VSC) of the 

DSTATCOM. These switching signals control the operation of the three-phase VSC to 

provide the required compensation and maintain the desired voltage and current 

waveforms. 
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Typically, the control block in an SRFT-based control scheme consists of 

controller that analyze the input signals (usually load current) and calculate the reference 

current components in the synchronous reference frame. These reference current 

components are then compared with the actual load current components in the same 

reference frame. The difference between the reference and actual current components is 

used to generate the control signals for the VSC, which will adjust its switching patterns 

accordingly to generate the required compensating currents. The three-phase nonlinear 

load current consists of balanced load components and harmonic components. The three-

phase nonlinear load current of each phase is given in Eq. (4.8) to (4.10). The terms 

I୊୳୬ୢ_ୟ, I୊୳୬ୢ_ୠ, and I୊୳୬ୢ_ୡ are the fundamental component of each phase of load current 

and H୬(t) is the harmonic component. 

i୐ୟ(t) = I୊୳୬ୢ_ୟsin(ωt) + H୬(t)         (4.8) 

i୐ୠ(t) = I୊୳୬ୢ_ୠsin ቀωt −
ଶ஠

ଷ
ቁ + H୬(t)                   (4.9) 

i୐ୡ(t) = I୊୳୬ୢ_ୡsin ቀωt +
ଶ஠

ଷ
ቁ + H୬(t)      (4.10) 
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Fig. 4.3 Control of three-phase grid-connected Shunt APF based on conventional SRFT 

Applying the Park Transformation for a-b-c to d-q-0 which depends on the dq frame 

alignment at t=0, when the rotating frame is aligned with the phase A axis, 
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቎
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I୯

I଴
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ଶ

ଷ

⎣
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⎢
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ଶ஠

ଷ
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ଷ
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⎥
⎥
⎤

൥

i୐ୟ

i୐ୠ

i୐ୡ

൩   (4.11) 

Three-phase PLL is used to generate the synchronizing signals. The active current (Iୢ) 

and reactive current (I୯) consists of some AC components that are filtered by a Low Pass 

Filter (LPF). The d-axis and q-axis current consists of the fundamental and harmonic 

components which is given by Eq (4.12) and (4.13), 

Iୢ = I୊ୢ
ᇱ + I୊ୢ୅େ

ᇱ          (4.12) 

I୯ = I୯
ᇱ + I୯୅େ

ᇱ           (4.13) 

This control strategy involves compensating for reactive power by supplying the direct 

current (DC) component of the direct-axis load current. Along with compensating for 

reactive power, the control strategy also ensures that the DC bus voltage is maintained. 

The control strategy takes losses (𝐼௟௢௦௦) into account and provides the necessary 

compensation to overcome them. The loss component is given by Eq. (4.14) 

I୪୭ୱୱ(n) = I୪୭ୱୱ(n − 1) + K୮[Vୢ ୡୣ(n) − Vୢ ୡୣ(n − 1)] + K୧Vୢ ୡୣ(n)   (4.14) 

Where Vୢ ୡୣ(n) = Vୢ ୡ(୰ୣ୤)(n) − Vୢୡ(n) is the error between actual and reference DC link 

voltage at the nth instant of sampling and K୮, K୧ are the PI controller’s proportional and 

integral gain constant. In the case of a PV integrated system, another important term feed 

forward PV current (I୔୚୤୤) is subtracted from the d-axis load current component and loss 

component. 

I୊୳୬ୢ = I୊ୢ
ᇱ + I୪୭ୱୱ − I୔୚୤୤        (4.15) 

By applying reverse Park transformation, the reference source current is obtained which 

is given by Eq (4.16), 

቎

iୱୟ
∗

iୱୠ
∗

iୱୟ
∗

቏ =

⎣
⎢
⎢
⎡

cos(ωt) −sin (ωt) 1

cos ቀωt −
ଶ஠

ଷ
ቁ −sin ቀωt −

ଶ஠

ଷ
ቁ 1

cos ቀωt +
ଶ஠

ଷ
ቁ −sin ቀωt +

ଶ஠

ଷ
ቁ 1⎦

⎥
⎥
⎤

൥

I୊୳୬ୢ

0
I଴

൩    (4.16) 

4.2.2 𝛆 − 𝐍𝐒𝐑𝐋𝐌𝐌𝐍 Adaptive control Technique 

Adaptive filters can self-adjust. The cost function and objective function are 

determined using the error signal. As illustrated in Fig. 4.4 the error signal value must be 
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reduced to zero by minimizing this cost function. Commonly, the cost function is the 

mean square of the error signal. The most effective Winer solution is the only minimum 

solution for the cost function. This solution can be arrived by equating the derivative of 

Eq (4.17) to zero. According to the LMMN algorithm, the convex cost function [48] is 

given by 

J(n) = E ቂδ൫e(n)൯
ଶ

+ (1 − δ)൫e(n)൯
ସ

ቃ      (4.17) 

W(n + 1) = W(n) + 𝜇[x(n)]୘e(n) [δ(1 − δ)൫e(n)൯
ଶ

]    (4.18) 

where δ is the mixing parameter, e(n) is the estimated error between the actual and 

estimated output at the nth instant, and 𝑥(𝑛) is the input signal vector which is defined as 

x(n) = ൣxଵ,xଶ,……………..,x୑൧
୘
, where M is the size of the filter. The proposed 𝜺 -

NSRLMMN algorithm has been described in Eq. (4.19) and Eq. (4.20) and it employs the 

Steepest Descent technique for determining the derivative of the cost function. 

e(n) = d(n) − W୘(n)x(n)        (4.19) 

The following recursion can control the weight update equation for the -NSRLMMN 

algorithm as given by Eq (4.20), 

W(n + 1) = W(n) +
ஜ

கାห|୶(୬)|ห
ౄ

మ  sign[x(n)]୘e(n)[δ + (1 − δ)൫e(n)൯
ଶ

]  (4.20) 

where W(n+1) is the updated weight vector, J is the cost function,  μ is the step-size, ε is 

a small positive constant used for regularization purposes, ||x(n)||ୌ
୘ =

x(n)H[x(n)][x(n)]୘ and H[x(n)] is a positive-definite Hermitian matrix-valued function 

of x(n). The normalization of the LMF and LMS protects the algorithm from divergence 

when input power increases. 

 
Fig. 4.4 Basic Model of Adaptive control technique 
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It might be challenging to choose the step size for any adaptive filtering system. However, 

the step size limit of ɛ-NSRLMS and ɛ-NSRLMF have been combined to determine the 

step size in [48]. The step size was determined by combining the step size limits of ɛ-

NSRLMS and ɛ-NSRLMF.   

0 < µɛ ேௌோ௅ெௌ < 2
0 < µɛ ேௌோ௅ெி < µ௨௣௣௘௥

ൠ        (4.21) 

The step size for the proposed algorithm has been chosen as 

0 < µɛ ேௌோ௅ெெே < 2δ + (1 − δ)µ୳୮୮ୣ୰      (4.22) 

It is adequately justified that by selecting the appropriate value of the mixing parameter, 

either 1 or 0, the suggested algorithm may be converted to ɛ-NSRLMS and ɛ-NSRLMF. 

The expression for Eq. (4.20) will be changed to a weight update expression for ɛ-

NSRLMS for δ = 1 and a weight update expression for ɛ-NSRLMF for δ = 0 respectively. 

The control scheme of a three-phase grid-connected inverter based on ɛ-NSRLMMN is 

shown in Fig. 4.5. 
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Fig. 4.5 Control scheme of three-phase grid-connected inverter based on ɛ-NSRLMMN 

The fundamental current (W୮ୟ(n + 1), W୮ୠ(n + 1), W୮ୡ(n + 1)) are obtained using the 

ɛ-NSRLMMN control algorithm is given by 

W୮ୟ(n + 1) = W୮ୟ(n) +
ஜ

கାቚห୳౦౗หቚ
ౄ

మ  signൣu୮ୟ൧
୘

e୮ୟ(n)[δ + (1 − δ) ቀe୮ୟ(n)ቁ
ଶ

] (4.23) 

W୮ୠ(n + 1) = W୮ୠ(n) +
ஜ

கା||୳౦ౘ||ౄ
మ  signൣu୮ୠ൧

୘
e୮ୠ(n)[δ + (1 − δ) ቀe୮ୠ(n)ቁ

ଶ

] (4.24) 
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W୮ୡ(n + 1) = W୮ୡ(n) +
ஜ

கା||୳౦ౙ||ౄ
మ  signൣu୮ୡ൧

୘
e୮ୡ(n)[δ + (1 − δ) ቀe୮ୡ(n)ቁ

ଶ

] (4.25) 

The error signal e୮ୟ, e୮ୠ, e୮ୡ for each phase is given by 

e୮୑ (୬) = ቎

i୐ୟ(n) − u୮ୟ(n)W୮ୟ(n)

i୐ୠ(n) − u୮ୠ(n)W୮ୠ(n)

i୐ୡ(n) − u୮ୡ(n)W୮ୡ(n)

቏       (4.26) 

where, u୮ୟ, u୮ୠ, u୮ୡ are the in-phase template, μ is the step-size, δ is the mixing 

parameter, W୮ୟ, W୮ୠ, W୮ୡ are the fundamental weight of each phase. The in-phase 

template is calculated by 

u୮ୟ =
୴౩౗

୚౪
 , u୮ୠ =

୴౩ౘ

୚౪
 , u୮ୡ =

୴౩ౙ

୚౪
       (4.27) 

The average fundamental load current is given by Eq. (4.28), 

W୮୫ =
ଵ

ଷ
(W୮ୟ + W୮ୠ + W୮ୡ)       (4.28) 

The terminal voltage (V୲) is expressed as 

V୲ =  ටvୱୟ
ଶ + vୱୠ

ଶ + vୱୡ
ଶ         (4.29) 

The proposed three-phase SAPF does not require PLL under normal grid conditions as 

unit templates determined in Eq. (4.27) work well and load balancing but in case of weak 

grid conditions, an appropriate PLL is required. Thus, the proposed system is PLL less 

system. The output of the PI voltage controller is the loss current which meets its losses 

at the DC link voltage of VSC. The loss current (I୪୭ୱୱ) is expressed as 

I୪୭ୱୱ(n + 1) = I୪୭ୱୱ(n) + K୧Vୢ ୡୣ(n + 1) + K୮(Vୢୡୣ(n + 1) − Vୢ ୡୣ(n))  (4.30) 

Where, the DC link voltage error (Vୢୡୣ) is the error between the actual DC link voltage 

(Vୢୡ
∗ (n)) and reference DC link voltage (Vୢୡ

∗ (n)), Vୢ ୡୣ(n) = Vୢ ୡ
∗ (n) − Vୢ ୡ(n) at nth 

instant of switching. The total current ൫Wୣ୯൯ is expressed as 

 Wୣ୯ = W୮୫ + I୪୭ୱୱ         (4.31) 

The reference source current (iୱୟ
∗ , iୱୠ

∗ , iୱୡ
∗ ) for each phase is calculated as 

iୱୟ
∗ = Wୣ୯ ∗ u୮ୟ;  iୱୠ

∗ = Wୣ୯ ∗ u୮ୠ;  iୱୡ
∗ = Wୣ୯ ∗ u୮ୡ     (4.32) 

The reference source current (iୱୟ
∗ , iୱୠ

∗ , iୱୡ
∗ )  with respective actual current (iୱୟ, iୱୠ, iୱୡ ) are 

fed to the HCC to generate the switching signals for three-phase VSC. 
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 4.2.3 q-LMF based adaptive control Technique 

The fundamental component of a nonlinear load current is identified in the 

proposed study using a q-LMF-based control technique. An appropriate step size with the 

mathematical model is used to construct the control strategy. The proposed q calculus-

based LMF can be utilized to enhance the functionality of the conventional LMF while 

preserving the stability of the algorithm [49] by utilizing an additional control parameter 

q. The proposed control method also produces values for adaptive weights. The suggested 

q-LMF algorithm behaves like a standard LMF if q = 1. The algorithm's behaviour, 

however, can completely change depending on how the q parameter is changed. Limitless 

calculus is another name for quantum calculus. A function's differential is written as 

d୯൫f(x)൯ = f(qx) − f(x)        (4.33) 

The derivative of Eq. (4.33) is given as 

D୯൫f(x)൯ =
ୢ౧(୤(୶))

ୢ౧(୶)
=

୤(୯୶)ି୤(୶)

(୯ିଵ)୶
       (4.34) 

The aforementioned formula fits the classical derivative if q approaches 1. For 'm' 

variables, the q-gradient of the function f(x) is represented as 

∇୯,୵f(x) ≜ ൣD୯ଵ,୶ଵf(x), D୯ଶ,୶ଶf(x), … … … D୯୬,୶୫f(x)൧
୘
    (4.35) 

where q = ൣqଵ, qଶ, qଷ………….,q୫൧
୘
 

The conventional LMF algorithm is expressed as 

W(n + 1) = W(n) −
µ

ସ
∇୛J(W)       (4.36) 

where ‘µ’ is the step size or learning rate, J(w) is the cost function for the proposed q-

LMF algorithm, and it is expressed as J(W) = eସ(n). Here, e(n) is defined as the 

calculated error between actual output (d) and calculated output (W୘(n)x(n)) at the nth 

instant. Also, x(n) is denoted as the input signal which is expressed as x(n) =

ൣxଵ,xଶ,……………..,x୑൧
୘
 and ‘W’ is the weights vector, and 'M' is the length of the filter. A 

flow chart for step size optimization is shown in Fig. 4.6, which explains the procedure to 

choose the step size value in the proposed q-LMF control scheme. 
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Fig. 4.6 Flow chart for step size optimization 

The proposed q-LMF algorithm is obtained by replacing the conventional gradient with 

the q-gradient [49] as shown in Eq. (4.38). 

e(n) = d(n) − W୘(n)x(n)        (4.37) 

W(n + 1) = W(n) −
µ

ସ
∇୯,୛J(W)       (4.38) 

∇୯,୵J(W) = −4E (q୏
ଷ + q୏

ଶ + q୏
ଶ + 1)x୏(n)eଷ(n) for K = 1, 2, 3, … . . M  (4.39) 

∇୯,୵J(w) = −4E[Gx(n)eଷ(n)]       (4.40) 

where 𝑞௞ is the quiescent value at kth instant of time, where G is a diagonal matrix, 

diag(G) = ቂቀ
୯భ

యା୯భ
మା୯భାଵ

ସ
ቁ , ቀ

୯మ
యା୯మ

మା୯మାଵ

ସ
ቁ , … … … … . , ቀ

୯౉
య ା୯౉

మ ା୯౉ାଵ

ସ
ቁቃ

୘

  (4.41) 

System ergodicity of the system ∇୯,୛J(W) can be expressed as ∇୯,୛J(W) ≈

 −4Gx(n)eଷ(n). Equation (4.42) will be expressed as 

W(n + 1) = W(n) + µGx(n)eଷ(n)       (4.42) 

W(n + 1) = ൣW୮ୟ(n + 1)       W୮ୠ(୬ାଵ)       W୮ୡ(n + 1)൧
୘
    (4.43) 

W(n) = ൣW୮ୟ(n)    W୮ୠ(n)    W୮ୡ(n)൧
୘
      (4.44) 

e(n) = ቎

i୐ୟ(n) − u୮ୟ(n)W୮ୟ(n)

i୐ୠ(n) − u୮ୠ(n)W୮ୠ(n)

i୐ୡ(n) − u୮ୡ(n)W୮ୡ(n)

቏       (4.45) 
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While for q-LMF, the value of q can be chosen according to the requirement q = 2, 3, 

4…….. 

For q =2, G = [3.5    3.5    3.5]୘. Hence, the G matrix is dependent on the choice 

of q, where, u୮ୟ, u୮ୠ, u୮ୡ are the in-phase template, μ is the step-size, δ is the mixing 

parameter, W୮ୟ, W୮ୠ, W୮ୡ are the fundamental weight of each phase. The in-phase 

template is calculated by 

u୮ୟ =
୴౩౗

୚౪
 , u୮ୠ =

୴౩ౘ

୚౪
 , u୮ୡ =

୴౩ౙ

୚౪
       (4.46) 

The average fundamental load current is given by Eq. (4.46), 

W୮୫ =
ଵ

ଷ
(W୮ୟ + W୮ୠ + W୮ୡ)       (4.47) 

The terminal voltage (V୲) is expressed as 

V୲ =  ටvୱୟ
ଶ + vୱୠ

ଶ + vୱୡ
ଶ         (4.48) 
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Fig. 4.7 Control scheme of three-phase grid-connected inverter based on q-LMF. 

The proposed three-phase SAPF does not require PLL under normal grid conditions and 

load balancing but in case of weak grid conditions, an appropriate PLL is required. Thus, 

the proposed system is PLL less system. The output of the PI voltage controller is the loss 

current which meets its losses at the DC link voltage of VSC. The loss current (I୪୭ୱୱ) is 

expressed as 

I୪୭ୱୱ(n + 1) = I୪୭ୱୱ(n) + K୧Vୢ ୡୣ(n + 1) + K୮(Vୢୡୣ(n + 1) − Vୢ ୡୣ(n))  (4.49) 
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where, the DC link voltage error (Vୢୡୣ) is the error between the actual DC link voltage 

(Vୢୡ
∗ (n)) and reference DC link voltage (Vୢୡ

∗ (n)), Vୢ ୡୣ(n) = Vୢ ୡ
∗ (n) − Vୢ ୡ(n) at nth 

instant of switching. The total current ൫Wୣ୯൯ is expressed as 

 Wୣ୯ = W୮୫ + I୪୭ୱୱ − I୔୚୤୤        (4.50) 

The reference source current (iୱୟ
∗ , iୱୠ

∗ , iୱୡ
∗ ) for each phase is calculated as 

iୱୟ
∗ = Wୣ୯ ∗ u୮ୟ;  iୱୠ

∗ = Wୣ୯ ∗ u୮ୠ;  iୱୡ
∗ = Wୣ୯ ∗ u୮ୡ     (4.51) 

The reference source current (iୱୟ
∗ , iୱୠ

∗ , iୱୡ
∗ )  with respective actual current (iୱୟ, iୱୠ, iୱୡ ) are 

fed to the HCC to generate the switching signals for three-phase VSC. 

4.3 Simulation Results 

4.3.1 Performance Analysis of Synchronous Reference Frame Theory (SRFT) 

The Synchronous Reference Frame Theory-based control scheme is performed well under 

stable and balanced operating conditions. While it comes under load unbalancing, the 

performance of the control scheme can be affected. Load unbalancing occurs due to 

uneven distribution of loads or variations in the characteristics of the load connected. The 

load is disconnected at phase ‘a’ from t=0.4s to 0.5s. The source current remains 

sinusoidal under load unbalancing.  
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Fig. 4.8 Steady-state and dynamic performance of the three-phase grid-connected system with SRFT 
control scheme under the normal grid and load unbalancing. 

The DC link voltage remains stable due to its PI voltage controller with a small voltage 

increase at t=0.4s. The power factor (PF) is 0.98 under load unbalancing while unity PF 

is observed under a normal grid. The compensating VSC current is fed to the PCC to 

support the reactive power demand and cancel out the harmonics of the load current. The 
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waveforms of signal source voltage (vୱୟୠୡ), source current (iୱୟୠୡ), compensating current 

(iେୟୠୡ), load current (i୐ୟୠୡ), DC link (Vୢ ୡ) voltage and PF. The THD of the source current 

under steady state condition is 2.46% having a magnitude of 11.66A with SRFT control 

scheme, while THD of load current is 27.06% having a magnitude of 19.44A as shown 

in Fig. 4.9. The THD of source current is within the limit of IEEE-519:2014 standards. 
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(a)                                                  (b) 
Fig. 4.9 FFT analysis of proposed system with SRFT control under normal grid (a) source current (b) load 
current 

 
Fig. 4.10 Power analysis with SRFT control scheme under Load unbalancing from t=0.4 to 0.5s. 
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Power analysis under steady-state and load unbalancing when a load of Phase ‘a’ 

disconnected is shown in Fig. 4.10. The active power demand before load unbalancing is 

10.7kW and the reactive power demand is 0.46kVar. A PV array is also interconnected at 

input of the VSC with the three-phase grid connected VSC at 1000W/m2 irradiance. The 

PV array will support the load’s active power demand of 4.1kW while the remaining 

active power demand is fulfilled by the grid’s power 6.6kW. The VSC is able to provide 

the reactive power compensation and supports the reactive power demand of load i.e., 

0.57kVar before load unbalancing. At load unbalancing, the active power demand of load 

is decreased to 6.7kW which is partially supported by grid and PV power.    

 
Fig. 4.11 Performance analysis of the proposed system with SRFT control scheme under varying solar 
irradiance, i.e., 600W/m2 to 1000W/m2. 

The performance of a three-phase grid-connected PV system with an SRFT control 

scheme is shown in Fig.4.11. At irradiance of 600W/m2, the PV array will not be able to 

deliver its full capacity power, and at this time source current increases to support the 

power demand of the connected load. The PV array voltage is constant with decreasing 

PV current. At t=0.2s, the irradiance is increased to 800W/m2 due to which the PV current 

increases and source current reduces because the maximum power demand is fulfilled by 

the PV array. The DC link voltage is maintained at 800V with a small deviation due to 
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changing irradiance. The Power analysis under varying solar irradiance is shown in Fig. 

4.12 having the waveforms of load power (P୐, Q୐), source power (Pୱ, Qୱ), VSC power 

(Pେ, Qେ) and PV power (P୔୚). 

 
Fig. 4.12 Power analysis under irradiance change with SRFT controller. 

 
Fig. 4.13 Intermediate signals of SRFT control scheme for the proposed system under load unbalancing. 
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The intermediate signals of the SRFT control scheme for PQ improvement and reactive 

power compensation are shown in Fig. 4.13. The direct axis component (I୊୳୬ୢ
ᇱ ) of three-

phase load current (i୐ୟୠୡ) is decreased with a decrease in load. Similarly, the total 

fundamental current (I୊୳୬ୢ) is decreasing with a decrease in load during load unbalancing. 

The reference source's current (iୱୟୠୡ
∗ ) also decrease due to load unbalancing and the power 

balance between source, load and compensator is maintained. 

4.3.2 Performance Analysis of 𝛆 − 𝐍𝐒𝐑𝐋𝐌𝐌𝐍 Adaptive control Technique 

The performance of the three-phase grid-connected PV-SAPF system with the 

proposed ε − NSRLMMN control scheme under the condition of load unbalancing from 

t=0.4s to 0.5s is shown in Fig. 4.14. The source voltage is ideal while under load 

unbalancing, the source current (iୱୟୠୡ) decreases to maintain the power balance among 

source, load, and PV. The VSC provides compensating current (iେୟୠୡ) to cancel out the 

load current harmonics and fulfill the reactive power compensation. The DC link voltage 

(Vୢ ୡ) is maintained at 800V due to its PI control. 

 
Fig. 4.14 Simulation results of proposed three-phase grid connected PV-SAPF under load unbalancing with 
𝜀 − 𝑁𝑆𝑅𝐿𝑀𝑀𝑁 
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Fig. 4. 15 FFT analysis of source current and load current with 𝜀 − 𝑁𝑆𝑅𝐿𝑀𝑀𝑁 control technique. 

The FFT analysis of source current and load current with ε − NSRLMMN is shown in Fig. 

4.15(a-b). The magnitude of the source current under steady-state conditions is 11.4A with 

the THD of the source current being 1.31%, while the magnitude of the load current is 

19.4A with a THD of 26.42%.  The power analysis under the condition of load 

unbalancing is shown in Fig. 4.16. The load’s active power demand is 6.7kW under load 

unbalancing which is partially fulfilled by the PV array and the remaining required power 

is fed by source power. The reactive power demand of load is completely fulfilled by VSC 

(Qେ). 

The performance of a three-phase grid-connected PV system with ε − NSRLMMN 

control scheme is shown in Fig. 4.17. The dynamic response of the system under varying 

solar irradiance depicts the waveforms vୱୟୠୡ, iୱୟୠୡ, iେୟୠୡ, and i୐ୟୠୡ . At irradiance of 

600W/m2, the PV array will not be able to deliver its full capacity power, and at this time 

source current increases to support the power demand of the connected load. The PV array 

voltage is constant with decreasing PV current. At t=0.2s, the irradiance is increased to 

800W/m2 due to which the PV current increases and the source current reduces because 

the maximum power demand is fulfilled by the PV array. The DC link voltage is 

maintained to 800V with a small deviation due to changing irradiance. The Power analysis 

under varying solar irradiance is shown in Fig. 4.18 having the waveforms of load power 

(P୐, Q୐), source power (Pୱ, Qୱ), VSC power (Pେ, Qେ) and PV power (P୔୚). 
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Fig. 4.16 Power analysis of proposed three-phase SAPF under load unbalancing with ε − NSRLMMN 
control scheme 

Fig. 4.17 Simulation results under irradiance change with ε − NSRLMMN control scheme. 
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Fig. 4.18 Power analysis under irradiance change with ε − NSRLMMN control scheme 

The intermediate signals of ε − NSRLMMN control scheme under load unbalancing are 

shown in Fig. 4.19. The error signal ൫e୮ୟ൯ has magnitude zero when phase ‘a’ load is 

disconnected from the proposed system. The fundamental load current ൫W୮ୟ൯ is decreased 

with a decrease in load from t=0.4 to 0.5s. The switching loss component, and total 

fundamental current used to generate the reference source current are shown in Fig. 4.19. 

The error signal oscillates near zero and the weight of the active component waveform shifts 

with load unbalance and subsequently settles down to its original value. The total weight of 

the fundamental active component (Wୣ୯), the output of the dc-link PI controller (I୪୭ୱୱ).  

4.3.3 Performance Analysis of q-LMF-based Adaptive control Technique 

The effectiveness of the grid-connected SAPF is monitored through the signal 

source voltage (vୱୟୠୡ), source current (iୱୟୠୡ), compensating current (iେୟୠୡ), load current 

(i୐ୟୠୡ) and DC link voltage (Vୢ ୡ). The proposed q-LMF current extraction method is 

utilized for evaluating the behavior of SAPF under both steady-state and dynamic 

conditions. The load from phase ‘a’ is disconnected from t=0.4s to 0.5s. The source current 

reduces due to a decrease in the load connected to the system, while the DC link voltage is 

maintained at its nominal value of 800V as shown in Fig. 4.20. 
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Fig. 4.19 Intermediate signals under load unbalancing with ε − NSRLMMN control scheme 
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Fig. 4.20 Dynamic Performance of grid-connected PV-SAPF under load unbalancing with q-LMF control 
scheme. 
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(a)                                              (b) 

Fig. 4.21 FFT analysis of (a) source current and (b) load current with q-LMF control scheme 

The THD of the source current is 0.82% with a peak magnitude of 11.47A and the THD 
of load current is 24.89% with the 19.4A magnitude with the proposed q-LMF control 
scheme which shows its effectiveness among conventional and adaptive control schemes 
in Fig. 4.21.  

 

Fig. 4.22 Power analysis of three-phase grid-connected PV-SAPF under load unbalancing with q-LMF control 
scheme.  
The load’s active power demand before load unbalancing is 11.4kW and reactive power is 

0.622kVar which is partially fulfilled by PV array and source’s active power. At t=04s, the 
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load’s active power demand is decreased to 6.96kW and is fed by 4.1kW of PV power and 

2.82kW of source power. The reactive power load demand is fulfilled by VSC which is 

meant for reactive power compensation as shown in Fig. 4.22. 

 
Fig. 4.23 Dynamic performance analysis under varying solar irradiance with the effectiveness of q-LMF 
control scheme. 

The effectiveness of the proposed three-phase grid-connected SAPF with varying 

solar irradiance is shown in Fig. 4.23. The irradiance varies from 600W/m2 to 1000W/m2, 

the source current remains sinusoidal with varying magnitude according to the irradiance 

of the solar PV array. The source current increases due to low PV array irradiance and to 

fulfill the load’s active power demand. The DC link voltage is maintained at 800V due to 

its PI-controlling action. 

The intermediate signals of proposed q-LMF control scheme under the condition 

of load unbalancing is shown in Fig. 4.24. The calculated error ൫e୮ୟ൯  for phase ‘a’ weight 

is decreased and oscillates to zero as the load decreased or is disconnected. The cubic 

power of error ൫e୮ୟ
ଷ ൯ is three times of phase ‘a’ error component is also shown in Fig. 

4.24. The total effective weight ൫W୮൯ is decreased when load unbalancing occurs and its 

convergences to its final steady-state value with the effect of the q-LMF control scheme.  

Figure 4.25 (a) shows the fundamental active weight component waveform under steady-

state conditions. It depicts that the fundamental weight signal converges fast with q-LMF 

based algorithm. Fig. 4.25(b) shows the response of the average weight of the fundamental 
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component of load current (W୮) when subjected to load unbalancing in phase ‘a’ for the 

proposed q-LMF-based control algorithm. Studies demonstrate that by adding a second 

regulating term, ‘q’ to the traditional LMF, the suggested q-LMF improves its 

performance. 

 

Fig. 4.24 Intermediate signals of proposed q-LMF control scheme under load unbalancing. 
 

To evaluate the proposed algorithm, step size has been chosen  μ = 0.01 for LMS, 

LMF, and q-LMF with different values of q = 1, 2, 3. In terms of steady-state error and 

convergence rate measurements, Fig.4.25(b) demonstrates that the q-LMF performs 

better than the traditional LMF and LMS.  The proposed algorithm converges faster as 

compared to the conventional LMF and LMS. The average component with the LMS 

technique takes the maximum time to reach the steady state compared to LMF and the 

proposed q-LMF. As shown in Fig. 4.25(b), it is visible that the oscillations with the LMS 

technique are less as compared to LMF and the proposed one, but it causes the maximum 

error. 
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(a)                                                              (b) 

Fig. 4.25 Response of fundamental weight signal (𝑤௣) for conventional LMF, LMS, and proposed q-LMF 
(at q = 2, q = 3) at (a) steady state (b) dynamic load condition 

When q = 2, the signal converges at t = 0.72s, and when q = 1 (Conventional LMF) 

signal converges at t = 0.73s. At q = 3, the fundamental active component of load current 

has fast convergence compared to q = 1 and 2 but with a small steady-state error. It has 

been noticed that the q-LMF algorithm's response changes when the q parameter changes. 

From Fig. 4.25, it is clearly shown that by increasing the value of q, faster learning is 

achieved with a significant final error. At a higher value of q, the signal converges faster 

but with a large steady-state error.  

4.4 Experimental Results 

The proposed system is put into application with a research lab prototype model. The 

proposed system uses LEM LA 25P and LEM LV 25P current and voltage sensors to 

measure load current, source current, PCC voltage, compensatory current, and DC-link 

voltage. The ADC of the dSPACE/ Microlab Box must be used to convert analogue sensor 

outputs to digital signals. The hysteresis current controller produces the switching signals 

for the voltage source converter. Three-phase variable ac power is provided by the 

electricity grid. A DC power source established for scientific purposes serves as the 

backup power for sensor and gating circuits. Using a Keysight digital storage oscilloscope 

(DSO), the dynamic performance has been examined. Using a power analyzer of the 

Hioki brand, the system's steady-state performance was evaluated. The algorithms have 

been processed using the personal computer as well as the dSPACE 1202. 
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4.4.1 Performance Analysis of Synchronous Reference Frame Theory (SRFT) 

The experimental investigation of the proposed SAPF on a three-phase system 

with conventional SRFT control is shown in Fig. 4.26. The SAPF operation is performed 

on a 40V, 50Hz supply. Fig. 4.26(a) shows the waveforms of phase ‘a’ source voltage 

(vୱୟ), source current (iୱୟ), load current (i୐ୟ) and DC link voltage (Vୢ ୡ) under load 

unbalance by disconnecting the load from phase ‘a’ of the proposed system.  
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(c) 

Fig. 4.26 Dynamic performance of the proposed system under load unbalancing with SRFT control scheme 
(a) Waveforms under load unbalancing (phase ‘a’ disconnected) (a) vୱୡ , iୱୡ, i୐େ, Vୢୡ (b) vୱୡ, iୱୡ, iୱୡ

∗ , iୡୟ (c) 
Intermediate signals I୊ୢ

ᇱ , I୯, I୪୭ୱୱ,  I୊୳୬ୢ 

The source current is sinusoidal under load unbalance and DC link voltage is 

maintained at its nominal value of 80V with a small voltage dip. While the reference 

source current (iୱୟ
∗ ) and compensating current (iେୟ) decreases with load disconnection.  

Fig. 4.26(c) shows the intermediate signals of the SRFT control scheme with waveforms 

of the fundamental component of load current (I୊ୢ
ᇱ ), quadrature component of load 
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current ൫I୯
ᇱ ൯, DC link loss component (I୪୭ୱୱ), and total current component (I୊୳୬ୢ). The 

fundamental component is estimated accurately and it is decreasing with load change. 

The SAPF operation with the SRFT control scheme is tested experimentally and the 

steady-state performance is shown in Fig. 4.27(a-d). The waveforms of the source voltage 

(vୱୟୠୡ), source current (iୱୟୠୡ), load current (i୐ୟୠୡ), THD of source current and THD of 

load current are seen in Fig. 4.27. It is found that the source current is sinusoidal and 

balanced having a THD of 4.60%. While the THD of load current is 21.15%.  

 
(a)                                                                  (b) 

 
(c)                                                                 (d) 

Fig. 4.27 Steady-state analysis of SRFT control scheme with nonlinear loads (a) source voltage and source 
current waveform (b) THD of source current (c) source voltage and load current (d) THD of load current. 
 

4.4.2 Performance Analysis of 𝛆 − 𝐍𝐒𝐑𝐋𝐌𝐌𝐍 adaptive control Technique 

The experimental steady-state performance of SAPF on the proposed three-phase 

grid system with ε − NSRLMMN control scheme is shown in Figure 4.28(a-b). The 

waveforms of source voltage (vୱୟ), source current (iୱୟ), load current (i୐ୟ),  and dc-link 

voltage (Vୢୡ) are depicted in Fig. 4.28(a). The source current is sinusoidal and in phase 
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with the source voltage and thus power factor is near unity. Similarly, the waveforms of 

signals source voltage (vୱୟ), source current (iୱୟ), load current (i୐ୟ) and compensating 

current (iୡୟ) are shown in Fig. 4.28(b).  
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(c)                                                           (d) 

Fig.4.28 Dynamic Performance of SAPF with proposed 𝜀 − 𝑁𝑆𝑅𝐿𝑀𝑀𝑁 control algorithm (a) Steady-state 
performance with waveforms of phase-a having source voltage (𝑣௦௔), source current (𝑖௦௔), load current 
(𝑖௅௔) and dc-link voltage (𝑉ௗ௖) (b) waveforms of  having source voltage (𝑣௦௔), source current (𝑖௦௔), load 
current (𝑖௅௔) and compensating current (𝑖௖௔)  (c) dynamic performance of the system with load change (d) 
intermediate signals of  𝜀 − 𝑁𝑆𝑅𝐿𝑀𝑀𝑁 control algorithm  
 

The dynamic performance of the proposed control algorithm is shown in Fig. 

4.28(c-d) under load change. The load is decreased at some instant of time. With the 

decrease in load, the source current also reduces to maintain the load’s active power 

demand. When the load decreases, the DC-link voltage increases momentarily but settles 

to its steady state value within a few cycles. The intermediate signals of the adaptive ε −

NSRLMMN control algorithm are shown in Fig. 4.28(d). When load current decreases 

(i୐ୟ), thus decreasing the weight of phase-a (W୮ୟ),  and equivalent weight (Wୣ୯) are 

founds decrease. 
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(a)       (b) 

 
(c)              (d) 

  
        (e)                             (f)                                           (g) 

Fig. 4.29 Experimental results of SAPF with power analyser (a) waveform of vୱୟୠୡ and i୐ୟୠୡ (b) THD of 
i୐ୟ (c) waveform of vୱୟୠୡ and iୱୟୠୡ (d) THD of  iୱୟ (e) power generated by the grid or source (f) power 
demand of load (g) power generated by VSC. 
 

The waveforms of source voltage, source current, and load current are shown in Fig. 4.29 

(a-b). Figure 4.29(c-d) shows the waveforms of source voltage and source current and the 

THD of the source current is 3.07 % which is under IEEE-519 standard. While the THD 

of load current is 21.15 % shown in Fig. 4.29(b). The active power generated by the grid 

is 110 W and the load demands the active power of 101 W and reactive power demand of 
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37 Var as shown in Fig. 4.29(e-f). The entire reactive power demand of load is fulfilled 

by VSC.  
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(a)                                                                 (b) 

Fig. 4.30 Experimental results (a) Comparative convergence analysis of the active weight of phase-a of ɛ-
NSRLMMN, LMF and LMS (b) Comparison of normalized active weight of phase- a learning curves of ɛ-
NSRLMMN algorithm for different value of δ under dynamic condition 

The convergence analysis of fundamental weight obtained through various 

adaptive LMF, LMS and ɛ-NSRLMMN is investigated under load change condition as 

shown in Fig.4.30(a). The active weight for phase-a convergences fast with proposed ɛ-

NSRLMMN algorithm as compared to other two algorithms (LMS and LMF) without 

oscillations. The normalized active weight with different learning rate is shown in Fig. 

4.30(b). 

4.4.3 Performance Analysis of q-LMF based adaptive control Technique 

             Dynamic response of the proposed system with q-LMF control scheme is shown 

in Fig. 4.31.  Fig. 4.31(a) shows the dynamic response of the system under load increase. 

The waveform of signals of phase ‘a’ source voltage (vୱୟ), source current (iୱୟ), load 

current (i୐ୟ) and DC link voltage (Vୢ ୡ) are shown in Fig. 4.31(a). The source current 

decreases as the decrease in load to maintain the supply power constant. At the same time, 

the DC link voltage regulates its reference value due to the effectiveness of the PI 

controller. The DC link voltage slightly decreases with an increase in load for almost a 

cycle; after that, its regulates to its reference 80V, as shown in Fig. 4.31(a). The reference 

source current (iୱୟ
∗ ) is sinusoidal and follows the sensed source current due to the 

proposed q-LMF control and HCC as shown in Fig. 4.31(b). 
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(a)                                                               (b) 

Fig. 4. 31 Dynamic response of the proposed system having waveforms of signals 𝑣௦௔ , 𝑖௦௔ , 𝑖௅௔ ,  𝑎𝑛𝑑  𝑉ௗ௖ 
(b) source voltage (𝑣௦௔), reference source current (𝑖௦௔

∗ ), actual source current ( 𝑖௦௔), and load current ( 𝑖௅௔  ) 
of phase-a under load unbalancing 

𝐢𝐋𝐚 
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𝐞𝐩𝐚
𝟑  

𝐕𝐝𝐜 

𝐖𝐩𝐚 

 
(a)                                                              (b) 

Fig. 4.32 Intermediate signals of the proposed q-LMF-based control scheme with the waveforms of (a) 
𝑖௅௔ , 𝑒௣௔, 𝑒௣௔

ଷ , 𝑎𝑛𝑑 𝑉ௗ௖  (b) fundamental weight 𝑊௣௔ under load change. 

The intermediate signals of the proposed control scheme based on q-LMF are shown 

in Fig. 4.32(a). The effectiveness of q calculus-based LMF on fundamental active load 

components under load unbalancing is shown in Fig. 4.32(b). The conventional LMF 

takes more time to converge under load unbalancing and reach a steady state. The 

conventional LMF takes around 4.5 cycles to reach the steady state position, while with 

q-LMF with q=2, G=3.5, the fundamental active load component takes 1 to 1.5 cycles to 

converge. When q=3, the fundamental active components converge the fastest but a small 

steady-state error is also obtained. When q=2, both convergence rate and steady-state 

performance are optimized. Thus, it is established from Fig. 4.32(b) that increasing the 

value of ‘q’ results in fast convergence but also results in a large steady-state error. These 

results also match the findings of simulation studies. Figures 4.33(a) and (b) show the 
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representations of source voltage and source current with current THD levels. The THD 

of the source current is achieved to be 2.99% with SAPF compensation and follows the 

IEEE 519 standards, while the THD of the source voltage is only 1.15%. Fig. 4.33(c) and 

(d) show the source voltage waveform and load current with their THD, respectively. The 

THD of load current is 21.63%. 

  
(a)                                                        (b)   

 
(c)                                              (d) 

Fig. 4.33 Power analyser results of (a) waveforms of the source voltage and current (b) THD of source 
current (c) waveforms of source voltage and load current (d) THD of load current with q-LMF control 
scheme. 

4.5 Comparative Performance analysis of control schemes of three-phase shunt 

active power filter 

The performance of the q-LMF is contrasted with SRFT, and the ε − NSRLMMN 

control technique. These methods are all used for load compensation under the same 

system parameters. From each algorithm, the fundamental active load component under 

load unbalance conditions is extracted and compared for weight convergence in terms of 

oscillations, sampling time, PLL need, settling time, convergence rate, and THD in source 
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current. Table 4.2 and Fig. 4.34 are displayed to provide a more accurate comparison of 

performance among the mentioned control schemes. 

 

Fig. 4.34  Simulation-based Performance comparison of fundamental current under varying load during 
t=0.3s to 0.5s with SRFT, q-LMF, and 𝜀 − 𝑁𝑆𝑅𝐿𝑀𝑀𝑁 

It is seen from Table 4.2, that the proposed q-LMF and ε − NSRLMMN control schemes 

perform much better than conventional SRFT control scheme-based SAPF for the 

proposed three-phase grid-connected PV system. All the mentioned control schemes can 

mitigate current related PQ issues and perform reactive power compensation.  The THD 

of source current with proposed q-LMF with experimental setup is 2.99%, and 3.07% 

with ε − NSRLMMN. The convergence of fundamental load components under load 

change is faster with q-LMF and ε − NSRLMMN around 1 to 2 cycles as compared to 

SRFT. 

Table 4. 2: Comparison of SRFT, 𝜀 − 𝑁𝑆𝑅𝐿𝑀𝑀𝑁, and q-LMF Control Schemes 

S.No. Features SRFT 𝛆 − 𝐍𝐒𝐑𝐋𝐌𝐌𝐍 q-LMF 

1. PLL Required Required Not Required Not Required 

2. Transformation 

required 

Yes No No 

3. Convergence Slower 

(2 cycles) 

Slower    

(3 cycles) 

Faster 

(1.5 cycles) 
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4. Oscillations in 

fundamental weights 

More Moderate Less 

5. THD of 

current 

(Simulation) 

Source 

Current 

2.46% 1.31% 0.82% 

Load 

Current 

27.06% 26.4% 24.89% 

6. THD of 

current 

(Experimenta

l) 

Source 

Current 

4.60% 3.07% 2.99% 

Load 

Current 

21.15% 21.15% 21.63% 

7. Error More Moderate Less 

8. DC link voltage 

oscillations 

8V to 7V 4V to 5V 2V to 3V 

9. Sampling time 60𝜇𝑠 50𝜇𝑠 50𝜇𝑠 

 

4.5 Conclusions 

The design, mathematical modelling, and analysis of three-phase SRFT, ε − NSRLMMN, 

and q-LMF algorithms for SAPF control and PV integration in three-phase grid-

connected systems are covered in this chapter. Using MATLAB Simulink software, the 

results were obtained, and hardware investigations were used to validate them. Tests were 

conducted on three-phase systems with and without PV integration, under situations of 

load unbalancing and variable solar irradiation. This chapter presents a thorough control 

analysis of the developed systems. The system that performs best with q-LMF is followed 

by ε − NSRLMMN and SRFT. In both steady state and dynamic state settings, the SRFT 

approach results demonstrate continuous persistent oscillations. The algorithms q-LMF 

and e-NSRLMMN rely on adaptive control. Algorithms trained in real time can respond 

quickly and track changes more quickly in a variety of loading and radiation scenarios. 

The q-LMF behaves in both steady state and dynamic states with nearly no oscillations 

and a very quick transient response. The limitations of traditional time domain algorithms 

are addressed by the real-time adaptive methods q-LMF and e-NSRLMMN. However, 
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the gain parameters must be adjusted for SRFT algorithms. The outcomes of the 

simulation and the hardware agree. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



114 
 

CHAPTER 5 

 

DESIGN AND CONTROL OF SERIES ACTIVE POWER FILTER 

FOR GRID CONNECTED PV SYSTEM 

 

5.1 Design of three-phase grid-connected DVR 

The growth of sustainable energy now heavily depends on the integration of renewable 

energy sources into the current electrical system. Due to their abundance and favorable 

effects on the environment, photovoltaic (PV) systems are among the most extensively 

used types of renewable energy generation. The stability and dependability of the 

electrical grid may be jeopardized by the intermittent nature of solar power output. 

Innovative approaches, like the coupling of three-phase grid-connected PV systems with 

dynamic voltage restorers (DVRs), have been developed to address these problems. To 

reduce voltage sags, swells, and transients in the electrical grid, advanced power 

electronic devices known as dynamic voltage restorers are used. When working under 

unusual circumstances, they are particularly effective at keeping the source's voltage 

within the established limits. DVRs continuously check the source voltage and react to 

voltage fluctuations quickly by injecting or absorbing reactive power to get the voltage 

back to normal. A battery energy storage system (BESS) is a system that stores electrical 

energy in batteries for later use. By injecting or absorbing active and reactive power, 

BESS can respond quickly to grid disruptions and aid in grid stabilization. To improve 

the VSC's capacity to respond to grid voltage disturbances, the BESS is integrated with 

it. The DVR recognizes the disturbance when a voltage sag or transient happens and 

swiftly injects or absorbs reactive power to reduce the voltage deviation. The BESS can 

simultaneously offer more active and reactive power support. A battery is needed at the 

VSC's DC bus due to the DVR injects active power if the injected voltage and current are 

in phase. 

            DVRs can compensate for voltage fluctuations caused by the intermittent nature 

of solar power generation, ensuring consistent and stable power delivery to the grid or 

source. A three-phase, three-wire AC supply, IGBT switches, short-circuit impedance, 

and three single-phase transformers make up the proposed system. The three-phase DVR 
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with BESS at the DC side is linked to important loads, as seen in Fig. 5.1. Even when PQ 

problems arise at the supply end, the DVR is controlled to adjust the voltage across the 

load (v୐ୟୠୡ) with rated magnitude. With a series transformer, which will introduce 

compensating voltage (vୡୟୠୡ(୧୬୨)) into the line, the suggested three-phase DVR is 

connected to a three-phase line. To filter the ripples in the injected voltage, a second ripple 

filter made up of capacitance and resistance is connected across the series transformer 

(T୰). In Fig. 5.1, the terminal voltage at the PCC is depicted as vୱୟ, vୱୠ, vୱୡ three-phase, 

400V, 10KVA, 50Hz system is comprised. The maximum voltage required by the critical 

loads will determine the voltage rating of the VSC. If the BESS DVR system is used, the 

voltage injected per phase is equal to 20% of the phase voltage. 

𝐕𝐝𝐜 

𝐯𝐌𝐚 

𝐯𝐌𝐛 

𝐯𝐌𝐜 
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𝐢𝐬𝐛 
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j𝐗𝐬𝐚 

j𝐗𝐬𝐜 
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𝐂𝐫  𝐑𝐫 𝐂𝐫  𝐑𝐫 

𝐂𝐫  𝐑𝐫 

𝐋𝐫 𝐋𝐫 𝐋𝐫 

 

Fig. 5.1 Schematic diagram of a three-phase battery-supported DVR system 

 5.1.1 Rating of Injection Transformer of DVR 

Several factors have been considered for selecting the rating of series injection 

transformer DVR capacity, voltage sag requirement, calculation of required DVR current, 

select DVR rating. The DVR capacity depends on specific applications and the level of 

voltage support needed. The value of DVR capacity is selected as 10kVA. The maximum 
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voltage sag on source voltage per phase that the DVR will mitigate is calculated as 

230.9 × 0.8 = 184.72𝑉. The required DVR’s current rating is calculated as 

√3vୗୟiୗୟ = 10000         (5.1) 

iୗୟ = 25A  

The series injection voltage required to be injected per phase is given by Eq. (5.2) 

vୡୟ(୧୬୨) = ටvୱୟ
ଶ − vୱୟ୥(୫ୟ୶)

ଶ = √230.9ଶ − 184.72ଶ = 138.54V   (5.2) 

Transformer capacity (kVA), S =
ଷ×୚ి౗(౟౤ౠ)୍౩౗

ଵ଴଴଴
= 10.39kVA    (5.3) 

Table 5. 1: Parameter Values used in Simulation and Experimental 

Element Parameters Simulation 

Values 

Using OPALRT 

Supply side Source  415V(rms),50Hz 415V(rms),50 Hz 

Series 

Active 

Power Filter 

Lithium-ion 

Battery 

260V, 1.2Ah 260V, 1.2Ah 

Interfacing filter 

inductor 

Lr=3.2mH Lr=2mH 

Ripple Filter R୰ = 1Ω, C୰ =

31.8μF 

R୰ = 1Ω, C୰ =

31.8μF 

Transformer 

Rating 

10kVA 10kVA 

Switching 

Frequency 

f௦=5kHz f௦=5kHz 

Loads 3-Ø diode rectifier ---- ---- 

R-L Load RL=30Ω and 

LL=5mH 

RL=30Ω and 

LL=5mH 
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5.1.2   Interfacing Inductor of the VSC of DVR 

The KVA rating of the series injection transformer will be the same as the KVA 

rating of VSC, i.e.,10.39 kVA. For BESS DVR, the DC voltage is considered 300V. The 

interfacing inductor L୰ is calculated [] as 

L୰ =
୬×൫ඥଷ/ଶ୫୚ీి൯

଺ୟ ౩౭∆୍౩
= 0.946mH ≈ 1mH      (5.4) 

where n is the transformation ratio of the series injection transformer, m is the modulation 

index, fୱ୵ is the switching frequency and ∆Iୱ is the ripple current of DVR. A ripple filter 

is designed to filter the switching frequency ripples that occur due to a series injection 

transformer. The expression for ripple filter which consists of series resistance (R୰) and 

series capacitor (C୰) is given as 

୤౩

ଶ
=

ଵ

ଶ஠ୖ౨େ౨
          (5.5) 

For, R୰ = 1Ω, C୰ = 31.8μF 

5.1.3 Capacity of BESS 

The duration of the compensation period and the depth of the voltage sag affect 

the BESS for the DVR's capacity. Additionally, the BESS needs to have enough power 

to compensate for voltage sags. The size of the BESS's capacity is determined by the 

amount of time and power needed to compensate for voltage sags, the depth of discharge, 

and the battery's efficiency. The minimum capacity of BESS depends on the required 

power during voltage sag conditions. The minimum capacity of BESS is calculated as 

Cap୫୧୬ (୛୦) =
୔୭୵ୣ୰ (୛)×ୈ୳୰ୟ୲୧୭୬(୦)

ୈ୭ୈ(%)×୉୤୤୧ୡ୧ୣ୬ୡ୷(%)
       (5.6) 

where DoD is the depth of discharge. These technologies have an approximate efficiency 

range of 92% to 96% and a Depth of Discharge (DOD) range of 80% to 100% for lithium-

ion batteries. 

5.2 Control Technique of three-phase grid connected DVR 

The BESS is used to inject or absorb active power into the source based on the source 

voltage conditions. When the source voltage is low, the BESS can inject power to support 

the source, and when the source voltage is high, it can absorb excess power. The DVR 
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function immediately injects or absorbs active and reactive power to quickly restore the 

voltage to its nominal value in the event of voltage sags or swells. This calls for quick 

action, which can be accomplished with various control strategies. 

Continuous monitoring of PCC voltage is required with a PLL synchronization 

technique. When the voltage injected by a DVR is in-phase with the current, it means that 

the DVR is not only compensating for the voltage magnitude but also for the real power. 

In this scenario, the DVR does not just correct voltage distortions (sags, swells, or 

harmonics) but also contributes real power to the system. The series active power filter 

also known as DVR injects compensating voltage in series with the grid voltages. The 

DVR will inject the required voltage to maintain the load voltages across critical loads 

when voltage-related PQ issues such as voltage sag, voltage swell, voltage unbalance, 

voltage flicker, and harmonics occur in the grid. The gating pulses for VSC’s switches 

are obtained through the PWM control. 

5.2.1 Synchronous Reference Frame Theory (SRFT) Control Technique 

The control scheme for the proposed DVR is shown in Fig. 2. The control scheme 

for the three-phase DVR is based on a Synchronous Reference Frame based controller. 

The sensed load voltages (𝑣௅௔௕௖) and sensed PCC voltage (𝑣௦௔௕௖) are utilized to get the 

switching signals of IGBT switches.  
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Fig. 5.2 Block Diagram of proposed SRF-based control scheme for BESS-DVR. 

The load voltages (v୐ୟ, v୐ୠ, v୐ୡ) are transformed into its rotating reference frame 

component (d-q-0) component using Park transformation. The synchronizing signals 
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(sin 𝜔𝑡 , cos 𝜔𝑡) are obtained using conventional three-phase PLL. The PLL is suitable 

for generating the synchronizing signals accurately under voltage disturbances viz. sag, 

swell, unbalance, and so on. The Park conversion for load voltages is given by Eq. (5.7), 

቎

V୐ୢ

V୐୯

V୐଴

቏ =
ଶ

ଷ

⎣
⎢
⎢
⎡

cos ωt − sin ωt 1 2⁄

cos ቀωt −
ଶ஠

ଷ
ቁ −sin ቀωt −

ଶ஠

ଷ
ቁ 1 2⁄

cos ቀωt +
ଶ஠

ଷ
ቁ sin ቀωt +

ଶ஠

ଷ
ቁ 1 2⁄ ⎦

⎥
⎥
⎤

൥

v୐ୟ

v୐ୠ

v୐ୡ

൩    (5.7) 

Similarly, the Park transformation of source voltages is given by Eq. (5.8) 

቎

Vୱୢ

Vୱ୯

Vୱ଴

቏ =
ଶ

ଷ

⎣
⎢
⎢
⎡

cos ωt − sin ωt 1 2⁄

cos ቀωt −
ଶ஠

ଷ
ቁ −sin ቀωt −

ଶ஠

ଷ
ቁ 1 2⁄

cos ቀωt +
ଶ஠

ଷ
ቁ sin ቀωt +

ଶ஠

ଷ
ቁ 1 2⁄ ⎦

⎥
⎥
⎤

൥

vୱୟ

vୱୠ

vୱୡ

൩    (5.8) 

The direct component of the series injected voltage (𝑉௖ௗ) is the difference between direct 

component actual load voltages (𝑉௅ௗ) needed at the load side and supplied source voltages  

(Vୱୢ). The expression of injected voltage is given by Eq. (5.9), 

Vୡୢ = V୐ୢ − Vୱୢ         (5.9) 

Similarly, the quadrature component of the series injected voltage ൫Vେ୯൯ is given by Eq. 

(5.10), 

Vେ୯ = V୐୯ − Vୱ୯         (5.10) 

V୫ is the reference value of amplitude of load voltage which is constant under voltage 

disturbance at the source side, i.e., sag, swell, unbalance, and so on. Under the condition 

of voltage swell at the source side, the direct component of the source voltages (Vୱୢ) will 

increase and become greater than the reference load voltage (V୫). Thus, the resultant 

series injecting voltage (Vେୢ
ᇱ ) will decrease as compared to pre-swell conditions. The 

expression for resultant reference series injecting voltage (Vେୢ
ᇱ ) is given by Eq. (5.11) and 

(5.12), 

Vେୢ
ᇱ = V୫ − Vୱୢ         (5.11) 

Vେ୯
ᇱ = Vୱ୯          (5.12) 
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The voltage errors between a d-q-0 component of actual series injected voltage and d-q-

0 components of reference series injected voltages ൫Vୢ  and V୯൯ are passed through two 

PI controllers for voltage regulation [18]. Applying reverse Park’s transformation to 

obtain reference series injected voltage in a-b-c frame which is given by 

቎

vେୟ
ᇱ

vେୠ
ᇱ

vେୡ
ᇱ

቏ = ൦

cos ωt sin ωt 1

cos ቀωt −
ଶ஠

ଷ
ቁ sin ቀωt −

ଶ஠

ଷ
ቁ 1

cos ቀωt +
ଶ஠

ଷ
ቁ sin ቀωt +

ଶ஠

ଷ
ቁ 1

൪ ቎

Vୢ
V୯

V଴

቏     (5.13) 

The PWM controller will generate the switching signals (Sଵ − S଺) for DVR when the 

actual series injected voltage (vେୟୠୡ) is compared with reference series injected voltage 

(vେୟୠୡ
ᇱ ). The PWM controller has a fixed switching frequency of 10 kHz. 

5.2.2 Multiple second and third order generalized integrator (MSTOGI) SRF-based 

control scheme 

   5.2.2.1 Switching Signal Generation 

The control scheme for the proposed DVR is shown in Fig.5.3. The control 

scheme for the three-phase DVR is based on a Synchronous Reference Frame based 

controller with MSTOGI PLL (MSTOGI-SRF). The sensed load voltages (v୐ୟୠୡ) and 

sensed PCC voltage (vୱୟୠୡ) are utilized to get the switching signals of IGBT switches. 

The load voltages (v୐ୟ, v୐ୠ, v୐ୡ) are transformed into its rotating reference frame 

component (d-q-0) component using Park transformation. The synchronizing signals 

(sin ωt , cos ωt) are obtained using MSTOGI PLL. The MSTOGI PLL is suitable for 

generating the synchronizing signals accurately under voltage disturbances viz. sag, 

swell, flicker, noise, unbalance, harmonics, and so on. The fundamental load voltage and 

source voltage is obtained using Park conversion for load voltages is given by Eq. (5.14) 
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Similarly, Park transformation of source voltages is given by Eq. (5.15) 
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The direct component of the series injected voltage (Vୡୢ) is the difference between direct 

component actual load voltages (V୐ୢ) needed at the load side and supplied source 

voltages  (Vୱୢ). The expression for injected voltage (or DVR voltage) is given by Eq. 

(5.16), 

Vେୢ = V୐ୢ − Vୱୢ                   (5.16) 

Similarly, the quadrature component of the series injected voltage ൫Vେ୯൯ is given by Eq. 

(5.17), 

Vେ୯ = V୐୯ − Vୱ୯                  (5.17) 

V୫ is the reference value of amplitude of load voltage which is constant under voltage 

disturbance at the source side, i.e., sag, swell, unbalance, and so on. Under the condition 

of voltage swell at the source side, the direct component of the source voltages (Vୱୢ) will 

increase and become greater than (V୫). Thus, the resultant series injecting voltage (Vେୢ
ᇱ ) 

will decrease as compared to pre-swell conditions. The expression for resultant series 

injecting voltage (Vେୢ
ᇱ ) is given by Eq. (5.18) and (5.19), 

Vେୢ
ᇱ = V୫ − Vୱୢ         (5.18) 

Vେ୯
ᇱ = Vୱ୯          (5.19) 

The voltage errors between a d-q-0 component of actual series injected voltage and d-q-

0 components of reference series injected voltages ൫Vୢ  and V୯൯ are passed through two 

PI controllers for voltage regulation. Applying reverse Park’s transformation to obtain 

reference series injected voltage in a-b-c frame which is given by 

቎

vେୟ
ᇱ

vେୠ
ᇱ

vେୡ
ᇱ

቏ = ൦

cos ωt sin ωt 1

cos ቀωt −
ଶ஠

ଷ
ቁ sin ቀωt −

ଶ஠

ଷ
ቁ 1

cos ቀωt +
ଶ஠

ଷ
ቁ sin ቀωt +

ଶ஠

ଷ
ቁ 1

൪ ቎

Vୢ
V୯

V଴

቏     (5.20) 

The PWM controller will generate the switching signals (Sଵ − S଺) for DVR when the 

actual series injected voltage (vେୟୠୡ) and reference series injected voltage (vେୟୠୡ
ᇱ ). The 

PWM controller has a fixed switching frequency of 10 kHz. 
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Fig. 5.3 Block Diagram of proposed MSTOGI-SRF-based control scheme for BESS-DVR. 

   5.2.2. MSTOGI SRF PLL for Grid Synchronization 

A precise PLL result not only reduces total harmonic distortion (THD) but also 

improves source current waveform quality, ensuring grid currents remain in phase with 

source voltages and therefore improving the stability of grid-connected systems. 

However, substantial power quality issues in grid-connected systems such as voltage 

waveform distortions, harmonics, voltage frequency changes, and so on, degrade PLL 

performance. It is important to utilize accurate phase locking under nonideal grid voltage 

conditions. Despite conventional SRF PLL being used quite frequently, MSTOGI is a 

better PLL scheme. Conventional SRF PLL is widely used due to its fast dynamic 

response and its simple structure, but under voltage-related PQ issues, it provides errors 

while estimating the fundamental frequency. MSTOGI PLL is quite effective in grid 

synchronization under voltage harmonics, sag, swell, and voltage imbalance. The 

MSTOGI is a combination of SOGI and TOGI. 

Fig.5.3 shows the block diagram of the proposed MSTOGI-SRF-based PLL. The 

three-phase source voltages are converted into the αβ components using Clark 

Transformation. The transformation gives vୱ஑ and vୱஒ component. Both vୱ஑ and vୱஒ are 

fed into the MSTOGI block to generate corresponding signals S஑, S୯஑, Sஒ, S୯ஒ. The signals 

S୯ஒ is subtracted from S஑ to obtain fundamental positive sequence component S஑୔ . 
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Another signal S୯஑, Sஒ are added to obtain quadrature fundamental positive sequence 

Sஒ୔ଵ. These two orthogonal signals are converted into dq0 components of source voltages. 

These signals are further fed to SRF PLL for grid synchronization and estimating the 

angular frequency (ωt). The synchronizing frequency ω is feedback to MSTOGI to make 

it frequency adaptive. The angular frequency ωୡ is added to increase the speed of PLL. 

The generalized structure of SOGI as shown in Fig.5.4, has two orthogonal signals uଵ and 

uଶ, which have equal magnitude and 90° phase shift. While signals S஑ and vୱ஑ have the 

same magnitude and phase. The transfer functions of SOGI [106] are expressed below 

Gଵ(s) =
୳భ

୴౩ಉ
=

୩னబୱ

ୱమା୩னబୱାனబ
మ        (5.21) 

Gଶ(s) =
୳మ

୴౩ಉ
=

୩னబ
మ

ୱమା୩னబୱାனబ
మ        (5.22) 

By combining the effect of both SOGI and TOGI [106], a resultant MSTOGI is obtained. 

The transfer functions of MSTOGI [106] are given by Eq. (5.23) and (5.24), 

Gଷ(s) =
ୗಉ

୴౩ಉ
=

୩னబ(ୱమାனబ
మ)

(ୱାனబ)(ୱమା୩னబୱାனబ
మ)

       (5.23) 

Gସ (s) =
ୗ౧ಉ

୴౩ಉ
=

୩னబୱ(னబିୱ)

(ୱାனబ)(ୱమା୩னబୱାனబ
మ)

       (5.24) 
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Fig. 5.4 Block Diagram of proposed MSTOGI PLL for grid synchronization. 
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5.3 Simulation Results 

5.3.1 Performance analysis of SRFT based control of DVR 

The performance of the proposed SRFT control scheme of a three-phase grid-

connected DVR is investigated under various disturbances at grid supply or supply 

voltage. The various disturbances that are considered, are voltage sag, swell, and 

imbalance. The transient response of DVR is shown in this section with the following 

cases: 

Case I: Balanced Voltage Sag of 20% in the source voltages 

Case II: Balanced Voltage Swell of 20% in the source voltages 

Case III: Voltage unbalanced with 20% sag in source voltages (Phase ‘a’) 

Case I: Voltage Sag at the Source side 

One of the most prominent voltage-related PQ issues is voltage sag. In this case 

scenario, a voltage sag of 20% is applied in the source voltages (vୱୟୠୡ). At t=0.3s to 0.4s, 

a voltage sag is applied for 5 cycles in source voltages. The load voltages must be 

balanced and sinusoidal with the desired magnitude even during voltage sag conditions. 

The PCC voltage (vୱୟୠୡ), load voltages (v୐ୟୠୡ), series injecting compensating voltage 

(vେ୧୬୨), grid current (iୱୟୠୡ), a direct component of load and source voltages 

(V୐ୢ and Vୱୢ), and battery DC voltage (Vୢୡ) is shown in Fig. 5.5. During voltage sag 

condition at t=0.2 to 0.3s, the signal Vୱୢ is decreased but load voltages have constant 

magnitude due to series compensating voltage. The required load voltages at voltage sag 

condition are fed by a series injection transformer at PCC. The grid current is sinusoidal 

at voltage sag condition due to its control technique. The Battery supported DVR shows 

DC voltage having a very small variation of 2V. 

Case II: Voltage Swell at the source side 

Another most common disturbance at source voltages is voltage swell. At t=0.45 

to 0.55s, voltage swell is developed at source voltages which is a 20% increase of source 

voltages for 5 cycles. Before t=0.45s the system is operating at steady-state. The voltage 

swell is cleared after 5 cycles. The battery DC voltage is slightly increased due to the 

transient effect but gets stable within 1 cycle. The direct component of source voltages is 
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increased but load voltages are maintained to their rated value. The response of the 

proposed system under voltage swell conditions is depicted in Fig.5.6. 
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Fig. 5.5 Simulation result of proposed DVR system under Voltage Sag condition 

II: Voltage Swell at the source side 

Another most common disturbance at source voltages is voltage swell. At t=0.45 

to 0.55s, voltage swell is developed at source voltages which is a 20% increase of source 

voltages for 5 cycles. Before t=0.45s the system is operating at steady-state. The voltage 

swell is cleared after 5 cycles. The battery DC voltage is slightly increased due to the 

transient effect but gets stable within 1 cycle. The direct component of source voltages is 

increased but load voltages are maintained to their rated value. The response of the 

proposed system under voltage swell conditions is depicted in Fig.5.6. 

Case III: Voltage unbalance at the Source side  

In this case study, voltage unbalancing is created at source voltages. A voltage 

unbalancing is provided in phase ‘a’. Due to source voltages unbalancing, a slight 

regulation in Battery DC voltage is seen in Fig. 5.7.  Despite voltage imbalance the load 

voltages are balanced and have constant magnitude. It is seen in Fig.5.7 the voltage 
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unbalancing occurs for 5 cycles (t=0.2s to t=0.3s). The battery DC voltage has slightly 

decreased. The source current is sinusoidal under linear load conditions. 
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Fig. 5.6 Simulation result of proposed DVR system under Voltage Swell condition 
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Fig. 5.7 Simulation result of proposed DVR system under Voltage Unbalancing condition 
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5.3.2 Performance analysis of MSTOGI-SRF based control of DVR 

The performance of the proposed MSTOGI-SRF control scheme of a three-phase 

grid-connected DVR is investigated under various disturbances at grid supply or supply 

voltage. The various disturbances that are considered, are voltage sag, swell, imbalance, 

and harmonics. The transient response of DVR is shown in this section with the following 

cases: 

Case I: Balanced Voltage Sag of 20% in source voltages 

Case II: Balanced Voltage Swell of 20% in source voltages 

Case III: Balanced Voltage harmonics (5th and 7th order harmonic) 

Case IV: Voltage unbalanced with 20% sag in source voltages (Phase ‘a’) 

Case V: Phase jump 

Case VI: Frequency Variation 

Case I: Voltage Sag in the source side 

One of the most prominent voltage-related PQ issues is voltage sag. In this case 

scenario, a voltage sag of 20% is applied at the source voltages (vୱୟୠୡ). At t=0.3s to 0.4s, 

a voltage sag is applied for 5 cycles in source voltages. The load voltages must be 

balanced and sinusoidal with the desired magnitude at voltage sag conditions. The PCC 

voltage (vୱୟୠୡ), load voltages (v୐ୟୠୡ), series injecting compensating voltage (vେ୧୬୨), grid 

current (iୱୟୠୡ), a direct component of load and source voltages (V୐ୢ and Vୱୢ), and battery 

DC voltage (Vୢୡ) is shown in Fig. 5.8. During voltage sag condition at t=0.2 to 0.3s, the 

signal Vୱୢ is decreased but load voltages have constant magnitude due to series 

compensating voltage. The required load voltages at voltage sag conditions is fed by a 

series injection transformer at PCC. The grid current is sinusoidal at voltage sag condition 

due to its control technique. The Battery DC voltage shows a very small variation of 2V. 

Case II. Voltage Swell in the source side 

Another most common disturbance at source voltages is voltage swell. At t=0.45 

to 0.55s, voltage swell is developed at source voltages which is a 20% increase of source 

voltages for 5 cycles. Before t=0.45s the system is operating at steady-state. The voltage 

swell is cleared in 5 cycles. The battery DC voltage is slightly increased due to the 

transient effect but gets stable within 1 cycle. The direct component of source voltages is 
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increased but load voltages are maintained to their rated value. The response of the 

proposed system under voltage swell conditions is depicted in Fig. 5.9. 
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Fig. 5.8 Simulation result of proposed DVR system under Voltage Sag condition 

Case III. Voltage Harmonics in the source side 

To investigate the performance of DVR during voltage harmonics, 5th and 7th-

order harmonics are incorporated into source voltages. The transient response of the 

system is noticed from t=0.5s to t=0.6s (5 cycles). It is depicted in Fig. 5.10, that load 

voltages are regulated at its rated value with constant magnitude. The effect of harmonics 

is cleared after 5 cycles. The required voltage for load voltage compensation is fed by a 

series injection transformer. The battery DC voltage is regulated at 300V with slight 

variation under transient conditions.  The harmonic spectra of phase ‘a’ of load voltages 

and source voltages are shown in Fig.5.11. The source voltages are significantly polluted 

with 25% harmonics, while load voltages have THD of only 0.96% which is acceptable 

as per IEEE-519 standards due to DVR action. 
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Fig. 5.9 Simulation result of proposed DVR system under Voltage Swell condition 
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Fig. 5.10 Simulation result of proposed DVR system under Voltage Harmonics condition 
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Case IV. Voltage unbalance at the source side  

In this case study, voltage unbalancing is created at source voltages. A voltage 

unbalancing is provided to phase ‘a’. Due to source voltages unbalancing a slight 

regulation in Battery DC voltage is seen in Fig. 5.12 Despite voltage imbalance the load 

voltages are balanced and constant magnitude. It is seen in Fig. 5.12 that the voltage 

unbalancing occurs for 5 cycles (t=0.2s to t=0.3s). The battery DC voltage has slightly 

decreased. The d component of source voltages is decreased and shows some oscillations. 

However, the source current is sinusoidal under linear load conditions. 

Case V. Performance under frequency change of +5 Hz and phase shift of 15 degrees 

The performance of the proposed DVR is tested for frequency change and phase 

shift of +5Hz, and 15° respectively. The source voltages are experiencing the phase jump 

of 15° at t=0.3s to t=0.4s as shown in Fig. 5.13(a). The source voltages are experiencing 

the frequency change of +5Hz (i.e., 55Hz) at t=0.2s to t=0.3s as shown in Fig. 5.14(b) It 

is visible that even at frequency change, the load voltages are balanced and sinusoidal 

with the required magnitude in both phase jump and frequency shift. The series injection 

transformers inject the required voltage into the system. 
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Fig. 5.11 THD spectrum under source voltages harmonics (a) source voltages (b) load voltages 
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Fig. 5.12 Simulation result of proposed DVR system under Voltage Unbalancing condition  
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Fig. 5.13 Simulation result of proposed DVR system under (a) Phase jump of 15° (b) frequency change 
+5Hz 
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5.3.3 Comparative Performance of three-phase DVR based on SRFT and 

MSTOGI SRFT control scheme 

The performance of a three-phase grid-connected PV-based DVR is performed on 

the same system parameters as conventional SRFT and the proposed MSTOGI-SRF 

control scheme. The voltage-related PQ issues considered are voltage sag, voltage swell, 

voltage unbalancing, and voltage harmonics which are mitigated with the effect of 

designed control schemes. Table 5.2 shows the comparative performance of control 

schemes under all the mentioned PQ issues. It is seen from the Table that the proposed 

MSTOGI-SRF gives source current THD under voltage sag, swell, unbalancing, and 

voltage harmonics of 2.1%, 2.3%, 1.5%, and 0.96% respectively. Hence the proposed 

MSTOGI-SRF shows better performance than SRFT-based control scheme. 

Table 5.2: Comparative performance analysis of SRFT and MSTOGI SRFT under 

various operating conditions 

System 

Condition 

Phase Conventional 

SRFT 

Proposed MSTOGI-

SRF  

Current Voltage Current Voltage 

Voltage Sag 

THD (%) 

A 3.05% 4.63% 2.1% 4.63% 

B 3.4% 4.5% 2.81% 4.5% 

C 3.3% 5.41% 2.6% 5.41% 

Voltage 

Swell 

THD (%) 

A 3.8% 3.30% 2.3% 3.30% 

B 3.3% 5.29% 2.14% 5.29% 

C 3.5% 5.30% 2.6% 5.30% 

Voltage 

Unbalancing 

THD (%) 

A 3.15% 0.7% 1.5% 0.7% 

B 3.25% 0.6% 1.6% 0.6% 

C 3.12% 0.7% 1.32% 0.7% 
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5.4 Experimental Results 

A real-time hardware-in-the-loop (HIL) system is created to evaluate the viability 

of the proposed approach for DVR control. Figure 5.14 depicts a schematic of the 

designed laboratory experimental setup. The real-time HIL system is made up of an 

OPAL-RT real-time digital simulator with FPGA Xilinx Kintex-7 410T. The OPAL-RT 

is a real-time simulation platform powered by Intel Xeon Four-Core 3.7 GHz processors 

and operating in the RT-LAB software environment. The OPAL-RT features 32 digital 

inputs and 32 digital outputs. The proposed system is simulated in MATLAB Simulink 

and the results are verified using OPAL-RT. 

 
Fig. 5.14 Experimental Setup of proposed MSTOGI-SRF-based DVR implementation. 

The experimental investigation of SRFT-based control of DVR under 20% voltage sag is 

shown in Fig. 5.15. The DVR injects the required voltage to regulate the load voltage 

magnitude constant using a series injection transformer with the control of SRFT. Fig. 

5.15(a) shows the waveform of phase ‘a’ source voltage (vୱୟ), load voltage (v୐ୟ), series 

Voltage 

Harmonics 

THD (%) 

A 3.5% 25% 0.96% 25% 

B 3.1% 25% 1.02% 25% 

C 3.3% 25% 1.2% 25% 
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injected voltage (vେୟ(୧୬୨)), and DC link voltage (Vୢୡ). While Fig. 5.15(b) shows the three-

phase source voltage (vୱୟୠୡ) under voltage sag with constant magnitude load voltage. 

5.4.1 Performance Analysis of 𝐒𝐑𝐅𝐓 control of DVR  

 

(a)                                                        (b) 

Fig. 5.15 Experimental results of proposed DVR under voltage sag of 20% with signals (a) Phase ‘a’ source 
voltage (𝑣௦௔), phase ‘a’ load voltage (𝑣௅௔), phase ‘a’ series injected voltage (𝑣௖௔(௜௡௝)), and DC voltage 
(𝑉ௗ௖) (b) three-phase source voltages (𝑣௦௔௕௖), and phase ‘a’ load voltage (𝑣௅௔).  

 

(a)                                                   (b) 

Fig. 5.16 Experimental result of proposed DVR under voltage swell of  20% with signals (a) Phase ‘a’ 
source voltage (𝑣௦௔), phase ‘a’ load voltage (𝑣௅௔), phase ‘a’ series injected voltage (𝑣௖௔(௜௡௝)), and DC 
voltage (𝑉ௗ௖) (b) three-phase source voltages (𝑣௦௔௕௖), and phase ‘a’ load voltage (𝑣௅௔). 

Another most common power quality issues occur in power system is voltage 

swell. In the proposed system, 20% voltage swell is created at the source voltage as shown 

in Fig. 5.16. The load voltage of phase ‘a’ is regulated to constant magnitude under 

voltage swell as shown in Fig. 5.16(a-b). Thus, it is evident from the experimental results 

that SRFT-based DVR can mitigate voltage-related PQ issues.  
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 5.4.2 Performance Analysis of 𝑴𝑺𝑻𝑶𝑮𝑰 DVR Technique 

𝐯𝐬𝐚 

𝐯𝐋𝐚 

𝐯𝐂𝐚(𝐢𝐧𝐣)

𝐕𝐝𝐜 

𝐕𝐨𝐥𝐭𝐚𝐠𝐞 𝐒𝐚𝐠 𝐕𝐨𝐥𝐭𝐚𝐠𝐞 𝐒𝐚𝐠𝐯𝐒𝐚𝐛𝐜 

𝐯𝐋𝐚 

 

(a)                                                                (b) 

Fig. 5.17 Experimental results of proposed DVR under voltage sag of 20% with signals (a) Phase ‘a’ source 
voltage (𝑣௦௔), phase ‘a’ load voltage (𝑣௅௔), phase ‘a’ series injected voltage (𝑣௖௔(௜௡௝)), and DC voltage 
(𝑉ௗ௖) (b) three-phase source voltages (𝑣௦௔௕௖), and phase ‘a’ load voltage (𝑣௅௔). 

A voltage sag of 20% is created in the grid voltages of phase ‘a’ as shown in Fig. 5.17(a). 

It is validated from Fig. 5.17(a) that the load voltages are always well regulated at pre-

sag condition at constant magnitude.  

𝐯𝐬𝐚 

𝐯𝐋𝐚 

𝐯𝐂𝐚(𝐢𝐧𝐣)

𝐕𝐝𝐜 

𝐕𝐨𝐥𝐭𝐚𝐠𝐞 𝐒𝐰𝐞𝐥𝐥
𝐕𝐨𝐥𝐭𝐚𝐠𝐞 𝐒𝐰𝐞𝐥𝐥𝐯𝐒𝐚𝐛𝐜 

𝐯𝐋𝐚 

 
Fig. 5.18 Experimental results of proposed DVR under voltage swell of 20% with signals (a) Phase ‘a’ 
source voltage (𝑣௦௔), phase ‘a’ load voltage (𝑣௅௔), phase ‘a’ series injected voltage (𝑣௖௔(௜௡௝)), and battery 
DC voltage (𝑉ௗ௖) (b) three-phase source voltages (𝑣௦௔௕௖), and phase ‘a’ load voltage (𝑣௅௔). 

The required voltage to maintain the load voltages constant under voltage sag conditions 

is fed by a series injection transformer (vୡୟ(୧୬୨)). A small change in battery DC voltage is 

visible at the start of the voltage sag condition for less than 1 cycle. The series injection 

transformer injects very low voltage before the voltage sag condition. 

Another important voltage-related PQ issue is Voltage swell. In Fig. 5.18(a), a 

voltage swell of 20% of grid voltages has been created at some instant of time to 
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investigate the performance of the proposed control scheme under voltage swell 

conditions. The load voltages of phase ‘a’ (v୐ୟ) is regulated to its required magnitude. A 

negligible change in battery DC voltage is seen. Fig. 5.18(b) shows the three-phase grid 

voltages under voltage swell conditions.  

𝐯𝐬𝐚 

𝐯𝐋𝐚 

𝐯𝐂𝐚(𝐢𝐧𝐣) 

𝐕𝐝𝐜 

𝐕𝐨𝐥𝐭𝐚𝐠𝐞 𝐇𝐚𝐫𝐦𝐨𝐧𝐢𝐜𝐬 𝐯𝐒𝐚𝐛𝐜 

𝐯𝐋𝐚 

𝐕𝐨𝐥𝐭𝐚𝐠𝐞 𝐇𝐚𝐫𝐦𝐨𝐧𝐢𝐜𝐬

 

(a)                  (b) 

Fig. 5.19 Experimental Results of proposed DVR under voltage harmonics having signals (a) Phase ‘a’ 
source voltage (𝑣௦௔), phase ‘a’ load voltage (𝑣௅௔), phase ‘a’ series injected voltage (𝑣௖௔(௜௡௝)), and battery 
DC voltage (𝑉ௗ௖) (b) three-phase source voltages (𝑣௦௔௕௖), and phase ‘a’ load voltage (𝑣௅௔). 

A voltage harmonic is created at three-phase grid voltages (vୱୟୠୡ) with a THD of 25%. It 

is validated through the experimental results as shown in Fig. 5.19(a) that load voltages 

are pure sinusoidal with no harmonics component. The series injection transformer injects 

the required voltage to maintain the load voltages of phase ‘a’ constant. A small ripple is 

seen in the battery DC voltage across the battery. In Fig. 5.19(b), three-phase grid voltages 

with harmonics are shown, and the load voltages across phase ‘a’. Voltage unbalancing 

is created at some instant of time at three-phase grid voltages (vୱୟୠୡ). Phase ‘a’ grid 

voltage has sag in it.  While there is no adverse effect on load voltages as shown in Fig. 

5.20(a). In Fig. 5.20(b) series injection voltage (vୡୟ(୧୬୨)), and battery DC voltage (Vୢୡ) is 

shown during unbalanced supply voltage condition. 
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𝐯𝐒𝐚𝐛𝐜 

𝐯𝐋𝐚 𝐕𝐝𝐜 

𝐯𝐂𝐚(𝐢𝐧𝐣) 

𝐕𝐨𝐥𝐭𝐚𝐠𝐞 𝐔𝐧𝐛𝐚𝐥𝐚𝐧𝐜𝐢𝐧𝐠 𝐕𝐨𝐥𝐭𝐚𝐠𝐞 𝐔𝐧𝐛𝐚𝐥𝐚𝐧𝐜𝐢𝐧𝐠

 

(a)                  (b) 

Fig. 5.20 Experimental result of proposed DVR under voltage unbalancing with signals (a) Phase ‘a’ source 
voltage (𝑣௦௔), phase ‘a’ load voltage (𝑣௅௔), phase ‘a’ series injected voltage (𝑣௖௔(௜௡௝)), and battery DC 
voltage (𝑉ௗ௖) (b) three-phase source voltages (𝑣௦௔௕௖), and phase ‘a’ load voltage (𝑣௅௔).  
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(a)                          (b) 

Fig. 5. 21 Experimental results of proposed DVR intermediate signals of MSTOGI-SRF control scheme 
under voltage Swell (a) direct component of grid voltages (Vୱୢ), quadrature component of grid voltages 
(Vୱ୯), a direct component of load voltages (V୐ୢ), quadrature component of load voltages (V୐୯) (b) under 
voltage sag condition direct component of grid voltages(Vୱୢ), quadrature component of grid voltages (Vୱ୯), 
a direct component of load voltages (V୐ୢ), quadrature component of load voltages (V୐୯). 

The intermediate signals of the proposed MSTOGI-SRF control scheme of BESS DVR 

are shown in Fig. 5.21 (a-b). In Fig. 5.21(a), the condition of voltage swell is chosen, and 

the direct component of grid voltages is increased in an appropriate ratio. While the 

quadrature component of grid voltages is always zero. The direct component of load 

voltages is constant under voltage swell conditions. The quadrature component has zero 

magnitude In Fig. 5.21(b) Voltage sag condition is chosen, and the direct component of 

grid voltages is decreased in an appropriate ratio. While the quadrature component of grid 

voltages is always zero. The direct component of load voltages is constant under voltage 
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sag conditions. The d and q component of load voltages are well regulated due to DVR 

action even during sag and swell conditions. 

5.5 Conclusions 

The design, mathematical modelling, and analysis of three-phase SRFT and proposed 

MSTOGI-SRFT algorithms for battery supported DVR control of three-phase grid-

connected systems are covered in this chapter. Using MATLAB Simulink software, the 

results were obtained, and OPAL RT investigations were used to validate them. Tests 

were conducted on three-phase systems, under situations of voltage sag, swell, 

unbalancing, and Harmonics. This chapter presents a thorough control analysis of the 

developed systems. The system that performs best with MSTOGI-SRF is followed by 

conventional SRF. In both steady state and dynamic state settings, the SRF approach 

results demonstrate continuous persistent oscillations. The MSTOGI SRFT mitigates all 

the voltage related PQ issues. The Performance of MSTOGI-SRF is observed to be better 

under grid disturbance (DC offset, harmonics, sag, swell, and unbalancing). The load 

voltage is constant under all undesirable conditions which is necessary for connected 

sensitive loads.  
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CHAPTER 6 

DESIGN AND CONTROL OF UNIFIED POWER QUALITY 

COMPENSATOR FOR GRID CONNECTED PV SYSTEM 

 

 6.1. Design of UPQC  

A power electronics-based device called the Unified Power Quality Compensator 

(UPQC) is used in electrical distribution systems to enhance the quality of electric power. 

It is frequently used in three-phase grid-connected PV (Photovoltaic) systems to improve 

the system's overall performance while addressing power quality issues. In a grid-

connected PV system, a UPQC's main function is to make sure that both the grid and the 

associated loads receive high-quality power. This involves addressing power factor 

problems, harmonic distortions, and voltage sags and swells. A UPQC consists of a series 

voltage compensator and shunt current compensator also known as DVR and 

DSTATCOM respectively. The main purpose of DVR is to mitigate source voltage-

related issues such as sag, swell, unbalance, and harmonics. It can inject or absorb the 

reactive power to maintain the constant voltage level across the loads. While the 

DSTATCOM is used to mitigate the current related power quality issues such as current 

harmonics, and load unbalancing. Both the DVR and DSTATCOM are operated under 

the supervision of an advanced control system. The control system continuously checks 

the source voltage, current, and other variables and modifies the compensating actions as 

necessary. It makes sure that harmonic distortions are decreased, the source voltage stays 

within set parameters, and the power factor is enhanced. 

A 3-leg VSC is connected in shunt with the load and another 3-leg VSC of DVR 

is connected in the series with the 3∅ grid using a series injection transformer. The DC 

link capacitor is connected to the shunt’s VSC and is required to maintain a reference DC 

voltage by controlling the switching operation shunt’s VSC. The VSC of DVR is also 

coupled with the common DC capacitor, as indicated in Fig.6.1. The VSC of 

DSTATCOM is coupled at PCC through an interfacing inductor (L୤) and the higher order 

frequency component of PWM voltage is filtered out through the ripple filter (R୤, C୤). 
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Similarly, the high order frequency component of PWM voltages of DVR’s VSC is 

filtered out through (L୰, C୰).  

6.1.1 Design of DSTATCOM 

The supply voltage for simulation is considered as 400V (v୐ି୐) at 50Hz 

frequency, while for experimental validation (using OPAL-RT) the supply voltage is 

chosen 40V (v୐ି୐), 50Hz. The DC link voltage is calculated using Eq. (6.1), 

Vୢ ୡ(୰ୣ୤) > Vୢ ୡ(୫୧୬) =
ଶ√ଶ

√ଷ
v୐ି୐ =

ଶ√ଶ

√ଷ
× 400 = 653.19V    (6.1) 

The reference DC link voltage Vୢ ୡ(୰ୣ୤) should be greater than the minimum DC link 

voltage Vୢ ୡ(୫୧୬), and thus it is considered 800V for simulation. The experimental DC link 

voltage is calculated using Eq. (4.2), 

Vୢ ୡ(୰ୣ୤) > Vୢ ୡ(୫୧୬) =
ଶ√ଶ

√ଷ
v୐ି୐ =

ଶ√ଶ

√ଷ
× 40 = 65.31V     (6.2) 

The reference DC link voltage Vୢ ୡ(୰ୣ୤) should be greater than the minimum DC link 

voltage Vୢ ୡ(୫୧୬), and thus it is considered 80V for experimental setup. The designed value 

of the DC link capacitor is calculated using Eq. (6.3), 

Cୢୡ =
଺୩భ୴౦౞ୟ୧ౙౙத

୚ౚౙ(౨౛౜)
మ ି୚ౚౙ(ౣ౟౤)

మ =
଺×଴.ସ×ଶଷ଴.ଽସ×ଵ.ଶ×ଶହ×଴.଴ଶ

(଼଴଴మି଺ହଷ.ଵଽమ)
= 1558.7μF   (6.3) 

where,Vୢ ୡ(୰ୣ୤) is the DC link bus voltage, Vୢ ୡ(୫୧୬) is the minimum DC link voltage, τ is 

the time constant, a is the overloading factor, kଵ is the gain constant and iୡୡ is the VSC’s 

compensating current. Let a = 1.2, iୡୡ = 25A, Vୢ ୡ(୰ୣ୤) = 800V, Vୢ ୡ(୫୧୬) = 653.19 V, 

τ = 0.02s, and kଵ = 0.4. The value of DC-link capacitance Cୢୡ = 1558.7 μF and it is 

chosen as 1650 μF (simulation). The value of the interfacing inductor can be calculated 

using Eq. (6.4), 

L୤ =
√ଷ୫୚ౚౙ(౨౛౜)

ଵଶୟ୤౩౭∆୍ౙ౨
                       (6.4) 

Here, ‘L୤’ is the interfacing inductor, ‘m’ is the modulation index, ‘fୱ୵’ is the switching 

frequency and ∆Iୡ୰ is the current ripple which is considered 5% of the maximum current. 

The value of L୤ for simulation is calculated by Eq. (6.5) and for experimental setup, it is 

calculated by Eq. (6.6). 

  L୤ =
√ଷ୫୚ౚౙ(౨౛౜)

ଵଶୟ୤౩౭∆୍ౙ౨
=

√ଷ×ଵ×଼଴଴

ଵଶ×ଵ.ଶ×ଵ଴×ଵ଴଴଴×ଵ.ହ
= 7.6mH       (6.5)  
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 L୤ =
√ଷ୫୚ౚౙ(౨౛౜)

ଵଶୟ୤౩౭∆୍ౙ౨
=

√ଷ×ଵ×଼଴

ଵଶ×ଵ.ଶ×ଵ଴×ଵ଴଴଴×ଵ.ହ
= 0.76mH       (6.6) 
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Fig. 6. 1 Schematic Diagram of three-phase grid-connected PV-UPQC 

Design of PV array 

There is no DC-DC boost converter in a single-stage PV system. The voltage of the PV 

array should be higher than the voltage of the voltage source converter (VSC)'s reference 

DC link. The highest voltage at MPP and reference DC voltage of the PV array must be 

produced by the MPPT method. Eq. (6.7) calculates the necessary minimum number of 

series-connected PV modules. 

Nୗ =
୚ౚౙ(ౣ౟౤)

୚ౣ౦
=

଺ହଷ.ଵଽ

ଷ଻.଻ଷ
= 17.31       (6.7) 

Thus, the number of series connected PV modules selected to be 22. The parameters of 

PV string or array are given in Table 6.1. 
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Table 6.1: PV array Parameter at standard test condition (1Soltech 1STH-215-P) 

Parameters Selected 

Value 

No. of series PV modules (Nୗ) 22 

No. of parallel PV modules (N୔) 6 

Maximum Power (P୫୮) 213.15 W 

Open circuit voltage (V୓େ) 36.3 V 

Short circuit current (Iୗେ) 7.84 A 

Voltage at MPP (V୫୮) 29 V 

Current at MPP (I୫୮) 7.35 A 

 

6.1.2 Design of DVR 

To choose the rating of the series injection transformer, several parameters were taken 

into account, including DVR capacity, voltage sag assessment, needed DVR current, and 

DVR rating. The DVR's capacity is determined by the particular application and required 

level of voltage support. The 10kVA DVR capacity value is chosen. The maximum 

voltage sag on source voltage per phase that the DVR will mitigate is calculated as 

230.9 × 0.8 = 184.72V. The required DVR’s current rating is calculated as 

√3vୗୟiୗୟ = 10000         (6.8) 

iୗୟ = 25A  

The series injection voltage required to be injected per phase is given by Eq. (6.9) 

Vେୟ(୧୬୨) = ටvୱୟ
ଶ − vୱୟ୥(୫ୟ୶)

ଶ = √230.9ଶ − 184.72ଶ = 138.54V   (6.9) 

Transformer capacity (kVA)= S =
ଷ×୴ి౗(౟౤ౠ)୧౩౗

ଵ଴଴଴
= 10.39kVA    (6.10) 

The KVA rating of the series injection transformer will be the same as the KVA rating of 

VSC, i.e.,10.39 kVA. The interfacing inductor for DVR is expressed as 

L୰ =
୬×൫ඥଷ/ଶ୫୚ీి൯

଺ୟ ౩౭∆୍౩
= 0.946mH ≈ 1mH      (6.11) 

where n is the transformation ratio of the series injection transformer, m is the modulation 

index, fୱ୵ is the switching frequency and ∆Iୱ is the ripple current of DVR [69]. A ripple 
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filter is designed to filter the switching frequency ripples that occur due to a series 

injection transformer. The value of three-phase UPQC system parameters is shown in 

Table 6.2. The expression for ripple filter which consists of series resistance (R୰) and 

series capacitor (C୰) is given as  

୤౩

ଶ
=

ଵ

ଶ஠ ౨େ౨
          (6.12) 

For, R୰ = 1Ω, C୰ = 31.8μF 

Table 6.2: Parameter Values of three-phase PV-UPQC 

Element Parameters Values 

Supply side Source  415V(rms),50Hz 

Unified Power 

Quality 

Compensator 

DC link Capacitor Cୢୡ = 6688μF  

Interfacing filter 

inductor 

Lr=2.5mH, Lf=2mH 

Ripple Filter R୰ = 1Ω, C୰ = 100μF 

Transformer Rating 10kVA 

Switching 

Frequency 

fs=5kHz 

Loads 3-Ø diode rectifier ---- 

R-L Load RL=30Ω and LL=10mH 

 

6.2 Control Technique of UPQC 

Power quality problems including voltage sags, swells, harmonics, and changes 

in power factor, the UPQC must continuously monitor the source's voltage, current, and 

other data. The UPQC can process this data through control scheme and quickly modify 

its compensating components to address these problems. The issues with power quality 

in a distribution system are dynamic and subject to quick change. Control is designed to 

enable the UPQC to dynamically modify its corrective actions to take account of the 

shifting circumstances. For instance, to swiftly restore the voltage to its normal level after 

a voltage sag, the UPQC must inject reactive power. These real-time assessments benefit 

from the utilization of control algorithms. These control algorithms make the UPQC an 
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important tool for enhancing the quality and dependability of electrical power in 

distribution systems by ensuring that it can manage power quality concerns effectively 

and efficiently. 

6.2.1 Conventional SRF-based Control Technique 

DSTATCOM and DVR are vital components of grid-connected UPQC. 

DSTATCOM is used to address issues with harmonic current and reactive power demand 

in compensating load PQ. When grid-side PQ issues induce voltage concerns, the DVR 

is used. A DVR's function is to supply series voltage to the load if there are voltage 

anomalies, like sag and swell.  

6.2.1.1 Control Scheme of Shunt Compensator 

The control scheme implemented for shunt compensation is shown in Fig.6.2, the 

conventional SRFT is used for load compensation. The three-phase load current is 

transformed into a rotating frame d-q-0 component. 

The expression for ‘dq0’ component of load current is given by Eq. (6.13) 

቎

i୐ୢ
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i୐଴

቏ =
ଶ

ଷ

⎣
⎢
⎢
⎡ sinθ sin ቀθ −

ଶ஠

ଷ
ቁ sin ቀθ +
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ଷ
ቁ
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ଶ஠

ଷ
ቁ cos ቀθ +

ଶ஠

ଷ
ቁ

1/2 1/2 1/2 ⎦
⎥
⎥
⎤

൥

i୐ୟ

i୐ୠ

i୐ୡ

൩    (6.13) 

To improve the grid current’s performance due to grid voltage abnormalities, the PV 

array’s feedforward current (I୔୚୤୤) is also included in the shunt compensation of UPQC 

I୔୚୤୤ =
ଶ

ଷ
×

୔ౌ౒

୚౪
                    (6.14) 

where,  𝑃௉௏ is the generated power by solar PV array, 𝑉௧ indicates the amplitude of source 

voltage. The total fundamental current component is expressed as 

iୢ
∗ = iୢୈେ + i୪୭ୱୱ − I୔୚୤୤        (6.15) 

 A 3∅ PLL has been utilized for frequency and phase information. The direct and 

quadrature component of load current is passed through LPF to reject the high-frequency 

component. The filtered direct component of load current which is also known as the 

fundamental frequency component is added to the DC link loss component. The DC link 

voltage error is regulated through the PI controller to minimize the active power losses. 

The resultant direct and quadrature components of load current are transformed into ‘abc’ 
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components. The reference source current (iୱୟ
∗ , iୱୠ

∗ , iୱୡ
∗ ) is compared with the actual 

source's current (iୱୟ, iୱୠ, iୱୡ)  in the Hysteresis current controller (HCC). The switching 

signals or PWM signals generated through this control scheme are given to IGBT 

switches.  

6.2.1.2 Control Scheme of Series Compensator 

Another important of UPQC is the active series compensator also known as DVR. 

To counteract the sag and swell at the grid side, DVR injects a sequence of three voltages 

of the required magnitude and frequency. Its objective is to protect sensitive loads from 

voltage-related PQ issues. The switches of DVR require switching signals or gating 

signals to fulfill their purpose. The control scheme used for DVR is conventional SRF. In 

this control scheme, three-phase source voltage is transformed into rotating components 

d-q-0. The direct and quadrature component of the source voltage is passed through LPF. 

The PCC voltage (vୱୟ, vୱୠ, vୱୡ) are transformed in ‘dq0’ frame using Clarke and Park 

transformation 

൥
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൩    (6.16) 

Both the fundamental (DC component) and harmonic components comprise the source 

voltage's direct and quadrature axis components. The v୯୰ is the reference voltage required 

by the load while the source voltage undergoes sag and swell condition 

V୐ = ൫2
3ൗ ൯

ଵ
ଶൗ

൫v୐ୟ
ଶ + v୐ୠ

ଶ + v୐ୡ
ଶ ൯

ଵ
ଶൗ
       (6.17) 

The PI controller is used to regulate the magnitude of the load voltage V୐ to a reference 

value 

v୯୰(n) =  v୯୰(n − 1) + K୮୯{v୲ୣ(n) − v୲ୣ(n − 1)} + K୧୯v୲ୣ(n)   (6.18) 

where, v୲ୣ(n) = v୐
∗(n) − v୐(n) shows the error between sensed and actual terminal 

voltage magnitude. The reference quadrature load voltage is given by 

v୯
∗ =  v୯_ୢୡ + v୯୰         (6.19) 
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The PWM controller receives the reference and real load voltages and generates duty 

cycles for DVR. 


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Fig. 6.2 Control Scheme of UPQC for Shunt Compensator (DSTATCOM) with SRFT control scheme 
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Fig. 6.3 Control Scheme of UPQC for series compensation (DVR) with SRFT control Scheme 
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6.2.2 Mittag Leffler Polynomial based control Technique (MiLeP) 

Based on Synchronous Reference Frame Mittag Leffler Polynomial (SRF-MiLeP) 

NN and MiLeP NN for shunt and series and shunt compensation, respectively, a hybrid 

control method has been developed. SRF with MiLeP NN is used for series compensation 

whereas the MiLeP NN is intended for load compensation. The unique use of MiLeP NN 

for shunt compensation and series compensation is the important contribution. To derive 

the fundamental active load component from nonlinear load current, the MiLeP NN 

control technique is designed for shunt compensation. The shunt compensator reduces 

current-related PQ (load unbalance, reactive power correction, and harmonics 

mitigation). Voltage-related PQ challenges (Voltage Sag and Swell, Voltage 

Unbalancing) are mitigated by the SRF control with MiLeP NN acting as an adaptive 

filter for the series compensator. Under voltage sag, swell, load unbalancing, and changes 

in solar irradiation, UPQC's performance is evaluated. 

In 1891, Mittag Leffler designed MiLeP. These polynomials can be used to 

approximate other functions and are mostly researched in complex system analysis. They 

were initially applied by Mittag-Leffler in a study of the integrals and invariants of the 

analytical form of a linear homogeneous differential equation. These polynomials have 

uses in solving differential equations, uniform approximation, and other areas. The MiLe 

polynomials are expressed by 

∑ g୬(x)t୬ =
ଵ

ଶ
ஶ
୬ୀ଴ ቀ

ଵା୲

ଵି୲
ቁ

୶

   and            (6.21) 

෍ M୬(x)
t୬

n!
=

ஶ

୬ୀ଴

൬
1 + t

1 − t
൰

୶

 

M୬  = (1 + t)୶(1 − t)ି୶ = exp (2xtanht)                                                            (6.22) 

The polynomials are related by 

 M୬ = 2 ∙ n! g୬(x) and where g୬(1) = 1 for n ≥ 1 

Some of the first few dominant terms of MiLe polynomials are as follows 

M଴(x) = 1, Mଵ(x) = 2x, Mଶ(x) = 4xଶ, 

 Mଷ(x) = 8xଷ + 4x, and so on.             (6.23) 

By generalizing the pattern of polynomial, the recursion formula for MiLeP is given by 

M୬ାଵ = 2x ∑
୬!

(୬ିଶ୩)!
M୬ିଶ୩(x)

[୬ ଶ⁄ ]
୩ୀ଴                                         (6.24) 
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The MiLeP shows the orthogonality relation, and thus it can be used as a hidden layer in 

ANN. Also, this MiLeP consists of the tanh function which is the activation function in 

this MiLe ANN. The intermediate signals of phase ‘a’ load current are as follows: 

I୐ୟ (x) = 1 ∗ Wୟ଴, I୐ୟଵ(x) = 2i୐ୟ ∗ Wୟଵ,  I୐ୟଶ(x) = 4i୐ୟ
ଶ ∗ Wୟଶ,  I୐ୟ (x) = (8i୐ୟ

ଷ +

4i୐ୟ) ∗ Wୟଷ, and so on. 
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Fig. 6.4 Control Scheme of UPQC for Shunt Compensator (DSTATCOM) with Mittag-Leffler control 
scheme 
 

6.2.2.1 Control Scheme of Shunt Compensator  

Current-related PQ problems such as load unbalance, reactive power 

compensation, and current harmonics can be reduced via the shunt compensator. The 

essential load component is computed using a control method based on Mittag Leffler 

ANN. The load current is modeled using the MiLeP. Through the use of an adaptive LMS 

approach, the weight of the suggested control technique is trained. The generated 

reference current and the actual source current are compared to create the gating signals 

for the VSC of the shunt compensator. The approximation component of phase-a load 

current is obtained from the load current of phase-a flowing via MiLeP. The three 

approximated components of phase-a load current are I୐ୟ଴, I୐ୟଵ, I୐ୟଶ and these 

components are multiplied by the Neural network weight. 
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Fig. 6.5 Control Scheme of UPQC for Series Compensator (DVR) with MiLeP control scheme 
  

Now, these components are added and passed through the activation function (tanh). 

Phase-a weight component (W୮ୟ) will be provided by this. The shunt compensator 

control method is shown in Fig. 6.4. Similarly, the corresponding weight components for 

phases B and C are W୮ୠ, W୮ୡ. The equivalent weight component (Wୣ୯) is created by 

averaging these three active weight components. The PV feed-forward current component 

(I୔୚୤୤) is deducted from the equivalent weight component's sum along with the switching 

loss component (I୪୭ୱୱ). The updating weight equation for MiLeP ANN is obtained 

through LMS and expressed as 

Wୟ୩(n + 1) = Wୟ୩(n) + μeu୮ୟ       (6.25) 

The total equivalent active load component is expressed by 

Wୣ୯ =
ଵ

ଷ
(W୮ୟ + W୮ୠ + W୮ୡ)        (6.26) 

The loss component of the proposed control scheme is expressed as 

I୪୭ୱୱ(n) = I୪୭ୱୱ(n − 1) + K୔{Vୢ ୡୣ(n) − Vୢ ୡୣ(n − 1)} + K୧Vୢ ୡୣ(n)              (6.27) 

where K୔ and K୧ are the proportional and integral gain constants of the PI controller. Due 

to the integration of PV with the proposed system, its active contribution must be 

computed. The active power component of PV is shown by its feedforward component 

(I୔୚୤୤). 

I୔୚୤୤ =
ଶ୔ౌ౒

ଷ୚౪
          (6.28) 

The computed total current w୲୭୲ୟ୪ is expressed as 
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W୲୭୲ୟ୪ = Wୣ୯ + I୪୭ୱୱ − I୔୚୤୤        (6.29) 

The three-phase PCC voltage is sensed and its peak magnitude is calculated by  

V୲ = ට
ଶ

ଷ
(vୱୟ

ଶ + vୱୠ
ଶ + vୱୡ

ଶ )        (6.30) 

The in-phase component is calculated by 

u୮ୟ =
୴౩౗

୚౪
, u୮ୠ =

୴౩ౘ

୚౪
, u୮ୡ =

୴౩ౙ

୚౪
       (6.31) 

The reference source currents are obtained by multiplying the in-phase component and 

total weight component. 

iୱୟ
∗ = W୲୭୲ୟ୪ ∗ u୮ୟ, iୱୠ

∗ = W୲୭୲ୟ୪ ∗ u୮ୠ,  iୱୡ
∗ = W୲୭୲ୟ୪ ∗ u୮ୡ    (6.32) 

6.2.2.2 Control Scheme of Series Compensator  

The source side is connected in series with the series compensator. The major goal 

of the series compensator is to inject the voltage during the sag/swell situation that is in 

phase with the PCC voltage. To reduce the amount of injection voltage required by the 

DVR, the injected voltage must be in phase with the PCC voltage. The load voltage in the 

a-b-c frame is transformed into the d-q-0 domain via the Clarke and Park transformation. 

The PLL is used to estimate the phase angle data for the a-b-c to dq0 transformation. 

Fig.6.5 depicts the series compensator's control scheme. The d-axis and q-axis 

components of the load voltage are given by 
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Similarly, the PCC voltage is first passed through MiLe functional expansion which acts 

as a filter in series compensation and filters out higher-order harmonics from the PCC 

voltage, the transformation is given by 
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The difference between the actual and reference series voltage is fed to the PI controller. 

vୱୣୢ
∗ (n) =  vୱୣୢ

∗ (n − 1) + K୮ଵ{v୲ୣୢ(n) − v୲ୣୢ(n − 1)} + K୧ଵv୲ୣୢ   (6.35) 

vୱୣ୯
∗ (n) =  vୱୣ୯

∗ (n − 1) + K୮ଶ൛v୲ୣ୯(n) − v୲ୣ୯(n − 1)ൟ + K୧ଶv୲ୣ୯   (6.36) 
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where v୲ୣୢ = v୐ୢ
∗ − v୐ୢ; v୲ୣ୯ = v୐୯

∗ − v୐୯ are the errors between the actual and reference 

load voltage. The peak value of the reference load voltage is the direct component of the 

reference load voltage, and the quadrature component is adjusted to zero to keep the 

reference load voltage in phase with the PCC voltage. The reference series component in 

direct (vୱୣୢ
∗ ) and quadrature component (vୱୣ୯

∗ ) is converted to 3∅ reference series injected 

voltage.  
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These three-phase reference series injection voltages (vୱୣୟ
∗ , vୱୣୠ

∗ , vୱୣୡ
∗ ) is given to the three-

phase pulse width modulation voltage controller and thus generates the switching signals 

to the DVR’s switches. 

6.3 Simulation Results 

MATLAB Simulink is used to model the suggested system. Under voltage sag, 

swell, load unbalancing, and changing solar irradiation, the performance of the suggested 

control strategy based on MiLeP ANN has been examined. When observing the 

simulation results, a 400V (rms), 50 Hz, 3∅ supply is used. In a three-phase grid-

connected system, the improved SRF control technique is used to regulate the shunt and 

series voltage source converter. The shunt inverter's current (iୱ୦ୟ, iୱ୦ୠ, iୱ୦ୡ) produced 

from the shunt compensator is introduced in the suggested control technique to suppress 

the harmonics in the supply current, improve the power factor, and satisfy the reactive 

power requirement of the nonlinear loads. The series compensator is utilized to inject the 

series voltage into the loads under voltage sag and swell conditions to maintain the load 

voltage constant, i.e., at pre-sag and pre-swell conditions. Under voltage sag and swell 

conditions, the series compensator is used to inject the series voltage into the loads to 

keep the load voltage constant, i.e., at pre-sag and pre-swell conditions. 

6.3.1 Performance analysis of SRFT-based adaptive control of UPQC  

The performance analysis of SRFT-based adaptive control of UPQC under 

different operating conditions is modeled in MATLAB Simulink. It is necessary to 

investigate the performance of SRFT for mitigating the current-related and voltage-

related PQ issues such as voltage sag, swell, unbalancing, reactive power compensation, 
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and load unbalancing. A three-phase UPQC system consists of a three-phase AC supply, 

a three-leg shunt VSC, a three-leg series VSC via series injection transformer, a DC link 

capacitor, a three-phase uncontrolled diode bridge R-L load. The system parameter has a 

supply of 400V, 50Hz with non-linear R-L load. This UPQC system's goals are to 

maintain balanced supply currents at the AC mains with a unity power factor and to 

regulate load voltage to its rated value. 

6.3.1.1 Performance under Voltage Sag and Swell 

The dynamic performance of UPQC under connected load for both balanced and 

unbalanced conditions is shown in Fig.6.6. A voltage sag (0.2pu) in supply voltage us 

applied at t=0.3s for 3 cycles is created and it is found that load voltage is maintained to 

constant amplitude under voltage sag condition. The DVR will inject the required voltage 

during voltage sag to support the load voltage to the rated voltage. During voltage sag 

condition, the series injecting voltage is increased to maintain the power balance among 

load, PV array, and source. Fig. 6.6 shows the waveform of the source voltage (vୱୟୠୡ), 

source current (iୱୟୠୡ), series injecting voltage (vେ୧୬୨), load voltage (v୐ୟୠୡ), load current 

(i୐ୟୠୡ), load voltage (v୐ୟୠୡ),  compensating current (iୱ୦(ୟୠୡ)), PV current (I୮୴), and DC-

link voltage (Vୢ ୡ) are investigated under normal and dynamic conditions.   

Since the PV is part of the system, it provides the shunt compensator, which 

transfers the actual power to the grid when needed, with the power it needs. Because of 

the PI controller's action, the DC link voltage is kept constant at 700 V during voltage 

sag. Another voltage-related PQ problem is voltage swell. The suggested control method 

has been used to test this condition. The voltage swells of 20% at t=0.5s, which lessens 

the source current's magnitude, is depicted in Fig. 6.7. Fig. 6.7 shows that the source 

current is still sinusoidal and balanced. Additionally, even in the event of a voltage swell, 

the DVR will feed the load with a decreased magnitude voltage. 
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Fig. 6.6 Simulation results under voltage sag condition with SRFT control scheme 
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Fig. 6.7 Simulation results under voltage swell condition with SRFT control scheme 
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 The load side creates the imbalanced load, and the shunt compensator's function is to 

maintain a sinusoidal and balanced source current. The load is disconnected at t=0.8 to 

0.85 seconds, as seen in Fig. 6.8. Figure 6.8 shows both static and dynamic analysis of 

the waveforms of the source voltage (vୱୟୠୡ), source current (iୱୟୠୡ), series injecting 

voltage (vେ୧୬୨), load voltage (V୐ୟୠୡ), load current (i୐ୟୠୡ), compensatory current (iୱ୦(ୟୠୡ), 

PV current (I୔୚) and dc-link voltage (Vୢୡ). The DC link voltage increases to 730 V as a 

result of abrupt load changes, a decrease in PV current, and PV due to sudden load 

changes or disconnections. 

𝐢 𝐬
𝐡

( 𝐚
𝐛

𝐜
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Fig. 6.8 Simulation results under load unbalancing condition with SRFT control scheme 
 

6.3.1.2 Performance of three-phase grid-connected PV-UPQC under irradiance 

change and voltage harmonics 

The suggested system's functionality is evaluated in a changing solar irradiance 

environment. At t=0.3s, the irradiance decreases from 1000 W/m2 to 800 W/m2. The PV 

can produce 25kW of real power at 1000 W/m2, whereas the load's active power 

consumption is 14kW. The source is supplied with the remaining 14kW of active power. 

The shunt VSC provides the 7.2kVar reactive power demand of the load. Reactive power 

injection of 7.2kVar to the load is possible via the shunt compensator. The source current, 

on the other hand, continues to be sinusoidal and has a magnitude of 29A. The PV array's 
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irradiance drops to 800W/m2 at t=0.3s. Only 21kW of PV power can be injected. The 

load's actual power consumption of 14 kW is still met by PV real power. The grid receives 

the remaining 6kW of active power. Changes in solar irradiation cause the source current 

to decrease, and Fig. 6.9(a) shows a slight variation in the DC link voltage. Fig. 6.9(b), 

shows the harmonics effect that occurred in source voltage at t=0.6s. It is seen that the 

source current is balanced and sinusoidal during voltage harmonics conditions. Thus, 

overall SRFT can mitigate both current and voltage-related PQ issues. 

 
(a)                                                               (b) 

Fig. 6.9 Simulation result of proposed UPQC system under (a) Solar irradiance change (b) Voltage 
Harmonics 
 

6.3.2 Performance analysis of Mittag-Leffler based adaptive control of UPQC  

6.3.2.1 Performance under Voltage Sag and Swell 

        Fig. 6.10, shows the waveform of the source voltage (vୱୟୠୡ), source 

current (iୱୟୠୡ), series injecting voltage (vେ୧୬୨), load voltage (v୐ୟୠୡ), load current (i୐ୟୠୡ), 

load voltage (v୐ୟୠୡ),  compensating current (iୱ୦(ୟୠୡ)), PV current (I୮୴), and DC-link 

voltage (Vୢ ୡ) are investigated under normal and dynamic conditions.  At t = 0.3 s, voltage 

Sag of 20% is simulated, which requires increasing the source current to maintain the 

source power constant. To keep the load voltage constant, the VSC of the DVR provides 

the required voltage into the system. However, the grid current is balanced and sinusoidal 

with little distortion in dc-link voltage as shown in Fig. 6.10. The PV is connected to the 

system and thus supplies its real power to the shunt compensator, which will transfer it to 

the grid whenever that power is required.  
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Fig. 6.10 Performance of proposed UPQC with MiLeP under Voltage Sag from t=0.3 to 0.35s. 

 
Fig. 6.11 Performance of proposed UPQC with MiLeP under Voltage Swell from t=0.5s to 0.55s. 
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Fig. 6.12 Performance of proposed UPQC with MiLeP under load unbalancing from t=0.8 to 0.85s. 

The DC link voltage is maintained constant at 700 V during voltage sag due to PI 

controller action. Voltage swell is another voltage-related PQ issue. This condition has 

been tested with the proposed control technique. Fig. 6.11 shows the voltage swell of 20 

% at t=0.5s, which reduces the magnitude of the source current. It is seen from Fig. 6.11 

that the source current remains balanced and sinusoidal. Also, the DVR will feed reduced 

magnitude voltage to the load so that the load voltage, even if there is the condition of 

voltage swell. The DC link voltage remains constant due to PI control.  

6.3.2.2 Performance under load unbalancing 

The unbalanced load is created on the load side, and the shunt compensator's 

purpose is to keep the source current balanced and sinusoidal. According to Fig. 6.11, the 

load is disconnected at t=0.8 to 0.85s. The waveforms of the source voltage (vୱୟୠୡ), 

source current (iୱୟୠୡ), series injecting voltage (vେ୧୬୨), load voltage (v୐ୟୠୡ), load current 

(i୐ୟୠୡ), load voltage (v୐ୟୠୡ), compensatory current (iୱ୦(ୟୠୡ)), PV current (I୔୚), and dc-

link voltage (Vୢୡ) are analyzed under both static and dynamic situations in Fig. 6.12. Due 

to sudden load changes, a fall in PV current, and PV due to sudden load changes or 

disconnections, the DC link voltage increases to 710 V. 
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6.3.2.3 Performance of three-phase grid-connected PV-UPQC under irradiance 

change and voltage harmonics 

The performance of the proposed system is tested under solar irradiance change. 

The irradiance is changed from 1000 W/m2 to 800 W/m2 at t=0.3s. At 1000 W/m2, the 

PV can provide 25kW real power and the active power demand of load is 14kW. The 

remaining 14kW active power is fed to the source. The reactive power demand of the load 

is 7.1kVar, and it is fulfilled the shunt VSC. The shunt compensator can inject 7.1kVar 

of reactive power to the load. In contrast, the source current remains sinusoidal with a 

magnitude of 29A. At t=0.3s, the irradiance of the PV array is reduced to 800W/m2. The 

PV power is available to inject 20kW only. The real power demand of load remains the 

same, which is 14kW fulfilled by PV real power. The remaining 6 kW of real power is 

given to the grid. The source current reduces due to changes in solar irradiance, and a 

small variation in DC link voltage is seen in Fig. 6.13(a). Fig. 6.13(b), shows the 

harmonics effect occurred in source voltage at t=0.6s. It is seen that the source current is 

balanced and sinusoidal during voltage harmonics conditions. Thus, overall MiLeP can 

mitigate both current and voltage-related PQ issues. The THD of the source current is 

0.79% under distorted source voltage. 
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(a)                                                                  (b) 
Fig. 6.13 Performance of the proposed system under solar irradiance change at t=0.3s. 



159 
 

𝐢 𝐬
𝐚
(𝐀

) 
𝐌

𝐚
𝐠

(%
𝐨

𝐟 
𝐅

𝐮
𝐧

𝐝
𝐚

𝐦
𝐞

𝐧
𝐭𝐚

𝐥)
 

𝐅𝐫𝐞𝐪𝐮𝐞𝐧𝐜𝐲(𝐇𝐳) 

𝐓𝐢𝐦𝐞(𝐬) 

 
Fig. 6.14 THD of source current 𝑖௦௔. 

6.3.3 Comparative Performance of three-phase UPQC based on SRFT and MileP 

control scheme 

The performance comparisons of both SRFT and MiLeP based control for UPQC 

under the condition of voltage sag, voltage swell, voltage harmonics, voltage unbalance 

and load unbalancing are given in Table 6.3. The THD of both source and load voltage is 

obtained through FFT analysis in MATLAB Simulink under all mentioned operating 

conditions. It is found that MiLeP performs better than SRFT under all operating 

conditions. 

Table 6.3: Comparative performance analysis UPQC based on SRFT and MiLeP control 
schemes 

System 

Condition 

Phase Conventional SRFT Proposed MiLeP  

Current Voltage Current Voltage 

Voltage Sag 

THD (%) 

A 4.05% 4.63% 3.78% 4.63% 

B 5.09% 4.5% 4.81% 4.5% 

C 5.02% 5.41% 4.5% 5.41% 

Voltage Swell A 4.08% 3.30% 3.96% 3.30% 
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6.4 Experimental Results 

A hardware-in-the-loop (HIL) system is developed in real-time to assess the feasibility of 

the suggested method for DVR control. A schematic of the planned laboratory experiment 

setting is shown in Figure 6.15. The OPAL-RT real-time digital simulator with FPGA 

Xilinx Kintex-7 410T is the component of the real-time HIL system. Operating in the RT-

LAB software environment, the OPAL-RT is a real-time simulation platform driven by 

Intel Xeon Four-Core 3.7 GHz processors. There are 32 digital inputs and 32 digital 

outputs on the OPAL-RT. OPAL-RT is used to verify the results of a MATLAB Simulink 

simulation of the suggested system. 

THD (%) B 4.93% 5.29% 4.19% 5.29% 

C 4.91% 5.30% 4% 5.30% 

Load 

Unbalancing 

THD (%) 

A 4.06% 0.7% 3.4% 0.7% 

B 4.90% 0.6% 3.2% 0.6% 

C 4.89% 0.7% 3.5% 0.7% 

Voltage 

Harmonics 

THD (%) 

A 4.3% 25% 3.1% 25% 

B 4.9% 25% 2.9% 25% 

C 4.79% 25% 3.2% 25% 

Irradiance 

Change 

THD (%) 

A 5.58% 0% 2.57% 0% 

B 7.39% 0% 3.26% 0% 

C 6.77% 0% 2.93% 0% 
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Fig. 6.15 Experimental Setup of UPQC implementation in OPAL-RT. 

6.4.1 Performance analysis of SRFT-based adaptive control of PV-UPQC 

The dynamic performance of PV-UPQC is shown in Fig. 6.16(a-c). The response 

of PV-UPQC under source voltage sag, swell, and load unbalance is shown in Fig. 6.16(a-

c). The response of UPQC under 20% voltage sag is shown in Fig. 6.16(a-b). The recorded 

waveforms are source voltage (vୱୟ), load voltage (v୐ୟ), series compensator voltage 

൫vେୟ(୧୬୨)൯, and terminal voltage (V୲). The response of UPQC under 20% voltage swell is 

shown in Fig. 6.16(b) with the captured waveform of the source voltage (vୱୟ), load 

voltage (v୐ୟ), series compensator voltage ൫vେୟ(୧୬୨)൯, and terminal voltage (V୲). The DVR 

will inject the voltage at PCC under the condition of voltage sag and swell to maintain 

load voltage. The intermediate signals of SRFT control of PV-UPQC are shown in Fig. 

6.16(c). the direct component of source and load voltage under voltage sag condition is 

shown in Fig. 6.16(c). The direct component of the source voltage (vୱୢ
∗ ) decreases under 

voltage sag, while the quadrature component oscillates ൫vୱ୯
∗ ൯ to zero. The fundamental 

load component of load voltage (v୐ୢ
∗ )  remains constant at its nominal value as desired.  
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(c) 

Fig. 6.16 Experimental results of proposed UPQC system under (a) Voltage Sag (b) Voltage swell (c) 
Intermediate Signals of series compensation with SRFT. 
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(a)                                                                       (b) 

Fig. 6.17 Experimental results of proposed UPQC system under load unbalancing (a) source voltage, source 
current, load current, and DC link voltage (b) Intermediate signals of shunt compensation with SRFT. 

The dynamic response of PV-UPQC under load unbalancing with SRFT control is shown 

in Fig. 6.17. The load of phase ’a’ is disconnected from the system. The source current 
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decreases as the load is disconnected from the proposed three-phase grid-connected PV-

UPQC to maintain the power balance among source, load, and PV. The captured 

waveforms are source voltage, source current, load current, and DC-link voltage as shown 

in Fig. 6.17(a). The intermediate signals of current controlled SRFT for load 

compensation is shown in Fig.6.17(b) under load unbalancing. The fundamental load 

component (𝑖௅ௗ) decreases with disconnection of load. The total current (iୢ
∗ ) required for 

generating the reference source current is also decreased with load decrease. 

6.4.2 Performance analysis of MiLeP based adaptive control of UPQC 

The dynamic performance of PV-UPQC is shown in Fig. 6.18(a-c). The response 

of PV-UPQC under source voltage sag, swell, and load unbalance is shown in Fig. 6.16(a-

c). The response of UPQC under 20% voltage sag is shown in Fig. 6.18(a-b). The recorded 

waveforms are source voltage (vୱୟ), load voltage (v୐ୟ), series compensator voltage 

൫vେୟ(୧୬୨)൯, and terminal voltage (V୲). The response of UPQC under 20% voltage swell is 

shown in Fig. 6.18(b) with the captured waveform of the source voltage (vୱୟ), load 

voltage (v୐ୟ), series compensator voltage ൫vେୟ(୧୬୨)൯, and terminal voltage (V୲). The DVR 

will inject the voltage at PCC under the condition of voltage sag and swell to maintain 

load voltage. Fig. 6.18(c) shows the response of UPQC with MiLeP under the condition 

of voltage harmonics. It is evident from the dynamic response that the load voltage is 

balanced and sinusoidal due to series compensating voltage injection 

𝐯𝐬𝐚 𝐯𝐬𝐚 

𝐯𝐋𝐚 𝐯𝐋𝐚 

𝐯𝐂𝐚(𝐢𝐧𝐣) 𝐯𝐂𝐚(𝐢𝐧𝐣) 

𝐕𝐭 𝐕𝐭 

 

(a)                                                               (b) 
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   (c) 

Fig. 6.18 Experimental results of proposed UPQC system under (a) Voltage Sag (b) Voltage swell (c) 
Voltage Harmonics with MiLeP 
. 

𝐯𝐬𝐚 

𝐢𝐬𝐚 

𝐢𝐋𝐚 

𝐕𝐝𝐜 

𝐖𝐩𝐚 

𝐈𝐥𝐨𝐬𝐬 

𝐖𝐞𝐪 

𝐖𝐭𝐨𝐭𝐚𝐥 

 

(a)                                                                   (b) 

Fig. 6.19 Experimental results of proposed UPQC system under load unbalancing (a) source voltage, source 
current, load current, and DC link voltage (b) Intermediate signals of shunt compensation with MiLeP 

The dynamic response of PV-UPQC under load unbalancing with MiLeP control is shown 

in Fig. 6.19. The load of phase ’a’ is disconnected from the system. The source current 

decreases as the load is disconnected from the proposed three-phase grid-connected PV-

UPQC. To maintain the power balance among source, load, and PV. The captured 

waveforms are source voltage, source current, load current, and DC-link voltage as shown 

in Fig. 6.19(a). The intermediate signals of current controlled SRFT for load 

compensation are shown in Fig.6.19(b) under load unbalancing. The fundamental load 
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component ൫w୮ୟ൯ decreases with disconnection of load. The total current (w୲୭୲ୟ୪) 

required for generating the reference source current is also decreased with load decrease. 

6.5 Comparative Performance analysis of control schemes of three-phase UPQC 

The performance of the MiLeP is contrasted with conventional SRFT control technique. 

Both methods are used for shunt and series compensation with UPQC under the same 

system parameters. From each algorithm, the fundamental active load component under 

load unbalance conditions is extracted and compared for weight convergence. Fig. 6.20 

are displayed to provide a more accurate comparison of performance among the 

mentioned control schemes. 

Both control schemes can mitigate current and voltage related PQ issues. The 

convergence of fundamental load components under load change is faster with MiLeP 

around 1 to 1.5 cycles as compared to SRFT. 
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Fig. 6.20 Fundamental weight convergence under load unbalancing with conventional SRFT and MiLeP 
control schemes. 

6.6 Conclusions 
Design and control schemes of three-phase grid connected system with PV integration is 

discussed in this chapter. The UPQC is utilized to mitigate both current and voltage 

related PQ issues such as sag, swell, harmonics, DC offset, voltage unbalancing, load 

unbalancing, and reactive power compensation. Two control scheme one is conventional 
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SRFT and other is proposed MiLeP-SRFT control schemes are implemented in UPQC. 

The MiLeP-SRFT based control scheme is better than conventional SRFT in terms of 

weight convergence, and THD of source current as shown in Table 6.3. 
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CHAPTER 7 

 

GRID SYNCHRONIZATION TECHNIQUES 

 

7.1 Introduction  

Integration of renewable energy resources into the existing utility system requires a 

seamless grid synchronization technique. As the demand for clean and sustainable energy 

continues to rise, PV systems have gained significant popularity for their ability to harness 

energy from the sun and convert it into electricity. However, to effectively contribute to 

the grid's stability and reliability, these PV systems must operate in perfect harmony with 

the grid. This is where the Phase-Locked Loop (PLL) comes into play, serving as a 

sophisticated control mechanism that enables PV systems to synchronize their output with 

the grid's voltage and frequency, facilitating efficient power injection while minimizing 

disruptions. Another important aspect of grid synchronization is synchronizing the VSCs 

with the source voltage helps in gaining improved power quality. A Phase-Locked Loop 

(PLL) is an essential control unit used to ensure that the output voltage from a grid-

connected VSC is synchronized with the source's voltage. To transform DC power from 

a renewable energy source into AC power suitable for utility integration, VSCs are 

frequently employed in renewable energy systems. 

Various PLL control scheme for the single-phase and three-phase systems is 

discussed in the literature review. The designing and control of PLL for a single-phase 

grid-connected VSC is more challenging then PLL for a three-phase system. Three-phase 

grid voltage has a natural phase shift of 120°. It is simple to use Park’s and Clark's 

transformation in the estimation of system frequency. While in a single-phase system, it 

is required to generate quadrature signals by using different methods. This chapter 

discusses some existing and novel synchronization methods for single-phase PLLs to 

estimate the phase, frequency, amplitude, and synchronizing signals under various 

sourced voltage scenarios. 
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7.2 Control Scheme 

Some of the conventional and proposed control scheme is explained in this section. The 

conventional scheme such as SRF-PLL, SOGI PLL and proposed FAMAF-PLL and 

EPLL are discussed. 

7.2.1 SRF-PLL based grid synchronization control scheme 

The SRF PLL consists a transformation block, a trigonometric function, a P 

controller and an integrator. The source voltage (vୱ) is transformed into its α and β 

components. The α component (v஑) is same as original source voltage (vୱ) while the β 

component ൫vஒ൯ has a phase shift of 90°. The phase shift obtained by delay the input 

signal by T 4⁄ , where T is the time period of source voltage. The α and β components are 

transformed into its d-q-0 component ൫Vୢ  and V୯൯ using Park’s transformation. The 

voltage Vୢ  and V୯ are fed into an ‘arctangent’ function to calculate the phase angle of the 

voltage component. The phase angle is passed through a PI controller and its output is 

known as frequency error (∆ω଴). The frequency error is added with the actual standard 

frequency (ω୬) provides estimated frequency (ωୣୱ୲). The estimated frequency is fed to 

integrator which gives phase angle (θ୭ୡ) 
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Fig. 7.1 Control Block of SRFT based PLL 

The source voltage (vୱ or v஑) is expressed as 

vୱ(t) = v஑(t) = V୩ sin(ωt + φ୩)       (7.1) 

vஒ(t) = v஑ ቀt −
୘

ସ
ቁ = V୩ sin ቀωt + φ୩ −

ன୘

ସ
ቁ     (7.2) 
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vஒ(t) = V୩ sin ቀθ୧ −
ன୘

ସ
ቁ = −V୩cos ቀθ୧ − ∆ω଴

୘

ସ
ቁ     (7.3) 

The stationary frame components v஑ and vஒ are transformed into rotating frame 

components using Park’s transformation, 

൤
Vୢ (t)
V୯(t)

൨ = ቂ
sinθ −cosθ
cosθ sinθ

ቃ ൤
v஑(t)
vஒ(t)

൨       (7.4) 

Vୢ (t) = v஑(t)sinθ − vஒ(t)cosθ       (7.5) 

V୯(t) = v஑(t)cosθ + vஒ(t)sinθ       (7.6) 

V୯(t) =
୚ే

ଶ
[sin(θ୧ + θ) + sin(θ୧ − θ)] −   

୚ౡ

ଶ
ቂsin ቀθ୧ −  ∆ω଴

୘

ସ
+ θቁ −

sin ቀθ୧ − ∆ω଴
୘

ସ
− θቁቃ         (7.7) 

V୯(t) =
୚ే

ଶ
ቂsin(θ୧ − θ) + sin ቀθ୧ − ∆ω଴

୘

ସ
− θቁቃ +

୚ే

ଶ
቎sin(θ୧ + θ) − sin ቀθ୧ − ∆ω଴

୘

ସ
+ θቁᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ

ୢ୭୳ୠ୪ୣ ୤୰ୣ୯୳ୣ୬ୡ୷ ୲ୣ୰୫

቏      (7.8) 

The resultant signal ωୣୱ୲ is passed through Voltage Controlled Oscillator (VCO) which 

gives phase angle ((θ୭େ) of the source voltage. The phase angle is expressed as 

θ = tanିଵ ୚ഥ౧

୚ഥౚ
          (7.9) 

7.2.2 SOGI PLL based grid synchronization control scheme 

The SOGI with a PI controller is used in Loop filter to provide a second-order 

transfer function, which allows for more efficient tracking and synchronization of the 

input signal's phase and frequency. The SOGI is used to produce stationary frame 

component of source voltage vୱ஑ and vୱஒ. These in-phase and quadrature voltage 

component is transformed into d-q-0 component. The q-component V୯ consists the phase 

and frequency information of source voltage. 

The voltage 𝑉௤ is compared with reference voltage and their error signal is fed to 

PI controller to regulate the obtained frequency ∆𝜔଴. The resultant frequency ∆𝜔଴ is 

added with the standard grid frequency 𝜔௡ which produces the estimated frequency 𝜔௘௦௧. 
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Fig. 7. 2 Block Diagram of SOGI PLL 

The estimated frequency is integrated to obtain the phase angle (θ୭ୡ). 

vୱ(t) = vୱ஑(t) = V୩ sin(ωt + φ୩)       (7.10) 

vୱஒ(t) = vୱ஑ ቀt −
୘

ସ
ቁ = V୩ sin ቀωt + φ୩ −

ன୘

ସ
ቁ     (7.11) 

vୱஒ(t) = V୩ sin ቀθ୧ −
ன୘

ସ
ቁ = −V୩cos ቀθ୧ − ∆ω଴

୘

ସ
ቁ     (7.12) 

The error signal e୴ is expressed as  

e୴(t) = vୱ(t) − vୱ஑(t)         (7.13) 

vୱஒ(t) = ω୬ ∫ vୱ஑(t) dt        (7.14) 

The Laplace transform of Eq. (7.14) is expressed as 

vୱஒ(s) =
ன౤୴౩ಉ(ୱ)

ୱ
         (7.15) 

vୱ஑(t) = ∫ e୧(t)ω୬dt         (7.16) 

e୧(t) = K୔e୴(t) − vୱஒ(t)        (7.17) 

Put the value of ‘e୧(t)’ from Eq. (7.17) in Eq. (7.18), 

vୱ஑(t) = ∫ ω୬K୔e୴(t)dt − ∫ ω୬vୱஒ(t))dt      (7.18) 

The Laplace transform of Eq. (7.18) is expressed as  

vୱ஑(s) = ω୬K୔ ቂ
୴౩(ୱ)

ୱ
−

୴౩ಉ(ୱ)

ୱ
ቃ − ω୬

୴౩ಊ(ୱ)

ୱ
      (7.19) 
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vୱ஑(s) = ω୬K୔ ቂ
୴౩(ୱ)

ୱ
−

୴౩ಉ(ୱ)

ୱ
ቃ − ω୬

ଶ ୴౩ಉ(ୱ)

ୱమ
      (7.20) 

By rearranging the above Eq. (7.20), the closed loop transfer of in-phase signal is 

expressed as 

D(s) =
୴౩ಉ(ୱ)

୴౩(ୱ)
=

୏ౌன౤ୱ

ୱమା୏ౌன౤ୱାன౤
మ         (7.21) 

The quadrature signal is expressed as 

Q(s) =
୴౩ಉ(ୱ)

୴౩(ୱ)
=

୏ౌன౤
మ

ୱమା୏ౌன౤ୱାன౤
మ         (7.22) 

Thus, the transfer function of SOGI is expressed as 

Gୗ୓ୋ୍(s) =
୴౩ಉ(ୱ)

୏ౌୣ౬(ୱ)
=

ன౤ୱ

ୱమାன౤
మ        (7.23) 

Transfer function of error signal e୴(s) w.r.t source voltage vୱ(s) is expressed as 

E(s) =
ୣ౬(ୱ)

୴౩(ୱ)
=

ୱమାன౤
మ

ୱమା୏ౌன౤ୱାன౤
మ         (7.24) 

 

7.2.3 FAMAF based grid synchronization control scheme 

The fundamental component of grid voltage can be extracted using the moving 

average filter, a linear low pass filter. In-loop filter refers to a frequency adaptable MAF 

filter that is created and installed inside the PLL control loop. The dynamic response of 

the traditional MAF is slow. By including a correction component, the traditional MAF 

can be made frequency adaptive. With changes in grid frequency, the FAMAF's window 

size is constantly changed. The transfer function of conventional MAF is expressed as 

G୓୐౉ఽూ
(s) =

ଵିୣష౐౭౩

୘౭ୱ
         (7.25) 

where T୛ denotes the FMAF window size. The MAF phase-delay is related to the MAF 

window length, hence the longer the MAF window length, the slower the dynamic 

reaction will be. 

The open loop transfer function of FAMAF-PLL is expressed as 

G୓୐_୊୑୅୊(s) = ቀ
(ଵିୣష౐౓౩)(ଵା୘౓ୱ ଶ)⁄

୘౓ୱ(ଵାஒ୘౓ୱ)
ቁ

(ୱା୏ౌ)

ୱ
                 (7.26) 

where  β  is the attenuation factor and T୛ is the FAMAF window length, whose value is 

equal to 1/2 of the fundamental time period. The FAMAF combines a standard MAF in 

series with a phase adjustment transfer function to increase the system's phase margin. 
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For hardware implementation of the proposed PLL, the transfer function in the ‘s’ domain 

should be discretized in ‘z’ domain. 
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Fig. 7.3 Block diagram of FAMAF PLL 
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Fig. 7.4 Open loop model of FAMAF PLL 

The transfer function of FAMAF in the ‘z’ domain is expressed in Eq. (7.27), where ‘N’ 

shows the no. of samples of the input signal and it is expressed as 
୘౭

୘౩
 ; Tୱ is the sampling 

time of the proposed system 

G୓୐_୊୑୅୊(z) =  ቀ
(ଵି୸షొ)(ଶା୒൫ଵି୸షభ൯)

ଶ୒(ଵି୸షభ)(ଵାஒ୒(ଵି୸షభ))
ቁ

୏ౌ

୸ିଵ
            (7.27) 

The transfer function of the modelled FAMAF PLL is represented as 

Gେ୐ూఽ౉ఽూ
(s) =

ୋోై_ూఽ౉ఽూ

ଵାୋోై_ూఽ౉ూ
        (7.28) 

Using Fig. 7.4, the open loop transfer can be expressed as 

G୓୐_୊୅୑୅୊ =
∆஘౥ౙ

∆஘౟ି∆஘౥ౙ
=

୊୅୑୅୊

ଵି୊୅୑
ቀ

ୱା୏ౌ

ୱ
ቁ      (7.29) 

G୓୐_୊୅୑୅୊ =  
൬

భష౛ష౐౭౩

౐౭౩
൰ቀ

భశ౐౭౩ మ⁄

భశಊ౐౭౩
ቁ

ଵି൬
భష౛ష౐౭౩

౐౭౩
൰ቀ

భశ౐౭౩ మ⁄

భశಊ౐౭౩
ቁ

ቀ
ୱା୏ౌ

ୱ
ቁ      (7.30) 
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Fig. 7.5 Bode Plot of open loop FAMAF PLL at different values of attenuation factor ‘𝛽’ and 𝑇ௐ = 0.01𝑠 

By using first-order Pade approximation, eି୘౭ୱ can be replaced by 
ଵି୘౭ୱ ଶ⁄

ଵା୘౭ୱ ଶ⁄
.  

∆஘౥ౙ

∆஘౟ି∆஘౥ౙ
=

ቀ
భ

భశ౐౭౩ మ⁄
ቁቀ

భశ౐౭౩ మ⁄

భశಊ౐౭౩
ቁ

ଵିቀ
భ

భశ౐౭౩ మ⁄
ቁቀ

భశ౐౭౩ మ⁄

భశಊ౐౭౩
ቁ

∗ ቀ
ୱା୏ౌ

ୱ
ቁ      (7.31)                                     

After simplification in Eq. (7.31) 

G୓୐ూఽ౉ఽూ
(s) = ቀ

ଵ

ஒ୘౓ୱ(ଵାஒ୘౓ୱ)
ቁ ቀ

ୱା୏ౌ

ୱ
ቁ       (7.32)           

G୓୐ూఽ౉ఽూ
(s) = ቀ

ଵ

ஒ୘౓ୱమ
ቁ ቀ

ୱା୏ౌ

ଵାஒ୘౓ୱ
ቁ       (7.33)           

ReplaceT୵ 2⁄ = Tୢ  in Eq. (7.33) 

G୓୐ూఽ౉ఽూ
(s) =

ଵ

ଶஒ ౚ𝐬𝟐
ቀ

ୱା୏ౌ

ଵାଶஒ୘ౚୱ
ቁ       (7.34) 

In the context of control having an additional control parameter "β" which is known as 

attenuation factor, Eq. (7.34) demonstrates that the suggested PLL is a type-2 PLL. As a 

result, the suggested PLL accomplishes the same function as a 'P' type LF without the use 

of a PI as a loop filter. Grid disturbance in the PLL control loop cannot be handled by 

type-2 PLL with PI controller as LF. A second filter, such as an MAF or Notch filter, is 

needed in the control loop to solve this issue. The proposed PLL operates as a Type-2 

PLL but behaves as a quasi-Type-1 PLL (QT1 PLL) since the proposed FAMAF PLL's 

open loop transfer function has two poles at the origin, as indicated in Eq. (7.34). Instead 

of using traditional MAF, a frequency-adaptive MAF is employed to enhance the QT1 

PLL's filtering capacity. The previous section has already covered the limitations of 
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conventional MAF. Applying the Symmetrical Optimum design method, the loop filter 

(LF) gain (K୮) of the proposed FAMAF can be chosen [125]. 

K୔ =
ଵ

(ୠ୘ౚ)
          (7.35) 

For a phase margin of 48.78°, the value of ‘b’ is calculated by using Eq. (7.35), 

PM = tanିଵ ቀ
ୠమିଵ

ଶୠ
ቁ         (7.36) 

7.3 Simulation Results 

The performance of SRF-PLL, SOGI-PLL, and proposed FAMAF PLL are discussed in 
this section. The performance of various PLL is discussed under grid abnormalities. The 
mentioned PLL are simulated under following cases: 

1. Voltage Swell  
2. Voltage Sag 
3. Source voltage harmonics 
4. Frequency Change 
5. DC offset 

7.3.1 SRF PLL based grid synchronization  

The performance of SRF-PLL is tested under steady-state and transient conditions 
is shown in Fig. 7.6.  The source voltage is acquainted with voltage sag of 20% at t=0.4s. 
Prior t=0.4s, the source voltage is under normal grid condition. The estimated frequency 
error and calculated amplitude under voltage sag provides good results.  
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Fig. 7.6 Performance analysis of SRF PLL under voltage sag of 20% in source voltage 
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Fig. 7.7  Performance analysis of SRF PLL under voltage swell of 20% in source voltage 
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Fig. 7.8 Performance analysis of SRF PLL under source voltage harmonics  

Another test case is a voltage swell of 20% in source voltage. The source voltage is 

acquainted by voltage swell at t=0.2s as shown in Fig. 7.7.  Prior t=0.2s, the source voltage 

is under normal grid condition. The estimated frequency error and calculated amplitude 
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provide good results with very small ripples. The amplitude is increased when voltage 

swell occurs at the source voltage.  

The performance of SRF-PLL is investigated under a polluted grid as shown in 

Fig.7.8. At t=0.3s, the source voltage is included with 5th, 7th, 11th, and 13th order 

harmonics. During harmonics, the ripples of 4.1Hz are seen while the calculated 

amplitude has ripples of 75V. The performance of SRF-PLL under voltage sag and swell 

is good but under polluted grid performance of SRF-PLL detoriates. 
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Fig. 7. 9 Performance analysis of SRF PLL under frequency change of +5Hz. 

 

The SRF-PLL is tested under frequency change of source voltage as shown in Fig.7.9. 

The standard frequency of source voltage is 50Hz. While at t=0.3s source voltage will 

experience a frequency change of +5Hz. The estimate frequency error has a small 

oscillation with a ripple of 0.7Hz. The dynamic response of SRF-PLL under frequency 

change is slow as it takes around 3 cycles to reach its actual value. 
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Fig. 7.10 Performance analysis of SRF PLL under source voltage DC offset 

The Performance of SRF-PLL is now investigated under DC offset. A DC offset of 20% 

of the source voltage is initiated in the input source voltage. The estimated frequency 

error and calculated amplitude show large oscillations with slow dynamic response as 

shown in Fig. 7.10. 

7.3.2 SOGI PLL-based grid synchronization 

The Second-order generalized integrator (SOGI) PLL is used to track the 

frequency under normal and weak grid conditions. A better filtering is obtained when 

used at the input of source voltage (vୱ). The weak grid conditions are considered here 

such as voltage sag, voltage swell, harmonics, frequency change, and DC offset. A 20% 

voltage sag is created at t=0.4s as shown in Fig. 7.11. The unit template (uୱ) is sinusoidal 

and balanced under voltage sag conditions. The estimated error frequency (∆fୣୱ୲) is 

deviates from zero approximately for 3 cycles. The estimated phase angle (θ୭ୡ) is 

estimated correctly. While the source voltage (V୔) amplitude of the source is decreased 

due to voltage sag at the source voltage. Thus, SOGI PLL is performing satisfactorily 

under the condition of voltage sag.  

The second undesirable condition might occur at the source voltage (vୱ) side is 

20% voltage swell at t=0.2s as shown in Fig. 7.12. The unit template (uୱ) is sinusoidal 



178 
 

and balanced under voltage swell conditions. The estimated phase angle at voltage swell 

condition is tracked correctly through SOGI PLL. The estimated frequency error (∆fୣୱ୲) 

is deviated for 2.5 cycles and after that it will oscillate to zero. The source voltage 

amplitude (V୔)  is increased with an increase in source voltage. Thus, SOGI PLL is 

performing satisfactorily under the condition of voltage swell.  
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Fig. 7.11 Performance analysis of SOGI PLL under voltage sag 
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Fig. 7.12 Performance analysis of SOGI PLL under voltage swell 
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Fig. 7.13 Performance analysis of SOGI PLL under source voltage harmonics 

The voltage harmonics can distort the shape of the voltage waveform, leading to increased 

Total Harmonic Distortion (THD) in the source voltage. This distortion can affect the 

performance of sensitive equipment. Harmonics at source voltage is created at t=0.3s as 

shown in Fig. 7.13. It is found that the obtained unit template is balanced and sinusoidal 

during source voltage harmonics. The estimated frequency error has sustained 

oscillations. Also, the source voltage peak amplitude has ripples. 
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Fig. 7.14 Performance analysis of SOGI PLL under frequency change.  
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The performance of SOGI PLL under frequency change is shown in Fig. 7.14. The 

estimated frequency error is settled to 5Hz after 3 cycles. Also, the source voltage peak 

amplitude deviates from its nominal value. Thus, SOGI PLL does not work perfectly 

under frequency change. 
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Fig. 7.15 Performance analysis of SOGI PLL under DC offset condition.  

DC offset can result in an imbalance in the voltage waveform, leading to instability in the 

power system. This can affect the quality of the voltage supplied to connected loads. A 

DC offset is created in the single-phase system at t=0.5s. It is seen from Fig.7.15, that the 

obtained unit template as well as the phase angle is little deviated from its nominal value. 

The estimated frequency error under the DC offset condition has a large oscillation which 

justifies the inability of SOGI PLL to perform satisfactorily under the DC offset 

condition. 

 

7.3.3 FMAF PLL-based grid synchronization 

Fig.7.16 shows the synchronizing signals (uୱ, θ୭ୡ, ∆fୣୱ୲) under the inclusion of 

voltage sag of 20% in grid voltage. At t = 0.4s, the grid voltage is reduced due to voltage 

sag and thus a small change in ∆fୣୱ୲ is shown in Fig.10. The unit template (uୱ) and source 

voltage (vୱ) are in the same phase. The estimated frequency settles down to steady-state 
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within 30ms. The FAMAF-PLL shows the overshoot of 0.2 Hz in estimated frequency. 

Thus, ensuring precise tracking of frequency. 
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Fig. 7. 16 Simulation results of proposed FAMAF PLL under voltage sag of 20%. 

In this test case, voltage swell is created in source voltage at t = 0.2s shown in Fig.7.17. 

The estimated frequency reaches steady-state within 2 cycles. The settling time for the 

estimated frequency to reach its steady state is 20ms. The synchronizing signal unit 

template (uୱ)and estimated phase angle (θ୭ୡ) are also shown in Fig.7.17. The sine signal 

comes in the same phase with the source voltage vୱ. The signal ∆fୣୱ୲ has a very small 

overshoot and subsequently it settles down to 5 Hz. 
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Fig. 7.17 Simulation results of proposed FAMAF PLL under voltage swell of 20%  
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Harmonics at source voltage is created at t=0.3s as shown in Fig. 7.18. It is found that the 

obtained unit template is balanced and sinusoidal during source voltage harmonics. The 

estimated frequency error has sustained oscillations. Also, the source voltage peak 

amplitude has ripples. 
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Fig. 7.18 Simulation Results of proposed FAMAF PLL under voltage harmonics  

The FAMAF PLL performance under a frequency change of +5Hz from the nominal 

Frequency of 50Hz is shown in Fig. 7.19. The obtained synchronizing signal unit template 

in the same phase with the input source voltage. The estimated frequency error takes 4 

cycles to settle to its nominal value.  
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Fig. 7. 19 Simulation results of proposed FAMAF PLL under frequency change  
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Fig. 7.20 Simulation results of proposed FAMAF PLL under DC offset at t=0.5s. 

In Fig. 7.20, a 20% DC offset is added to the source voltage using a programmable AC 

source. It is noticed that the oscillation in estimated frequency is very small. The 

synchronization signals is unit template and correctly determined. The unit template is 

derived without any dc offset. Moreover, the frequency is correctly tracked and ∆fୣୱ୲ is 

zero within 2.5 cycles. 
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(c)                                                               (d) 

Fig. 7.21 Performance comparison among SRF, SOGI, and FAMAF PLL under (a) voltage sag (b) voltage 
swell (c) Frequency change (d) source voltage harmonics 

The performance comparison based on simulation results under weak grid conditions is 

shown in Fig. 7.21. Fig. 7.22(a) shows the estimated frequency error waveform under 

voltage sag conditions with SRF, SOGI, and FAMAF PLL. FAMAF PLL gives a small 

deviation while estimating the frequency error as compared to SRF and SOGI PLL. It is 

also verified that FAMAF PLL shows lesser oscillation as compared to SRF and SOGI 

PLL as observed in Fig.7.21 (b). 

Thus, FAMAF PLL performance under system frequency change and source 

voltage harmonics is better than SRF and SOGI PLL. SRF PLL shows larger oscillations 

in case of frequency shift as shown in Fig. 7.21(c).  The sustained oscillations are seen in 

estimated frequency error with SRF PLL while very less oscillations are seen with 

FAMAF PLL under source voltage harmonics as shown in Fig.7.21(d).   

  

7.4 Experimental Results 

The proposed PLL has been tested experimentally. A programmable AC/DC single-phase 

AC supply GWInstek model (APS-1102A) has been utilized for creating disturbances in 

the source voltage supply. A LEMLV 25P voltage sensor has been utilized to measure 

grid voltage. The signals are processed by dSpace 1104. The experimental results of the 

proposed algorithm are studied and recorded by DSO Agilent DSO-X-2014A  
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Fig. 7. 22 Photograph of the setup for testing of grid synchronization schemes 

7.4.1 SRF PLL-based grid synchronization 

The experimental investigation of SRF PLL under different weak grid conditions 

such as voltage sag, and voltage swell. Frequency change, DC offset, and voltage 

harmonics are shown in Fig. 7.23. In Fig. 7.23, synchronizing signal, phase angle of 

single-phase voltage, and frequency error have been shown for voltage sag and voltage 

swell condition. Under both conditions, the voltage parameters have been tracked 

instantly. The frequency error estimation under source voltage harmonics and frequency 

change conditions are depicted in Figures 7.23(c) and 7.23(d) respectively.  
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               (e) 

Fig. 7.23 Performance analysis of SRF PLL under (a) voltage sag (b) voltage swell (c) source voltage 
harmonics (d) frequency Change (e) DC offset in source voltage 

The estimated frequency exhibits somewhat stronger oscillations under voltage harmonic 

conditions than it does under typical grid conditions. When there are grid voltage 

harmonics, the single-phase SRF-PLL performs better. The experimental performance of 

the SRF-PLL under frequency change is shown in Figure 7.23(d). For the frequency 

estimation, the dynamic response is nearly 2.5 cycles. The change in frequency error 

under the DC offset condition is shown in Fig. 7.23(e) which shows sustained oscillations. 

7.4.2 SOGI PLL-based grid synchronization 

The experimental study of SOGI PLL in various weak grid scenarios, including 

voltage swell and sag. Fig. 7.24 displays frequency variation, DC offset, and voltage 

harmonics. The synchronizing signal, the single-phase voltage's phase angle, and the 



187 
 

frequency error are displayed for both voltage swell and voltage sag conditions in Fig. 

7.24. The voltage parameters were immediately tracked in both scenarios 
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Fig. 7.24 Performance analysis of SOGI PLL under (a) voltage sag (b) voltage swell (c) source voltage 
harmonics (d) Frequency Change (e) source voltage DC offset 
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Figures 7.24(c) and 7.24(d) show the frequency error estimation under conditions of 

frequency change and source voltage harmonics, respectively. Under voltage harmonic 

conditions, the predicted frequency oscillates somewhat more than it does under usual 

grid conditions. The single-phase SOGI-PLL operates more efficiently when there are 

harmonics in the grid voltage. The SOGI-PLL's experimental performance at varying 

frequencies is displayed in Fig. 7.24(d). For the frequency estimation, the dynamic 

response is nearly 2 cycles. The change in frequency error under the DC offset condition 

is shown in Fig. 7.24(e) which shows sustained larger oscillations 

7.4.3 FAMAF PLL-based grid synchronization 

The synchronizing signal, the single-phase voltage's phase angle, and the 

frequency error are displayed for both voltage swell and voltage sag conditions in Figure 

7.25(a-b). The voltage parameters were immediately tracked in both scenarios. Figures 

7.25(c) and 7.25(d) show the frequency error estimation under conditions of frequency 

change and source voltage harmonics, respectively. Under voltage harmonic conditions, 

the predicted frequency oscillates somewhat more than it does under usual grid 

conditions. The single-phase FAMAF-PLL operates more efficiently when there are 

harmonics in the grid voltage. The FAMAF-PLL's experimental performance at varying 

frequencies is displayed in Fig. 7.25(d). For the frequency estimation, the dynamic 

response is nearly 1.5 cycles. The change in frequency error under the DC offset condition 

is shown in Fig. 7.25(e) which shows oscillations for 3 cycles only. 
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Fig. 7.25 Performance analysis of FAMAF PLL under (a) voltage sag (b) voltage swell (c) source voltage 
harmonics (d) frequency Change (e) DC offset in source voltage 

7.5 Performance Comparison 
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𝐕𝐨𝐥𝐭𝐚𝐠𝐞 𝐬𝐚𝐠 𝐕𝐨𝐥𝐭𝐚𝐠𝐞 𝐬𝐰𝐞𝐥𝐥

𝐅𝐀𝐌𝐀𝐅 𝐏𝐋𝐋 𝐅𝐀𝐌𝐀𝐅 𝐏𝐋𝐋

𝐒𝐑𝐅 𝐏𝐋𝐋 
𝐒𝐎𝐆𝐈 𝐏𝐋𝐋 

𝐒𝐑𝐅 𝐏𝐋𝐋 
𝐒𝐎𝐆𝐈 𝐏𝐋𝐋 

𝟓𝟎𝐕/𝐝𝐢𝐯 

𝟓𝟎𝐕/𝐝𝐢𝐯 

𝟓𝐇𝐳/𝐝𝐢𝐯 𝟓𝐇𝐳/𝐝𝐢𝐯 

𝐱 − 𝐚𝐱𝐢𝐬: 𝟓𝟎𝐦𝐬/𝐝𝐢𝐯 𝐱 − 𝐚𝐱𝐢𝐬: 𝟓𝟎𝐦𝐬/𝐝𝐢𝐯 

 

(a)          (b) 
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𝐅𝐀𝐌𝐀𝐅 𝐏𝐋𝐋
𝐒𝐑𝐅 𝐏𝐋𝐋 
𝐒𝐎𝐆𝐈 𝐏𝐋𝐋 

∆𝐟𝐞𝐬𝐭 
∆𝐟𝐞𝐬𝐭(𝐒𝐑𝐅)

∆𝐟𝐞𝐬𝐭(𝐒𝐎𝐆𝐈)

∆𝐟𝐞𝐬𝐭(𝐅𝐀𝐌𝐀𝐅)

𝐓𝐢𝐦𝐞(𝐬) 𝐓𝐢𝐦𝐞(𝐬) 

𝟓𝐇𝐳/𝐝𝐢𝐯 
𝟓𝐇𝐳/𝐝𝐢𝐯 

𝟓𝐇𝐳/𝐝𝐢𝐯 

𝟓𝐇𝐳/𝐝𝐢𝐯 

𝐯𝐬(𝐩𝐮) 𝐯𝐬(𝐩𝐮) 𝟓𝟎𝐕/𝐝𝐢𝐯 𝟓𝟎𝐕/𝐝𝐢𝐯 

𝐅𝐫𝐞𝐪𝐮𝐞𝐧𝐜𝐲 𝐂𝐡𝐧𝐚𝐠𝐞 𝐨𝐟 + 𝟓𝐇𝐳 𝐃𝐂 𝐨𝐟𝐟𝐬𝐞𝐭 

𝐱 − 𝐚𝐱𝐢𝐬: 𝟓𝟎𝐦𝐬/𝐝𝐢𝐯 
𝐱 − 𝐚𝐱𝐢𝐬: 𝟓𝟎𝐦𝐬/𝐝𝐢𝐯 

 

(c)                                                                  (d) 

Fig. 7. 26 Performance analysis among SRF PLL, SOGI PLL, and FAMAF PLL under (a) voltage sag (b) 

voltage swell (c) source voltage harmonics (d) frequency Change  

Fig.7.26 (a) shows the frequency error tracking with SRF, SOGI, and proposed FAMAF 

PLL under 20% voltage sag in source voltage. It is noticed that the signal ∆fୣୱ୲ shows 

oscillation with SRF with high convergence time and SOGI provides no oscillation as 

compared to SRF PLL. While FAMAF-based PLL has lesser oscillation with the fastest 

convergence (2 Cycles), SOGI PLL achieves convergence in 2.5 cycles. Both SOGI and 

the proposed FAMAF PLL show similar performance under voltage sag conditions. Fig. 

7.26 (b) shows the case of voltage swell of 20% in grid voltage, SOGI-PLL shows better 

performance than SRF-PLL. SRF PLL shows oscillation in voltage swell conditions 

under both steady-state and dynamic conditions. In Fig. 7.26 (c) the condition of voltage 

harmonics is considered. The estimated frequency with FAMAF PLL has no oscillation 

with the fastest settling time response. The last case considered is a DC offset of 10% in 

source voltage. It is clearly shown in Fig.7.26(d) that SRF and SOGI are not able to reject 

the effect of DC offset in the estimated frequency error. FAMAF performs better in 

rejecting the effect of DC offset on the synchronization signal with the proposed PLL due 

to its filtering capability. Under DC offset conditions, FAMAF can estimate 

synchronizing signals and frequency accurately. The signal ∆fୣୱ୲ calculated using SRF 

has undamped oscillations. Similarly, the SOGI PLL has the same performance as SRF-

PLL but has slightly lesser oscillation. It is noticed that the signal ∆𝑓௘௦௧with FAMAF PLL 

for 2.5 cycles only and after that it gets stable. The results under all the test cases have 

been tabulated in Table 7.1 



191 
 

Table 7.1: Comparison among SRF-PLL, CCF-PLL, MAF PLL and FAMAF- 

 

7.6 Conclusions 
The proposed control algorithm is developed for grid synchronization in single-phase 

distribution system. A prefiltering stage based PLL is proposed. The CCF and FAMAF 

filters are utilized to generate the orthogonal signals of input voltage. It is investigated 

from the discussion that typical SRF and CCF-PLL have higher oscillations under DC 

offset in the grid voltage. The proposed control algorithm consists of Frequency adaptive 

MAF (FAMAF), which acts as a filtering component to extract the fundamental frequency 

component of grid voltage, and SRF technique for frequency estimation. For the proposed 

PLL, the design consideration has been studied and its parameters are defined 

accordingly. The stability analysis has also been done for both CCF PLL and proposed 

FAMAF PLL. The performance of the proposed PLL is tested under various case 

scenarios, and the performance is analysed with both simulation and experimental results. 

The three PLLs (SRF-PLL, CCF-PLL, and FAMAF-PLL) are compared under various 

Type of PLL SRF-PLL CCF-PLL FAMAF-PLL 

Type Non-adaptive Adaptive Adaptive 

PI required Yes Yes No only 

Proportional 

Filter is required 

Oscillations  

1. Voltage Sag 

2. Voltage Swell 

3. Voltage Harmonics 

4. Frequency Change 

5. DC offset 

 

2.6 Hz 

0.4 Hz 

2.2 Hz 

3 Hz 

2Hz (oscillatory) 

 

0.1 Hz 

0.2 Hz 

0.3 Hz 

2.1 Hz 

2 Hz (oscillatory) 

 

0.015 Hz 

0.01 Hz 

0.01 Hz 

1.8 Hz 

2.5 Hz (stable in 

2.5 cycles) 

Settling time (ms)  Does not settle 

under 2% error 

band 

45 ms 40ms 

Sampling time  50𝜇𝑠 50𝜇𝑠 50𝜇𝑠 



192 
 

grid disturbances such as frequency change, phase shift, voltage sag/swell, harmonics, 

and DC offset. It is observed that the proposed PLL has taken less settling time under all 

the disturbances. The estimated frequency with the proposed PLL has no oscillations in 

steady state and a small oscillation under grid disturbances. All the PLLs are compared 

for DC offset rejection capability and it is concluded that the proposed PLL performs 

satisfactorily as compared to the other two PLLs.  Thus, the performance analysis 

indicates that the proposed FAMAF PLL can be an effective solution for single-phase 

grid synchronization under weak grid conditions. The design implementation of the 

proposed PLL is equivalent to CCF PLL, as both have additional parameters ‘P’ and ‘𝛽’. 

The application of PLL has also been executed in Active filtering for grid integrated PV 

system. 
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CHAPTER 8 

 

CONCLUSION AND FUTURE SCOPE 

 

8.1 Conclusion 
Chapter 1 discusses the introduction to Power quality standards, power quality issues, 

classification of PQ problems, causes and effects, and mitigation techniques.  

Chapter 2 discusses the literature survey on PQ issues, effects, and mitigations. Different 

control schemes for DSTATCOM, DVR, and UPQC are discussed. The research gaps 

and research objectives are discussed. 

Chapter 3 discusses the design of a single-phase grid-connected inverter with PV 

integration. Designing parameters are calculated for the PV array, VSC, and distribution 

grid. After designing the grid-connected PV system, its control schemes are discussed to 

generate the switching signals for VSC and improve the PQ issues. A reference source 

current signal is generated which is compared with the actual source current in HCC. The 

effect of PV integration is discussed in this chapter. Both active and reactive power 

compensation of the grid is fulfilled effectively as per load requirement and PV power 

generation. The SRFT-based control scheme performs well under normal grid conditions 

but is not able to perform under polluted grid conditions. Two new control schemes have 

been developed based on orthogonal polynomials i.e., Hermite Polynomial and 

Bernuolli’s Polynomial-based ANN. An LMS conventional algorithm is used in both 

HeANN and BePANN to make an adaptive nature. Both perform well under normal and 

polluted grids. 

Chapter 4 discusses the design and control of a three-phase grid-connected VSC with 

PV integration. The performance of the system is tested under varying solar irradiance 

and load unbalancing. The SRFT, adaptive ε − NSRLMMN, and q-LMF control 

techniques are used for a three-phase grid-connected inverter which acts as a shunt active 

power filter. It is concluded from both experimental and simulation results the proposed 

q-LMF performs well among SRFT and ε − NSRLMMN under varying solar irradiance 
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and load unbalancing. The q-LMF shows lesser source current THD than obtained from 

the other two. 

Chapter 5 discusses the design and control of a series active power filter. The DVR acts 

as a series active power filter which is used to mitigate voltage-related power quality 

issues such as voltage sag, swell, harmonics, DC offset, and voltage unbalancing. Design 

parameters of DVR are discussed in this chapter with proposer mathematical equations. 

Two control schemes conventional SRFT and proposed MSTOGI-SRF are utilized for a 

series of active power filters. A PWM voltage controller is used to generate the switching 

signals for DVR. The performance of MSTOGI-SRF is observed to be better under grid 

disturbance (DC offset, harmonics, sag, swell, and unbalancing). The MSTOGI acts as a 

filter and is used for grid synchronization. The load voltage is maintained constant under 

all undesirable conditions which is necessary for all the connected sensitive loads. 

Chapter 6 discusses the design and control of a three-phase unified power quality 

compensator (UPQC). The UPQC is utilized to mitigate both current and voltage-related 

PQ issues. System configuration is shown and discussed in this chapter. The control 

scheme for both shunt and series compensation is discussed. The SRFT-based control 

scheme performs well under voltage sag, swell, and load unbalancing. But SRFT 

controller is not able to perform well under voltage harmonics and DC offset conditions. 

A Mittag Leffler polynomial (MiLeP) based ANN control scheme is used for both shunt 

and series compensation. The MiLeP is used for extracting fundamental load components 

to generate reference source current. The main objective of MiLeP in shunt compensation 

is to extract fundamental load component while it acts as a pre-filter in series 

compensation of UPQC. The pre-filter is utilized to filter out the unwanted components 

of source voltage under grid disturbances. 

Chapter 7 discusses different single-phase grid synchronization techniques. The SRF, 

SOGI, and proposed FAMAF PLL techniques are developed and their performance is 

tested under grid disturbances such as sag, swell, frequency change, harmonics, and DC 

offset. The PLLs are discussed with their simulation and experimental results. It is 

investigated from both simulation and experimental results that proposed FAMF PLL 

shows almost no oscillation under all grid disturbances with lesser settling time than other 

PLL schemes. 
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8.2 Future Scope 
 Custom power devices (CPDs) are demonstrated in this research work. New 

adaptive and polynomial-based control schemes are discussed for single and 

three-phase grid-connected PV systems. 

  Some of the discussed control schemes are used under adverse grid conditions 

and while some have been tested under normal grid conditions.  

 It is required to investigate new control schemes which will operate in adverse 

grid conditions.  

 The orthogonal polynomials can be utilized for grid synchronization techniques. 

 Very limited research has been done on controlling UPQC and DVR in the 

literature.  

 Mathematical stability analysis can also be done for the stable operation of the 

synchronization techniques under various grid voltage conditions. These days PV 

is widely used for electricity generation. 

  Hence, the impact of the larger number of PV integrations on the distribution grid 

should be analyzed. It may further enhance the reliability of the system. 
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Ph.D. Thesis Research Summary 

Ph.D. Thesis Research Summary: Design and Control of Custom Power Devices for 

Power Quality Mitigation 

Objective: 

This research investigates the design and control strategies of custom power devices 

(CPDs) for mitigating power quality problems in modern power systems. The focus is on 

developing innovative solutions to address critical power quality issues faced by sensitive 

loads and ensure reliable power delivery. 

Motivation: 

The increasing proliferation of power electronics-based equipment and distributed 

generation has heightened the need for robust power quality. Power quality disturbances 

like voltage sags, swells, harmonics, and imbalances can lead to equipment malfunction, 

reduced efficiency, and economic losses. CPDs offer a dynamic and targeted approach to 

counteract these issues, improving power quality for critical applications. 

Methodology: 

The research will explore the design and control of various CPDs, including: 

 Distribution Static Compensator (D-STATCOM): A shunt-connected device 

that regulates voltage and reactive power flow. 

 Dynamic Voltage Restorer (DVR): A series-connected device that injects 

voltage to compensate for sags and swells. 

 Unified Power Quality Conditioner (UPQC): A combination of D-

STATCOM and DVR, offering comprehensive power quality correction. 

Advanced control techniques, such as: 

 SRF, IRPT, HeANN, q-LMF, SOGI, Bernoulli’s Polynomial based ANN, ∈

−NSRLMMN, MSTOGI, and FAMAF. 

Expected Outcomes: 

 Development of novel CPD designs with improved efficiency, cost-

effectiveness, and scalability. 

 Design and implementation of advanced control algorithms for enhanced power 

quality mitigation. 
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 Comprehensive analysis of the effectiveness of CPDs in addressing various 

power quality problems. 

 Contribution to improved power system reliability and increased resilience for 

critical loads. 

Significance: 

This research holds significant value for the advancement of power quality management 

in modern power systems. By developing innovative CPDs and control strategies, the 

research aims to contribute to a more reliable and efficient power grid, benefiting utilities, 

industries, and consumers alike. 

Future Work: 

Further research directions may include: 

 Integration of renewable energy sources with CPDs for enhanced power quality 

management in distributed generation systems. 

 Development of hybrid CPDs combining functionalities of different devices for 

broader power quality control. 

 Investigation of communication protocols for seamless integration of CPDs into 

smart grid infrastructure. 

This summary provides a concise overview of your Ph.D. thesis research on custom 

power devices. Remember to tailor the details to your specific research focus and 

expected contributions. 
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