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Abstract

Solar photovoltaic (PV) generating system is gaining lot of importance theses

days. Out of all the renewable energy sources solar PV is most promising because

of clean and inexhaustible supply, less maintenance requirement, lower mechanical

components involved and can be installed in modular from small-scale to large-scale

generating system. The modern distributed grid is connected with different power

electronic loads and other types of linear (lagging or leading) loads. These loads

may results in poor power factor and produces harmonics to the grid.

In this thesis work, design, control and analysis of grid connected PV system has

been presented. It enables the active and reactive compensation to the distribution,

load balancing in three-phase and power quality improvement. The proposed system

is implemented in both the single-phase and three-phase distribution network. Max-

imum Power Point Tracking (MPPT) technique has been implemented to extract

maximum power from the PV in both single-stage and double-stage grid-connected

PV system.

Parameters of the proposed system has been estimated and the prototype of single-

phase and three-phase Shunt Active Power Filter (SAPF) have been configured.

The proper functioning of the grid-connected PV system require a suitable control

algorithm. Conventionally, control algorithms require synchronization technique,

fundamental component estimation technique, DC-link voltage controller and the

feed-forward term. For the purpose of estimation grid synchronization signal dif-

ferent conventional techniques have been presented and novel advanced techniques

have been proposed for both the single-phase and three-phase grid-connected PV

system. Phase Locked Loops (PLLs) are widely employed to estimate synchronizing
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signal and also have the capability of phase, frequency and the magnitude of the

grid voltage signal. These techniques have been tested under different grid voltage

conditions such as voltage sag/swell, harmonics, frequency change, phase change

and noisy grid. For the single-phase system the conventional algorithms presented

are Synchronous Reference Frame Phase Locked Loop (SRF-PLL) , Enhanced Phase

Locked Loop (EPLL), Second-Order Generalized Integrator-PLL (SOGI-PLL) have

been employed. Further new and advanced technique such combined SOGI-FLL

and Reduced Order Generalized Integrator (ROGI) has been proposed which shows

the improved performance during the harmonic grid. A fast and robust technique

based on adaptive zero-crossing detection has been proposed which shows the pre-

cise frequency estimation and faster dynamic response.

For the three-phase system, the simplest unit-template method has been used to

generate synchronizing but it works good when the grid voltage has no abnormali-

ties. The conventional three-phase SRF-PLL has been also presented and its poor

performance during the harmonic grid and dynamic condition. Further advanced

technique have been proposed to improve the performance of PLLs. Improved Ada-

line PLL has been proposed which has adaptive in nature and improves it dynamic

response without compromising the steady-state performance. An adaptive spline

based PLL has been proposed for smooth estimation of grid parameters and distor-

tion free synchronizing signals.

Some conventional and advanced techniques have been employed for estimation of

fundamental component of the non-linear load current. Further the synchroniza-

tion techniques and the fundamental estimation technique have been employed in

single-phase and three-phase system feeding linear/non-linear load under normal

and distorted grid conditions for SAPF system. The PV has been connected in both

single-stage and double-stage mode to the DC-link of the Voltage Source Converter

(VSC). dSpace 1104 has been used for single-phase grid-connected PV system and

dSpace 1202 has been used for three-phase grid-connected PV system for process-

ing the grid parameter signals and to estimate switching pulses for Insulated-Gate

v



Bipolar Transistor (IGBT) switches of VSC and DC-DC converter. The proposed

system and algorithms have been simulated and analysed in MATLAB/Simulink en-

vironment. The experimental results validate and fulfils the objectives of the thesis

work.
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Chapter 1

Introduction

1.1 General

Energy is the main factor for the development of any country. For the develop-

ing countries, the energy sector assumes a critical importance in view of the ever-

increasing energy needs and it requires huge investments to meet them. Among

the different from of energy, electrical energy is most useful and efficient as it have

various advantages such as ease of distribute and transport, store, control, ease of

use and cleaner than other forms of energy [2]. Electrical energy can be generated

by the renewable sources and non-renewable sources. Due to the alarming situa-

tion of global warming the world is looking towards the renewable energy sources

as these have less negative impact on the environment and inexhaustible in nature.

In India, production of electrical energy from the renewable energy sources is fourth

largest in the world and growing at fastest rate among the major countries. In-

dian government has scaled up the target of 100GW by solar power by the end

of 2022 [3]. Solar energy specifically solar PV is the most prominent than other

renewable energy sources such as hydro, wind, biomass and geothermal because of

various advantages. The main advantages of solar energy are: found abundant in

nature, non-polluting (except during the manufacturing), noiseless operation, low

maintenance required, can be installed as modular basis and can be expanded over

time and can be installed in remote location. Also they can be installed in places

with no other use, such as roofs and deserts, where there is no electricity network
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available.

Generation of the electrical energy from the solar PV is largely dependent on the

environmental conditions mainly the solar irradiance and temperature. The charac-

teristics of PV is non-linear in nature. Hence, to extract maximum power from the

solar PV, Mximum Power Point Tracking (MPPT) techniques are required. Energy

generation from solar PV is growing at a very fast rate and is quickly becoming

an important part of the energy mix in some regions and power systems. This has

been driven by a reduction in the cost of PV modules. This growth has also trig-

gered the evolution of classic PV power converters from conventional single-phase

and three-phase grid-connected inverters to more complex topologies to increase ef-

ficiency, power extraction from the modules, and reliability without impacting the

cost.

Energy harvested from the PV can be configured as grid-connected mode and stand-

alone mode. In grid-connected mode, PV has been connected to the distribution

grid and the excess power can be feed to the distribution grid. In a conventional

PV system, the PV cells (arranged in a single module, a string of series-connected

modules, or an array of parallel-connected strings) generate a DC that greatly de-

pends on the solar irradiance, temperature and voltage at the terminals of the PV

system. This dc power is transformed and interfaced to the grid via Voltage Source

Converter (VSC). Another option is an intermediate DC-DC power stage between

the PV modules and the grid-connected VSC. This optional stage decouples the

PV system operating point from the PV inverter grid control. Additionally, it can

boost the PV system dc output voltage if required or provide galvanic isolation and

perform MPPT implementation. The increase in the PV installed capacity has also

sparked a continuous evolution of the PV power conversion stage. Gradually, PV

power converters have become extremely efficient, compact, and reliable, allowing

the maximum power to be obtained from the sun in domestic, commercial, and

industrial applications. The PV converter industry has evolved rapidly from child-

hood to adulthood in the last two decades and has become a distinct power converter
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category. One of the drivers behind this progress is that the PV converter market

demanded very hard to meet specifications, including high efficiency, long warranty

periods, high power quality, transformer less operation, and special control require-

ments. The integration of PV to the grid increases the reliability of the system.

There are already a number of power quality issues in the grid and connecting the

PV to the grid can create power quality issues if it cannot done by proper synchro-

nization methods. So, it requires to first understand the power quality issues, its

reasons and its mitigation techniques.

1.2 Modern Distribution System and Power Qual-

ity

The term electric Power Quality (PQ) is used to assess and to maintain the good

quality of power at the level of generation, transmission, distribution, and utilization

of AC electrical power [4,5]. There are a number of reasons for the pollution of the

AC supply systems, including natural ones such as lightning, flashover, equipment

failure, and faults and forced ones such as voltage distortions and notches.

A number of customer’s equipment also pollute the supply system as they draw

non-sinusoidal current and behave as non-linear loads. Therefore, power quality is

quantified in terms of voltage, current, or frequency deviation of the supply system,

which may result in failure or mal-operation of customer’s equipment [6]. Typ-

ically, some power quality problems related to the voltage at the Point of Com-

mon Coupling (PCC) where various loads are connected are the presence of voltage

harmonics, surge, spikes, notches, sag/dip, swell, unbalance, fluctuations, glitches,

flickers, outages and so on. These problems are present in the supply system due

to various disturbances in the system or due to the presence of various nonlinear

loads such as furnaces, uninterruptible power supplies, and adjustable speed drives.

However, some power quality problems related to the current drawn from the AC

mains are poor power factor, reactive power burden, harmonic currents, unbalanced
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currents, and an excessive neutral current in poly-phase systems due to unbalanc-

ing and harmonic currents generated by some nonlinear loads. These power quality

problems cause failure of capacitor banks, increased losses in the distribution sys-

tem and electric machines, noise, vibrations, over-voltages and excessive current due

to resonance, negative sequence currents in generators and motors, especially rotor

heating, de-rating of cables, dielectric breakdown, interference with communication

systems, signal interference in relay and breaker malfunctions, false metering, inter-

ferences to the motor controllers and digital controllers, and so on. A number of

techniques have evolved for the mitigation of these problems either in existing sys-

tems or in equipment to be developed in the near future [7]. It has resulted in a new

direction of Research and Development (R&D) activities for the design and devel-

opment engineers working in the fields of power electronics, power systems, electric

drives, digital signal processing, and sensors. It has changed the scenario of power

electronics as most of the equipment using power converters at the front end need

modifications in view of these newly visualized requirements. In existing non-linear

loads, having the power quality problems of poor power factor, harmonic currents,

unbalanced currents, and an excessive neutral current, a series of power filters of

various types such as passive, active, and hybrid in shunt, series, or a combination

of both configurations are used externally depending upon the nature of loads such

as voltage-fed loads, current-fed loads, or a combination of both to mitigate these

problems. However, in many situations, the power quality problems may be other

than those of harmonics such as in distribution systems, and the custom power de-

vices such as Distribution Static Compensators (DSTATCOMs), Dynamic Voltage

Restorers (DVRs), and Unified Power Quality Conditioners (UPQCs) [8] are used

for mitigating the current, voltage or both types of power quality problems.

1.3 State of Art

A substantial literature has been reported on the control of single-phase and three-

phase grid-connected PV system with the capability of improving the power quality

4



under normal and distorted grid conditions feeding the non-linear load. Due to the

inherent non-linear characteristics of PV, maximum power point tracking technique

become necessity. Various techniques have been proposed by the researchers such

as Perturb and Observe (P&O), incremental conductance, fuzzy-based and neural

network-based techniques. In these techniques, the P&O is the most simple and

efficient technique and hence is developed in the thesis work.

The research work in this thesis revolves around the development of appropriate con-

trollers designed to mitigate several power quality problems. The control algorithms

need to achieve several tasks viz. fundamental component estimation, synchronizing

signal estimation, DC-link voltage controller and the feed-forward current estima-

tion.

Synchronization techniques commonly employed focus on a Phase Locked-Loop

(PLL) circuit. The most general PLL circuit comprises a phase detector, loop filter

and a voltage-controlled oscillator. All phase-locked loops are designed to compute

the input signal’s amplitude, phase angle and frequency. Synchronous Reference

Frame Theory-based PLL (SRF-PLL) is a very common and popular synchroniza-

tion technique. It is found to work very well under normal operating conditions

but its performance deteriorates immensely under the influence of harmonics in

grid voltage. Hence, there is a need to design, study and analyse the behaviour

of new synchronization circuits. Some improved PLLs are reported such as En-

hanced Phase Locked-Loop (EPLL), Second Order Generalized Integrator (SOGI)-

PLL, Double Decoupled Synchronous Reference Frame (DDSRF)- PLL and others

have been studied and investigated for single-phase and three-phase circuits.

Due to the nature of single-phase circuits, only one voltage signal makes the use of

available transformations such as Clarke’s and Park’s are difficult; and hence there

is a need to generate quadrature signal also. Now, with the input signal (vα) and

its quadrature component (vβ), αβ to dq transform can be realized and PLL can

be designed. Many Quadrature Signal Generators (QSG) have been reported in the

literature, and these include the T/4 delay and the SOGI-PLL. A few papers on
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comparison between the performance of single-phase PLLs have been reported in

the literature.

Different control-techniques have been proposed for the estimation of the funda-

mental component of the load current. The focus while designing these control

algorithms is based on fast response and minimum oscillations during steady-state

and dynamic conditions under different loading conditions. Different algorithms

have been employed to improve the power quality in single-phase and three-phase

systems. Some conventional algorithms that have been reported in the literature

which include Instantaneous Reactive Power Theory (IRPT), Power Balance Theory

(PBT), SRFT. SOGI controller and its different variants have been implemented in

single-phase and three-phase systems. Adaptive control algorithms have made good

improvements in the mitigation of PQ problems with Adaline, Least Means Forth

(LMF) and various versions of Least Mean Square (LMS) based techniques.

1.4 Scope of Work

Based on the exhaustive literature review on the design, control and analysis of

grid-connected PV system, some major gaps have been identified. These issues deal

with synchronization and adequate compensation. The estimation of synchroniza-

tion techniques from the grid voltage under various conditions as well as estimating

the fundamental component of non-linear load current are equally important. Ap-

propriate synchronization techniques and control algorithms need to be designed

and selected. Performance of the selected techniques should be fast under dynamic

conditions, having zero steady state error and robust performance without increas-

ing the complexity of the algorithm.

The main objectives of the proposed research work are to design and develop single-

phase and three-phase grid-connected PV systems in the laboratory which are able

to improve the various power quality issues.Such power quality issues include re-

active power compensation, harmonic mitigation, power factor improvement, load

balancing and voltage regulation. The detailed description of the proposed work for
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single-phase and three-phase systems are given below:

� Design and development of SAPF for grid-connected PV system

System configuration of single-phase and three-phase systems have been designed.

The power components for the single-phase system are IGBT based H-bridge

VSC, DC-link capacitor, interfacing inductors, single-phase programmable supply,

linear and non-linear loads. Voltage and current sensors are employed to sense the

different required parameters from the single-phase grid-connected PV system for

the hardware setup. In a three-phase system, three-phase IGBT based VSC has

been employed. The design of the PV array has been done as per the specification

of grid voltage and as per the configuration of PV.

� Developments of synchronization techniques

Both conventional and proposed synchronization techniques have been developed

in this research work. These synchronization techniques have been tested under

different grid voltage issues such as sag, harmonic, noisy, dc-offset, phase-change

and frequency change. Synchronization techniques investigated and proposed in

the thesis include SRF-PLL, EPLL, SOGI-PLL, SOGI-Frequency Locked-Loop

(SOGI-FLL), SOGI-FLL-Reduced Order Generalized Integrator (SOGI-FLL-ROGI)

and Adaptive Zero-Crossing Detector (AZCD) for a single phase. Unit-template,

SRF-PLL, Improved Adaline and Spline based synchronization techniques has

been designed, developed and tested for three-phase system. Simulation and ex-

perimental validation of the developed techniques is presented in the research

work.

� Development of algorithms for fundamental component estimation

Shunt compensation using advanced control techniques is also an important objec-

tive of this thesis work. Techniques such as SOGI, cascaded-SOGI, SOGI-ROGI

have been employed for single-phase SAPF and SRF based control algorithm has

been employed for three-phase SAPF.

� Application of synchronization techniques for SAPF
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Application of some single-phase and three-phase synchronization techniques have

been proposed for obtaining the fundamental component of distorted load current.

Such control algorithms have been used for the control of SAPF. The developed

SAPF system has been employed for reactive power compensation, power factor

correction and harmonic mitigation.

� VSC application to grid-integration to solar PV

Solar PV has been integrated into the grid in single-phase and three-phase sys-

tems. Now the system enables the active power feeding to the grid from PV along

with reactive power compensation. MPPT technique has also been employed to

receive maximum power from the PV array. Both simulation and experimental

results are presented to show the performance of the developed algorithms.

1.5 Thesis Structure

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

Chapter-1:This chapter presents an introduction and background for PV integra-

tion to the grid, power quality causes, issues and solutions.

Chapter-2: This chapter includes a literature review on system configuration and

control for single-phase and three-phase grid-tied PV systems, synchronization tech-

niques and fundamental component estimation techniques.

Chapter-3: This chapter discusses the modelling of PV and design of PV array

for grid integration. The design of power components and other equipment for both

single-phase and three-phase systems are also discussed in this chapter.

Chapter-4: This chapter includes various synchronization techniques, their mod-

eling and implementation for single-phase and three-phase systems under various

grid voltage conditions. Single-phase synchronization techniques discussed include

delay based SRF-PLL, EPLL, SOGI-PLL, SOGI-FLL, SOGI-FLL-ROGI and Adap-

tive ZCD techniques have been discussed. Three-phase synchronization techniques

discussed are unit-template, SRF-PLL, Improved Adaline PLL and Adaptive Spline
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based techniques.

Chapter-5: This chapter discusses the implementation of synchronization tech-

niques and control techniques for power quality improvement in single-phase and

three-phase systems without PV interface. It also discusses the Shunt Active Power

Filter (SAPF) under bith ideal and polluted grid-voltage conditions. SOGI, cas-

caded SOGI and SOGI-FLL-ROGI have been used for development of controller.

Chapter-6: This chapter discusses PV integration to the grid in single-stage and

double-stage configuration for single-phase SAPF. SOGI-FLL based control and syn-

chronization technique has been developed to improve the PQ under both ideal and

polluted grid conditions feeding non-linear load.

Chapter-7: This chapter discusses the PV integration to the grid in single-stage

and double-stage for three-phase system. Improved Adaline based technique has

been designed and developed for synchronization and control to improve PQ under

ideal and polluted grid condition feeding non-linear load.

Chapter-8: This chapter summarizes of different grid synchronization techniques,

control algorithms and the PV integration to the grid in single-phase and three-

phase systems. The future scope of work in this area is also presented at the end of

this chapter.
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Chapter 2

Literature Survey

2.1 General

In previous chapter, introduction to requirement of solar PV, PQ issues, effect and

its solutions in a grid-connected PV system have been presented. The state of art,

scope of work and the layout of the thesis work has been discussed. PV integration

to the grid enables active power injection to the grid. To study the PV character-

istics and extract the power from the PV require precise modelling which matches

the characteristics of practical PV. Modern distribution system has been connected

to the different types of loads which impacts the quality of power and has been

reviewed. In this chapter, the extensive literature review for the synchronization

and control algorithms has been done which further enable the robust working of

the SAPF under different loading and grid voltage conditions. PV is connected to

the DC-link of VSC to transfer the excess power to distribution grid. The detailed

review for different system configuration has been done to transfer excess power to

distribution grid.

2.2 Literature Survey on PVModelling andMPPT

Techniques

Efficiency of solar cell varies from 6% for amorphous silicon-based solar cells to 44%

for multi-junction production cells and is achieved in laboratories [9–11]. In practical
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solar cells, efficiency of solar cells varies from 15% to 22% [12, 13]. Efficiency of

solar cells largely vary due to the environmental conditions such as solar irradiance,

temperature, dust and other suspended particles. A solar cell can be modelled

in single-diode model or diode model [14–17]. A single-diode model with series and

shunt resistance considered identical with the practical solar cell with less complexity

[1]. Solar cell is the current source type and its characteristics is non-linear in nature

[18]. A single-cell can not produce enough energy to use it for power applications.

Hence, number of cell has been connected in series makes it solar PV module and

number of PV modules have been connected in series or parallel as per requirement

to get large amount of power. To extract maximum power from the PV module or

array it require MPPT technique. Various literature have been available on MPPT

technique [19–22]. P&O and incremental conductance are conventional algorithms

which are easy to implement, less complex and works good under varying irradiance

and temperature condition [23–26].

2.3 Literature Survey on PQ Problems, Impacts

and Their Solutions

Modern distribution systems are very complex and have been connected to different

types of loads. Different PQ issues may occurred due to different loading condi-

tions ans natural reasons. Broadly, main PQ issues are transients, short-duration

voltage variation, long-time voltage variation, voltage imbalance, voltage flicker and

waveform distortion. The main causes of these PQ issues are lightning strike, ca-

pacitor switching, single line to ground faults, switching on/off loads, single-phase

loads connected to three-phase supply, adjustable speed drives, power electronic

converters, half-wave rectification, arc furnaces and other non-linear loads [27, 28].

These PQ issues cause failure, mal-operation of electrical equipments and energy loss

which further leads to the economic loss directly or indirectly [29]. The injection

of harmonics at the PCC in modern distribution system are the serious concerns of
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power engineers. The main reason is the advancement of power electronics devices

which are connected to the distribution system which introduces harmonics in the

system. Integration of large scale PV and the fast charging EV battery connected

to distribution system also impacted adversely specially on voltage magnitude and

harmonics [30,31].

Non-linear loads alter the sinusoidal nature of the AC power current, thereby result-

ing in the flow of harmonic currents in the ac power system that can cause inter-

ference with communication system and other types of sensitive equipment. These

harmonic currents also lead to increased losses and heating in numerous electro-

magnetic devices. When reactive power compensation, in the form of power factor

improvement capacitors, is used, resonant conditions can occur that may result in

high levels of harmonic voltage and current distortion when the resonant condi-

tion occurs at a harmonic associated with non-linear loads. Institute of Electrical

and Electronics engineers (IEEE) and International Electrochemical Commission

(IEC) have been proposed PQ standards [32,33]. IEEE 1159:2009 (revision of IEEE

Std 1159-1995 [34]) recommended practice encompasses the monitoring of electrical

characteristics of single-phase and polyphase ac power systems. This recommended

practice presents definitions of nominal conditions and deviations from these nom-

inal conditions that may originate within the source of supply or load equipment

or may originate from interactions between the source and the load. The purpose

of this recommended practice is to assist users as well as equipment and software

manufacturers and vendors by describing techniques for defining, measuring, quanti-

fying, and interpreting electromagnetic disturbances on the power system [35]. IEEE

recommended practice and requirements for harmonic control in electric power sys-

tems has been discussed in IEEE 519:1992 [36]. IEEE 1547:2018 (revision of IEEE

1547:2003 [37]) standard establishes criteria and requirements for interconnection

of distributed energy resources with Electric Power Systems (EPSs) and associated

interfaces [38]. Different techniques have been used to mitigate the PQ issues. Ac-

tive power filters are one of more prominent and it can also be divided into three
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type series, shunt and hybrid active power filters [39]. Series active compensator is

connected in series at load end and used to mitigate PQ problems related to voltage

such as voltage sag, voltage swell, flickers, voltage fluctuations, voltage imbalance

and voltage harmonics. Solid State Static Series Compensators (SSSCs) and DVRs

are the example of series active power filters [40–42]. Shunt active power filters em-

ployed in the distribution system is commonly known as the DSTATCOM [43–45].

It can be employed as a VSC or Current Source Inverter (CSI) to the PCC in a shunt

connected mode. DSTATCOM has been used for current related PQ problems like

harmonic mitigation, reactive power compensation, load balancing and also voltage

regulation. DSTATCOM is now quiet popular to mitigate the PQ issues due to the

advancement in the switching devices [46,47]. Previously Metal Oxide Semiconduc-

tor Field Effect Transistors (MOSFET) and Gate Turn Off Thyristor (GTO) are

used and presently it uses Insulated-Gate Bipolar Transistor (IGBT) as switching

devices which enables easy operation and robust performance. Combined operation

of series active power filter and shunt active power filter is known as hybrid active

power filter. UPQC is the example of hybrid active power filter [48–51]. It enables

the PQ improvement in both voltage and current related PQ problems but it is

complex to control, required more number of switches and hence increases the cost.

2.4 Literature Survey on Synchronization Schemes

Control algorithms employed for shunt compensation require the estimation of syn-

chronizing signals from grid voltage and the fundamental load component estimation

from the load current signal. The simplest method to generate the synchronizing

signal is the unit template method, but it works only under the ideal grid volt-

age condition [52, 53]. However, if the grid voltage has several power quality issue

such as distortion, noise and DC-offset, then new and improved methods are re-

quired to estimate synchronizing signals. Further, different PLL techniques have

been proposed by researchers and some of these do not work well under non-ideal

grid conditions. SRF-PLL has been used as a conventional PLL and used by re-
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searchers for the phase and frequency estimation and realized for generation of syn-

chronizing signals [54–56]. EPLL has the capability of removing double-frequency

oscillations [57–59].SOGI-PLL algorithm is widely used for its simplicity and ef-

fectiveness [60, 61] in grid synchronization. The performance of the SOGI-PLL is

observed to be non-satisfactory in the case of high grid distortions and DC-offset

conditions. SOGI-FLL has been proposed for the effective working of SOGI in

case of varying frequency condition [60, 62]. The FLL block is realized to estimate

the frequency of the input signal. However, SOGI-FLL has limited filtering capac-

ity and does not give satisfactory results in case of DC-offset in the grid voltage.

Modified SOGI-FLL has been presented for the rejection of the DC-offset in grid

voltage [63, 64]. It is also observed that the frequency estimated by the FLL shows

varying degree of oscillations under steady-state conditions under highly distorted

grid.

Cascaded Delayed Signal Cancellation Operator (CDSC) based PLL has been inves-

tigated in three phase system. This requires transform equations and also additional

Proportional Integral (PI) controller [65,66]. Robust frequency estimation technique

has been proposed under distorted grid conditions and has not been used for estima-

tion of synchronizing signals [67,68]. Further, a method based on Three Consecutive

Sampling (3CS) has been proposed to estimate synchronizing signal in three phase

grid [69]. These techniques have been employed under frequency change and dis-

torted conditions and DC-offset condition has not been discussed. These techniques

give zero steady state error in case of frequency estimation except under DC-offset

conditions.

The role of Artificial Neural Networks (ANN) in power system parameter estimation

is unparalleled. They have been used for the detection of phase and symmetrical

components, harmonics, etc [70,71]. Some of the earliest ANN techniques employed

back-propagation techniques [72] and repeated training of neurons for correct weight

estimation [73,74]. Offline training techniques have found better alternatives in the

form of online and supervised training algorithms. Moreover, real-time implemen-
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tation algorithms designed on the basis of ANN techniques should be fast, accurate

and converge approximately within a few cycles if it has to replace the conventional

PLL. Adaline comprises a single neuron that receives stimulus from several inputs

and outputs a single output by proper training of involved weights. The Adaline

based PLL is simple and training can be achieved online making it feasible to train

and track instantaneous variations in voltage amplitude, phase angle and frequency.

2.5 Literature Survey on Control Algorithms of

SAPF

SAPF are widely used and investigated technique in literature for harmonic mit-

igation and other PQ improvement in the distribution system. PQ improvement

technique requires the appropriate control algorithms. Literature review suggests

a large number of control algorithms have been employed such as IRPT [75–77],

SRFT [78–81], PBT [82, 83], LMS [84–86] etc for both in single-phase and three-

phase distribution system [87,88]. The control algorithm is developed for extracting

or estimating fundamental load component. However, the nature of load current is

non-linear and constantly changing, so the designed algorithms should give correct

and precise results quickly and under all cases. A number of algorithms have been

designed for shunt compensation, yet differences on the basis of steady state perfor-

mance, faster dynamic response, convergence time, mathematical complexity need

to be investigated in detail. Recent literature on SOGI suggests it is an effective

filter and best suited to develop control algorithm for improvement of power quality

in both single-phase and three-phase distribution system [89]. Different variants of

SOGI have been reported in literature [90–94]. Reduced-order generalized integra-

tor has been introduced in [95] and considered to be less complex than SOGI but it

requires αβ component of the load current [96–98]. The application of ANN-based

adaptive control algorithms is reported in research papers for harmonics estimation

and mitigation in the distribution system network. LMS algorithm and its im-
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proved variants are widely reported for power quality improvement in distribution

network [88, 99–102]. Recurrent Neural Network (RNN) based algorithm has been

also reported in the research literature for different applications [103–106] and it can

also be used as control algorithm for SAPF.

2.6 Literature Survey on PV Integration to Dis-

tribution Grid

Single-phase and three-phase distribution system have been existed and different

type of loads have been connected as per user need [107, 108]. Integration of PV

to the distribution grid is possible in both the case with the help of single-phase

H-bridge VSC and three-phase VSC [109,110]. In [111,112], authors have been pro-

posed single-phase multilevel photovoltaic (PV) inverter topology for grid-connected

PV systems with a novel Pulse Width-Modulated (PWM) control scheme. In liter-

ature, PV system has been integrated to distribution grid in single-stage [113–117]

and double-stage configuration for power quality improvement along with the capa-

bility of active power injection [118]. Design of PV array is most important thing

for the solar PV integration for effective power injection [119, 120]. Battery stor-

age system has also been deployed for reducing the intermittency effect of solar PV

and power backup under power failure [121, 122]. Tsai-Fu et. al [123] presented

the power loss comparison of single-stage and two-stage grid-connected PV systems.

According to the loss analysis, the total power loss in a single-stage grid-connected

PV system is close to a two-stage grid-connected PV system, while the single-stage

one can save a stage of a boost converter. Integration of PV enables the active

power injection to the grid if the load requirement is less than power generation for

power. In single-stage configuration, no DC-DC converter is used while in double-

stage configuration DC-DC converter has been employed. MPPT techniques have

been employed in both the configurations and reported in literature. In single-stage

configuration MPPT technique gives the reference DC-link voltage to regulate the
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DC-link voltage at maximum power point [124, 125] and in double-stage configura-

tion MPPT has been used to generate duty-cycle of the DC-DC converter [126,127].

2.7 Identified Research Gap

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

1. A number of Phase locked loop based circuits are available in literature; and

new PLLs are being designed which are efficient, fast and work in the polluted

grid conditions. More PLLs for control of grid-connected PV system used for

synchronization are needed.

2. Non-PLL based fast and efficient synchronization techniques based on different

types of adaptive filters etc are required for grid-connected PV system.

3. Use of synchronization techniques (with/without modification) as active power

compensation techniques is not adequately addressed in recent papers.

4. Advanced control techniques for single-phase and three-phase grid connected

PV system for improvement in power quality are required. Some advanced

techniques have been studied for shunt compensators ; how these can be mod-

ified in the presence of PV source requires thorough studies and investigation.

5. Synchronization techniques considering polluted grid and different loading con-

ditions is to be addressed. Also, a fair comparison of these synchronization

algorithms are required in both simulation and experimental environment.

2.8 Objectives of Research Work

1. Design, development and performance analysis of single-phase and three-phase

grid-connected PV system under different loading conditions.

2. Design of synchronization schemes for grid-connected PV system.
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3. Testing, performance analysis and comparison of proposed synchronization

schemes with conventional techniques.

4. Experimental verification of developed control algorithms under different load-

ing, irradiance level on PV and under polluted grid conditions.

2.9 Conclusions

In this chapter, extensive literature survey has been presented based on the PV mod-

elling, MPPT techniques, synchronization techniques, control algorithms and con-

figuration and power management for single-phase and three-phase grid-connected

PV system. Based on the literature review and the motivation of the application of

PV, research gap and research objectives have been identified.
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Chapter 3

Design and Development of
Single-Phase and Three-Phase
Grid-Connected PV System

In this chapter, design and development of single-phase and three-phase SAPF with

and without PV connected to the grid has been explained. Design calculation is

critical for the proper operation of SAPF system. Design calculation of different

components for simulation and real time experimental validation of SAPF system

has been illustrated. It also discusses the modelling of the PV module and the de-

sign of PV array for the single-phase and three-phase system, which are connected

in single-stage or double-stage. The design of the components required in simula-

tion are based upon the standards required for single-phase system and three-phase

system. The experimental rating of components selected depends on the availability

of equipments in the laboratory.

3.1 Design and Development of Single-Phase Grid-

Connected PV System

Figure 3.1 shows the system configuration for single-phase SAPF system. It has

been used for harmonic mitigation and reactive power compensation in single-phase

system under different loading conditions. This system has also been used for power

quality improvement under normal and polluted grid conditions.
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Figure 3.1: Single-phase SAPF system

Figure 3.2 shows the system configuration for single-phase single-stage grid con-

nected PV system. In this configuration, PV array has been connected directly at

DC-link of the VSC. No DC-DC conversion device has been used in this configura-

tion. The MPPT technique has been used for the generation of reference voltage for

the DC-link voltage and it is the maximum power point voltage. This configuration

enables active power injection to the grid.

Figure 3.2: Single-phase single-stage grid connected PV system

Figure 3.3 shows the experimental setup for single-phase single-stage grid-tied PV

system. The main components are listed as- (1) Personal computer (2) Single-phase
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Figure 3.3: Experimental setup for single-phase single-stage grid connected PV sys-
tem

programmable supply (3) dSpace 1104 board (4) Auxiliary DC supply (5) Voltage

and current sensors (6) H-bridge VSC (7) DSO (8) Interfacing inductor (9) Resistive

load (10) Load side inductor (11) Bridge rectifier.

Figure 3.4 shows the system configuration for the single-phase double-stage grid con-

nected PV system. In this configuration, PV array has been connected to the input

Figure 3.4: Single-phase double-stage grid connected PV system

of the DC-DC boost converter and the output of the DC-DC converter is connected
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to the DC-link of the VSC. This configuration is advantageous over single stage

because a lower output voltage rating of PV array can be used. The performance of

double-stage is robust as compared to the single-stage grid connected PV system.

The design of all the components of single-phase grid connected with PV or without

PV has been discussed next. Design of the following quantities is considered:

1. DC-link reference voltage

2. DC-link capacitance

3. Interfacing inductor

4. PV array

5. DC-DC boost converter

6. Hysteresis current controller

7. Sensors and amplifier circuit

3.1.1 Calculation of DC-link Reference Voltage

DC-link voltage is estimated such that it can inject reactive power to the grid. So,

that the DC-link voltage of single-phase VSC should be greater than the applied

grid voltage. Magnitude of the grid voltage can be calculated by 3.1.

Av =
√
2vg (3.1)

Here, Av is the magnitude of the grid voltage and vg is the grid voltage. Rating of

supply voltage is 230V, 50Hz for simulation studies and 110V, 50Hz for experimental

implementation. DC-link reference voltage calculation for the simulation is-

Vdcref > Vdcm =
√
2vg =

√
2× 230 = 325.27V (3.2)
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Here, Vdcm is minimum DC-link voltage. Hence, the reference DC-link voltage

(Vdcref ) is considered as 400V. DC-link reference voltage calculation for the ex-

perimental system is-

Vdcref > Vdcm = 2
√
2vg =

√
2× 110 = 155.56V (3.3)

Hence, the reference DC-link voltage (Vdcref ) is selected as 200V.

3.1.2 Design of DC-link Capacitor

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

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

link voltage during dynamics. The DC-link capacitance can be calculated using

3.4.

Cdc =
vghicτg

1
2
(V 2

dcref − V 2
dcm)

(3.4)

Here, h(1.2) is the overloading factor, ic(25A) is the compensator or VSC current,

τ(0.02s) is time-constant, g(0.3) is gain constant, Vdcref (400V) is the reference DC-

link voltage and Vdcm(375.27V ) is minimum DC-link voltage. Applying these values

in 3.4, gives

Cdc =
vghicτg

1
2
(V 2

dcref − V 2
dcm)

= 1527.6µF (3.5)

A little higher value of DC-link capacitor has been chosen for the simulation and

it is Cdc = 2000µF . Similarly, for the experimental system, ic is 25A, Vdcref is

200V and Vdcm is 155.56V and the calculated value of DC-link capacitor by 3.4 is

2506.33µF . Value of DC-link capacitance for the experimental setup is little higher

than calculated and it is 4700µF

3.1.3 Design of Interfacing Inductor

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

inductor provides better filtering but at the same time power loss is higher. Hence,
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proper design of interfacing or filter inductor (If ) is very necessary and is calculated

by 3.6.

Lf =

√
3mVdcref
12hfs∆i

(3.6)

Here, m is the modulation index, Vdcref is DC-link reference voltage, h is the over-

loading factor, fs is the switching frequency and ∆i is the ripples in the current and

is considered 5% of maximum current. For simulation purpose its value is-

Lf =

√
3mVdcref
12hfs∆i

=

√
3× 1× 400

12× 1.2× 10× 103 × 1.5
= 3.20mH (3.7)

For experimental purpose its value is-

Lf =

√
3mVdcref
12hfs∆i

=

√
3× 1× 200

12× 1.2× 10× 103 × 1.5
= 1.6mH (3.8)

A little higher value of inductance of interfacing inductor than calculated is used for

experimental system and it is 2.0 mH.

3.1.4 Modelling and Design of PV Array

3.1.4.1 Modelling of PV Module

A solar cell can be modelled in different ways considering different parameters.

Single-diode model with series resistance and parallel resistance is considered nearer

to practical diode and easier to model [1,128]. The practical single diode model with

series and shunt resistance has been shown in Fig. 3.5. The output current (Ic) of

Figure 3.5: Practical single diode model of PV cell
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PV cell is obtained by using Kirchhoff’s current law;

Ic = Iph − Id − Ip (3.9)

Ic = Iph − Io[exp(
Vc + IRs

a
)− 1]− Vc + IRs

Rp

(3.10)

where, Iph is the photon current, Id is the diode current, Ip is the leakage current in

the parallel resistor and a is known as modified ideality factor [129]. Equation for a

is termed as-

a =
NsAkTc

q
(3.11)

where, Ns=no. of series cells in PV panel, k=Boltzmann’s constant=1.381× 10−23,

q=electron charge=1.602× 10−19 coulombs and A is the diode ideality factor.

Ideality factor of different PV technology has different values as shown in Table

3.1. Here, the value of ideality factor is 1.3 as the considered module is silicon-

polycrystalline.

The photocurrent (Iph) depends on both irradiance and temperature (Tc) and it is

Table 3.1: Ideality factor (A) [1]

Technology
Si-
mono

Si-poly a-Si-H
a-Si-H
tandem

a-Si-H
triple

CdTe AsGa

Ideality
factor

1.2 1.3 1.8 3.3 1.5 1.5 1.3

given as 3.12.

Iph =
G

Gref

(Iphref + µsc∆T ) (3.12)

Ideally, Iphref ≈ Iscref and ∆T = Tc − Tcref . Here, Gref denotes the irradiance

at standard test conditions (STC)=1000W/m2, Tcref is the PV cell temperature

at STC (298K). µsc is the temperature co-efficient of short-circuit current (A/K)

and is provided by the manufacturer. Iscref is the short-circuit current at STC and

Iphref denotes photocurrent at STC. The diode current (Id) is directly proportional
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to reverse saturation current (Io) and it is calculated by 3.13.

Id = Io[exp(
Vc + IRs

a
)− 1)] (3.13)

The reverse saturation current of the diode can be calculated using 3.14.

Io =
Iscref

exp
Vocref

a
− 1

(
Tc
Tcref

)3 exp[(
qϵg
Ak

)(
1

Tcref
− 1

Tc
)] (3.14)

where, Vocref is the open-circuit voltage of the PV module at STC and ϵg=energy

band gap=1.12eV for silicon based solar cells. A single PV module gives very small

amount of power. Hence, to extract significant power, we require PV string or PV

array which consists of number of modules connected in series (Nss) and in parallel

(Npp). So, PV cell equation is modified to make array of PV and is represented

using 3.15. Now, the output voltage and current of PV array is is termed as Vpv and

Ipv.

Ipv = NppIph − Io[exp(
Vpv + IRs(

Nss

Npp
)

a
)− 1]−

Vpv + IRs(
Nss

Npp
)

Rp(
Nss

Npp
)

(3.15)

The module parameters of the considered Vikram Solar ELDORA270 module is

shown in Table 3.2.

Table 3.2: Module Parameters at STC (Vikram Solar ELDORA270)

Parameters Module rating
Maximum Power (Pmp) 270.66 W
No. of cells per module 72
Open-circuit voltage (Voc) 44 V
Short-circuit current (Isc) 8.1 A
Voltage at maximum power point (Vmp) 34.7 V
Current at maximum power point (Imp) 7.8 A
Temperature coefficient of (Voc) -0.3583 (%/◦C)
Temperature coefficient of (Isc) 0.024975 (%/◦C)
Shunt resistance of a cell (Rp) 3126.5623 Ω
Series resistance of a cell (Rs) 0.52303 Ω

As the environmental condition varies, the output voltage and current varies ac-

cording the P-V and I-V curve. P-V and I-V curve of the considered module is
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shown in Fig. 3.6. Figure 3.6(a) shows the P-V and I-V curve of a module for dif-

ference irradiance (100W/m2, 500W/m2, 1000W/m2) and fixed temperature (25◦C)

and it shows the as the temperature increases the PV output current and power

increases. Figure 3.6(b) shows shows the P-V and I-V curve of a module at differ-

ent temperature (25◦C, 35◦C, 45◦C) and fixed irradiance (1000W/m2). In this case,

output power and current increases as the temperature of PV module decreases.

These curve shows the non-linear behaviour of PV modules as the environmental

condition changes. In these curves, there is a point which shows maximum power of

(a) (b)

Figure 3.6: P-V and I-V curve of PV module (a) 25◦C and at specified irradiance
(b) 1000W/m2 and at specified temperatures

the PV module and it is called maximum power point of the PV module. Voltage

at maximum power point is called as the maximum power point voltage (Vmp) and

current at maximum power point is called as the maximum power point current

(Imp). MPPT has been used to achieve the maximum power from the PV module

or string or array. MPPT technique forces the PV module to work at maximum

power point of the PV curve. In single-stage grid tied PV system MPPT technique

gives the reference voltage for the DC-link and in double-stage grid-tied PV system

it generates duty cycle to the DC-DC converter to impose the module to work at

maximum power point.
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3.1.4.2 Design of PV Array

A single PV module can generate small amount of power. So, for getting higher

power requirement more number of PV modules can be connected in series or in

parallel as per requirement of voltage and current rating. The number of modules

connected in series constitutes PV string and number of such string connected in

parallel forms PV array. PV modules connected in series increase the voltage level

and modules connected in parallel increase the current level.

For single-stage PV system there is no DC-DC converter is required. Hence, the

output of the PV array should be greater than the minimum DC-link voltage (Vdcm)

.Hence, the reference DC-link voltage generated by MPPT technique should be

selected higher than the minimum DC-link voltage (Vdcm). The minimum number

of PV modules required to be connected in series is calculated using 3.16.

Nss =
Vdcm
Vmp

=
325.22

34.7
= 9.3 (3.16)

Hence, 12 modules has been considered and connected in series for the single-phase

single-stage grid connected PV system. P-V and I-V curve of the designed string

has been shown in Fig. 3.7 and its parameters are shown in Table 3.3.

In double-stage grid-connected PV system, output of the PV is first connected to

Table 3.3: PV string parameters at STC for single-stage grid-connected PV system

Parameters Rating
No. of series modules 12
No. of parallel strings 1
Maximum Power (Pmp) 3247.92 W
Open-circuit voltage (Voc) 528.00 V
Short-circuit current (Isc) 8.1 A
Voltage at maximum power point (Vmp) 416.4 V
Current at maximum power point (Imp) 7.8 A

DC-DC converter and the output of DC-DC converter is connected to the DC-link

of the VSC. Boost converter has been chosen because of simple in construction, less

components required and the capability to up the voltage level. Double-stage PV

system has been preferred for the lesser number of PV modules can be connected in
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(a) (b)

Figure 3.7: P-V and I-V curve of PV string for single-stage grid-tied PV system at
STC (a) 25◦C and at specified irradiance (b) 1000W/m2 and at specified tempera-
tures

series than double-stage system. Here, MPPT technique gives the output as duty

cycle given to DC-DC boost converter. DC-DC-DC boost converter is designed such

that it can work around 0.5 duty cycle. Hence, the minimum number of PV module

connected in series is calculated by 3.17.

Nss =
Vdcm
Vmp

× 0.5 =
325.22

34.7
× 0.5 = 4.65 (3.17)

Here, five modules has been connected in series so that the duty cycle of the boost

converter works around on 0.5 for the single-phase double-stage grid connected PV

system. Also, for higher power capacity two strings of 5 modules each have been

connected in parallel. P-V and I-V curve of the designed string has been shown in

Fig. 3.8 and its parameters are shown in Table 3.4.

3.1.5 Design of DC-DC Boost Converter

A boost converter is a DC-DC conversion device which step up the input voltage.

Configuration of boost converter [130–132] is shown in Fig. 3.9. Design of the boost

converter parameters have been done through the following steps.
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(a) (b)

Figure 3.8: P-V and I-V curve of PV array for double-stage grid-tied PV system at
STC (a) 25◦C and at specified irradiance (b) 1000W/m2 and at specified tempera-
tures

Table 3.4: PV array parameters at STC for double-stage grid-tied PV system

Parameters Rating
No. of series modules 5
No. of parallel strings 2
Total no. of PV modules 10
Maximum Power (Pmp) 2706.60 W
Open-circuit voltage (Voc) 220.0 V
Short-circuit current (Isc) 16.2 A
Voltage at maximum power point (Vmp) 173.50 V
Current at maximum power point (Imp) 15.6 A

Figure 3.9: DC-DC boost converter circuit

1. Duty cycle calculation (D)

D = 1− Vpv
Vo
µb (3.18)

Here, D is the duty cycle, Vpv input PV voltage, Vo is the output voltage of
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the converter, µb is the boost converter efficiency and considered as 95%.

D = 1− Vpv
Vo
µb = 1− 173.5

400
0.95 ≈ 0.6 (3.19)

2. Design of inductor (Lb)

Lb ≥
Vpv(min)D

fs∆Ipv
(3.20)

Here, Vpv(min) is 173.5V, D = 0.6, fs = switching frequency=5kHz and ∆Ipv is

the ripple current and it ranges from to 20% to 40%. Here, ∆Ipv is considered

30% of PV current.

Lb ≥
Vpv(min)D

fs∆Ipv
=

173.5× 0.6

5× 103 × 0.3× 15.6
≈ 4.45mH (3.21)

A little higher value of inductor (5.0mH) is selected.

3. Design of output capacitance (Cbo)

Cbo =
Io(max)D

fs∆Vbo
(3.22)

Here, Io(max) is 15.6 A and ∆Vbo is 1% to 5% of Vbo and 2% ripple is considered

here.

Cbo =
Io(max)D

fs∆Vbo
=

15.6× 0.6

s× 103 × 0.02× 400
= 234µF (3.23)

The output capacitor value selected is 400µF .

4. IGBT, Diode and Driver circuit

In simulation, an ideal IGBT and diode has been considered while in experi-

mental setup Semikron make SKM50GAL12T4 (50A, 1200V) has been used.

This IGBT switch has been integrated with diode also. PWM technique has

been used for generating the pulses for IGBT. The output of the DSP unit

gives 5V signal so a suitable amplifying circuit has been used to amplify the

signal to 15V. Semikron make Skyper32 Pro driver has been used to generate

the required pulses for IGBT.
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3.1.6 Design of Hysteresis Current Controller (HCC)

Hysteresis current control is a method of controlling a voltage source inverter so that

an output current is generated to follow a reference current waveform. This method

controls the switches in the APF asynchronously to ramp the current through an

inductor up and down so that it follows the reference [133–137].The voltage equation

for the DC-link voltage can be written as 3.24.

Vdc = Lf
dig
dt

+ vg (3.24)

The output current can be considered as the reference current plus the error com-

ponent. The structure of the hysteresis current controller is shown in Fig. 3.10.

Figure 3.10: Hysteresis current controller

ig = iref + err (3.25)

Now, putting the value of ig from 3.25 into 3.24,

Vdc = Lf
d(ig + err)

dt
+ vg (3.26)

For the dynamic condition,

Vdc − vg = Lf
derr
dt

(3.27)
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When the output for the switch is ON condition, the error changes from –h to +h,

so the ON time (TON) can be calculated as,

TON =
2Lfh

(Vdc − vg)
(3.28)

Similarly, OFF time (TOFF ) can be calculated as

TOFF =
2Lfh

(Vdc + vg)
(3.29)

The switching frequency (fsw) can be written as

fsw =
1

Tsw
=

1

(TON + TOFF )
=

(V 2
dc − V 2

g )

(4VdcLfh)
=

Vdc
(4Lfh)(1− ( vg

Vdc
)2)

(3.30)

Here, vg = Av sinωt and kb =
Av

Vdc
Hence,

fsw =
Vdc

(4Lfh)(1− k2b sin
2 ωt)

(3.31)

From the equation 3.31, the maximum switching frequency can be obtained by 3.32.

fsw,max =
Vdc
4Lfh

(3.32)

In, the experimental setup Semikron made SKM50GB12T4 has been used which

having the maximum switching frequency of 20 kHz. SKM50GB12T4 is combination

of two IGBT switches connected in series and each switch has been integrated with

diode also. Selected values of Lf is 4mH and DC-link voltage Vdc are 400V. Putting

these values in 3.32, value of h obtained is 1.25. Same value of h has been used for

experimental as the DC-link voltage (200V) is half and also the value of interfacing

inductor (2mH) is half .
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3.1.7 Design and Development of Sensor Circuits

Sensors are an integral part of the SAPF system. They are utilized to senses the

different parameters (V & I) and gives to ADC channels of dSpace1104. Circuit

diagram for the voltage and current sensors has been shown in Fig. 3.11(a) and

3.11(b). Figure 3.11(c) shows the practical voltage and current circuits. For sensing

(a) (b)

(c)

Figure 3.11: Sensor circuits (a) voltage sensor circuit (b) current sensor circuit (c)
practical voltage and current sensors

the voltage parameters LEM make Hall-effect based LV25-P/sp2 model is used. Its

maximum input voltage range is 1500V. Maximum current of 14mA is limited in

input terminal. To reduce the input current a high resistance of 47kΩ has been used

with power capacity of 2W. In the output of the sensor OP07 IC has been used to

change the gain ratio of current sensor such that the output of voltage sensor should

not exceed 5V.

For sensing the current parameters LEM make Hall-effect based LA25-NP model is

used and its conversion ratio is 1:1000. In the output of the sensor OP07 IC has

been used to change the gain ratio of voltage sensor such that the output voltage of

sensor should not exceed 5V. The operational amplifier circuit is same for both the

voltage and current circuits.
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3.1.8 Design of Amplifier Circuit for IGBT Driver

Signal generated from dSpace1104 has the magnitude of 5V and to drive the Skyper32

Pro. It requires magnitude of 15V. Hence, there is a requirement of an amplifier

circuit which is shown in Fig. 3.12(a). The practical implementation of amplifying

circuit is shown in Fig. 3.12(b). It consists of 7406 IC and TN2222 transistor. 7406

IC requires 5V DC supply and the NPN transistor 2N2222 requires 15V DC supply.

(a)
(b)

Figure 3.12: Sensor circuits (a) Amplifier circuit for IGBT driver circuit (b) Practical
amplifier for Skyper 32 Pro
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3.2 Design and Development of Three-Phase Grid-

Connected PV System

Three-phase three-wire system has been realized for SAPF and the configuration has

been shown in Fig. 3.13. This configuration is used for reactive power compensation

and harmonic mitigation under non-linear or linear load condition. Same system

has also been tested under normal and distorted grid voltage condition.

Figure 3.13: Three-phase SAPF system

Figure 3.14 shows the system configuration for three-phase three-wire single stage

grid-tied PV system. PV string or array is connected to DC-link voltage of the

three-phase VSC. In this type of system no DC-DC converter required. The MPPT

technique is used to generate the reference DC-link voltage (Vdcref ). This system

can be used for both active and reactive power compensation along with harmonic

mitigation of grid current under linear/non-linear load condition.

Figure 3.15 shows the experimental setup for three-phase grid-tied PV system. The

main components are listed as- (1) Personal computer (2) dSpace1202 (3) DSO (4)

PV simulator (5) DC supplies (6) Sensors and gating circuit (7) 3-phase VSC (8)

Interfacing inductors (9) 3-phase variable ac supply (10) Resistive load (11) Induc-

tive load (12) Bridge rectifier.

Figure 3.16 shows the system configuration of three-phase three-wire double-stage

grid-tied PV system. In this configuration, a DC-DC boost converter has been used
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Figure 3.14: Three-phase single-stage grid-tied PV system

Figure 3.15: Experimental setup for three-phase grid tied PV system

to level up the PV output voltage. Output of the MPPT technique which is duty

cycle and is given to the DC-DC boost converter. In this configuration lower number

of PV module can be used than single-stage grid-tied PV system.

Further, design of different system have been discussed. HCC and sensor part

have been discussed earlier. In a single-phase system HCC generates 4-pulses

while HCC for three-phase generates six pulses [138]. Grid voltages for simula-

tion is 230V (Vph)/400V (VLL), 50Hz has been used and for experimental validation

63.5V (Vph/110V (VLL), 50Hz has been used. Both the normal balanced grid and the
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Figure 3.16: Three-phase double-stage grid-tied PV system

distorted grid has been applied and tested in simulation and experimental results.

3.2.1 Calculation of DC-link Reference Voltage

DC-link voltage is estimated such that it can inject reactive power to the grid.

So, that the DC-link voltage of single-phase VSC should be little greater than the

applied grid voltage [139]. Magnitude of the grid voltage can be calculated by 3.33.

Av =
2
√
2VLL√
3

(3.33)

Here, Av is the magnitude of the grid voltage, VLL is the line to line RMS grid volt-

age and ’m’ is the modulation index and its value is considered ’1’. Rating of supply

voltage is 415V (Vph), 50Hz for simulation studies and 110V (VLL), 50Hz for experi-

mental implementation. DC-link reference voltage calculation for the simulation is

achieved by 3.35.

Vdcref > Vdcm =
2
√
2vLL√
3m

=
2
√
2× 415√

3
= 677.67V (3.34)

Here, Vdcm is minimum DC-link voltage. Hence, the reference DC-link voltage

(Vdcref ) is considered as 800V. DC-link reference voltage calculation for the ex-
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perimental system is-

Vdcref > Vdcm =
2
√
2× 110√

3
= 179.30V (3.35)

Hence, the reference DC-link voltage (Vdcref ) is considered as 200V.

3.2.2 Design of DC-link Capacitor

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

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

link voltage during dynamics [139]. The DC-link capacitance can be calculated using

3.36.

Cdc =
6vphhicτg

(V 2
dcref − V 2

dcm)
(3.36)

Here, h(1.2) is the overloading factor, ic(25A) is the compensator or VSC current,

τ(0.02s) is time-constant, g(0.04) is gain constant, Vdcref (800V) is the reference DC-

link voltage and Vdcm(653.18V) is minimum DC-link voltage. Applying these values

in 3.36, gives

Cdc =
6vphhicτg

(V 2
dcref − V 2

dcm)
= 3881.85µF (3.37)

A little higher value of DC-link capacitor has been chosen for the simulation and

it is Cdc = 4000µF Similarly, for experimental system the capacitance calculated is

1476.01µF and chosen value is 1640µF .

3.2.3 Design of Interfacing Inductor

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

inductor provides better filtering but at the same time loss is higher [139]. Hence,

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

by 3.38.

Lf =

√
3mVdcref
12hfs∆i

(3.38)
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Here, m is the modulation index, Vdcref is DC-link reference voltage, h is the over-

loading factor, fs is the switching frequency and ∆i is the ripples in the current and

is considered 5% of maximum current. For simulation purpose its value is-

Lf =

√
3mVdcref
12hfs∆i

=

√
3× 1× 800

12× 1.2× 10× 103 × 1.5
= 6.40mH (3.39)

Similarly, the value of interfacing inductor has been calculated and it is 3.20mH.

3.2.4 Design of PV Array

For single-stage PV system, no DC-DC converter has been used. Hence, the output

of the PV array should be greater than the minimum DC-link voltage (Vdcm) . So

that the reference DC-link voltage generated by MPPT technique should be higher

than the minimum DC-link voltage (Vdcm). Number of PV module connected in

series is calculated by 3.40.

Nss =
Vdcm
Vmp

=
653.18

34.7
= 18.82 (3.40)

From 3.40, 22 modules have been considered and connected in series for the three-

phase single-stage grid connected PV system. Parameters of PV array has been

shown in Table 3.5.

Table 3.5: PV string parameters at STC for single-stage grid-tied PV system

Parameters Rating
No. of series modules 22
No. of parallel strings 1
Maximum Power (Pmp) 5954.52 W
Open-circuit voltage (Voc) 968.00 V
Short-circuit current (Isc) 8.1 A
Voltage at maximum power point (Vmp) 763.40 V
Current at maximum power point (Imp) 7.8 A

In double-stage grid-connected PV system, output of the PV is first connected to

DC-DC converter and the output of DC-DC converter is connected to the DC-link

of the VSC. Boost converter has been chosen because of simple in construction, less
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components required and the capability to up the voltage level. Double-stage PV

system has been preferred for the less no of PV modules connected in series and

having lesser maximum power point voltage than minimum DC-link voltage Vdcm

of the PV array. Here, MPPT technique gives the output as duty cycle given to

DC-DC boost converter. Number of PV module connected in series is calculated by

3.40. Here, the array of 10 modules has been connected in series, so that the duty

cycle of the boost converter works around on 0.5 for the three-phase double-stage

grid connected PV system. To increase the power capacity two strings have been

connected in parallel. Parameters of PV array has been shown in Table 3.6.

Table 3.6: PV array parameters at STC for double-stage grid-tied PV system

Parameters Rating
No. of series modules 10
No. of parallel strings 2
Maximum Power (Pmp) 5413.2 W
Open-circuit voltage (Voc) 440.0 V
Short-circuit current (Isc) 16.2 A
Voltage at maximum power point (Vmp) 347.0 V
Current at maximum power point (Imp) 15.6 A

3.3 Conclusions

In this chapter, design and development of single-phase and three-phase grid-connected

PV system have been discussed in detail. Design equations, system configuration

and the figures of experimental prototype setup have also been presented. PV ar-

ray can be connected in single-stage and double-stage manner in single-phase and

three-phase grid-connected PV system. These system configurations will be used in

simulations as well as in experimental prototype to improve the quality of power,

provide reactive power compensation and active power injection to the grid.
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Chapter 4

Grid Synchronization Techniques

Synchronization of the VSC with grid voltage and achievement of high power quality

requires a accurate and precise detection of phase and frequency in the grid side.

Hence, the use of grid synchronization techniques is mandatory. Out of several grid

synchronization techniques discussed in literature phase locked loops is popular.

However, the design of PLL circuits in single phase circuits is more challenging than

in three phase circuits as the three-phase grid voltages have a natural phase shift of

120◦. Moreover, three phase signals allow the use of Clarke and Park transformations

easily. However, in single phase circuits, it becomes necessary to create or estimate

quadrature signal by using different methods. Some conventional and proposed

synchronization techniques for single-phase and three-phase PLLs are discussed in

this chapter for estimation of phase, frequency, amplitude and the synchronizing

signals under various grid voltage conditions. The designed PLLs are further applied

for the power quality improvement and reactive power compensation in single-phase

and three-phase system.

4.1 Single-Phase Grid Synchronization Techniques

The following single-phase grid synchronization techniques have been discussed in

this section: delay based SRF-PLL, EPLL, SOGI-PLL, SOGI-FLL and SOGI-FLL-

ROGI.
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4.1.1 Delay based SRF-PLL

SRF requires transformation to α and β components of the grid-voltage signal. The

α component can be considered as the original voltage signal and the β component is

obtained by applying the phase shift of 90◦ to the supply voltage signal. The phase

shift of 90◦ is obtained by applying time delay of T/4 to the grid voltage signal as

explained in 4.1 and 4.2. Here, T is the time-period of input grid-voltage. Further,

Park-Transformation is applied, and the dq component of voltage signal is obtained.

The PI controller is applied to vq and its output is termed as error in frequency.

Adding with the standard grid frequency (ωn) gives the estimated frequency ω0 and

after integration the phase angle θ0 is calculated as shown in Fig. 4.1.

Figure 4.1: Structure of single-phase SRF-LL

The supply voltage vg(t) is given in 4.1 and it is also assumed as vα(t):

vg(t) = vα(t) = Av sin (ωt+ ϕi︸ ︷︷ ︸
θi

) (4.1)

and the quadrature component of the supply voltage vg(t) is expressed as :

vβ(t) = vα(t− T/4) = Av sin (ωt+ ϕi − ωT/4)

= Av sin(θi − ωT/4) = −Av cos(θi −∆ωT/4)

(4.2)

∆ω is defined as ∆ω = ωo −ωn, where ωo is the estimated supply voltage frequency

and the ωn is the standard frequency of the voltage signal. When the frequency

of the supply voltage signal changes from natural frequency, then ∆ω ̸= 0, which

causes to the lack of perfect orthogonality between vα(t) and vβ(t) and it gives the
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double frequency oscillations in estimation of different parameters of delay based

PLL. The Park-Transformation is given by 4.3:

vd(t)
vq(t)

 =

sin θo − cos θo

cos θo sin θo


vα(t)
vβ(t)

 (4.3)

For estimating the phase and the frequency of the signal, vq(t) is used as input signal

to PI controller which is used as loop-filter (LF) and gives the error signal.

vq(t) = vα(t) cos θo + vβ(t) sin θo

= Av sin θi cos θo + [−Av cos(θi −∆ωT/4)] sin θo

= Av/2[sin(θi + θo) + sin(θi − θo)]− Av/2[sin(θi −∆ωT/4 + θo)− sin(θi −∆ωT/4− θo)]

= Av/2[sin(θi − θo) + sin(θi −∆ωT/4− θo)] + Av/2[sin(θi + θo)− sin(θi −∆ωT/4 + θo)]︸ ︷︷ ︸
double frequency term

(4.4)

Now, vq(t) is given to the loop filter which provides the error signal (∆ω) and it

is further added to the natural frequency (ωn), then the resultant signal (ωo) is

obtained. The frequency signal (ωo) passed through the voltage-controlled oscillator

(VCO) gives the phase (θo) of the voltage signal. Explanation of the delay based

SRF-PLL is shown in Fig. 4.1. The Primary objective of PI in SRF-PLL is to

converge Vq → 0.

4.1.1.1 Simulation Results

The performance of the SRF-PLL has been shown and explained under different grid

voltage conditions. The following variations in grid voltage supply are simulated;

� Voltage sag and polluted grid (Fig. 4.2)

� Frequency change and noisy grid voltage (Fig. 4.3)

� Phase-shift and DC-offset (Fig. 4.4)
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Figure 4.2 shows the simulation performance of SRF-PLL under voltage sag and

polluted grid environment.

Figure 4.2: Simulation performance of single-phase SRF-PLL under voltage sag of
0.3pu and polluted grid

In Fig. 4.2, voltage sag is introduced at t=0.2s and removed at t=0.3s, also the

harmonics are introduced at t=0.4s and removed at t=0.5s. During the polluted

grid condition, ripples of 4.89Hz have been observed in frequency estimation and

ripples of 86.67V has been seen in amplitude estimation. Settling time of amplitude

estimation during the voltage sag is 4.8ms. During the voltage sag condition, grid

parameters estimation gives good results but during the polluted grid conditions it

shows ripples in amplitude and frequency estimation.

Fig. 4.3 shows the simulation performance of SRF-PLL under frequency change of

+2Hz and noisy grid voltage signal. The SRF-PLL is able to estimate frequency

but its shows oscillations of 0.8Hz when the frequency deviates from the standard

grid frequency of 50Hz to 52Hz and the dynamic response is slow and takes almost

3 cycles. During the noisy signal condition the output of the SRF-PLL is also noisy
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for both voltage amplitude and frequency estimation. The unit synchronizing signal

generated is also noisy when noise is present in grid voltage.

Figure 4.3: Simulation performance of single-phase SRF-PLL under frequency shift
of +2Hz and noisy grid

Figure 4.4 shows the simulation performance of SRF-PLL under phase shift and the

DC-offset in the input voltage signal. Phase shift of π/2 is introduced at t=0.1s

and removed at t=0.25s. The frequency estimation show transient of 5Hz and slow

response. During the DC-offset in grid voltage signal, the phase, frequency and

amplitude show high oscillations from t=0.4s to t=0.5s. The peak to peak value

is 183.8V and 5.76Hz for amplitude and frequency estimation respectively during

DC-offset condition.

4.1.1.2 Experimental Results

Performance of the single-phase delay based SRF-PLL has been also tested on ex-

perimental prototype setup. SRF-PLL has been tested under different grid voltage
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Figure 4.4: Simulation performance of single-phase SRF-PLL under phase-shift of
π/2 and 20% DC-offset

conditions. Figure 4.5(a) and 4.5(b) show the performance for the voltage sag and

the polluted grid condition. During the polluted grid condition, the voltage mag-

(a) (b)

Figure 4.5: Experimental performance of single-phase SRF-PLL under (a) voltage
sag of 20% (b) polluted grid (THD 18.0%)

nitude and the frequency estimation is tracked instantaneously. In steady state,

during normal grid voltage the estimated frequency shows oscillations. During the

polluted grid condition, the voltage estimated and frequency show high oscillations.
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High frequency oscillations leads to non-sinusoidal synchronizing signal.

Figure 4.6(a) and 4.6(b) show the experimental performance of the SRF-PLL under

frequency variation and the noisy grid voltage signal. Dynamic response for the

frequency estimation is almost 2.5 cycles and shows oscillations of 3Hz during noisy

grid voltage.

Figure 4.7(a) and 4.7(b) show the experimental performance of the SRF-PLL under

(a) (b)

Figure 4.6: Experimental performance of single-phase SRF-PLL under (a) frequency
shift of +2Hz (b) noisy grid

phase-shift of 90◦ and the DC-offset of 20% in the grid voltage signal. During the

(a) (b)

Figure 4.7: Experimental performance of single-phase SRF-PLL under (a) phase-
shift of π/2 (b) 20% DC-offset

sudden phase-shift an overshoot of 7Hz in frequency estimation and an overshoot of

140V has been occurred. During the DC-offset condition estimated frequency shows

oscillations of 6Hz and the estimated grid voltage shows the oscillations of 60V.

The SRF-PLL has been tested here under both in simulation and in experimental

environment. Simulation and experimental performance of delay based single-phase

48



SRF-PLL has been summarized in Table 4.1. The results for SRF-PLL shows good

performance under normal grid condition but performance is not satisfactory under

the polluted grid and noisy grid voltage condition.

Table 4.1: Summary of simulation and experimental performance of delay based
SRF-PLL

Cases Parameters
Simulation
performance

Experimental
performance

Voltage sag of 30%
∆f ts = 4.8ms ts = 5ms
Av ts = 4.8ms ts = 5ms

Polluted grid
(THD 14.18%)

∆f ∆fpp = 4.89Hz ∆fpp = 3.9Hz
Av Avpp = 86.67V Avpp = 50.0V

Frequency change
of +2Hz

∆f ts = 16.25ms ts = 40ms
∆fpp = 0.81Hz

Av ts = 10.0ms ts = 10ms
Avpp = 20.42V

Noisy voltage
∆f ∆fpp = 1.27Hz ∆f = 3.8Hz
Av Avpp = 40.5V Avpp = 40V

Phase-shift of π/2
∆f ts = 16.0ms ts = 80ms
Av ts = 50ms ts = 40ms

DC-offset of 20%
∆f ∆fpp = 5.76Hz ∆fpp = 3.6Hz
Av Avpp = 183.8V Avpp = 40.0V
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4.1.2 Enhanced Phase Locked Loop (EPLL)

EPLL is the enhanced version of standard PLL which removes the main drawback

of the presence of double frequency oscillation errors [140, 141]. The structure of

the EPLL is shown in Fig. 4.8 and it is very simple and robust such that the small

variation in its internal parameters do not affect much the performance of the EPLL.

One of the most significant feature of EPLL is that it has locking capability of phase

angle and amplitude both. It can accurately estimate different important parameters

of the grid voltage signal such as phase angle, frequency, amplitude, synchronizing

signal, quadrature signal, fundamental component, distortions etc. The removal of

double frequency error using mathematical modelling has been explained here.

Considering the input voltage signals as 4.5:

vg(t) = Av sin (ωit+ ϕi︸ ︷︷ ︸
θi

) (4.5)

From the Fig. 4.8 the output is y = Ao sin θo. When Ao = Av and θo = θi, EPLL

is under steady-state condition and the error (ev) will be zero. This condition also

shows the correct solution for the zero steady-state error for the estimation of phase

and frequency.

As observed from Fig. 4.8, the error signal is,

Figure 4.8: Structure of EPLL

ev = vg − y = Av sin θi − Ao sin θo (4.6)
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The output,

z = ev cos θ = (Av sin θi − Ao sin θo) cos θo

= Av/2 sin(θi − θo) +
Av

2
sin(θi + θo)− Ao sin(2θo)︸ ︷︷ ︸

double frequency term

(4.7)

If, Ao = Av and θo = θi is asymptotically stable, the system approaches to steady

state condition and the double frequency term approaches zero in 4.7. Then, the

estimated phase and frequency are free from double frequency ripple. The output,

x = ev sin θo = (Av sin θi − Ao sin θo) sin θo

= Av/2 cos(θi − θo)−
Ao

2
+
Ao

2
cos(2θo)−

Av

2
cos(θi + θo)︸ ︷︷ ︸

double frequency term

(4.8)

Similarly as in 4.7, the double frequency error approaches zero in 4.8. Hence there is

no double frequency in the estimated amplitude of the input signal also. The phase

angle of the input signal is estimated by given as 4.9:

θo =

∫
[k1ev(t) cos θo + k2

∫
ev(t) cos θodt+ ωn]dt (4.9)

From the control structure of Fig. 4.8, the differential equations of the EPLL can

be written as

Ȧo = k0ev sin θo

∆ω̇ = k1ev cos θo

θ̇o = ωo + k2ev cos θo

(4.10)

From 4.7 and 4.8, neglecting the double frequency term, i.e. at the steady state
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condition, the following differential equations can be obtained.

Ȧo = k0
Av

2
cos(θi − θo)− k0

Ao

2

ω̇ = k1
Av

2
sin(θi − θo)

θ̇o = ωo +∆ω + k2ev
Av

2
sin(θi − θo)

(4.11)

Now, defining the new small signal variables Ão = Ao − Av, ω̃o = ωo − ωi and

θ̃o = θo− θi and after linearising the above equation, it gives the following equation:

˙̃Ao = −ko
2
Ão

˙̃ωo = −k1
Av

2
θ̃o

˙̃θo = ω̃o − k2
Av

2
θ̃o

(4.12)

From 4.12, it can be analysed that the amplitude estimation is isolated with the

phase or frequency estimation loop. The equation for the amplitude estimation is

the first-order equation and the time constant is calculated as τ = 2
ko
.

The design parameters of the k1 and k2 of the EPLL are same as conventional PLL.

Characteristic equation for the phase angle estimation is given as:

θ̈o +
k2Av

2
θ̇o +

k1Av

2
θo = 0 (4.13)

The transfer function for the phase angle estimation is given by 4.14

θo(s)

θi(s)
=

k2Av

2
s+ k1Av

2

s2 + k2Av

2
s+ k1Av

2

=
2ζωrs+ ω2

r

s2 + 2ζωrs+ ω2
r

(4.14)

From 4.14, the values k1 and k2 can be calculated for the specified value of ωr, Av

and damping (ζ) of the system.

Figure 4.8 shows the basic structure of EPLL and the gain k0 here controls the speed

of convergence for calculating magnitude. The parameters k1 and k2 of EPLL are

responsible for controlling the rate of phase and frequency change.
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4.1.2.1 Simulation Results

Performance of the EPLL has been implemented and tested in MATLAB/Simulink.

Its simulation performance under different grid voltage conditions has been shown in

Fig. (4.9)-(4.11). These figures shows the grid voltage, synchronizing signal, phase

angle, frequency deviation and amplitude of the grid voltage.

Figure 4.9: Simulation Performance of EPLL under voltage sag of 0.3pu and polluted
grid

Figure 4.9 shows the simulation performance under 0.3pu voltage sag (t=0.1s to

t=0.3s) and polluted grid (t=0.5s to t=0.7s) environment. During the voltage sag,

the settling time for the amplitude estimation is 2 cycles. During the polluted or

harmonic grid condition, peak to peak value of frequency is 9.83Hz and peak to peak

value of voltage amplitude is 8.15V.

Simulation performance of EPLL under frequency deviation of +2Hz and the noisy

grid voltage has been shown in Fig. 4.10. Initially, frequency of the voltage is 50Hz

and at t=0.1s, frequency has been changed to 52Hz. After 0.2s it is set back to
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normal condition. The settling time for frequency estimation is almost 2.5cycles .

During this condition, the peak to peak frequency in steady-state is almost zero,

which is main advantage of EPLL. Ripple in frequency estimation is 1.92Hz and in

amplitude estimation is 1.25V the during noisy grid voltage signal. High undershoot

has been observed in amplitude estimation during frequency change.

Figure 4.10: Simulation performance of EPLL under frequency shift of +2Hz and
noisy grid

Simulation performance of EPLL under phase-shift of π/2 and DC-offset of 20% has

been shown in Fig. 4.11. Phase-shift of π/2 is simulated at t=0.1s and again at

t=0.3s. The frequency estimation shows almost zero-steady state error and ampli-

tude estimation shows high undershoot to 127.3V. 20% DC-offset has been occurred

during t=0.5s to t=0.7s. Both frequency and amplitude estimation show high os-

cillation during this condition. The results indicate that the EPLL gives better

steady-state performance during the frequency shift but it is not immune to DC-

offset.
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Figure 4.11: Simulation performance of EPLL under phase-shift of π/2 and DC-
offset of 20%

4.1.2.2 Experimental Results

Experimental performance of EPLL has been shown here for the different PQ prob-

lems in grid voltage issues. Figure 4.12(a) and 4.12(b) show the performance of

EPLL under voltage sag and the polluted grid conditions. During normal grid volt-

age condition the estimated frequency shows almost zero oscillations and it takes

only 1 cycle to estimate frequency during voltage sag dynamics. The voltage esti-

mation also shows almost zero oscillations during steady-state condition and during

dynamic voltage sag condition it takes less than 1cycle to estimate magnitude.

Figure 4.13(a) and 4.13(b) show the performance of EPLL under frequency shift

of +2Hz and the noisy grid voltage signal. During the frequency shift of +2Hz,

frequency has been tracked accurately within 2.5cycles but initially, it shows some

oscillations and these oscillations persist. During the noisy grid voltage, the fre-

quency estimation shows persisted oscillations of 3.5Hz.
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(a) (b)

Figure 4.12: Experimental performance of single-phase EPLL under (a) voltage sag
of 20% (b) polluted grid (THD 18.0%)

(a) (b)

Figure 4.13: Experimental performance of single-phase EPLL under (a) frequency
shift of +2Hz (b) noisy grid

Figure 4.14(a) and 4.14(b) show the performance of single-phase EPLL under

(a) (b)

Figure 4.14: Experimental performance of single-phase EPLL under (a) phase-shift
of π/2 (b) 20% DC-offset

phase-shift of π/2 and 20% DC-offset in grid voltage. In both the cases, the perfor-

mance EPLL is not good as the oscillations during dynamic phase-shift takes 12.5

cycles to damped out. During the DC-offset condition the oscillations in estimated
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frequency is 4Hz.

Table 4.2: Summary of simulation and experimental performance of EPLL

Cases Parameters
Simulation
performance

Experimental
performance

Voltage sag of 30%
∆f ts = 40ms ts = 50ms
Av ts = 40ms ts = 50ms

Polluted grid
(THD 14.18%)

∆f ∆fpp = 9.83Hz ∆fpp = 4.0Hz

Av Avpp = 8.15V
Very low oscilla-
tions

Frequency change
of +2Hz

∆f ts = 51.82ms ts = 150ms
∆fpp = 0.07Hz

Av ts = 51.82ms ts = 150ms
Avpp = 0.335V

Noisy voltage
∆f ∆fpp = 1.92Hz ∆f = 3.6Hz

Av Avpp = 1.25V
Very low Oscilla-
tions

Phase-shift of π/2
∆f ts = 60ms ts = 250ms
Av ts = 60ms ts = 75ms

DC-offset of 20%
∆f ∆fpp = 9.34Hz ∆fpp = 3Hz
Av Avpp = 83.9V Avpp = 100.0V

EPLL shows almost zero oscillations in frequency estimation in steady-state under

normal grid voltage conditions. During large phase-shift of the order of 90◦ its per-

formance is not acceptable. EPLL has the good capability to filter out lower order

harmonics but not higher order harmonics. Simulation and experimental perfor-

mance of EPLL has been summarized in Table 4.2.
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4.1.3 Second-Order Generalized Integrator Phase-Locked Loop

(SOGI-PLL)

The structure of SOGI-PLL has been shown in Fig. 4.15. SOGI is widely reported

in literature and used to generate filtered in-phase (vα) and quadrature-phase (vβ)

components of the input grid voltage. SOGI is used with loop filter and the VCO can

Figure 4.15: Structure of SOGI-PLL

be used as PLL. Firstly, output of the SOGI is converted into dq components of the

grid voltage. The q-component vq of the grid voltage contains phase and frequency

information. Hence, it is used to estimate phase and frequency information of the

grid voltage signal signal. The resonating frequency of the SOGI is fixed and is is

selected as standard grid frequency of 50 Hz.

Consider the grid voltage signal in simpler form;

vg(t) = Av sin (ωit+ ϕi︸ ︷︷ ︸
θi

) (4.15)

The error in voltage signal is estimated by subtracting the in-phase filtered compo-

nent to the grid voltage.

ev(t) = vg(t)− vα(t) (4.16)

The quadrature component of the input grid voltage signal is given by 4.17,

vβ(t) = ωn

∫
vα(t)dt (4.17)
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Here, ωn is the standard grid frequency or the resonating frequency of the SOGI-

PLL. Applying Laplace transformation on 4.17, it gives

vβ(s) = ωn
vα(s)

s
(4.18)

From Fig. 4.15, vα(t) is given by 4.19,

vα(t) =

∫
ωn[k0ev(t)− vβ(t)]dt

=

∫
ωnk0[vg(t)− vα(t)]dt− ωn

∫
vβ(t)dt

(4.19)

Laplace transform of the above equation is given as,

vα(s) = ωnko[
vg(s)

s
− vα(s)

s
]− ωn

vβ(s)

s
(4.20)

Putting the value of vβ(s) from (4.18) and arranging them it gives the closed-loop

transfer function of in-phase signal and is written as 4.21,

D(s) =
vα(s)

vg(s)
=

koωns

s2 + koωns+ ω2
n

(4.21)

Transfer function of the quadrature component is given as 4.22,

Q(s) =
vβ(s)

vg(s)
=

koω
2
n

s2 + koωns+ ω2
n

(4.22)

Transfer function of the SOGI is given as 4.23,

SOGI(s) =
vα(s)

koev(s)
=

ωns

s2 + ω2
n

(4.23)

Transfer function of the error signal (ev) is given as 4.24:

E(s) =
ev(s)

vg(s)
=

s2 + ω2
n

s2 + koωns+ ω2
n

(4.24)
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Bode plots of SOGI are shown in Fig. 4.16 for in-phase and quadrature phase

component transfer functions fro the different SOGI gains. Bode-plot for D(s) shows

the characteristics of the band pass filter while the bode plot of Q(s) shows the

characteristics of low pass filter and the 90◦ behind the in-phase component. Step

response of the in-phase and quadrature phase transfer functions have been shown

in Fig. 4.17 for the different value of k0. The selected vale of k0 is 1.414 as it show

the optimal response in terms of convergence rate and the transient value.

(a) (b)

Figure 4.16: Bode plot of SOGI for (a) In-phase component D(s) (b) Quadrature
component Q(s)

(a) (b)

Figure 4.17: Step response of SOGI for (a) In-phase componentD(s) (b) Quadrature
component Q(s)
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4.1.3.1 Simulation Results

Simulation results for SOGI-PLL under different cases of grid voltage conditions has

been shown in Fig. (4.18)-(4.19). Performance of SOGI-PLL under grid voltage sag

and harmonic grid have been shown in Figure 4.18. Voltage sag of 0.3pu has been

simulated at t=0.1s and recovered back to normal at 0.3s. The frequency has been

estimated accurately with very low oscillations (fpp=0.85Hz) during polluted grid

condition. The amplitude has been estimated within 0.5cycle during sag and peak

to peak voltage (Avpp) is 16.99V during harmonic grid voltage condition.

SOGI-PLL has been tested under frequency shift of +2Hz and noisy grid voltage

Figure 4.18: Simulation performance of SOGI-PLL under voltage sag of 0.3pu and
polluted grid

signal and shown in Fig. 4.19. The frequency has been changed to 52Hz at t=0.1s and

brought back to standard condition at t=0.3s. The frequency has been estimated

within 3 cycles by SOGI-PLL and in steady-state fpp is 0.42Hz during grid voltage

of 52Hz . The response time for phase angle will be same as frequency estimation as
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it calculated from frequency. Noise in grid voltage signal has been simulated during

t=0.6s to t=0.7s. During this condition all the parameters have been estimated

perfectly.

Simulation performance of SOGI-PLL under phase-shift of π/2 and DC-offset

Figure 4.19: Simulation performance of SOGI-PLL under frequency shift of 2Hz and
noisy grid

condition has been shown in Fig. 4.20. Phase-shift of π/2 is happened at t=0.1s

and it occurred again at t=0.3s. Overshoot of 10Hz has been observed at t=0.1s for

frequency estimation and estimated within 3 cycles.The amplitude estimation shows

the undershoot of 101.10V and its settling time is 20ms. DC-offset of 20% has been

simulated during t=0.5s to t=0.7s. During this condition, frequency estimation

shows oscillations and fpp is 5.75Hz and amplitude estimation shows oscillations of

183.90V. Hence, the SOGI-PLL works good in all conditions except the DC-offset

in grid voltage signal.
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Figure 4.20: Simulation performance of SOGI-PLL under phase-shift of π/2 and
DC-offset of 20%

4.1.3.2 Experimental Results

Experimental performance of SOGI-PLL has been shown in Fig. 4.21(a) and 4.21(b)

under voltage sag and the polluted grid condition. Voltage magnitude has been es-

timated accurately within half-cycle and very low oscillations have been observed in

estimated frequency under normal grid condition. During the polluted grid condi-

tion, the peak to peak value of estimated frequency is only 0.8Hz as the SOGI-PLL

has good filtering capability.

Experimental performance of SOGI-PLL has been shown in Fig. 4.22(a) and 4.22(b)

under frequency-shift of +2Hz and the noisy grid signal. During frequency variation

of +2Hz, the frequency has been estimated within 2.5 cycles. During the noisy grid

voltage condition, due to the excellent filtering capability almost no oscillation has

been observed in estimated frequency.

Experimental performance of SOGI-PLL has been shown in Fig. 4.23(a) and 4.23(b)
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(a) (b)

Figure 4.21: Experimental performance of single-phase SOGI-PLL under (a) voltage
sag of 20% (b) polluted grid (THD 18.0%)

(a) (b)

Figure 4.22: Experimental performance of single-phase SOGI-PLL under (a) fre-
quency shift of +2Hz (b) noisy grid

(a) (b)

Figure 4.23: Experimental performance of single-phase SOGI-PLL under (a) phase-
shift of π/2 (b) 20% DC-offset

under phase-shift of π/2 and DC-offset of 20%. During the phase-shift condition,

an overshoot of 7Hz has been seen in frequency estimation and undershoot of 50V

has been seen in voltage magnitude estimation. The settling time is almost 50ms.
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The SOGI-PLL has the limited DC-offset rejection capability, it shows oscillations

of 1.8Hz in estimated frequency.

Table 4.3: Summary of simulation and experimental performance of SOGI-PLL

Cases Parameters Simulation Experimental
performance performance

Voltage sag of 30%
∆f

ts = 10.95,
∆fpp = 0.06Hz

ts = 10ms
∆fpp = 0.3Hz

Av
ts = 10.95ms
Avpp = 2.58V

ts = 10ms

Polluted grid
∆f ∆fpp = 0.85Hz ∆fpp = 0.8Hz
Av Avpp = 16.99V Avpp = 14.0V

Frequency change
of +2Hz

∆f ts = 60.33ms ts = 50ms
∆fpp = 0.42Hz

Av ts = 13.56ms
ts = Very less
time

Avpp = 13.85V

Noisy voltage
∆f ∆fpp = 0.15Hz ∆fpp = 0.6Hz
Av Avpp = 3.95V Avpp = 7V

Phase-shift of π/2
∆f ts = 59.22ms ts = 80ms
Av ts = 20.79ms ts = 25ms

DC-offset of 20%
∆f ∆fpp = 5.75Hz ∆fpp = 1.5Hz
Av Avpp = 183.9V Avpp = 70.0V

SOGI-PLL has the excellent filtering and dynamic performance capability. It shows

good performance under polluted grid and the noisy grid voltage signal. Since the

SOGI-PLL has been designed without frequency locked loop, it shows some oscilla-

tions during the frequency change condition. Simulation and experimental perfor-

mance of single-phase SOGI-PLL has been summarized in Table 4.3.The design of

SOGI-FLL is discussed in next section.
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4.1.4 Second-Order Generalized Integrator Frequency Locked

Loop (SOGI-FLL)

Figure 4.24 shows the structure of SOGI-FLL and here it is used as single-phase grid

synchronization technique. SOGI-FLL contains two parts, first part is SOGI which

filters the grid voltage signal and the second part is FLL which estimates frequency.

SOGI-FLL is designed for better frequency estimation under the frequency change.

It doesn’t require PI controller and Park transformation block to estimate phase and

frequency. Hence, its structure is simple and shown in Fig. 4.24. The SOGI-FLL

Figure 4.24: Structure of SOGI-FLL

is implemented to estimate filtered α− β component of the grid voltage even under

large variation in grid frequency. The resonating frequency changes according to

the grid frequency. The α-component (vα) is the in-phase filtered component and

β-component (vβ) is the quadrature component of the grid voltage signal.

Error in the voltage signal is estimated by 4.25,

ev(t) = vg(t)− vα(t) (4.25)

The quadrature component of the input grid voltage signal is given by 4.26,

vβ(t) = ωo

∫
vα(t)dt (4.26)
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Here, ωo is the estimated frequency or the resonating frequency of the SOGI-FLL.

The closed-loop transfer function of in-phase signal and quadrature can be written

as 4.27 and 4.28,

D(s) =
vα(s)

vg(s)
=

koωos

s2 + koωos+ ω2
o

(4.27)

Q(s) =
vβ(s)

vg(s)
=

koω
2
o

s2 + koωos+ ω2
o

(4.28)

Transfer function of the error signal (ev) is given as 4.29:

E(s) =
ev(s)

vg(s)
=

s2 + ω2
o

s2 + koωos+ ω2
o

(4.29)

Here, ωo = ωn +∆ω and ∆ω is estimated by 4.30,

∆ω =

∫
−γev(t)vβ(t)dt (4.30)

where, γ is FLL gain and its optimum selected value is 0.2. ev is the eeror in voltage

signal. The filtering level of SOGI greatly depends upon the gain ko. Lower value of

k0 results in heavy filtering action but at the same time dynamic response becomes

slower and vice-versa. The value of ko is taken as
√
2 for the optimal response.

SOGI-PLL estimates the phase and frequency of the grid voltage signal when the

resonating frequency equals to the standard grid frequency (ωn). But, when the

frequency of the grid voltage differs from the standard frequency, then the frequency

estimated by SOGI-PLL can not be tracked precisely. Hence, an additional circuit

is required which automatically adjusts the resonating frequency of the SOGI. This

second part is FLL, which is used to adjust the resonating frequency of SOGI to that

of the grid voltage frequency. FLL estimates the frequency (ωo) by computing the

product of the quadrature grid voltage signal and the error signal, then it is passed

through the gain (γ) and the integrator function. The dynamic response for the

frequency estimation depends on FLL gain γ. The magnitude of the grid voltage

and the phase angle can be estimated with the help of in-phase and quadrature
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phase signals as shown in 4.31 and 4.32 respectively .

Av(t) =
√
v2α(t) + v2β(t) (4.31)

∠vg(t) = θo = arctan
vβ(t)

vα(t)
(4.32)

4.1.4.1 Simulation Results

Simulation performance of six different grid voltage cases has been shown in Fig. (4.25)-

(4.27). SOGI-FLL is designed to perform better for phase angle, frequency and

Figure 4.25: Simulation performance of SOGI-FLL under voltage sag of 0.3pu and
polluted grid

amplitude estimation than SOGI-PLL during the frequency change condition. Fig-

ure 4.25 shows the simulation performance under voltage sag (t=0.1s to t=0.3s) and

polluted grid condition (t=0.5 to t=0.7). In steady state, oscillations in estimated

frequency fpp is almost negligible and it is 0.006Hz. The amplitude has been esti-

mated within 0,5cycles and the steady-state oscillations is 2.5V. During the polluted
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grid condition, ripples in output frequency is 0.65Hz and in estimated amplitude is

18.08V.

Simulation performance under frequency shift of +2Hz and noisy grid condition has

been shown in Fig. 4.26. The frequency shift has been detected in 1.5 cycles and the

Figure 4.26: Simulation performance of SOGI-FLL under frequency shift of 2Hz and
noisy grid

amplitude has been tracked within 1 cycle. The ripples in estimated frequency is

very low and negligible and its peak to peak value is 0.06Hz. During the noisy grid

condition, the peak to peak value of estimated frequency is 0.11Hz and in amplitude

estimation it is only 4.07V. As expected, SOGI-FLL works better than SOGI-PLL,

EPLL or SRF-PLL during the frequency deviation.

Response of the SOGI-FLL under phase shift of π/2 and DC-offset of 20% has been

displayed in Fig. 4.27. The phase-shift has been detected in 27.47ms, The peak to

peak value of estimated grid frequency is 3.66Hz and the peak to peak value of es-

timated voltage amplitude is 185.5V during DC-offset case. It perform better than

SOGI-PLL but still it has no DC-rejection capability.
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Figure 4.27: Simulation performance of SOGI-FLL under phase-shift of π/2 and
DC-offset of 20%

4.1.4.2 Experimental results

Experimental performance of the SOGI-FLL has been shown in Fig. 4.28, 4.29 and

4.30 for the six different grid voltage conditions. The performance of SOGI-FLL

(a) (b)

Figure 4.28: Experimental performance of single-phase SOGI-FLL under (a) voltage
sag of 20% (b) polluted grid (THD 18.0%)

is almost similar to SOGI-PLL under different grid voltage cases except under fre-

quency variation as it contains frequency-locked loop. In Fig. 4.29(a), the frequency
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(a) (b)

Figure 4.29: Experimental performance of single-phase SOGI-FLL under (a) fre-
quency shift of +2Hz (b) noisy grid

(a) (b)

Figure 4.30: Experimental performance of single-phase SOGI-FLL under (a) phase-
shift of π/2 (b) 20% DC-offset

estimated by the SOGI-FLL shows less oscillations than frequency estimated by the

SOGI-PLL during the variations in grid frequency from the standard grid frequency.

Summary of the simulation and experimental performance of SOGI-FLL has been

summarized in Table 4.4.
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Table 4.4: Summary of simulation and experimental performance of SOGI-FLL

Cases Parameters
Simulation
performance

Experimental
performance

Voltage sag of 30%
∆f ts = 8.5ms ts = 15ms

∆fpp = 0.06Hz
Av ts = 8.5ms ts = 8ms

Avpp = 2.5V

Polluted grid
∆f ∆fpp = 0.65Hz ∆fpp = 0.2Hz
Av Avpp = 18.08V Avpp = 10.0V

Frequency change
of +2Hz

∆f ts = 29.65ms ts = 100ms
∆fpp = 0.06Hz

Av ts = 13.56ms
ts = Very less
time

Avpp = 2.66V

Noisy voltage
∆f ∆fpp = 0.11Hz ∆fpp = 0.1Hz
Av Avpp = 4.07V Avpp = 7V

Phase-shift of π/2
∆f ts = 27.47ms ts = 70ms
Av ts = 13.79ms ts = 20ms

DC-offset of 20%
∆f ∆fpp = 3.66Hz ∆fpp = 3.0Hz
Av Avpp = 185.5V Avpp = 70.0V

4.1.5 SOGI-FLL and Reduced Order Generalized Integrator

(ROGI) based Synchronization Technique

The proposed synchronization technique consists of three parts viz. the SOGI block,

FLL block and the ROGI block. The structure of SOGI-FLL-ROGI based synchro-

nization technique is shown in Fig. 4.31. The SOGI block generates the in-phase

Figure 4.31: Structure of SOGI-FLL cascaded with ROGI

and the quadrature signals of the input signal. Here, the SOGI has been used as

a pre-filtering stage of the grid voltage signal. The FLL block has been designed
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for detecting the frequency deviations of the input signal. The ROGI block requires

two input signals viz. the in-phase and quadrature signals, which are taken from

the SOGI. Now, the SOGI-ROGI combination is designed to give perfect sinusoidal

in-phase and quadrature phase signals. Individual SOGI/ROGI blocks do provide

filtering but are not as effective as the combination. If the ROGI block alone has be

used without pre-filtering, the quadrature-phase input for the ROGI blocks needs to

be generated using a quadrature signal generator, say a T/4-delay. T/4-delay gives

satisfactory quadrature signal only when the frequency of the signal is 50Hz without

any frequency deviation. Here, the variable transport delay has been used to gen-

erate quadrature signal even under frequency shifts from standard grid frequency.

The frequency for the ROGI and variable transport delay has been taken from the

FLL block. The in-phase output of the SOGI is immune to DC-offset. Hence, the

output of the proposed SOGI-FLL-ROGI is free from DC-offset.

In Fig. 4.31, vg is the input signal and (v′α, v
′′
β) are the outputs of the SOG-FLL

and represent the in-phase and quadrature signals of the input. vα and vβ are the

final outputs obtained from the cascaded operation of the SOGI-FLL and ROGI

technique. The open-loop transfer function of SOGI is given as in 4.33.

SOGI(s) =
koωos

s2 + ω2
o

(4.33)

The closed-loop transfer functions of (v′α, v
′′
β) of the SOGI block considering error

signal (e′α) are given as in 4.34 and 4.35.

v′α(s)

vg(s)
=

koωos

s2 + koωos+ ω2
o

(4.34)

v′′β(s)

vg(s)
=

koω
2
o

s2 + koωos+ ω2
o

(4.35)

From the FLL, the estimated frequency ωo is given as 4.36,

ωo = ωn +

∫
(vg − v′α)v

′
βγdt (4.36)
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As discussed in [95], ROGI is an algorithm with a single complex pole. The transfer

function of the ROGI is represented as

vαβ(s)

eαβ(s)
=

kr
s− jωo

(4.37)

where, eαβ = v′αβ−vαβ is the error signal for the ROGI. Now, the closed-loop transfer

function with the ROGI for in-phase and quadrature signal are given as in 4.38-4.40.

vα(s)

v′α(s)
=
vβ(s)

v′β(s)
=

krωos

s2 + 2krωos+ (1 + k2r)ω
2
o

(4.38)

Q(s) =
vβ(s)

vg(s)
=

k0krω
2
o(2ωos+ k0ω

2
o)

s4 + (ko + 2kr)ωos3 + (2 + 2kokr + k2r)ω
3
os

2 + (1 + k2r)ω
4
o

(4.39)

D(s) =
vα(s)

vg(s)
=

k0krω
2
o(s

2 + krωos− ω2
o)

s4 + (ko + 2kr)ωos3 + (2 + 2kokr + k2r)ω
3
os

2 + (1 + k2r)ω
4
o

(4.40)

The response of proposed technique depends on selection of three gains viz k0, kr

and γ. These gains significantly affect the individual performance of SOGI, ROGI

and FLL and hence the combined response. Here, ko = kr = 1.414 has been taken

as optimal response of the algorithm and for γ it,s value is 0.2.

The bode plot for the D(s) and Q(s) has been shown in Fig. 4.32(a). The magnitude

(a)
(b)

Figure 4.32: Bode plot of (a) SOGI-ROGI for D(s) and Q(s) (b) SOGI and SOGI-
ROGI for in-phase component

response of the bode plot shows that the it works as a low pass filter and rejects
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higher order harmonics effectively. The phase plot of both the transfer functions

clearly shows a phase-shift of 90◦ at ωn = 314rad/s.The bode response of the SOGI

and SOGI-ROGI has been compared in Fig. 4.32(b).The response shows magnitude

plot slope reduces by a factor of 40dB/decade for cascade SOGI-ROGI combination,

where as 20dB/decade slope observed with the SOGI algorithm. Hence, better and

more effective filtering for higher-harmonics is observed with the SOGI-FLL-ROGI

algorithm. Using tan-inverse function on output of the ROGI provides the phase

angle information and further applying the sine function gives the synchronizing

signal.

4.1.5.1 Simulation Results

Simulation results of the SOGI-FLL-ROGI have been shown in Fig. (4.33)- (4.35).

Figure 4.33 shows the performance analysis of SOGI-FLL-ROGI as compared to

SOGI-FLL under voltage sag and polluted grid condition. Frequency has not been

Figure 4.33: Simulation performance of SOGI-FLL-ROGI under voltage sag of 0.3pu
and polluted grid
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shown as the FLL estimates the frequency and is already shown in previous sec-

tion. Voltage sag has been introduced from t=0.1s to t=0.3s and harmonic has been

introduced from t=0.5s to t=0.7s. In case of voltage sag of 0.3pu, the amplitude es-

timated by SOGI-FLL within 0.5 cycles. While, it is estimated by SOGI-FLL-ROGI

is in 1 cycle. But the ripples in amplitude by SOGI-FLL and SOGI-FLL-ROGI is

1.97V and 0.05V respectively in steady state. Also error (peak to peak) in voltage

signal is 5.18V in SOGI-FLL and 2.70V in SOGI-FLL-ROGI. Hence the proposed

algorithm is little slower but the steady-state response is better than SOGI-FLL.

During the polluted grid condition, it easily observed that the SOGI-FLL-ROGI

shows better filtering capability than SOGI-FLL. The FFT analysis also shows the

better filtering capability of proposed algorithm. Grid voltage THD of 14.22% is

filtered the synchronizing signal obtained by SOGI-FLL THD is 3.31% , while THD

of the synchronizing signal obtained by SOGI-FLL-ROGI is only 1.06%.

Simulation performance of SOGI-FLL-ROGI has been shown in Fig. 4.34 under

frequency shift and noisy grid voltage condition. Synchronizing signal, voltage am-

Figure 4.34: Simulation performance of SOGI-FLL-ROGI under frequency shift of
+2Hz and noisy grid

plitude and estimated error has been shown. The voltage amplitude estimated by
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SOGI-FLL-ROGI shows less ripples (Avpp = 0.51V ) than amplitude estimated by

SOGI-FLL (Avpp = 2.71V ) during grid voltage of 52Hz. During the noisy grid con-

dition, ripples in voltage error is 43.06V and 5.83V estimated by SOGI-FLL and

SOGI-FLL-ROGI respectively.

Simulation performance of SOGI-FLL-ROGI under phase shift of π/2 and DC-offset

condition has been shown in Fig. 4.35. The performance of SOGI-FLL-ROGI has

Figure 4.35: Simulation performance of SOGI-FLL-ROGI under phase-shift of π/2
and DC-offset of 20%

also been compared with SOGI-FLL. The amplitude estimation shows high over-

shoot by SOGI-FLL than SOGI-FLL-ROGI during dynamic condition. During the

DC-offset in grid voltage, the amplitude estimated by SOGI-FLL shows high oscil-

lations while SOGI-FLL-ROGI shows less oscillations. The voltage error signal has

also lower oscillation obtained by SOGI-FLL-ROGI than voltage error obtained by

SOGI-FLL.

4.1.5.2 Experimental Results

Experimental performance of the SOGI-FLL has been shown in Fig. 4.36, 4.37 and

4.38 for the six different grid voltage conditions. Here, the SOGI-FLL is used as pre-
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(a) (b)

Figure 4.36: Experimental performance of single-phase SOGI-FLL-ROGI under (a)
voltage sag of 20% (b) polluted grid (THD 18.0%)

(a) (b)

Figure 4.37: Experimental performance of single-phase SOGI-FLL-ROGI under (a)
frequency shift of +2Hz (b) noisy grid

(a) (b)

Figure 4.38: Experimental performance of single-phase SOGI-FLL-ROGI under (a)
phase-shift of π/2 (b) 20% DC-offset

filter of the ROGI and hence the frequency estimated is similar to SOGI-FLL. Here,

we require the distortion free synchronizing signal for the power quality improvement

applications. Here, the error in grid voltage has been measured at pre-filter stage

and the second stage. Lesser the error leads to the better synchronizing signal. In
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all the six different grid voltage cases, the error (eα) at first stage is lesser than error

(e′α) at second stage. The experimental performance of the SOGI-FLL-ROGI shows

better performance than the SOGI-FLL. It also shows better performance under

DC-offset in grid-voltage condition.

4.1.5.3 Performance Comparison of SOGI-FLL, ROGI and SOGI-FLL-

ROGI

As the main aim of these algorithms is to generate a perfect synchronization signal

replicated from input grid voltage signal. Hence, the THD of the unit synchroniz-

ing signal obtained from the SOGI-FLL, ROGI and SOGI-FLL-ROGI are shown in

Fig. 4.39 and compared. The result obtained using the proposed SOGI-FLL-ROGI

Figure 4.39: FFT analysis of (a) grid voltage signal (b) ug obtained from ROGI (c)
ug obtained from SOGI-FLL (d) ug obtained from SOGI-FLL and ROGI

algorithm is more accurate than the individual algorithms. The FFT analysis of
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the grid voltage and the synchronizing signals obtained are depicted in Fig. 4.39.

Figure 4.39(a) shows the FFT analysis of the grid voltage, which shows the THD of

21.11% and contains 3rd, 5th, 7th and 11th harmonic as dominant terms. The THD

of the synchronizing signal obtained by ROGI, SOGI-FLL and SOGI-FLL-ROGI is

2.35%, 2.28% and 0.38% respectively. THD comparison of obtained synchronizing

signal (ug) by ROGI, SOGI-FLL and SOGI-FLL-ROGI has been summarized in

Table 4.5.

Table 4.5: THD of the synchronizing signal (ug) obtained by ROGI, SOGI-FLL and
SOGI-FLL-ROGI

Parameters ROGI SOGI-FLL SOGI-FLL-ROGI
THD of grid voltage 21.11% 21.11% 21.11%
THD of output signal (ug) 2.35% 2.28% 0.38%

The result in Table 4.5 shows that out of ROGI, SOGI-FLL and SOGI-FLL-ROGI,

almost perfect unit template have been generated by SOGI-FLL-ROGI based tech-

nique from the same distorted grid voltage signal.
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4.1.6 Adaptive Zero-Crossing Detection (AZCD) based Syn-

chronization

A zero-crossing detection technique can also be used to generate synchronizing sig-

nals. The conventional ZCD generates perfect synchronizing signals with a simple

algorithm. However, the conventional ZCD has the disadvantage that it can gener-

ate synchronizing signals of only fixed frequency. When the grid frequency varies,

perfect synchronizing can not be obtained by ZCD. Hence, the ZCD requires a ro-

bust grid frequency estimator to estimate the precise frequency of the grid voltage.

the block diagram and working principle of ZCD technique is discussed.

4.1.6.1 Zero-Crossing Detector

The ZCD is based on the detection of zero crossings of the input signal. It is based

on the simple “if” and “then” logic. If the sinusoidal voltage signal crosses the zero

value and is moving towards positive -half cycle then the ZCD generates the unit

sine wave of positive-cycle. If the voltage signal crosses the zero value and moving

towards negative-half cycle then the ZCD generates the unit sine wave of negative-

half cycle. After combining both the positive-half cycle and negative-half cycle, the

generation of the complete unit sinusoidal wave of 50Hz frequency takes place. The

generated wave has frequency of 50Hz and is in-phase with the input grid voltage

and free from distortion. Structure of the ZCD has been shown in Fig. 4.40.

> 0

> 0

> 0

gv

gv gu

sw1

sw2

sw3

Figure 4.40: Structure of conventional ZCD

The output of ZCD doesn’t depend on the magnitude of the input waveform. Its
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drawback is that the conventional ZCD generates the sinusoidal waveform of the

frequency of 50Hz even when the frequency of the grid voltage deviates from the

standard frequency. In this case, there will be some error at zero crossings. Hence,

the conventional ZCD requires a frequency estimator, which can detect the frequency

of the input grid voltage signal and correspondingly generate the pure sine wave in-

phase with the input signal. This is the basis of design of frequency adaptive ZCD

technique.

4.1.6.2 Frequency Adaptive ZCD

Under practical conditions, the grid voltage in the distribution grid contains har-

monics. The grid voltage in single-phase distribution grid can be expressed as

vg(t) = Av sin(ωit+ ϕ1) + hn(t) (4.41)

In 4.41, Av, ωi and ϕ1 are the magnitudes of the fundamental load component,

grid frequency and phase angle of the fundamental component of the grid voltage

respectively. hn(t) denotes the harmonic content in the grid voltage. Equation 4.41

is discretized and written as 4.42.

vg(k) = Av sin(ωikTs + ϕ1) + hn(kTs) (4.42)

In 4.42, k=1, 2, 3 ... and Ts denotes the sampling time. The estimation of frequency

is based on three-consecutive sampling (3CS) method discussed in literature. Three

consecutive samples can be obtained by applying the transfer delay of τ and 2τ and

can be written as 4.43 and 4.44.

v1(k) = vg(k − τ) = Av sin(ωikTs − ωiτ + ϕ1) + hn(kTs − τ) (4.43)

v2(k) = vg(k − 2τ) = Av sin(ωikTs − 2ωiτ + ϕ1) + hn(kTs − 2τ) (4.44)
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Expanding 4.43 and 4.44, we get the following equations,

v1(k) = γ1Av sin(ωikTs + ϕ1)− γ2Avcos(ωikTs + ϕ1) + hn(kTs − τ) (4.45)

v2(k) = γ3Av sin(ωikTs + ϕ1)− γ4Avcos(ωikTs + ϕ1) + hn(kTs − 2τ) (4.46)

where,

γ1 = cosωiτ, γ2 = sinωiτ, γ3 = cos 2ωiτ and γ4 = sin 2ωiτ (4.47)

Applying the algebraic operations of trigonometric functions on 4.48 and after sim-

plifying, the relationship obtained as

γ3 = 2γ21 − 1 (4.48)

γ4 = 2γ1γ2 (4.49)

Also, the value of ωiτ is specified as 0 < ωiτ < π for γ2 ̸= 0. Equation 4.45 and 4.46

can also be written as:

γ2Avcos(ωikTs + ϕ1) = γ1Av sin(ωikTs + ϕ1) + hn(kTs − τ)− v1(k) (4.50)

γ4Avcos(ωikTs + ϕ1) = γ3Av sin(ωikTs + ϕ1) + hn(kTs − 2τ)− v2(k) (4.51)

Multiplying 2γ1 on both sides of 4.50 and substituting the values from 4.48, 4.49

and 4.51 into it, it gives

vg(k) + v2(k) = 2γ1v1(k) + hn(kTs)− 2γ1hn(kTs − τ) + hn(kTs − τ) (4.52)

vg(k) + v2(k) = 2γ1v1(k)−∆k (4.53)

In 4.54,∆k denotes the sum of time-delayed harmonic components of the grid volt-

age. In 4.54, γ1 is the only parameter which is unknown and other parameters is

either known or can be obtained easily. Under ideal grid voltage condition, the har-
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monic component in grid voltage is zero, hence ∆k = 0. Under this condition, 4.54

can be written as

vg(k) + v2(k) = 2γ1v1(k) (4.54)

Here, the frequency (ω) can be estimated by 4.55,

ω =
arccos[(vg(k) + v2(k))/2v1(k)]

τ
(4.55)

Equation 4.55 estimates the frequency under standard test conditions and is valid

for the ideal case when the voltage signal is not polluted. The effect of the harmonics

is eliminated using a robust technique which estimates the fundamental frequency

with zero-steady error. The error is defined as

e(k) = 2γ̂1(k)v1(k)− vg(k)− v2(k) (4.56)

In 4.56, γ̂1 is the new estimated value of γ1. Once the value of γ1 is estimated,

the precise frequency of the fundamental component of the voltage signal can be

estimated. A robust update law is developed for the estimation of γ1 and is expressed

as in 4.57.

γ̂1(k + 1) = γ̂1(k)−
2αe(k)v1(k)

1 + 4αv21(k)
(4.57)

γ̂1(k + 1) = γ̂1(k)−
2αv1(k)

1 + 4αv21(k)
(2γ̂1(k)v1(k)− vg(k)− v2(k)) (4.58)

In 4.58, α denotes the convergence factor. Once γ̂1(k) is estimated, the estimated

frequency of the grid voltage is expressed as

ωo(k) =
arccos[γ̂1(k)]

τ
(4.59)

The estimation error is expressed as

γ̃1(k) = γ̂1(k)− γ1 (4.60)
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Also, this expression can be written as

γ̃1(k + 1) = γ̂1(k + 1)− γ1

= γ̂1(k)−
2αv1(k)

1 + 4αv21
(2γ̂1(k)v1(k)− vg(k)− v2(k))− γ1

= γ̂1(k)−
2αv1(k)

1 + 4αv21
(2γ̂1(k)v1(k)− 2γ1(k)v1(k))

= γ̂1(k)−
4αv21(k)

1 + 4αv21
γ̃1(k)

=
1

1 + 4αv21(k)
γ̃1(k)

(4.61)

Iterating 4.61, it yields

γ̃1(k) =
1

1 + 4αv21(k − 1)
γ̃1(k − 1)

=
1

1 + 4αv21(k − 1)

1

1 + 4αv21(k − 2)
γ̃1(k − 2)

=
1

1 + 4αv21(k − 1)

1

1 + 4αv21(k − 2)
.........

1

1 + 4αv21(0)
γ̃1(0)

(4.62)

In 4.62, v1(0) is the initial grid voltage with τ delay and γ̃1(0) is the initial estimation

error. In 4.62, there are m non-zero values of {v1(0), v1(1), v2(2), .......... v1(k − 1)}

and these are assumed as {v1(p1), v1(p2), v2(p3), .......... v1(pm)}. Among all the

non-zero values the minimum is considered as v1min(pm).

Now, 4.62 can be re-written with the above assumption is:

γ̃1(k) =
1

1 + 4αv21(p1)

1

1 + 4αv21(p2)
.........

1

1 + 4αv21(pm)
γ̃1(0) (4.63)

Applying the absolute value operation on 4.63, it gives

|γ̃1(k)| = | 1

1 + 4αv21(p1)

1

1 + 4αv21(p2)
.........

1

1 + 4αv21(pm)
γ̃1(0)|

≤ |{ 1

1 + 4αv21min(p)
}mγ̃1(0)|

(4.64)

85



The number of terms expressing v1(k) is infinite; hence the number of m non-zero

value is also infinite. Applying the limit function on 4.64, it gives

lim
k→∞

|γ̃1(k)| = lim
k→∞

| 1

1 + 4αv21(p1)

1

1 + 4αv21(p2)
.........

1

1 + 4αv21(pm)
γ̃1(0)|

≤ lim
k→∞

{ 1

1 + 4αv21min(p)
}m|γ̃1(0)|

(4.65)

Here, 0 < 1
1+4αv21min(p)

< 1, 4.66 gives

lim
k→∞

|γ̃1(k)| ≤ lim{ 1

1 + 4αv21min(p)
}m|γ̃1(k)| = 0 (4.66)

Hence, it can be observed that the estimation of frequency by this technique gives

zero-steady state error. Once, the frequency is estimated it is given to the sine wave

generator. The sine wave generator now generates pure synchronizing signal of the

same frequency of the input grid voltage. The proposed Adaptive-ZCD (AZCD)

based synchronizing signal generator is shown in Fig. 4.41

Figure 4.41: Structure of adaptive ZCD synchronization algorithm
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4.1.6.3 Simulation Results

Simulation results of proposed AZCD has been shown in Fig. (4.42)-(4.44) for differ-

ent grid voltage cases. The proposed algorithm is expected to estimates frequency

with minimum error and pure grid synchronizing signal. The AZCD algorithm is

first tested under voltage sag and under harmonic grid condition and it is shown in

Fig. 4.42. The proposed algorithm can not estimate magnitude of the grid voltage

signal. The voltage sag of 30% has been occurred during t=0.1s to t=0.3s and har-

monic is introduced during t=0.5s to to t=0.7s. Deviation in in frequency during

standard grid frequency is zero in both the situation. Hence, it gives pure syn-

chronizing signal and the frequency is estimated within 1 cycle during dynamics of

voltage sag.

Simulation performance of AZCD during the frequency shift of +2Hz and the noisy

Figure 4.42: Simulation Performance of AZCD under voltage sag of 0.3pu and pol-
luted grid

grid signal is shown in Fig. 4.43. The frequency change of +2Hz has been occurred

at t=0.1s and it is estimated within 10.19ms. During the frequency variation from

standard frequency there is no oscillations in estimated frequency. During the noisy

grid voltage condition ripple in estimated grid frequency is only of 0.01Hz. Hence

the grid synchronizing signal is tracked within half cycle.

Phase-shift of π/2 has been given at t=0.1s and the frequency has been tracked

87



Figure 4.43: Simulation Performance of AZCD under frequency shift of 2Hz and
noisy grid

within 1.5 cycles and the synchronizing signal is tracked within half cycle. During

the DC-offset in grid voltage (t=0.5s to t=0.7s), oscillations of 5.18Hz has been seen

in frequency estimation and error at zero crossing in synchronizing signal has been

observed.

The prosed algorithm has been tested under different grid voltage conditions. The

Figure 4.44: Simulation performance of AZCD under phase-shift of π/2 and 20%
DC-offset

proposed AZCD gives faster response with zero oscillations in steady state during

frequency estimation. Also, in most cases the synchronizing signal has been tracked

within half cycle during dynamic like voltage sag, phase and frequency shift.
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4.1.6.4 Experimental Results

Experimental performance of the SOGI-FLL has been shown in Fig. 4.45, 4.46 and

4.47 for the different grid voltage conditions. The proposed algorithm shows the

excellent performance for the frequency estimation under different grid-voltage con-

ditions except when the grid voltage has DC-offset (4.46(b)) . Further the precise

tracked frequency is used to estimate unit synchronizing signal. Simulation and

(a) (b)

Figure 4.45: Experimental performance of single-phase AZCD based synchronization
under (a) voltage sag of 30% (b) polluted grid (THD 18.0%)

(a) (b)

Figure 4.46: Experimental performance of single-phase AZCD based synchronization
under (a) frequency shift of +2Hz (b) noisy grid

experimental performance of the AZCD synchronizing algorithm has been summa-

rized in Table 4.6. The AZCD shows the excellent frequency estimation capability.

It shows almost faster dynamic response and zero oscillation during steady-state

except during DC-offset condition.
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(a) (b)

Figure 4.47: Experimental performance of single-phase AZCD based synchronization
under (a) phase-shift of π/2 (b) 20% DC-offset

Table 4.6: Summary of simulation and experimental performance of AZCD

Cases Simulation
performance

Experimental
performance

Voltage sag of 30%
∆fpp ≈ 0
ts = 9.82ms

∆fpp ≈ 0
ts = 10.0ms

Polluted grid ∆fpp = 0.015Hz ∆fpp ≈ 0Hz

Frequency change
of +2Hz

∆fpp ≈ 0
ts = 10.19ms

∆fpp ≈ 0
ts = 100ms

Noisy voltage sig-
nal

∆fpp = 0.012Hz ∆fpp ≈ 0

Phase-shift of π/2 ts = 29.87ms ts = 100ms
DC-offset of 20% ∆fpp = 5.18Hz ∆fpp = 1.6Hz

4.1.6.5 Comparison of Single-Phase Synchronization Techniques

After the detailed simulation and experimental performances of the designed syn-

chronization techniques the evaluation of the different synchronization techniques

under different grid voltage cases have been summarized in Table 4.7. Performance

comparison of single-phase synchronization technique has been discussed for the

different grid voltage conditions.

� Case I Voltage sag of 30% : During this condition, AZCD shows the best

performance in terms of frequency estimation and SRF-PLL, SOGI-PLL and

SOGI-FLL give best results for the amplitude estimation.

� Case II Polluted grid: During this condition AZCD and SOGI-FLL-ROGI give

the best performance as the error in the estimated frequency signal is almost
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zero. Performance of EPLL is best in steady-state but the dynamic response

is not good.

� Case III Frequency change: During the frequency change the AZCD show

best performance in both the steady-state and dynamic response for frequency

estimation. The steady-state performance of SOGI-FLL and SOGI-FLL-ROGI

is comparable to AZCD in term of frequency estimation.

� Case IV Noisy voltage signal: In this case, the AZCD and SOGI-FLL-ROGI

gives almost zero frequency error while others show some noise in estimated

frequency. Sam has been followed for the amplitude estimation.

� Case V Phase-shift of π/2: Performance of EPLL and SRF-PLL are unsat-

isfactory as these have large response time while the SOGI-FLL, SOGI-FLL-

ROGI and AZCD give best performances for frequency estimation. SOGI-

PLL, SOGI-FLL, SOGI-FLL-ROGI is best in case of amplitude estimation.

� Case VI DC-offset of 20% : In this case the AZCD performance is unsatisfac-

tory and performance of SOGI-FLL-ROGI is best fro frequency estimation.

The performance of SOGI-PLL and SOGI-FLL are satisfactory while the per-

formance of SRF-PLL and EPLL are unsatisfactory.

Overall SOGI-FLL-ROGI and AZCD show best performance compared to EPLL,

SOGI-PLL and SOGI-FLL. AZCD gives better performance than SOGI-FLL-ROGI

except during DC-offset condition for estimation of frequency.
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4.2 Three-Phase Grid Synchronization Techniques

Various three-phase synchronization techniques are discussed in this Section. These

include Unit template estimation, SRF-PLL, Improved Adaline PLL and Adaptive

Spline based PLL. Their individual simulation and experimental performances are

tabulated and compared in the end in a comprehensive manner.

4.2.1 Unit Template Estimation

This is the simplest method to estimate unit templates of the voltage signal of

each phase. This method is largely used by researchers under standard grid voltage

condition for grid synchronization [101, 142, 143]. Three-phase voltages have been

measured at PCC and depicted as vga, vgb and vgc. Unit templates are obtained by

simply dividing by the individual phase voltages by magnitude of three-phase grid

voltage at PCC (Av). The in-phase unit templates of each phases are given by 4.67.

upa =
vga
Av

, upb =
vgb
Av

and upc =
vgc
Av

(4.67)

where, Av is the magnitude of three-phase grid voltage and is calculated by 4.68:

Av =

√
2

3
(v2ga + v2gb + v2gc) (4.68)

Quadrature-phase templates of three-phase can also be evaluated by 4.69.

uqa =
−upb√

3
+
upc√
3

uqb =

√
3

2
upa +

1

2
√
3
(upb − upc)

uqc =
−
√
3

2
upa +

1

2
√
3
(upb − upc)

(4.69)

4.2.1.1 Simulation Results

The simulation performance of the unit template based synchronization technique

has been shown in Fig. 4.48 under various grid voltage conditions. The unit template
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method can estimate synchronizing signal perfectly under amplitude change, phase

shift and frequency shift as shown in Fig. 4.48(a), 4.48(b) and 4.48(c) respectively.

During the polluted grid condition, the unit template is also polluted as shown

(a) Voltage sag of 30% (b) Phase-shift of π/2 (c) Frequency shift of 2Hz

(d) Polluted grid (e) Noisy signal (f) DC-offset of 20%

Figure 4.48: Simulation results of unit template based synchronization technique

in Fig. 4.48(d). Also, the amplitude estimated by this method shows high ripple

content. During the noisy grid voltage signal (Fig. 4.48(e)) the unit template and

PCC amplitude also show noise in the waveform. In case of DC-offset condition

(Fig. 4.48(e)), unit-template shows DC-offset and the amplitude can not estimate

accurate magnitude of fundamental component. Hence, it is observed that unit-

template method work good only in standard grid condition and in adverse case it

doesn’t work appropriately.

4.2.1.2 Experimental Results

The experimental results of the unit-template method for estimating the synchro-

nizing signals have been shown in Fig, 4.49 and 4.50. Under ideal grid conditions,

Fig. 4.49 shows the performance under voltage sag and swell condition. The unit

synchronizing signal has been estimated instantly and distortion free.
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(a) (b)

Figure 4.49: Experimental performance of three-phase unit-template based synchro-
nization under (a) voltage sag of 30% (b) voltage swell of 30%

Figure 4.50 shows the experimental results under phase-shift of π/2 and the polluted

grid condition. The THD of the polluted grid voltage is 17.0%. During the phase-

(a) (b)

Figure 4.50: Experimental performance of three-phase unit-template based synchro-
nization under (a) phase shift of 90◦ (b) Polluted grid

shift condition this method can estimate synchronizing signals instantly. While

during polluted grid condition, the unit-synchronizing signals are also polluted and

show the same amount of distortion as in the grid voltage. Hence, advanced algo-

rithms are required which can give distortion free synchronizing signal even under

polluted grid condition.

In the next sections conventional and modern three-phase synchronization tech-

niques are discussed, which try to overcome the problems in unit-template method.
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4.2.2 Three-Phase SRF-PLL

Synchronous reference frame phase-locked loop (SRF-PLL) is one of the most pop-

ular synchronization technique and it is extensively used [144–146]. It has simple

structure and shows robust performance for the estimation of grid voltage parame-

ters such as amplitude, phase and frequency [147–149]. Structure of the three-phase

SRF-PLL has been shown in Fig. 4.52. SRF-PLL requires Clarke’s and Park trans-

Figure 4.51: Structure three-phase SRF-PLL

formation to convert abc to dq frame of reference. The three-phase grid voltages

are considering as in 4.70.

vga =Av sin(ωit)

vgb =Av sin(ωit−
2π

3
)

vgc =Av sin(ωit+
2π

3
)

(4.70)

In case of rotating frame is 90◦ behind A-axis, the abc to dq transformation is

written as: 
vd

vq

v0

 =


sinωot − cosωot 0

cosωot sinωot 0

0 0 1



vga

vgb

vgc

 (4.71)

The q-component of dq reference frame is regulated using PI controller which forces

the error term to zero or the q-component to zero. The output of PI gives the

error in frequency estimation. Further, error (∆ω) is added with the standard grid

frequency (ωn = 314rad/s) gives the frequency estimation of the grid voltage. To

achieve the phase information of the grid voltage, estimated frequency has been
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integrated.

ωo = ωn +∆ω (4.72)

θo =

∫
(ωn +∆ω)dt (4.73)

The phase information is given back to the system and it continuously tracks the

phase of the grid voltage by minimizing the error.

4.2.2.1 Simulation Results

Simulation results of SRF-PLL have been shown in Fig. 4.52 and 4.53. Figure 4.52(a)

(a) Voltage sag of 30% (b) Phase-shift of π/2 (c) Frequency shift of +2Hz

Figure 4.52: Simulation results of SRF-PLL

and 4.52(b) shows the dynamics results during voltage sag of 30% and the phase

shift of π/2 respectively. During voltage sag, the amplitude of grid voltage has been

detected with small transient of 0.007Hz and the frequency has been estimated.

During the phase-shift the frequency has been estimated within 3.5 cycles with a

transient of 0.29Hz. Figure 4.52(c) show the dynamic result of frequency change

of +2Hz. During this condition, frequency has been estimated correctly within 3

cycles and hence the synchronizing signal is also estimated perfectly within 3 ms.

The polluted grid contains 5th and 7th harmonics as shown in Fig. 4.53(a). The

amplitude and frequency tracking using SRF-PLL show high value of ripples and

are shown in Fig. 4.53(a). During the noisy signal (Fig. 4.53(b)) and the DC-offset
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(a) Polluted grid (b) Noisy signal (c) DC-offset of 20%

Figure 4.53: Simulation results of SRF-PLL

(Fig. 4.53(c)) condition SRF-PLL works good and estimates phase, amplitude and

frequency accurately however, it is observed that the performance of SRF-PLL is not

good under polluted grid condition but better than unit template method. Hence,

new PLLs are required which show good performance under dynamic conditions and

better steady-state performance during polluted grid condition.

4.2.2.2 Experimental Results

Experimental performance of three-phase SRF-PLL have been shown in Fig. 4.54

and 4.55. In Fig. 4.54, synchronizing signal, amplitude of three-phase voltage and

(a) (b)

Figure 4.54: Experimental performance of three-phase SRF-PLL under (a) voltage
sag of 30% (b) voltage swell of 30%

the error in frequency have been shown for voltage sag and voltage swell condition.
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Under both the conditions, the voltage parameters has been tracked instantly; how-

ever show some oscillations in voltage amplitude estimation are observed.

Figure 4.55(a) and Fig. 4.55(b) show the voltage estimation under phase-shift of

π/2 and the polluted grid voltage condition respectively. During polluted grid con-

(a) (b)

Figure 4.55: Experimental performance of three-phase SRF-PLL under (a) phase
shift of 90◦ (b) Polluted grid

dition, the estimated frequency and amplitude show slightly higher oscillations than

observed under normal grid condition. The three-phase SRF-PLL shows better per-

formance than unit template method during polluted grid condition.
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4.2.3 Improved Adaline PLL

The role of Artificial Neural Networks in estimation of power system parameters is

unsurpassed. ANNs have been used for the detection of phase, frequency, amplitude

and harmonic contents in the voltage or current signals. Adaline technique comprises

a single neuron that receives stimulus from one or several inputs and a single output

by proper training of involved weights.The technique is simple and training using

LMS can be achieved online making it feasible to train and track instantaneous

variations in voltage amplitude, phase angle and frequency. Conventional Adaline

has fixed learning rate to update the weights. Here, the unique feature of the

designed Improved Adaline is to incorporate a variable learning rate that achieves

the convergence faster in minimum time while ensuring the lesser oscillations during

steady-state condition.

4.2.3.1 Mathematical Modelling of Adaline

Adaline can be depicted as an adaptive filter which can be used to extract time-

varying amplitude, phase of the fundamental component and the harmonic compo-

nent from different waveforms [150, 151]. Adaline algorithm was first proposed by

Widrow and Hoff [71].The basic structure of the Adaline algorithm has been shown

in Fig. 4.56.

Figure 4.56: Structure of conventional Adaline

100



Consider a signal yk having harmonics

yk =
N∑

n=1

An sin(nωt+ ϕn)

=
N∑

n=1

(An cosϕn sinnωt+ An sinϕn cosnωt)

=
N∑

n=1

(an sinnωt+ bn cosnωt)

(4.74)

where, An = Amplitude of the nth harmonic, ϕn=Phase angle of the nth harmonic

signal, N= Total number of harmonics, an = An cosϕn , bn = An sinϕn. Also xk and

yk denote the inputs and outputs respectively. Equation 4.74 can also be expressed

in matrix form as

Y (k) = W T (k)X(k) (4.75)

where,W T (k) =

[
a1 b1 a2 b2 ....... an bn

]
(4.76)

and X(k) =

[
sin θ1 cos θ1 sin θ2 cos θ2 ..... sin θn cos θn

]T
(4.77)

ŷk is the estimated output of the algorithm and the error signal is defined as

ek = yk − ŷk (4.78)

The adaptive rule employed for computing the weights uses the LMS method, which

is based on Widrow-Hoff delta rule. The following expression governs this algorithm.

W (k + 1) = W (k) + αekX(k), 0 < α < 1 (4.79)

where, α is the learning rate of the algorithm. If the chosen value of α is large then

the learning is fast but at the same time, it may result in high oscillations. However,

if the value of α is small, then learning is slow but the oscillations in steady state

response is lesser than the response with the higher learning rate.
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4.2.3.2 Estimation of Synchronizing Signals by Improved Adaline based

PLL

The proposed algorithm is designed for extract the unit template for synchronization

of the VSC to the grid and estimate other parameters of the signal such as phase,

frequency and amplitude. Figure 4.57 shows the structure of the designed algorithm

for the parameter estimation of phase ”a” grid voltage. Here, the error between the

Figure 4.57: Structure of Improved Adaline based PLL

estimated and actual voltage signal in a-phase is expressed as:-

ekva = vga − vgae (4.80)

ekva is the error in the grid voltage signal of phase ”a”, vga and vgae denote the actual

and estimated grid voltage signal. The estimated grid voltage is given as in 4.81.

vgae = vap1uga + vaq1wga (4.81)

Here, vap1 and vaq1 are the active and reactive fundamental weights of the a-phase

grid voltage. uga(sin θao) and wga(cos θao) denote the in-phase and quadrature phase

unit templates of the grid voltage.

The weights are updated using 4.82 and 4.83.

vap(k + 1) = vap(k) + αvaekvauga (4.82)
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vaq(k + 1) = vaq(k) + αvaekvawga (4.83)

where, αva is the learning rate to update the weights. The conventional Adaline

uses a fixed learning rate. The performance of conventional Adaline algorithm for

training and faster convergence can be improved. One simple yet effective way for

improving the performance of Adaline algorithm is by making the learning rate (αva)

variable instead of a constant value. This is achieved by incorporating an additional

term as shown in equation 4.84 below;

αva = αv0 + αv1|ēkva| (4.84)

Above, αv0 and αv1 are both fixed values and αva denotes the improved learning

rate. The first term of the learning rate is fixed but the second term is incorporated

to depend on the absolute value of the mean of the error signal. This makes the

learning rate inherently adaptive and variable. Under steady state-state conditions,

the absolute value of mean error is negligible and at that time learning rate will be

constant (αva = αv0). However, during dynamics the value of |ēkva| is non-zero and

the learning rate will be higher for higher error. A fast learning rate ensures faster

convergence under both steady-state as well as dynamic conditions. The proposed

simple modification helps to automatically achieve the benefits of low learning rate

under steady-state conditions and higher learning rate during dynamic conditions.

4.2.3.3 Simulation Results

Figure 4.58 and Fig. 4.59 show the simulation performance of the Improved Adaline

based PLL and the comparison with Adaline-PLL. Figure 4.58 shows the estima-

tion of voltage parameters including synchronizing signal under voltage sag of 20%

and phase-shift of π/2. The voltage sag of 20% is introduced at t=0.3s and in

normal condition it is restored at t=0.4s. The amplitude is estimated by Improve

Adaline PLL within 19.43ms and by Adaline PLL within 79.05ms. The learning

rate is high during the dynamics and hence shows faster convergence. During the
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Figure 4.58: Simulation results of IAdaline PLL under voltage sag and phase-shift

phase-shift, which is introduced at t=0.6s, the frequency is estimated by Improved

Adaline within 74.04ms and by Adaline within 80.15ms.

Figure 4.59 shows the performance of proposed Improved Adaline under polluted

grid condition and the frequency change of +2Hz. The period of polluted grid is

from t=0.3s to t=0.4s. During this condition, the performance is same because of

equal learning rate. During the frequency shift, the Improved Adaline shows faster

dynamic response (4 cycles) than conventional Adaline based PLL (5 cycles). The

learning rate is high in case of Improved Adaline during dynamics only and changes

to small fixed learning rate.

Figure 4.60 shows the performance of proposed IAdaline under noisy signal and

for DC-offset in grid voltage. During the noisy signal the performance of the con-

ventional and IAdaline is same as the learning rate is same. During the DC-offset

condition, Adaline PLL does not show good DC-rejection capability. Hence the

output signal in the form of voltage amplitude or frequency estimation shows os-

cillations. Here, the IAdaline also shows inferior performance as it increases the
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Figure 4.59: Simulation results of IAdaline PLL under polluted grid and frequency-
shift

learning rate due to continuous DC-offset in grid voltage.

4.2.3.4 Experimental Results

The experimental performance of Improved Adaline have been shown in Fig. 4.61

and 4.62 under different grid-voltage conditions such as voltage sag, voltage swell,

phase-shift, polluted grid and the frequency change. Figure 4.61 show the parameter

estimation under voltage sag (30%) and voltage swell (30%). During this condition

the magnitude has been estimated within 40ms (2 cycles) and the error in frequency

(∆f) is almost zero in steady-state condition. The error in frequency during voltage

change is also minimal (< 0.1Hz).

Figure 4.62(a) shows the experimental performance of IAdaline-PLL during phase-

shift condition. The frequency has been tracked within 100ms (5cycles) and the

estimated amplitude shows minimal transient value. The experimental performance

during polluted grid condition has been shown in Fig. 4.62(b). During the polluted
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Figure 4.60: Simulation results of IAdaline PLL under noisy signal and DC-offset
of 20%

(a) (b)

Figure 4.61: Experimental performance of three-phase IAdaline-PLL under (a) volt-
age sag of 30% (b) voltage swell of 30%

grid condition, the proposed IAdaline-PLL shows excellent performance as the ripple

content in amplitude signal and in frequency error signal is almost zero. In Figure

4.62(c), during the frequency change of +2Hz, the frequency has been estimated

correctly and precisely in 80ms (4 cycles).
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(a) (b)

(c)

Figure 4.62: Experimental performance of three-phase IAdaline-PLL under (a)
phase shift of 90◦ (b) Polluted grid (c) Frequency shift of 2Hz

4.2.3.5 Performance Comparison of Adaline-PLL and IAdaline-PLL

IAdaline-PLL is designed as an improved version of Adaline-PLL and it is expected

to perform better than Adaline-PLL under both steady-state and dynamic condi-

tion. Performance comparison of the IAdaline-PLL and Adaline-PLL have been

shown in Fig. 4.63 and 4.64 for the different grid voltage condition. Figure 4.63(a)

(a) (b)

Figure 4.63: Experimental performance comparison of three-phase IAdaline-PLL
and Adaline-PLL under (a) voltage sag of 30% (b) phase shift of 90◦
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and 4.63(b) show the experimental performance comparison under voltage sag of

30% and phase-shift of of π/2 respectively. Adaline-PLL takes almost 100ms and

the IAdaline-PLL take 40ms to estimate the voltage correctly as the learning rate

is higher during the dynamic condition. During the phase-shift the IAdaline-PLL

response is faster than Adaline-PLL for estimating the frequency.

Figure 4.64(a) and 4.64(b) show the performance comparison under frequency shift

of +2Hz and the polluted grid conditions respectively. Under both the cases, the

(a) (b)

Figure 4.64: Experimental performance comparison of three-phase IAdaline-PLL
and Adaline-PLL under (a) frequency change of 2Hz (b) polluted grid

IAdaline-PLL shows faster response while ensuring almost zero oscillations dur-

ing steady-state condition. Experimental results of IAdaline-PLLand Adaline-PLL

matches the simulation performance except the condition of frequency change. In

experiment results it perform better than in simulation.
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4.2.4 Spline based PLL

Splines are piecewise polynomial functions with pieces that are smoothly connected

together. Spline functions of degree p are (p-1) continuously differentiable [152,

153]. As a result, Splines have excellent approximation properties and very good

convergence rate. A spline curve is an effective combination of some knots of a

suitable p degree spline basis function.

The spline interpolation function can be represented as in 4.85.

ψ(n) = uTCw (4.85)

where the matrix C is a pre-computed matrix also called the spline basis matrix,

u denotes the normalised abscissa value between two knots and w denotes the the

control points

[
wi wi+1 wi+p

]T
. For a polynomial of degree 2, the function can

be depicted as

ψ(n) =

[
u2 u 1

]
C


1 −2 1

−2 2 0

1 1 0

 (4.86)

For a polynomial of degree 3, the function may be represented as

ψ(n) = uTCw =

[
u3 u2 u 1

]
C



wi

wi+1

wi+2

wi+3


(4.87)

where, C is the basis matrix for Catmull-Rom (CR) spline and it is defined as

C = 0.5



−1 2 0 0

2 0 1 0

−1 −5 4 1

0 3 −3 1


(4.88)
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fi = [uTC]T =
1

2

[
−ui + 2u2i − u3i 2− 5u2i + 3u3i ui + 4u2i − 3u3i −u2i + u3i

]
(4.89)

Equation 4.89 is observed as the non-linear expansion of the given input signal. The

output of the pth activation function can be calculated as

ψi(n) = fiwpi (4.90)

For updating the weight of the input signal, an adaptive least mean square (LMS)

algorithm has been used and the following equation has been applied.

w(n+ 1) = w(n) + µevx(n) (4.91)

where, w(n) =

[
wd1 wq1 wd2 wq2 ..... wdn wqn

]
,

x(n) =

[
sin θ1 cos θ1 sin θ2 cos θ2 ..... sin θn cos θn

]
and µ is known as the

learning rate of the non-linear adaptive algorithm. ev is the error function and is

calculated by subtracting the estimated grid voltage (vge) to the desired value (vg);

ev(n) = vge(n)− vg(n) (4.92)

The Spline-PLL can be used to extract different harmonics from the distorted wave-

form by using different weights and templates sin θo, cos θo, sin 2θo, cos 2θo, sin 3θo,

cos 3θo, sin 5θo, cos 5θo etc. However, for synchronization purpose, undistorted sine

templates are required hence, only fundamental active and reactive weights and

their updation is necessary and considered further in the design process. The block

diagram of Spline-PLL has been shown in Fig. 4.65.

The proposed PLL is an adaptive weight-based technique. Active component (wd)

and reactive component (wq) of the grid voltage signal are estimated by the LMS

weight updating technique. These weights are fed to the Spline interpolation func-

tion ψ(n), which gives the smooth and precise active (yd) and reactive component

(yq) of the voltage signal. The reactive component is used to extract parameters of
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Figure 4.65: Structure of Spline-PLL

grid voltage signal which is given to the PI controller. The phase-angle θo of the

input grid voltage is estimated by 4.93:

θo =

∫
(ωn +∆ω)dt (4.93)

The phase angles (θao, θbo and θco) have been calculated from three individual phase

voltages vga, vgb and vgc respectively with the help of 4.93. Further the sine templates

(sin θa, sin θb, sin θc) for each phase of the grid voltage have been obtained in a similar

manner. Moreover, the frequency of the input voltage signal is estimated by dividing

with 2π to obtain the estimated grid frequency (fo) as shown in Fig. 4.65.

4.2.4.1 Simulation Results

Spline-PLL has been tested in MATLAB/Simulink under six different grid voltage

conditions and shown in Figure 4.66 and 4.67. Figure 4.66(a) and 4.66(b) shows the

performance under 30% voltage sag and phase-shift condition respectively. Under

voltage-sag condition, the frequency and amplitude of the grid voltage has been es-

timated correctly within 12.79ms. During the phase-shift of π/2, the frequency has

been estimated in 1.5 cycles and the amplitude is also estimated within 1.5 cycles

after some fluctuations. Figure 4.66(c) shows the simulation results of frequency

change of 2Hz in grid voltage signal. The frequency has been estimated in 1.5 cycles

and same time is taken for amplitude estimation. The steady-state error is zero
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(a) Voltage sag of 30% (b) Phase-shift of π/2 (c) Frequency shift of 2Hz

Figure 4.66: Simulation results of Spline-PLL

when frequency varies from the standard grid frequency. Hence, the estimated syn-

chronizing signal is perfect and having no harmonics.

Figure 4.67(a) shows the simulation results of Spline-PLL under polluted grid con-

dition. The peak-to-peak frequency estimated by spline PLL is 1.2Hz. Amplitude

(a) Polluted grid (b) Noisy signal (c) DC-shift of 20%

Figure 4.67: Simulation results of Adaptive Spline based PLL

estimation performance is moderate during this case. During the noisy signal input

(Figure 4.67(b)) the Spline-PLL able to filter out the noise and gives perfect sinu-

soidal unit synchronizing signal and error free frequency. In Fig. 4.67(c), Spline-PLL

has no DC-rejection capability hence in this condition it shows oscillations for the

estimation of amplitude and frequency.
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4.2.4.2 Experimental Results

Experimental performance of Spline based adaptive PLL has been shown in Fig. 4.68and

4.69. Figure 4.68(a) and 4.68(b) show the performance under voltage sag and swell

(a) (b)

Figure 4.68: Experimental performance of three-phase Spline-PLL under (a) voltage
sag of 30% (b) voltage swell of 30%

respectively. In both the cases, the estimated error in frequency (∆f) is zero all the

time and the amplitude is estimated within 30ms (1.5cycles).

Figure 4.69(a)-(c) show the experimental results under the condition of phase shift

of π/2, frequency change of +2Hz and the polluted grid conditions respectively.

The frequency error is less than 4Hz during the dynamic conditions and almost

zero oscillations during the steady-state condition in these three cases. During the

phase-shift condition a high transient has been observed in amplitude estimation.

Based on the simulation and experimental performance of the three-phase PLLs the

effectiveness of PLLs have been summarized in Table 4.8. Experimental results for

the DC-offset and noisy condition could not taken due to device limitations. Hence,

the performance of the PLLs have been compared on the basis of simulation perfor-

mances. The comparison of performance of three-phase PLLs have been analyzed

and discussed for different grid-voltage conditions

� Case I Voltage sag of 30%: During this condition , the SRF-PLL show best

performance for the frequency and magnitude estimation. Performance of

IAdaline-PLL and Spline-PLL have almost similar.
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(a) (b)

(c)

Figure 4.69: Experimental performance of three-phase Spline-PLL under (a) phase-
shift of 90◦ (b) frequency change of 2Hz (c) polluted grid

Table 4.8: Performance comparison for three-phase synchronization techniques

Case SRF-PLL Adaline-
PLL

IAdaline-PLL Spline-
PLL

Voltage sag of 30% best moderate best best
Voltage swell of
30%

best moderate best best

Polluted grid unsatisfactory moderate best moderate
Frequency change
of +2Hz

moderate moderate best moderate

Noisy voltage sig-
nal

moderate moderate moderate best

Phase-shift of π/2 moderate moderate best moderate
DC-offset of 20% best satisfactory unsatisfactory unsatisfactory

� Case II Voltage swell of 30%: In this condition the performance of PLLs are

similar as in case for voltage sag in simulation and experimental results.

� Case III Polluted grid: In this case, IAdaline-PLL shows best performance

as it has less learning rate during steady state. Adaline-PLL and Spline-PLL

show moderate performance. The SRF-PLL performance is unsatisfactory as
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it doesn’t has filtering capability.

� Noisy voltage signal: Spline-PLL has the capability of smoothening the output

signal. Hence, in this case it shows best results than other PLLs.

� Phase-shift of π/2: In this case, settling time of IAdaline is less than SRF-PLL,

Adaline-PLL and Spline-PLL.

� DC-offset of 20%: Three-phase SRF-PLL has the inherent capability of DC-

rejection and it shows best performance in this case. The performance of

Adaline-PLL is satisfactory while the performance of IAdaline-PLL and Spline-

PLL is unsatisfactory as these show high oscillations in frequency and ampli-

tude estimation.

The performance of SRF-PLL is best except during the polluted grid condition.

IAdaline-PLL and Spline based PLLs show best performance under different grid

voltage conditions.

4.3 Conclusions

In this chapter, grid-synchronization techniques have been presented for both single-

phase and three-phase grid voltage. Detailed mathematical modelling, simulation

results and the experimental results have been shown. The synchronization tech-

niques have been tested in both simulation and experimental under different grid

voltage conditions, which shows the effectiveness of the synchronization techniques.

In single-phase synchronization techniques PLL and non-PLL type techniques have

been presented. For the variation in grid voltage, the AZCD shows best performance

for both the amplitude estimation and frequency estimation. Frequency estimated

by AZCD shows zero error and faster convergence. During the polluted grid condi-

tion SOGI-FLL-ROGI shows best performance as it filter out harmonic effectively

and estimates amplitude and frequency without minimal or zero oscillations. SOGI-

FLL and SOGI-FLL-ROGI has inherent frequency-locked loop hence it estimates
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frequency precisely. The SOGI-PLL has no frequency-locked loop hence it shows

oscillations during the frequency deviation. During the phase shift condition, the

AZCD shows faster response than other PLLs. Noisy signals have wide range of

frequency hence SOGI-PLL shows low oscillations for frequency estimation. In this

case, SOGI-FLL-ROGI and AZCD show best results. During the DC-offset in grid

voltage, the performance of EPLL and AZCD is not satisfactory, while the perfor-

mance of SOGI-FLL-ROGI is observed to be the best.

For estimation of three-phase synchronizing signals and other voltage parameters

unit-template method, SRF-PLL, IAdaline-PLLand Spline based PLL have been

designed and presented in this chapter. Unit-template method can estimate only

synchronizing signals and the magnitude of the grid voltage. Its performance is

best under normal grid condition but during the polluted grid condition its per-

formance is very poor and not acceptable. During the voltage variation, SRF-PLL

shows better performance than other techniques. Moreover, during polluted grid

condition, SRF-PLL show oscillations in both the tracked amplitude and frequency.

IAdaline-PLL shows best performance under polluted grid condition. During the

phase change or the frequency change the IAdaine-PLL shows best performance as it

has faster response during dynamic condition and minimal error during steady-state

condition. The SRF-PLL show best performance under DC-offset condition in the

grid-voltage. Spline-PLL has the capability of smoothening the output waveform

hence its performance is best during the noisy grid voltage condition. For other grid

voltage conditions the performance of Spline-PLL is of moderate level.

Single-phase and three-phase synchronization techniques designed in this chapter

has been further applied for the PQ improvement in the PV integrated SAPF.

116



Chapter 5

SAPF Operation under Normal
and Polluted Grid

In the previous chapter, different synchronization techniques have been explained

for single-phase and three-phase system under different grid-voltage conditions. In

this chapter, Single-phase SAPF has been explained under ideal and polluted grid

voltage conditions with non-linear loads for power quality improvement. The syn-

chronization algorithms discussed in previous chapter have also been applied here

for the development of controller.

The principle of SAPF is to effectively generate an equal and opposite harmonic

current waveforms available in load current from shunt-connected VSC to cancel

out the harmonics such that grid currents are sinusoidal. System configuration for

single-phase SAPF system has been shown in Fig. 5.1.

Figure 5.1: Single-phase SAPF configuration for simulation

Here linear/non-linear load have been connected at PCC and single-phase H-bridge
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VSC has also connected at PCC via interfacing inductor. This system configuration

with its control has been simulated in MATLAB/Simulink environment. Sampling

time (Ts) for the simulation is 10µs.

Control algorithm and synchronization techniques have been employed to the de-

veloped prototype in the laboratory to improve the power quality in a single-phase

system. Non-linear load has been connected at PCC and the VSC is also connected

to PCC via interfacing inductor.

Figure 5.2: Single-phase SAPF configuration for experimental setup

Experimental configuration for single-phase system with non-linear load has been

shown in Fig. 5.2. All the sensors have been connected to dSpace1104 at ADC chan-

nels and after processing the algorithm the required pulses for IGBT are generated

at digital I/O pins of dSpace1104. Sampling time (Ts) for the experimental analysis

is 50µs.

5.1 Single-Phase SAPF under Ideal Grid Condi-

tion

Residential distribution system are generally single-phase two wire system. Resi-

dential loads comprise different type of linear/non-linear loads and high non-linear

118



load content may impact the distribution grid adversely. The SAPF can be imple-

mented at the user side for reactive power compensation and the improvement of

power quality. Control algorithms and the synchronization methods are designed

and discussed here for the proper functioning of single-phase SAPF under ideal

grid condition. These includes SOGI control, Cascaded SOGI with unit template

synchronization, SOGI control with Adaptive-ZCD synchronization and SOGI-FLL-

ROGI for control and synchronization.

5.1.1 SOGI Control with Unit Template Synchronization

Fig. 5.3 represents the structure of the SOGI algorithm for load compensation. In

Figure 5.3: Structure of SOGI control applied to load current signal (iL)

this figure, iL(t) is the load current, k0 is gain of SOGI and ωn is the fundamental

angular frequency. i2α and i2β denote the two output signals of the SOGI, where

i2α is the in-phase part and i2β is the quadrature phase part of the load current

respectively. Equation for the non-linear load current is given as-

iL(t) =
N∑

n=1

Ifn sin(nωit+ ψ)

N∑
n=1

[Ifn sinψ cos(nωit) + Ifn cosψ sin(nωit)]

N∑
n=1

[I2α cos(nωit) + I2β sinnωit]

(5.1)

where, I2α = Ifn sinψ, I2β = Ifn cosψ, n denotes the harmonic order and Ifn is

the amplitude of nth harmonic component. The amplitude of the fundamental load

current is estimated by considering the output signals having only fundamental
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frequency (n = 1). Estimation of fundamental load component is expressed as-

If =
√
I22α + I22β (5.2)

The error in load current is estimated by subtracting the in-phase filtered component

to the load current.

ei(t) = iL(t)− i2α(t) (5.3)

The quadrature component of the load current signal is given by 5.4,

i2β(t) = ωn

∫
i2α(t)dt (5.4)

Here, ωn is the standard grid frequency or the resonating frequency of the SOGI.

Applying Laplace transformation on above equation 5.4, it gives

i2β(s) = ωn
i2α(s)

s
(5.5)

From Fig. 5.3, i2α(t) is given by 5.6,

i2α(t) =

∫
ωn[k0ei(t)− i2β(t)]dt

=

∫
ωnk0[iL(t)− i2α(t)]dt− ωn

∫
v2β(t)dt

(5.6)

Laplace transform of the above equation is given as,

i2α(s) = ωnk0[
iL(s)

s
− i2α(s)

s
]− ωn

i2β(s)

s
(5.7)

Putting the value of i2β(s) from 5.5 and arranging them it gives the closed-loop

transfer function of in-phase signal and is written as 5.8,

D2(s) =
i2α(s)

iL(s)
=

k0ωns

s2 + k0ωns+ ω2
n

(5.8)
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Transfer function of the quadrature component is given as 5.9,

Q2(s) =
i2β(s)

iL(s)
=

k0ω
2
n

s2 + k0ωns+ ω2
n

(5.9)

Transfer function of the SOGI is given as 5.10,

SOGI(s) =
i2α(s)

k0ei(s)
=

ωns

s2 + ω2
n

(5.10)

Transfer function of the error signal (ei) is given as 5.11,

E(s) =
ei(s)

iL(s)
=

s2 + ω2
n

s2 + k0ωns+ ω2
n

(5.11)

Figure 5.4 displays the step response for different gain values. Three different gain

Figure 5.4: Step response of SOGI for in-phase component D2(s)

values (0.5, 1.414, 3) have been considered. It is observed that for larger value k0 = 3,

settling time is low but transient is high. Also, for lower gain k0 = 0.5, the settling

time is higher but the transient observed is lower in magnitude. Hence, an optimum

value of gain (k0 = 1.414) has been chosen for the optimum response of the SOGI

controller.

121



5.1.1.1 Estimation of Reference Current

The principle of SAPF is to effectively generate an equal and opposite harmonic

current waveforms available in load current from shunt-connected VSC to cancel

out the harmonics such that grid currents are sinusoidal. The developed controller

is designed to generate the necessary gating signals for the IGBT switches of single-

phase H-bridge inverter.

The reference current estimation requires the synchronizing signal (ug) from the grid

voltage, fundamental load current component (If ) and the current loss (Iloss) in the

inverter. The synchronizing signal is estimated by dividing the grid-voltage to the

grid voltage amplitude or unit-template method. Estimation of grid voltage ampli-

tude and the synchronizing signal can be achieved by 5.12 and 5.13 respectively.

Av =
√
v2α + v2β (5.12)

ug =
vg
Av

=
vg√
v2α + v2β

(5.13)

For shunt active compensation, DC-link voltage of the H-bridge inverter is controlled

by the PI controller. The active compensation is performed by appropriate switching

of IGBT switches. Some losses always occur during switching operation of VSC. The

estimation of such losses is obtained with the help of following equation.

Iloss(n) = Iloss(n− 1) + kp[Vdce(n)− Vdce(n− 1)] + kiVdce(n) (5.14)

Here, Vdce(n) = V ∗
dc(n) − Vdc(n) is the evaluated voltage error at DC-link inverter,

kp and ki are the proportional and integral gains of the PI controller. The output

of the PI controller is considered to depict the switching loss component Iloss(n).

The grid reference current (iref ) is generated by the multiplying the synchronizing

signal (ug) and the net current (Inet) for compensation and expressed by 5.15.

iref = Inetug = (If + Iloss)ug (5.15)
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Hysteresis current controller (HCC) is used for its simplicity and robust working

for generation of switching signals. The complete control structure is presented in

Fig. 5.5.

Figure 5.5: Single-phase SAPF control structure

5.1.1.2 Simulation Results

Simulation performance of SOGI controller with unit template synchronization is

shown in Fig. 5.6 and Fig. 5.7. Initially, the system is in normal condition i.e. the

SAPF is not connected at PCC. In this condition, the grid current waveform is same

as the load current waveform and the compensator current is zero. At t=0.01s the

VSC has been connected at PCC and SAPF operation has started. Now, the grid

current becomes sinusoidal and the DC-link voltage settles to fixed DC-link refer-

ence voltage. During the dynamic condition i.e during the load change the DC-link

voltage is regulated to 400V by action of PI controller.

In Fig. 5.7, reactive power compensation is shown for the single-phase SAPF. Ini-

tially, under normal condition, the active (3.93kW) and reactive power (1.51kVar)

demanded by load is supplied by the grid. Now, when the SAPF connected to PCC

at t=0.1s, reactive power (1.51kVar) demanded by the load is now supplied by the

SAPF and the active power (3.93kW) is supplied by the grid. At t=0.3s, load has

been increased and the active power of 5.47kW demanded by the load is supplied

by the grid (5.52kW) and the reactive power (4.34kVar) is compensated by compen-

sator. There are also some losses of 54W approx which occur during compensation.
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Figure 5.6: Single-phase SAPF performance of SOGI with unit template synchro-
nization

Figure 5.7: Single-phase SAPF performance of SOGI with unit template synchro-
nization

Hence, the proposed algorithm is working satisfactory for reactive power compensa-

tion.
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In Fig. 5.8, shows the THD analysis of the grid parameters with the SOGI control

employing unit template grid synchronization technique.

(a) (b) (c)

Figure 5.8: THD analysis of (a) Grid voltage (b) Grid current (c) Load current

5.1.1.3 Experimental Results

Figure 5.9, shows the open-loop experimental result for the filtered in-phase com-

ponent and quadrature component for the non-linear load variation. The in-phase

component of the load current is distortion free and the quadrature component is

also distortion free and 90◦ shifted from the in-phase load component.

THD of the load current is 37.28% and under normal condition the THD of the grid

(a) (b)

Figure 5.9: Estimation of in-phase and quadrature load component by SOGI for (a)
Load decrease (b) Load increase

current is same as load current, when SAPF is switched off. After the application

of SAPF, THD of the grid current is reduced to 4.45%. Hence, the power quality
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improvement has been achieved as per IEEE Std-519. Figure 5.10(a) shows the

dynamic performance of transition from without SAPF to with SAPF single-phase

system feeding non-linear load. Initially, the SAPF is not connected to PCC then

Figure 5.10: Experimental dynamic performance of SOGI control (a) transition of
without SAPF to with SAPF (b) load decrease

the grid current has similar waveform as of load current. When the SAPF con-

nected to PCC and starts working then the grid-current becomes sinusoidal. Figure

5.10(b) shows the experimental dynamic performance for the load decrease. As the

load demand decreases the grid current also decreases and the grid current remains

sinusoidal due to SAPF action.

The closed-loop experimental results have been shown in Fig. 5.11. Figure 5.11(a)

shows the grid voltage and load current and THD of the load current is shown in

Fig. 5.11(b). Before apply the SAPF the waveform of grid current will be same

as load current and its THD value is 27.3%. After applying the SAPF the THD

improves to 4.8% as shown in Fig. 5.11(d) and the respective waveform is shown in

Fig. 5.11(c). Simulation and experimental performance of SOGI control algorithm

with unit template synchronization has been summarized in Table 5.1.

Table 5.1: Performance of SOGI control with unit template synchronization under
normal grid condition

Parameters Simulation results Experimental results
THD of iL 37.28% 27.3%
THD of ig 4.45% 4.8%
THD of vg 2.0% 0.6%
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(a) (b) (c)

(d) (e)

Figure 5.11: Steady-state experimental performance (a)vg and iL(b)THD of iL(c) vg
and ig(d) THD of ig

5.1.2 Cascaded SOGI with Unit-template Synchronization

Input of the single-stage SOGI is non-linear load current and its outputs are filtered

in-phase and quadrature-phase current components. However, a single stage SOGI

may not provide perfect filtering; specially if the distortion content of the load

current is quite high. The cascading of multiple GI blocks has been designed in this

and complete analysis has been done. Figure 5.12 demonstrates the block structure

of the cascaded SOGI. The fundamental load component of the input current signal

Figure 5.12: Structure of cascaded SOGI
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is finally estimated by utilizing outputs of last stage.

The last stage in-phase component (iα) and quadrature component iβ of the load

current are utilized to compute the fundamental load current (If ), which is expressed

as-

If =
√
I2α + I2β (5.16)

The transfer function of the cascaded SOGI is estimated by computing the individual

SOGI and multiplying the same for getting higher order filters. Bode-plot of in-

phase closed-loop transfer function of the SOGI and higher order GI is shown in

Fig. 5.13. It shows the characteristics of band pass filter. It is observed that higher

Figure 5.13: Bode plot for cascaded SOGI

the number of SOGI stages,filtering capability improves as shown in magnitude plot.

The narrower bode curve indicates effective filtering as compared to flatten curve.

No phase-shift has been observed at resonating frequency till 8th order. However,

a slight phase-shift appears in 10th order GI at 50Hz, which is undesirable. Hence,

more than eighth order has not been investigated as it will only add to mathematical

complexity without providing significant improvement in performance level.
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5.1.2.1 Simulation Results

Control structure for cascaded SOGI with unit template synchronization is shown

in Fig. 5.14 for simulation. The reference current estimation and generation of

Figure 5.14: Single-phase SAPF control structure for cascaded SOGI and unit tem-
plate synchronization

switching pulses has been explained in section 5.1.1.1. Here, the fundamental current

is estimated by cascaded SOGI. It may be of fourth order GI, sixth order GI or even

higher order GI.

The simulation results for cascading effect of SOGI has been shown in Fig. 5.15.

It shows the estimation of fundamental current component (If ) and the % THD of

Figure 5.15: Open-loop performance of cascaded SOGI
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the in-phase current component (iα) with SOGI and higher order GI. As displayed

in Fig. 5.15, the load increase is simulated at t=0.3s and the response of SOGI

is faster but shows high oscillations in steady-state. Higher order GI shows high

complexity, larger settling time and very low oscillations in steady-state. THD of

the input non-linear load current is 37.28%. The THD of in-phase filtered output

signal of SOGI, fourth order GI, sixth order GI and eighth order GI are observed to

be 7.831%, 1.909%, 0.482% and 0.125% respectively.

Further, more detailed analysis has been shown in Table 5.2. It highlights the the

comparison between SOGI and the higher order GI for the steady-state and dynamic

response analysis. It is clear that the higher order cascading effect translates into

improved filtering capability. The THD of the filtered signal decreases with selecting

higher order GI filters. However, there is a corresponding slowing down of dynamic

response time as the GI order increases. The rise time increases for higher order

cascaded SOGI blocks. Additionally, mathematical complexity is higher if large

number of blocks used in cascade. This is also an important criteria when closed

loop real time implementation is achieved. If more than three blocks of SOGI are

cascaded, there is no appreciable change observed in THD of the filtered in-phase

output signal. However, it is observed that the dynamic performance is adversely

affected as SOGI order increases, so no further drastic improvement in performance

is obtained.

5.1.2.2 Experimental Results

The cascaded SOGI with unit template synchronization technique has been imple-

mented on experimental prototype system. The design control algorithm has been

tested for power quality improvement under non-linear loading condition. FLUKE

made single-phase power analyzer is employed for analyzing the closed-loop steady-

state response. Closed-loop experimental results have been taken and shown in

Fig. 5.16. Figure 5.16(a) and 5.16(b) show the grid-voltage, load current and THD

of the load current. For the SOGI the THD analysis has been in previous section.
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(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 5.16: Experimental closed-loop steady-state performance under cascaded
SOGI with unit template synchronization (a) vg and iL (b) THD of iL, 27.3% (c)
vg, ig for 4th order GI (d) THD of ig for 4th order GI, 4.0% (e) vg, ig for 6th order
GI (f) THD of ig for 6th order GI, 3.9% (g) vg, ig for 8th order GI (h) THD of ig for
8th order GI , 3.8%

For 4th order GI, THD of the grid current obtained is 4.0%, which are shown in

Fig. 5.16(c) and 5.16(d). For 6th order GI, THD of the grid current obtained is

3.9%, which are shown in Fig. 5.16(e) and 5.16(f). For 8th order GI, THD of the

grid current obtained is 3.8%, which are shown in Fig. 5.16(g) and 5.16(h).

Table 5.2: Performance summary of SOGI and cascaded SOGI control

SOGI 4th

order
GI

6th

order
GI

8th

order
GI

Simulation
Rise time (ms) 6.79 24.79 33.28 40.49
If (peak to peak) 2.788 0.757 0.202 0.054
THD of iα (%) 7.831 1.909 0.482 0.125

Experimental THD of ig 4.8% 4% 3.9% 3.8%

These experimental results show SOGI as well as GIs of 4th, 6th, and 8th order meet

the grid current harmonic distortion standards. GIs of 4th and 6th order are quite ef-

fective in improving the PQ but GI of order 8th and above do not really improve the

performance significantly. In fact, higher order GI involve greater complexity and
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slow the dynamic response. The simulation and experimental results follow similar

pattern. Cascading of three SOGI gives the optimum result as analyzed from the

simulation and experimental performance and is summarized in Table 5.2.
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5.2 Single-Phase SAPF under Polluted Grid Con-

dition

In Section 5.1, Single-phase SAPF under linear/non-linear load and normal grid

voltage condition has been explained. In this section, single-phase SAPF under lin-

ear/non-linear load and polluted grid voltage condition has been explained. Power

quality improvement under polluted grid condition requires advanced synchroniza-

tion techniques which estimate distortion free synchronizing templates.

5.2.1 SOGI Control with Adaptive-ZCD Synchronization

Technique

SOGI is a simple and effective algorithm to estimate the fundamental component

of the load current (If ) and is explained in Section 5.1.1. Adaptive-ZCD method

has been designed to achieve the unit synchronizing signal (ug) under polluted grid

condition which is explained in Section 4.1.6. A-ZCD estimates synchronizing signal

having almost 0% THD under polluted grid condition. Performance of A-ZCD does

not depend on the level of distortion and the voltage level.

5.2.1.1 Estimation of Reference Current and Switching Signals

Once the fundamental load component and the grid synchronizing signals are gen-

erated the switching loss needs to be estimated to compute the net current. The

output of the PI regulator to regulate the DC-link voltage can be considered as the

loss component and it can be estimated by 5.17.

Iloss(n) = Iloss(n− 1) + kp[Vdce(n)− Vdce(n− 1)] + kiVdce(n) (5.17)

Here, Vdce(n) = V ∗
dc(n) − Vdc(n) is the evaluated voltage error at DC-link inverter,

kp and ki are the proportional and integral gains of the PI controller.

The grid reference current (iref ) is generated by the multiplying the synchronizing
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signal (ug) and the net current (Inet) for compensation and expressed by 5.18.

iref = Inetug = (If + Iloss)ug (5.18)

Hysteresis current controller (HCC) is used for its simplicity and robust working

for generation of switching signals.accordingly. The complete control structure is

presented in Fig. 5.17.

Figure 5.17: Single-phase SAPF control structure under polluted grid condition

5.2.1.2 Simulation Results

System configuration to test the proposed algorithm has been shown in Fig. 5.1. The

proposed algorithm has been tested under both normal and polluted grid condition

and the non-linear load has been connected to PCC. Simulation performance of the

SOGI control algorithm with the A-ZCD based grid synchronization technique has

been shown in Fig. 5.18, 5.19 and 5.20.

In Fig. 5.18, polluted grid voltage (THD 14.2%) has been considered for feeding

the non-linear load and the grid becomes normal at t=0.4s. Initially, unit template

synchronization has been applied till t=0.15s for the SAPF but it doesn’t improved

much the quality of the grid current (THD 11.50%). The AZCD based synchroniza-

tion has been applied at t=0.15s and it improves the quality of the grid power (THD

4.26%). The load has been increased at t=0.3s and DC-link remains stable during

the load change. The proposed AZCD based has also been tested under standard

grid condition (t=0.4s to t=0.5s) and it improve the quality of grid power.
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Figure 5.18: Simulation performance of single-phase SAPF with SOGI control and
A-ZCD synchronization

Measurement of powers for SAPF has been shown in Fig. 5.18. During the SAPF

operation with SOGI and AZCD synchronization the reactive power demanded by

the load is supplied by the single-phase VSC. At t=0.2s, active power and reactive

power demanded by the load is 4182W and 1145Var. The active power of 4340W is

supplied by the grid and reactive power of 1176Var is supplied by the single-phase

VSC.

THD analysis of different system parameters has been shown in Fig. 5.20. Fig-

ure 5.20(a) and 5.20(b) shows the THD of the polluted grid and the THD of the non-

linear load current and its values are 14.20% and 38.50 respectively. Figure 5.20(c)

shows the THD of the grid current (11.50%) and it is achieve by unit-template grid

synchronization and it doesn’t follow IEEE Std.519. Hence, unit-template method
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Figure 5.19: Simulation performance for power of single-phase SAPF with SOGI
control and A-ZCD synchronization

can not be used for power quality improvement under distorted grid condition. Fig-

ure 5.20(d) shows the THD of the grid current under AZCD grid synchronization

and it is observed to be 4.26% which follows IEEE Std. 519. Hence, the simulation

performance shows that the proposed algorithm achieves both the reactive power

compensation and power quality improvement.

5.2.1.3 Experimental Results

The proposed AZCD synchronization technique with the SOGI control has been

tested on the experimental prototype developed in the laboratory. It is tested under

both normal and polluted grid condition feeding non-linear load. Single-phase pro-

grammable supply has been used to generate polluted voltage supply. Figure 5.21,

shows the steady-state results under normal grid voltage condition. Figure 5.21(a)

and 5.21(b) shows the grid voltage, load current and THD of the load current

(27.5%). THD of the grid voltage is 0.6% which is shown in Fig. 5.21(c). After

applying the SAPF , the THD of the grid current is reduced to 4.3% as shown in

Fig. 5.21(e) and the waveform is shown in Figure 5.21(d).

Figure 5.22 shows the performance of SAPF under polluted grid voltage condition

and the AZCD based synchronization technique. Figure 5.22(a) and 5.22(b) shows
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(a) (b)

(c) (d)

Figure 5.20: THD analysis for SAPF with SOGI and AZCD synchronization under
normal and polluted grid (a) THD of polluted grid (vg) (b) THD of iL (c) THD of
ig with unit template synchronization (d) THD of ig under AZCD synchronization

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

Figure 5.21: Steady-state results for SAPF with SOGI control and AZCD synchro-
nization under normal grid(a) vg and iL (b) load current THD (c) grid voltage THD
(d) vg and ig (e) grid current THD

the grid voltage, load current and THD of the load current (29.8%). THD of the grid

voltage is 9.1% which is shown in Fig. 5.22(c). After applying the SAPF, the THD

of the grid current is reduced to 4.4% as shown in Fig. 5.22(e) and the waveform is
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(a) (b) (c) (d) (e)

Figure 5.22: Steady-state results for SAPF with SOGI control and AZCD synchro-
nization under polluted grid(a) vg and iL (b) load current THD (c) grid voltage
THD (d) vg and ig (e) grid current THD

shown in Fig. 5.22(d).

Table 5.3: Performance summary of SOGI with AZCD synchronization under normal
and polluted grid

Normal grid Polluted grid
vg iL ig vg iL ig

Simulation THD % 2.01% 38.5% 4.27% 14.20% 38.5% 4.26%
Experimental THD % 0.6% 27.5% 4.3% 9.1% 29.8% 4.4%

Performance of SOGI control algorithm with the AZCD synchronization has been

summarized in Table 5.3.
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5.2.2 SOGI-ROGI for Control and Synchronization

Reactive power compensation and the power quality improvement require the algo-

rithms to estimate the synchronization techniques and to estimate the fundamental

component of the load current. Estimation of voltage parameters along with the syn-

chronization signal (ug) by SOGI-FLL-ROGI has been explained in Section 4.1.5.

Estimation of fundamental component by combination of SOGI and ROGI has been

explained here. The block diagram representation for calculating the fundamental

component of the load current is shown in Fig. 5.23. In Fig. 5.23, iL denotes the in-

Figure 5.23: Structure of SOGI-ROGI for fundamental current component estima-
tion

put signal and (i′α, i
′′
β) are the filtered outputs of SOGI. (iα, iβ) are the final outputs

obtained after the cascaded operation for SOGI and ROGI technique. ωo is the esti-

mated frequency obtained from grid-voltage by SOGI-FLL. The proposed algorithm

has also the capability of removing DC-offset along with removing harmonics and

find out ripple free fundamental load component. k0 and kr are the gains of SOGI

and ROGI respectively. Open-loop transfer function of SOGI is given as-

SOGI(s) =
koωos

s2 + ω2
o

(5.19)

The closed-loop transfer functions of (i′α, i
′′
β) of the SOGI block considering error

signal (e′iα) are given as in 5.20 and 5.21.

i′α(s)

iL(s)
=

koωos

s2 + koωos+ ω2
o

(5.20)
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i′′β(s)

iL(s)
=

koω
2
o

s2 + koωos+ ω2
o

(5.21)

As discussed in [95], ROGI is an algorithm with single complex pole. The transfer

function of ROGI is represented as-

iα,β(s)

eiα,iβ(s)
=

kr
s− jωo

(5.22)

where, eiα,iβ = i′αβ − iαβ is the error signal for the ROGI. Now, the closed-loop

transfer function with the ROGI for in-phase and quadrature signal is given as in

equations (5.23)-(5.25).

iα(s)

i′α(s)
=
iβ(s)

i′β(s)
=

krωos

s2 + 2krωos+ (1 + k2r)ω
2
o

(5.23)

Q(s) =
iβ(s)

iL(s)
=

k0krω
2
o(2ωos+ k0ω

2
o)

s4 + (ko + 2kr)ωos3 + (2 + 2kokr + k2r)ω
3
os

2 + (1 + k2r)ω
4
o

(5.24)

D(s) =
iα(s)

iL(s)
=

k0krω
2
o(s

2 + krωos− ω2
o)

s4 + (ko + 2kr)ωos3 + (2 + 2kokr + k2r)ω
3
os

2 + (1 + k2r)ω
4
o

(5.25)

A variable time-delay block has been used to generate the perfect quadrature signal

from the DC-offset free signal of the SOGI. Hence, no DC-offset in input of the ROGI

block. The algorithm generates perfect sinusoidal in-phase and quadrature phase

signal of the load current. The gain values of SOGI -ROGI has already discussed in

Section 4.1.5 and its values have been selected as ko = 1.414 and kr = 1.414 . The

magnitude of the fundamental load current is estimated as-

If =
√
i2α + i2β (5.26)

5.2.2.1 Estimation of Reference Current and Switching Signals

There are some switching losses in the VSC and this switching loss is estimated in

the form of Iloss using the equation 5.27. It is estimated by calculating the DC-

link voltage error (Vdce(n)) and regulating it to zero using a PI controller. The

DC link voltage error (Vdce(n)) is calculated by subtracting sensed DC-link voltage
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to reference DC-link voltage. As Vdce(n) = V ∗
dc(n) − Vdc(n), where V

∗
dc(n) is the

reference DC-link Voltage and Vdc(n) is the measured DC link voltage nth instant.

The output of the Proportional-Integral controller is given as 5.27.

Iloss(n) = Iloss(n− 1) + kp{Vdce(n)− Vdce(n− 1)}+ kiVdce(n) (5.27)

where kp and ki denote the proportional and integral gains of the PI controller. The

gains are appropriately selected to obtain a good steady-state and dynamic response.

After calculating the synchronization signal (ug), fundamental load current compo-

nent (If ) and the DC loss component (Iloss), the reference current (iref ) can be

estimated. The reference grid current is estimated by multiplying the synchronizing

signal to the estimated net current. The net current (Inet) has been calculated by

adding the fundamental load current component (If ) and the loss component (Iloss)

as given in 5.28.

Inet = If + Iloss (5.28)

The reference current is estimated using 5.29,

iref = Inetug (5.29)

The hysteresis current controller (HCC) generates the switching pulses. The input

of the HCC is the error signal, which is computed by subtracting the sensed and the

reference supply currents.

5.2.2.2 Simulation Results

The complete block diagram representation of the proposed controller for the single-

phase system is shown in Fig. 5.25. Synchronizing signal has been estimated by the

SOGI-FLL-ROGI and the fundamental component has been estimated by the SOGI-

ROGI block. PI controller has been used for regulating the DC-link voltage.

Open-loop simulation performance has been shown in Fig. 5.25(a) and the com-

parison with ROGI, SOGI-FLL and SOGI -ROGI has been shown in Fig. 5.25(b).
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Figure 5.24: Control structure for single-phase SAPF for SOGI-ROGI

In-phase load component extracted by SOGI-ROGI algorithm shows very low distor-

(a) (b)

Figure 5.25: Simulation results (a) SOGI-ROGI performance (b) Comparison of
ROGI, SOGI and SOGI-ROGI

tion. Load has been decreased at t=0.3s, accordingly the fundamental component

has been changed from 42A to 26A. Figure 5.25(b) shows the comparison perfor-

mance of ROGI, SOGI-FLL and SOGI-ROGI. The convergence time is 11.54ms,

12.43ms and 17.78ms taken by ROGI, SOGI-FLL and SOGI-ROGI respectively i.e.

convergence is achieved by SOGI-ROGI technique is within 1 cycle. Ripple in the

estimated fundamental component observed to be 2.73A, 4.43A and 1.3A by ROGI,

SOGI-FLL and SOGI-ROGI respectively. Hence, the SOGI-ROGI algorithm gives
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very low ripple and it gives better performance in steady-state.

Now, the proposed SOGI-ROGI algorithm has been used for the harmonic mitiga-

tion and the reactive power compensation. Closed-loop simulation results have been

shown in Fig. 5.26-5.28. Figure 5.26 shows the waveform for grid voltage (vg), grid

current (ig), load current (iL), compensator current (ic) and DC-link voltage (Vdc)

respectively. SAPF has been tested under both ideal grid and polluted grid voltage

under non-linear load current.

The proposed SOGI-ROGI algorithm has been tested under both normal grid and

Figure 5.26: Simulation performance of single-phase SAPF with SOGI-ROGI control
and SOGI-FLL-ROGI synchronization

under polluted grid voltage conditions which feed non-linear load. Initially the grid

voltage is normal and at t=0.4s it is polluted with harmonics (THD 14.33%). The

proposed technique works as per standard in both the case. Load has been increased

at t=0.2s, and the DC-link settles to reference value of 400V after a small deviation

from the DC-link voltage. Here, under all the cases the SOGI-ROGI algorithm im-

proved the quality of grid-current.
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Figure 5.27 shows the variation of complex power at load, grid and compensator.

The load demand measured at t=0.1s is 3932W, 1504Var and the active power sup-

Figure 5.27: Simulation performance for power of single-phase SAPF with SOGI-
ROGI control and SOGI-FLL-ROGI synchronization

plied by the grid is 4037W and the reactive power compensated by the compensator

is 1528Var. Linear load is added at the PCC and the new load demand measured

at t=0.3s is 5469W, 4106Var. Here, also the active power is of 5560W supplied by

the grid and the reactive power of 4130Var is compensated by the SAPF.

THD analysis of the different grid parameters has been performed under both nor-

mal grid and the polluted grid and the obtained results are shown in Fig. 5.28. In

case I, under normal grid condition, THD of the grid voltage is 2.00% and the THD

of the load current is 32.95%. After the power quality improvement THD of the

grid current is only 3.74% which follows IEEE Std-519. In case II, under polluted

grid condition THD of the grid voltage is 14.33% which contains 5th, 7th, 11thand

some higher order harmonics. THD of the load current is 22.12% and after SAPF

operation THD of the grid current achieved is 3.28%.

After detailed simulation analysis, it is observed that the SOGI-ROGI control algo-

rithm can be used for the power quality improvement under different grid voltage

and loading conditions. The experimental results are discussed next.
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(a) (b) (c)

(d) (e) (f)

Figure 5.28: THD analysis for SAPF with SOGI-ROGI and SOGI-FLL-ROGI syn-
chronization, Case I: Standard/Normal grid (a) THD of vg (b) THD of iL (c) THD
of ig
Case II: Polluted grid (d) THD of polluted grid (vg) (e) THD of iL (f) THD of ig

5.2.2.3 Experimental Results

Experimental configuration for single-phase system with non-linear load has been

shown in Figure 5.2. Figure 5.29 shows the open loop experimental results for fun-

damental load compensation by SOGI-ROGI and the comparison of with ROGI and

SOGI-FLL under load change condition. Figure 5.29(a) shows the filtered response

of SOGI-FLL and the SOGI-ROGI and the fundamental component of load current

estimated by the SOGI-ROGI. The waveform of iα is more to sinusoidal than i′α.

Figure 5.29(b) and 5.29(c) shows the dynamic performance of ROGI, SOGI-FLL

and SOGI-ROGI. The fundamental (If ) estimated by proposed having almost no
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(a) (b)

(c)

Figure 5.29: Experimental results for fundamental load component and intermedi-
ates (a) Load increase (iL, i

′
α, iα, If ) (b) Load increase (iL, If by ROGI, SOGI-FLL

and SOGI-FLL-ROGI) (C) Load decrease (iL, If by ROGI, SOGI-FLL and SOGI-
FLL-ROGI

ripples while ROGI and SOGI-FLL under non-linear load conditions. Also, it shows

the convergence is little slower than ROGI and SOGI-FLL but it converges within

1 cycle.

Figure 5.30 shows the closed-loop steady-state performance of the SOGI-ROGI con-

trol algorithm. A non-linear variable load has been connected to the system for

conducting experiments. These test have been performed under two cases. In the

first case, the undistorted supply is considered and in the second case; the grid

supply had a distortion level of 10%. The algorithm is designed for achieving ac-

tive compensation under both conditions. The inverter is controlled to work as a

single-phase shunt compensator and mitigate several power quality issues as well.

A non-linear load has been connected to the system in both cases so that load cur-

rent is non-sinusoidal. Perfect sinusoidal synchronization signals obtained using the
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(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 5.30: Steady-state experimental performance of single-phase SAPF with non-
linear load and normal grid condition by SOGI-FLL-ROGI algorithm (a) vg and iL
(b) vg and ig (c) vg and ic (d) load power (e) grid power (f) load current THD (g)
grid voltage THD (h) grid current THD

proposed SOGI-ROGI algorithm and it helps generate sinusoidal reference supply

currents. Using the indirect current controller designed in Fig. 5.24 achieves reactive

power compensation and harmonic reduction in supply current. Results obtained

with SOGI-ROGI are first discussed.

Figure 5.30(a-c) shows the waveform of ig,iL, ic respectively with undistorted grid

voltage (vg). It is observed that, when no harmonics are injected in the grid voltage

(110V, 50Hz), the THD of the grid voltage is only 0.6% as observed in Fig. 5.30(g).

Load power demand and grid power are shown in Fig. 5.30(d) and 5.30(e) respec-

tively. The load power demand is 375W and 156Var and the grid power is 430W

and 100Var. The displacement power factor (DPF) of the grid has improved to 1.00,

while the DPF of the load is 0.97. The load currents have a high THD of 29.0%,

which is reduced to 2.9% with active compensation using the proposed controller.

Figure 5.31 shows the waveform of ig, iL, ic respectively under distorted grid voltage.

The tests are performed under distorted grid conditions when the grid voltage has

THD of 9.8% as shown in Fig. 5.31(g). The load current has a distortion level of
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(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 5.31: Steady-state experimental performance of single-phase SAPF with non-
linear load and polluted grid condition by SOGI-ROGI algorithm (a) vg and iL (b)
vg and ig (c) vg and ic (d) load power (e) grid power (f) load current THD (g) grid
voltage THD (h) grid current THD

31.0%. Thus, both distorted grid and distorted load conditions are investigated here.

The proposed SOGI-ROGI controller is used to obtain sinusoidal voltage templates

for synchronization. These are used later to develop a controller for PQ mitigation.

Figure 5.31(h) shows grid current THD is reduced to 3.5%. Load power demand

and grid power are shown in Fig. 5.31(d) and 5.31(e) respectively. The load power

demand is 393W and 140Var and the grid power is 442W and 108Var. The DPF

of the grid is observed to be 1.00 while the DPF of the load is 0.98. Results show

that the proposed controller is very effective under undistorted as well as distorted

grid conditions. Improved power quality is achieved using SAPF controlled using

the proposed controller.

The dynamic performance in closed-loop is shown in Fig. 5.32 for sudden load

change. Figure 5.32(a) and 5.32(b) show the grid voltage, grid current, load current

and the DC-link voltage for sudden load decrease and increase respectively. In both

the cases stability of DC-link voltage has been maintained and the grid current is

sinusoidal.
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(a) (b)

Figure 5.32: Closed-loop dynamic performance of SOGI-ROGI with sudden load
change (a) load decrease (vg, ig, iL and Vdc)(b) load increase (vg, ig, iL and Vdc)

Performance of control and synchronization techniques discussed for single-phase

SAPF have been summarized in Table 5.4 for ideal and polluted grid condition.

During the normal grid condition unit-template synchronization works good. But,

Table 5.4: Performance comparison of control and synchronization technique for
single-phase SAPF

SOGI with unit
template
synchronization

SOGI with AZCD
synchronization

SOGI-ROGI

vg iL ig vg iL ig vg iL ig
Normal
grid

Simulation
(THD%)

1.98 37.28 4.45 2.01 38.5 4.27 2.0 32.95 3.74

Experimental
(THD%)

0.6 27.3 4.8 0.6 27.5 4.3 0.6 29.0 2.9

Polluted
grid

Simulation
(THD%)

14.12 22.13 12.66 14.20 38.5 4.26 14.33 22.12 3.28

Experimental
(THD%)

NA NA NA 9.1 29.8 4.4 9.8 31.0 3.5

during the polluted grid condition advanced synchronization algorithm are required

which estimates synchronizing signals even under polluted grid condition. It has

been observed that SOGI control with AZCD and SOGI-FLL-ROGI performed as

per IEEE Std.519 under both the normal and polluted grid condition. The trends

observed in simulation results and observed in experimental results almost similar.

Synchronization by SOGI-FLL-ROGI with SOGI-ROGI shows better performance

in simulation and experimental results under both normal and distorted grid condi-

tions.
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5.3 Three-Phase SAPF under Ideal and Polluted

Grid

Three-phase systems comprise three-phase AC power circuit with each phase dis-

placed by 120◦. Single-phase supply is given to homes while commercial and indus-

trial loads are fed by three-phase power supply. Different type of loads are connected

to three-phase supply system viz linear/non-linear loads/mixed loads. The quality

of power may be improved by compensating the reactive power demanded by the

load and this requires a three-phase SAPF. System configuration for three-phase

SAPF is been shown in Fig. 5.33.

In Fig. 5.33, a non-linear load is connected at PCC and for shunt compensation

Figure 5.33: Structure of three-phase system with three phase 3-leg SAPF

three-phase VSC is also connected at PCC via interfacing inductors. Voltage and

current sensors has been used in the developed experimental prototype system to

measure the different parameters of the system and given to the dSpace1202 for sig-

nal processing via ADC ports. After processing the required algorithm, six pulses

have been generated and given to the switches of VSC. Unit template, SRF-PLL

and Spline-PLL based synchronization techniques with SRFT control technique have

been designed, applied and discussed for three-phase SAPF system.
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5.3.1 Three-Phase SRF Control with Unit-Template Syn-

chronization

A three-phase SAPF controller requires the estimation of fundamental component of

the load current of all the phases, synchronizing templates and the DC-link voltage

regulator. SRFT is a conventional technique to estimate the fundamental component

and for achieving the synchronization unit template method is the conventional and

simplest technique.

Figure 5.34: Control structure of three-phase SAPF control with unit template
synchronization

The control structure to generate the switching signals for VSC has been shown in

Fig. 5.34.

5.3.1.1 Fundamental Component Estimation by SRFT Algorithm

The three-phase balanced non-linear load contains harmonics and the respective

equations are-

iLa(t) = Ifa sin(ωit) +Hn(t) (5.30)

iLb(t) = Ifb sin(ωit−
2π

3
) +Hn(t) (5.31)

iLc(t) = Ifc sin(ωit+
2π

3
) +Hn(t) (5.32)
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In above equations, Ifa, Ifb and Ifc represent the fundamental components of the

load current and Hn(t) denotes the harmonic component in the load current. The

active (Id) and reactive component (Iq) can be estimated with the help of abc to

dq0 Park transformation. When the rotating frame is aligned behind 90◦ the α-axis,

Park transformation can be depicted in 5.33.


Id

Iq

I0

 =


sin θo − cos θo 0

cos θo sin θo 0

0 0 1



iLa

iLb

iLc

 (5.33)

The d-component or active component of the load current contains the AC compo-

nents also. Hence, it requires additional LPF to get the filtered active load compo-

nent (Īd) as shown in Fig. 5.34.

5.3.1.2 Estimation of Loss Component

DC-link voltage is regulated by the PI controller. Hence, the loss component

(Iloss(n)) for the discrete implementation of the VSC at the nth sampling is esti-

mated from the output of the PI controller and it is calculated by 5.34.

Iloss(n) = Iloss(n− 1) + kp{Vdce(n)− Vdce(n− 1)}+ kiVdce(n) (5.34)

In 5.34, kp and ki are the proportional and integral gains of PI controller. Vdce(n) is

the DC-link voltage error at nth sampling instant and it is calculated as-

Vdce(n) = V ∗
dc(n)− Vdc(n) (5.35)

In 5.35, Vdc(n) is the measured DC-link voltage and V ∗
dc(n) is the reference DC-link

voltage. The net active component (Inet) is calculated by adding the fundamental

active load component (Īd) and the losses (Iloss) in the VSC.

Inet = Īd + Iloss (5.36)
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5.3.1.3 Generation of Switching Pulses

The reference grid currents are now generated by using the inverse dq0 to abc inverse

park transformation. The reference reactive component (I∗q ) is taken as zero so that

total reactive power support to the grid is provided by SAPF. The controller is

designed and developed such that the active power demand of the load and the

switching losses of the VSC are fed from the grid and the SAPF meets the reactive

power demand of the load.

The reference currents (i∗abc) are expressed as-


i∗a

i∗b

i∗c

 =


sin θao cos θao 1

sin θbo cos θbo 1

sin θco cos θco 1



Inet

0

0

 =


upa uqa 1

upb uqb 1

upc uqc 1



Inet

0

0

 (5.37)

In above equation ??, estimation of upa, uqa, upb, uqb, upc and uqc are the in-phase and

quadrature phase templates of three-phase voltages. Three-phase voltages have been

measured at PCC named as vga, vgb and vgc. Unit templates have been obtained by

simply dividing the individual phase voltages by Av. The in-phase unit templates

of each phases have been given by 5.38.

upa =
vga
Av

, upb =
vgb
Av

and upc =
vgc
Av

(5.38)

where, Av is the magnitude of three-phase grid voltage and is calculated by 5.39,

Av =

√
2

3
(v2ga + v2gb + v2gc) (5.39)

Quadrature-phase templates of three-phase can also be evaluated by (5.40).

uqa =
−upb√

3
+
upc√
3

uqb =

√
3

2
upa +

1

2
√
3
(upb − upc)

uqc =
−
√
3

2
upa +

1

2
√
3
(upb − upc)

(5.40)
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The reference currents (i∗abc) and the sensed supply currents (igabc) have been given

to the hysteresis current controller (HCC), which generates the required six pulses

to the driver circuit of the VSC. Now, the developed algorithm can be used for the

control of SAPF in three-phase system under different loading conditions for power

quality improvement.

5.3.1.4 Simulation Results

SRF control theory along with the unit-template synchronization has been simu-

lated for three-phase SAPF under linear/non-linear load and combination loads.

The estimation of fundamental component of the load current has been shown in

Fig. 5.35 under different loading conditions.

Figure 5.35: Fundamental current component by SRF technique

It also shows the filtered value of the fundamental load component (Īd). During

t=0.2s to t=0.3s, one phase of the load has been removed and the unfiltered funda-

mental component shows high oscillations while the filtered component shows low

oscillations. At t=0.5s, linear lagging load has been connected at PCC, the funda-

mental has been estimated. During t=0.6s to t=0.8s, the grid voltage feeding the

load is also polluted with harmonics (THD 18.03%) and the fundamental load com-

ponent is estimated with oscillations and even after filtering, reduced oscillations are

observed in the fundamental component. This estimated fundamental component is

used to improve the power quality in three-phase system.

The closed-loop simulation results for three-phase SAPF are shown in Fig. 5.36 and

154



Fig. 5.37. In Figure 5.36, phase-a of the load has been removed from t=0.2s to

Figure 5.36: Three-phase simulation performance under SRF control and unit-
template synchronization

t=0.3s. During this condition, the DC-link voltage becomes regulated after some

initial deviation from the reference voltage and the grid current is sinusoidal. At

t=0.5s, the load has been increased, the DC-link voltage is regulated to reference

voltage. The control technique has been also tested under polluted grid voltage

condition (t=0.6s to t=0.8s). The DC-link voltage shows fluctuations and the grid

current is sinusoidal. Hence, this control technique doesn’t improve power quality

under polluted grid condition.

Figure 5.37 shows the performance of power of with SRFT technique with unit tem-

plate synchronization under different loading conditions. Initially the system feeds

balanced non-linear load and compensator is compensating the reactive power to

PCC. The load demand is 1.52× 104W and 2.5× 103V ar. Active power demanded
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Figure 5.37: Three-phase power performance under SRF control and unit-template
synchronization

by the load is supplied by the grid and the reactive power is compensated by the

three-phase SAPF. Now, the inductive load has been added at t=0.5s, and now the

power demanded by the load is 1.82 × 104W and 6.8 × 103V ar. Here also, active

power demanded by the load is supplied by the grid and reactive power is compen-

sated by the grid.

THD analysis of different parameters viz vga, iLa & iga have been shown in Fig. 5.38.

SRF algorithm with unit template synchronization has been tested under both nor-

mal and polluted grid conditions and the non-linear load has been connected at PCC.

In Case I, normal grid voltage has been applied and the THD of the non-linear load

current is 25.75%. Before the compensation the THD of the grid current equals the

THD of the load current. After applying the three-phase SAPF the THD of grid

current is reduced to 1.72%. In Case II, the THD of the polluted grid voltage is

18.03% and THD of the load current is 18.77%.After applying the SAPF, the THD

of the grid current is improved to 15.57%. Hence it proves that the SRF control al-

gorithm works according to IEEE Std.519 during normal grid voltage and non-linear

load current condition but it doesn’t work well as per IEEE Std.519 during polluted

grid voltage. Advanced synchronization techniques are required to the polluted grid
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(a) (b) (c)

(d) (e) (f)

Figure 5.38: THD analysis for three-phase SAPF with SRF and unit-template syn-
chronization, Case I: Normal grid (a) THD of vga (b) THD of iLa (c) THD of iga
Case II: Polluted grid (d) THD of polluted grid vga (e) THD of iLa (f) THD of iga

voltage condition. These are designed and discussed in the next section.
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5.3.2 Three-Phase SRF control with SRF-PLL Synchroniza-

tion Technique

Unit template synchronization can not be used under distorted or polluted grid

condition. In this Section, implementation of SRF-PLL has been done for the power

quality improvement under normal and distorted grid condition feeding non-linear

load. Fundamental estimation by SRF-PLL has been explained in Section 5.3.1.1

and the SRF-PLL based synchronization technique has been explained in Section

4.2.2. Overall control structure for the SRF technique with the SRF-PLL has been

shown in Fig. 5.39. System configuration for hardware implementation has been

shown in Fig. 5.33.

Figure 5.39: Control structure of three-phase SAPF control with SRF-PLL based
synchronization

5.3.2.1 Simulation Results

Detailed simulation has been performed for different loading conditions and differ-

ent grid voltage conditions with the SRF-PLL based synchronization and shown in

Fig. 5.40-5.42. SRF-PLL has been employed for generating sinusoidal unit synchro-

nization signals for improving the power quality under both normal and polluted

grid conditions. Figure 5.40 shows the grid voltage, non-linear load current, funda-

mental component of the load current, grid current, compensator current and the

DC-link voltage. Initially normal grid voltage has been supplied and at t=0.6s the
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Figure 5.40: Three-phase simulation performance under SRF control and SRF-PLL
based synchronization

Figure 5.41: Three-phase power performance under SRF-PLL based synchronization
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(a) (b) (c)

(d) (e) (f)

Figure 5.42: THD analysis for three-phase SAPF with SRF-PLL based synchroniza-
tion, Case I: Normal grid (a) THD of vga (b) THD of iLa (c) THD of iga
Case II: Polluted grid (d) THD of polluted grid vga (e) THD of iLa (f) THD of iga

grid is polluted with harmonics (THD 18.03%). Unbalancing has been simulated

from t=0.2s to t=0.3s and then load ha been increased at t=0.5s. The fundamen-

tal component of load current has been estimated correctly as per variation in the

load current. During all these conditions, the grid-current is close to sinusoidal.

Compensator current is provided by the SAPF such that it compensates the load

harmonics and reactive power.

Figure 5.41 shows the performance of the three-phase SAPF under SRF-PLL based

grid synchronization. Power demanded by the load at t=0.4s is 1.523 × 104W

and 2.517 × 103V ar and the power supplied by the grid is 1.535 × 104W and

3.132 × 101V ar. The reactive power compensated by SAPF is 2.486 × 103V ar,

while the switching losses occurring in compensator amount to 114.7W . A linear

inductive load has been connected to PCC at t=0.55s, now the load demand is
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1.826× 104W and 6.822× 103V ar. The active power demanded by the load is sup-

plied by the grid is 1.834× 104W and the reactive power is compensated by SAPF

is 6.794× 103V ar. Here, it validates the compensation of reactive power by SAPF.

Figure 5.42 shows the THD analysis of the different parameters. Case I shows the

power quality improvement under normal grid voltage condition. In this case, THD

of the grid voltage is 0.04% and THD of the non-linear load current is 25.75% and

after applying SAPF, THD of the grid current is reduced to 1.73%. In case II, the

grid voltage is polluted with harmonics and its THD is 18.03%. The THD of the

grid current is improved to 1.72% from 18.77%. In both the cases, the quality gets

improved and IEEE Std.519 is met.

Simulation result analysis of the SRF-PLL validates that the algorithm improves

the quality the grid current and is able to compensate the reactive power demanded

by the load connected at PCC.
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5.3.3 Three-Phase SRF Control with Spline-PLL Synchro-

nization Technique

The Spline based adaptive PLL has been explained in Section 4.2.4. It has been

observed that Adaptive Spline based synchronization technique gives distortion free

synchronizing signals under distorted grid voltage condition. In this Section, Spline-

PLL has been implemented for the three-phase shunt active filter under both normal

and distorted grid condition feeding non-linear load. Overall control structure has

been shown in Fig. 5.43. System configuration for hardware implementation has

been shown in Fig. 5.33.

Figure 5.43: Control structure of three-phase SAPF control with adaptive spline
based synchronization

5.3.3.1 Simulation results

Detailed simulation has been done under normal and distorted grid condition feeding

non-linear load and shown in Fig. 5.44-5.46. Figure 5.44 shows simulation perfor-

mance of Spline based synchronization and shows the grid voltage, load current,

fundamental extracted from the load current, compensated grid current, compen-

sator current and the DC-link voltage. The grid voltage is considered normal from

t=0.2s to t=0.6s with negligible harmonic content and then it is made polluted till

t=0.8s. Load current is unbalanced during t=0.2s to t=0.3s and it is increased at
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t=0.5s and maintained till t=0.8s. The fundamental component (Īd) is extracted

using SRFT and varies as the load current is increased or decreased. The DC-link

voltage maintains the reference DC-link voltage during the unbalanced load and the

sudden load increase. The grid current maintains sinusoidal waveform despite the

non-linear load connected at PCC. Compensator current is injected due to controller

action which is designed to be able to improve the quality of the grid power.

Figure 5.45 shows the performance with the proposed grid synchronization tech-

Figure 5.44: Three-phase simulation performance under SRF control and adaptive
spline based synchronization

nique. The power is measured at t=0.4s for initial load and at t=0.55s at increased

load. At t=0.4s power demanded by the load is 1.523× 104W and 2.515× 103V ar

and active power of 1.535 × 104W is supplied by the grid and the reactive power

compensated by the VSC is 2.495×103V ar . Some loss of 116.7W occurs in the VSC
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Figure 5.45: Three-phase power performance under SRF-PLL based synchronization

(a) (b) (c)

(d) (e) (f)

Figure 5.46: THD analysis for three-phase SAPF with spline based synchronization,
Case I: Normal grid (a) THD of vga (b) THD of iLa (c) THD of iga
Case II: Polluted grid (d) THD of polluted grid vga (e) THD of iLa (f) THD of iga

164



as switching loss. An inductive load is added at t=0.5s and the power demanded by

the load is 1.826×104W and 6.822×103V ar. Here also, the active power demanded

by the load is supplied by the grid and the reactive power is compensated by the

three-phase SAPF system.

Figure 5.46 shows the THD analysis of the different parameters of the three-phase

SAPF system. In Case I (5.46(a)-5.46(c)), the grid voltage is undistorted and the

load connected to PCC is non-linear (THD=25.75%) and after applying the SAPF

the THD of the grid current is 1.70%. In Case II, under distorted grid voltage condi-

tion the THD of the grid voltage and the current is 18.03% and 18.77% respectively.

The THD of the compensated grid current is 1.52%. In both cases, the quality of

power has been improved and it follows IEEE Std.519.

Simulation performance of SRFT control algorithm with unit-template, SRF-PLL

and Spline-PLL synchronization techniques have been summarized in Table 5.5.

The Spline-PLL based synchronization shows better performance than SRF-PLL

Table 5.5: Performance comparison of synchronization techniques for three-phase
SAPF

Synchronization
techniques

unit template SRF-PLL Spline-PLL

Parameters
(THD)

vga iLa iga vga iLa iga vga iLa iga

Normal grid 0.04% 25.75%1.72% 0.04% 25.75%1.73% 0.04% 25.75%1.70%
Polluted
grid

18.03%18.77%15.57%18.03%18.77%1.72% 18.03%18.77%1.52%

and unit-template method for the three-phase SAPF system. The lowest THD ob-

tained in grid current during undistorted grid voltage of 1.7% and 1.52% during

polluted grid condition are both observed with Spline-PLL ans SRFT control. It is

also clearly observed that unit template scheme fails during polluted grid condition.

5.3.3.2 Experimental Results

Spline-PLL shows better performance in simulation. hence, it is also tested on ex-

perimental setup developed in the laboratory. The experimental closed-loop steady-

state and dynamic performance have been shown in Fig. 5.47 and 5.48. Figure 5.47(a)
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(a) (b)

Figure 5.47: Experimental results for Spline based synchronization for polluted grid
condition (a) Three-phase polluted grid (vgabc) and extracted synchronizing signal
(upa) (b) SAPF operation during load unbalancing (vga, iga, iLaandVdc)

shows the extraction of synchronization templates from the grid voltage under dis-

torted grid condition. The proposed algorithm generates distortion free synchroniz-

ing signal (upa) under polluted grid condition. Figure 5.47(b) shows the closed loop

dynamic result under load unbalancing during the distorted grid condition. The grid

current is sinusoidal under balanced load and unbalanced load. DC-link is stable at

reference voltage.

Figure 5.48 shows the steady-state performance of three-phase SAPF. The polluted

grid voltage (L-L) of 109V with THD of 10.0% has been supplied to the non-linear

having a THD of 21.8% and the magnitude of current is 3.964A. The grid current

THD improves to 3.9% which follows IEEE Std-519. The experimental results also

proves that the proposed algorithm works as per standard even under distorted grid

condition.

5.4 Conclusions

In this chapter, SAPF operation for single-phase and three-phase system have been

presented under both ideal and polluted grid condition. In single-phase SAPF,

SOGI, cascaded SOGI and SOGI-ROGI have been used for fundamental load com-

ponent estimation. These control algorithms have been applied with different syn-

chronization techniques under both normal and polluted grid conditions. The unit-
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(d) (e) (f)

Figure 5.48: Experimental steady-state performance with Spline based synchroniza-
tion under distorted grid voltage (a) vLL and iga (b) vLL and iLa (d) THD of polluted
grid voltage (e) THD of load current (f) THD of grid current

template synchronization doesn’t work as per IEEE Std. 519 during polluted grid

condition. The performance of SOGI-ROGI with SOGI-FLL-ROGI perform better

than SOGI control with AZCD under both normal and polluted grid conditions.

In three-phase system SRFT control algorithm with unit-template, SRF-PLL and

Spline based PLL have been applied for PQ improvement and reactive power com-

pensation. Extensive simulation has been done and summarized. The simulation

results results of SRFT control algorithm with Spline-PLL show the best perfor-

mance under both normal and distorted grid condition. The experimental results

with SRFT and Spline PLL are in agreement with the simulation results.
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Chapter 6

Power Quality Improvement in
Single-Phase Grid-Connected PV
System

In previous chapter, single-phase and three-phase SAPF and their control algorithms

have been discussed. In this chapter, PV has been integrated to single-phase grid

via VSC which also adds capability of active power injection to the grid. Both active

and reactive power compensation along with power quality improvement requires to

design an appropriate control algorithm. The designed control algorithm needs to

estimate the fundamental current component estimation of non-linear load current,

obtain synchronization signal from the grid voltage signal, MPPT algorithm, DC-

voltage regulator and estimation of feed-forward current from the PV array.

6.1 Single-Stage and Double-stage Grid-Connected

PV System

Active power injection from the PV to grid require different such as single-stage

and double-stage grid-connected PV system which are shown in Fig. 6.1 and 6.2

respectively. In single-stage grid-connected PV system DC-DC boost converter is

not employed and the MPPT technique is used to achieve maximum power from the

PV by generating the reference voltage and is maintained at DC-link. In double-

stage grid-connected PV system an additional DC-DC boost converter is employed
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Figure 6.1: Single-phase single-stage grid connected PV system

Figure 6.2: Single-phase double-stage grid connected PV system

and the MPPT technique gives the duty cycle which helps to achieve maximum

power from the PV array.

6.1.1 Fundamental Load Component Estimation

SOGI-ROGI control technique has been designed, applied and discussed for the

single-phase grid connected PV system as its performance is superior than other

algorithms. The conventional SRFT control technique has also been discussed and
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compared with the SOGI-ROGI controller for the single-phase grid-connected PV

system in both single-stage and double-stage configuration.

6.1.1.1 Single-Phase SRFT Technique

SRFT is the conventional control technique to estimate the fundamental compo-

nent of the load current. Fundamental component estimation requires the in-phase

component and the quadrature-phase component. Load current is considered as the

in-phase component (iα) and to generate quadrature-phase component delay of 90◦

has been applied. The Park-Transformation to get the fundamental load component

is given by 6.1: Id(t)
Iq(t)

 =

sin θo − cos θo

cos θo sin θo


iα(t)
iβ(t)

 (6.1)

Fundamental load current estimated by the SRFT technique shows high amount

of ripples and requires additional LPF. Fundamental load current estimated by

the SRFT technique with and without filter is shown in Fig. 6.3. The unfiltered

Figure 6.3: Fundamental load current component by SRFT

component has the oscillations of 14.1A and oscillations in the filtered component

is 0.65A. High oscillations in the fundamental load component is not recommended

as it could not improve the PQ significantly.
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6.1.1.2 SOGI-ROGI Technique

Estimation of fundamental component by combination of SOGI and ROGI has been

explained here. This algorithm has been explained earlier in Section 5.2.2 for the

fundamental component estimation of the load current. The block diagram repre-

sentation for calculating the fundamental component of the load current is shown

in Fig. 6.4. In Fig. 6.4, iL denotes the input signal and (i′α, i
′′
β) are the filtered

Figure 6.4: Structure of SOGI-ROGI for fundamental current component estimation

outputs of SOGI. (iα, iβ) are the final outputs obtained after the cascaded opera-

tion for SOGI and ROGI technique. ωo is the estimated frequency obtained from

grid-voltage by SOGI-FLL-ROGI. The proposed algorithm has also the capability

of removing DC-offset along with removing harmonics and find out ripple free fun-

damental load component. k0 and kr are the gains of SOGI and ROGI respectively.

Open-loop transfer function of SOGI is given as-

SOGI(s) =
koωos

s2 + ω2
o

(6.2)

The closed-loop transfer functions of (i′α, i
′′
β) of the SOGI block considering error

signal (e′iα) are given as in 6.3 and 6.4.

i′α(s)

iL(s)
=

koωos

s2 + koωos+ ω2
o

(6.3)

i′′β(s)

iL(s)
=

koω
2
o

s2 + koωos+ ω2
o

(6.4)
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As discussed in [95], ROGI is an algorithm with single complex pole. The transfer

function of ROGI is represented as-

iα,β(s)

eiα,iβ(s)
=

kr
s− jωo

(6.5)

where, eiα,iβ = i′αβ − iαβ is the error signal for the ROGI. Now, the closed-loop

transfer function with the ROGI for in-phase and quadrature signals are given as in

6.6-6.8.

iα(s)

i′α(s)
=
iβ(s)

i′β(s)
=

krωos

s2 + 2krωos+ (1 + k2r)ω
2
o

(6.6)

Q(s) =
iβ(s)

iL(s)
=

k0krω
2
o(2ωos+ k0ω

2
o)

s4 + (ko + 2kr)ωos3 + (2 + 2kokr + k2r)ω
3
os

2 + (1 + k2r)ω
4
o

(6.7)

D(s) =
iα(s)

iL(s)
=

k0krω
2
o(s

2 + krωos− ω2
o)

s4 + (ko + 2kr)ωos3 + (2 + 2kokr + k2r)ω
3
os

2 + (1 + k2r)ω
4
o

(6.8)

A variable time-delay block has been used to generate the perfect quadrature signal

from the DC-offset free signal of the SOGI. Hence, no DC-offset in input of the ROGI

block. The algorithm generates perfect sinusoidal in-phase and quadrature phase

signal of the load current. The gain values of SOGI -ROGI has already discussed in

Section 4.1.5 and its values have been selected as ko = 1.414 and kr = 1.414 . The

magnitude of the fundamental load current is estimated as-

If =
√
i2α + i2β (6.9)

The estimated magnitude of the load current has almost no oscillations; hence, there

is no requirement of additional filter. All the conventional algorithms normally

employ an additional filter after fundamental component estimation of load current.

6.1.2 Maximum Power Point Tracking (MPPT)

The performance of PV is largely dependent on the environmental parameters spe-

cially the irradiance and the temperature. P-V and I-V curve of a module are

shown in Fig. 6.5. From Fig. 6.5(a) as the irradiance changes it is is observed that

172



(a) (b)

Figure 6.5: P-V and I-V curve of PV module (a) 25◦C and at specified irradiance
(b) 1000W/m2 and at specified temperatures

the PV current and the power changes varies widely. While during the temperature

changes of the PV module the variation of PV power output is smaller. For higher

temperature power output is lesser and for lower temperature output power of PV

array is higher. From P-V and I-V curves there is only one point at which power

is maximum at specified irradiance and temperature and that point is called maxi-

mum power point. Power at maximum power point is called maximum power point

(Pmp) and voltage and current at maximum power point is called maximum power

point voltage (Vmpp) and maximum power point current (Impp) respectively. MPPT

algorithm is required to achieve maximum power from the PV module, string or

array. There are number of MPPT algorithms developed and implemented in lit-

erature, namely, P&O, Incremental Conductance (INC) and soft computing based

techniques such as fuzzy logic and artificial neural network (ANN) based algorithms.

Out of all the algorithms discussed in literature, P&O is one of the simplest and

easy to implement and also provides a good tracking performance.The flow-chart of

the P&O algorithm for sing-stage grid-connected PV system is shown in Fig. 6.6.

It is based on obtaining the voltage and current samples at every sampling cycles

and uses these to calculate the power and compare the previous obtained value of

power and estimates maximum power voltage (Vmpp). The mathematical expression
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Figure 6.6: Flow chart of P&O MPPT

for the P& O algorithm for single-stage grid-connected PV system is given in 6.10,

which generates Vmpp and further it is used as Vdcref .

if ∆P ×∆V > 0 =⇒ Vnew = Vold +∆V

and if ∆P ×∆V < 0 =⇒ Vnew = Vold −∆V

at MPPT ∆P ×∆V = 0 =⇒ Vnew = Vold,∆V = 0

(6.10)

In 6.10, ∆V is the step-size of voltage to update to reference maximum power voltage

at each step. The mathematical expression for the P& O algorithm for double-stage

grid-connected PV system is given in 6.11, which generates duty-cycle and further

174



it is given to the DC-DC boost converter.

if ∆P ×∆V > 0 =⇒ Dnew = Dold −∆D

and if ∆P ×∆V < 0 =⇒ Dnew = Dold +∆D

at MPPT ∆P ×∆V = 0 =⇒ Dnew = Dold,∆D = 0

(6.11)

Here, D denotes the duty cycle of the inverter and the ∆D is the step-size to update

value of D. Higher value of step-size gives the faster response but at the same time

the oscillations is higher and higher oscillations are not preferable as it changes the

output voltage continuously. Hence an optimized value of ∆V = 0.1 has been chosen

for single-stage system and ∆D = 0.001 for double-stage grid-connected PV system.

6.1.3 Feed-Forward Current Estimation

The PV array transfers active power to the grid as per its capability and rating via

VSC. Under ideal conditions, the power generated by PV is delivered to the grid

equals to active power measured at output of VSC (Ppv=Pc) such that the inverter

has negligible loss. Here, Ppv is the power generated by the PV and Pc represents

the AC side power of the VSC. Power calculated at DC link is given as

Ppv = VpvIpv (6.12)

Active power calculated at single phase ac side of the inverter is given as

Pc = VrmsIrms =
Av√
2

Iff√
2

(6.13)

Here, Av is the magnitude of the voltage signal and Iff is the feed forward current

or peak current magnitude of the VSC current which is injected to the grid. Ideally,

Ppv = PV SC =⇒ Ppv =
Av√
2

Iff√
2

(6.14)
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Iff =
2Ppv

Av

(6.15)

6.1.4 Loss Component Estimation

For shunt active compensation, DC-link voltage of the H-bridge inverter is con-

trolled by the PI controller. The active compensation is performed by appropriate

switching of IGBT switches. Some losses occurs during switching operation of VSC.

Estimation of such losses is obtained with the help of following equation.

Iloss(n) = Iloss(n− 1) + kp[Vdce(n)− Vdce(n− 1)] + kiVdce(n) (6.16)

Here, Vdce(n) = V ∗
dc(n) − Vdc(n) is the evaluated voltage error at DC-link inverter,

kp and ki are the proportional and integral gains of the PI controller.

6.1.5 Generation of Switching Pulses

The grid reference current (iref ) is generated by the multiplying the synchronizing

signal (ug) and the net current (Inet) for compensation. The net current and the

reference current estimated is expressed by 6.17 and 6.18 respectively .

Inet = If + Iloss − Iff (6.17)

iref = Inetug (6.18)

Hysteresis current controller (HCC) is used for its simplicity and robust working for

generation of switching signals.
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6.2 Performance of SRFT Control in a Single-

Phase Grid-Connected PV System

The complete control structure with SRFT control technique for single-stage and

double-stage grid-connected are presented in Fig. 6.7 and 6.8 respectively. The

Figure 6.7: Single-phase single-stage SRFT control structure for grid-connected PV
system

Figure 6.8: Single-phase double-stage SRFT control structure for grid-connected PV
system

main difference between the control technique for single-stage and the double-stage

system is that, the MPPT technique used in single-stage is used to generate reference

voltage to achieve maximum power from PV and in double-stage PV system MPPT

technique is used to generate duty cycle for the PWM block to generate switching
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pulses for IGBT switch of the DC-DC boost converter.

6.2.1 Simulation Performance for Single-Stage Grid-Connected

PV System

Single-phase single-stage grid-connected PV system has been simulated under MAT-

LAB/Simulink environment. A combination of linear and non-linear load has been

connected at PCC, where the VSC has been connected via the interfacing inductor.

A PV string of 12 modules connected in series is connected to DC-link of the VSC

for power injection. MPPT technique has been used to estimate reference DC-link

voltage, which is also the maximum power point voltage. This system is tested

under normal and polluted grid conditions for power quality improvement.

Simulation performance of PV string consist 12 panels in series is shown in Fig. 6.9.

Here, output of PV string is directly connected to the DC-link of the H-bridge VSC.

Figure 6.9: Simulation performance of PV string under single-stage grid-connected
PV system

Initially, the irradiance is 500W/m2 and it is changed to 1000W/m2 at t=0.3s.
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PV output voltage during the lower irradiance of 500W/m2 is 422.8 V and dur-

ing irradiance level of 1000W/m2 is 415.7 V. Current and power achieved during

500W/m2 are 3.89A and 1643W respectively. After t=0.3s during irradiance level

during 1000W/m2 current and power achieved are 7.73A and 3214W respectively.

Efficiency achieved during irradiance level of 1000W/m2 is 98.95%. The reference

DC-link voltage estimated during the irradiance level of 500W/m2 is 420.7V and

during irradiance level of 1000W/m2 is 415.2 V.

Fig. 6.10 shows the simulation performance for single-stage grid-connected SAPF

showing vg, ig, iL, ic and Vdc respectively. This shows the performance for the normal

Figure 6.10: Simulation performance for grid parameters of single-phase single-stage
grid-connected PV system

and distorted grid voltage conditions feeding the non-linear load. During both the

conditions the grid-current has been improved. As the irradiance has been increased

at t=0.3s the grid current has been decreased as the PV current has been increased

and feeding to the load. The DC-link has been regulated by the PI controller to the

reference DC-link voltage which is estimated by the MPPT.

THD analysis of the grid-parameters of AC signals have been shown in Fig. 6.11. In
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(a) (b) (c)

(d) (e) (f)

Figure 6.11: THD analysis for single-phase single-stage grid-connected PV system
with SRFT technique with additional LPF, Case I: Standard/Normal grid (a) THD
of vg (b) THD of iL (c) THD of ig
Case II: Polluted grid (d) THD of polluted grid (vg) (e) THD of iL (f) THD of ig

Case I, normal grid condition has been considered and simulated. The THD of the

grid voltage is 2.00% (6.11(a))and the THD of the non-linear load current (6.11(b))

is 22.80%. The quality of current has been improved to 3.79% as per IEEE Std.519

is shown in Fig. 6.11(c). In Case II, polluted grid condition has been considered

and simulated. The THD of the grid voltage is 14.30% (6.11(d)) and the THD of

the non-linear load current (6.11(e)) is 25.43%. The quality of current has been im-

proved to 5.11% (6.11(f))which is above the IEEE Std.519 and it is not permissible.

Fig. 6.11 shows the performance of SRFT control technique when an additional

LPF block has been employed. The THD analysis of the grid current for normal

and polluted grid condition with SRFT control technique without additional LPF

has been shown in Fig. 6.12. THD of the grid current obtained for normal grid

condition is 13.44% (6.12(a)) and for polluted grid is 12.12% (6.12(b)). The per-

formance of SRFT without additional LPF is not good and not permissible as per

IEEE Std.519. Hence, an LPF is must required to achieve the good quality of power
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(a) (b)

Figure 6.12: THD analysis for single-phase single-stage grid-connected PV system
with SRFT technique without additional LPF, Case I: Standard/Normal grid (a)
THD of ig, Case II: Polluted grid (b) THD of ig

as per standard.

Figure 6.13 shows the simulation results for power measured at PCC. At t=0.25s

Figure 6.13: Simulation performance for power transfer under single-phase single-
stage grid-connected PV system

the active and reactive load demand is 8.31kW and 6.01kVar respectively. Power

supplied by the grid is 6.74kW and the reactive power demanded by the load is com-

pensated by the VSC. At t=0.3s, irradiance level has been increased from 500W/m2

to 1000W/m2 and in this condition the load demand has not been changed. The

VSC power has been increased to 3.14kW and the active power supplied by the grid
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is decreased to 5.17kW. During the polluted grid condition (t=0.5s to t=0.7s), the

load demand has been changed to (8.82kW, 5.55kVar). At this situation, the active

power of 5.69kW is supplied by the grid and active power of 3.14kW is supplied by

the PV via single-phase VSC.

6.2.2 Simulation Performance for Double-Stage Grid-Connected

PV System

In this section simulation performance of single-phase double-stage grid-connected

PV system with SRFT control technique has been shown and discussed. Here, in

double-stage configuration the PV output is first connected to DC-DC boost con-

verter and the output of DC-DC boost converter is connected to single-phase VSC.

Simulation performance of PV array has been shown in Fig. 6.14. Number of panels

Figure 6.14: Simulation performance of PV string under double-stage grid-connected
PV system

in this array is 10 in which 2 strings with 5 panels each string has been connected
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in parallel. Initially, the irradiance level is 500W/m2 and it is increased at t=0.3s to

1000W/m2. PV voltage, current and power measured at t=0.25s are 174V, 7.63A

and 1.33kW respectively. At t=0.45s, when the irradiance is 1000W/m2 the mea-

sured PV parameters are 172V, 15.42A and 2.65kW. At this condition the efficiency

of the PV array calculated is 97.93%. The duty cycle for the IGBT switch of DC-DC

boost converter is estimated by P & O technique is also shown.

Figure 6.15 shows the simulation performance for single-stage grid-connected SAPF

showing vg, ig, iL, ic and Vdc respectively. During both the normal and polluted grid

Figure 6.15: Simulation performance for grid parameters of single-phase double-
stage grid-connected PV system

condition feeding non-linear load current, the grid current is sinusoidal. The DC-

link voltage is maintained to 400V by the PI controller. The irradiance level has

been increased to 1000W/m2 at t=0.3s. During this condition, as the PV current

increases the compensator started giving more power hence, the grid current is de-
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creased at t=0.3s.

THD analysis of the grid-parameters of AC signals have been shown in Fig. 6.16. In

(a) (b) (c)

(d) (e) (f)

Figure 6.16: THD analysis for single-phase double-stage grid-connected PV system
with SRFT technique with additional LPF, Case I: Standard/Normal grid (a) THD
of vg (b) THD of iL (c) THD of ig
Case II: Polluted grid (d) THD of polluted grid (vg) (e) THD of iL (f) THD of ig

Case I, normal grid condition has been considered and simulated. The THD of the

grid voltage is 1.84% (6.16(a))and the THD of the non-linear load current (6.16(b))

is 22.80%. The quality of current has been improved to 3.43% as per IEEE Std.519

is shown in Fig. 6.16(c). In Case II, polluted grid condition has been considered

and simulated. The THD of the grid voltage is 14.30% (6.16(d)) and the THD of

the non-linear load current (6.16(e)) is 25.43%. The quality of current has been

improved to 2.42% (6.16(f)), which follows IEEE Std.519.

Figure 6.17 shows the simulation results for power measured at PCC. At t=0.25s

the active and reactive load demand is 8.32kW and 6.00kVar respectively. Power

supplied by the grid is 7.14kW and the reactive power demanded by the load is com-

pensated by the VSC. At t=0.3s, irradiance level has been increased from 500W/m2

to 1000W/m2 and in this condition the load demand has not been changed. The
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Figure 6.17: Simulation performance for power transfer under single-phase double-
stage grid-connected PV system

VSC power has been increased to 2.48kW and the active power supplied by the grid

is decreased to 5.84kW. During the polluted grid condition (t=0.5s to t=0.7s), the

load demand has been changed to (8.82kW, 5.55kVar). At this situation, the active

power of 6.35kW is supplied by the grid and active power of 2.48kW is supplied by

the PV via single-phase VSC.
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6.3 Performance of SOGI-ROGI Control in a Single-

Phase Grid-Connected PV System

The complete control structure with SOGI-ROGI control for single-stage and double-

stage grid-connected are presented in Fig. 6.18 and 6.19 respectively.

Simulation for both single-phase single-stage and double-stage has been done in

Figure 6.18: Single-phase single-stage SOGI-ROGI control structure for grid-
connected PV system

Figure 6.19: Single-phase double-stage SOGI-ROGI control structure for grid-
connected PV system

MATLAB/Simulink environment. In both the configuration, the simulation has

been done for normal grid conditions as well as polluted grid conditions. Dynamics

performance of PV has also been analysed by changing the irradiance level for PV
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array under non-linear load condition. Experimental results has also been added for

the single-stage grid-connected PV system.

6.3.1 Simulation Performance for Single-Stage Grid-Connected

PV System

Figure 6.20 shows the performance of the PV under steady-state and dynamic con-

ditions. Initially, the irradiance is 500W/m2 and later at it changed to 1000W/m2

Figure 6.20: Simulation performance of PV string under single-stage grid-connected
PV system

at t=0.3s. When the solar irradiance is 500W/m2, then the PV current and power

are 3.85A and 1638W respectively. And at t=0.3s the irradiance has increased to

1000W/m2 then the current doubles to 7.57A and power achieved from PV panel is

3200W. The efficiency of the PV string achieved is 98.52%. The reference DC-link

voltage (V ∗
dc) has changed according to the MPPT technique to achieve maximum

power from PV.

Figure 6.21 shows the grid parameters such as grid voltage, grid current, load cur-

rent, compensator current and the DC-link voltage (top to bottom) for the single-
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phase grid connected PV system. The DC-link voltage is regulated to the DC-

Figure 6.21: Simulation performance for grid parameters of single-phase single-stage
grid-connected PV system

Figure 6.22: Simulation performance for power transfer under single-phase single-
stage grid-connected PV system

link reference voltage which is estimated by the P&O MPPT technique. Also, the

grid current reduces at t=0.3s as the PV irradiance increases from 500W/m2 to

100W/m2. During t=0.5s to t=0.7s, the grid becomes polluted with harmonics
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(THD 14.32%) and even under this worst case the grid current is sinusoidal and in

phase with the grid.

Figure 6.22, shows the power performance of the supply, load and the compensator

under irradiance change and the change in grid voltage condition. Initially, before

t=0.3s, the grid voltage has normal waveform and the irradiance is 500W/m2, dur-

ing this case power demanded by the load (8.32kW,6.0kVar). The reactive power is

supplied by the VSC (6.11kVar) and the active power is supplied by both the PV

and the grid. Same has been followed during at higher irradiance and at polluted

grid condition.

Figure 6.23, shows the THD analysis of the different grid parameters under both

normal grid and the polluted grid under non-linear load current. In first case, irra-

diance is 500w/m2 and grid voltage is normal (THD=2.03%) and the load current

THD is 22.81%. By applying the SAPF operation the grid current THD is 3.79%

which is under the IEEE Std. 519. In case II, the irradiance has been increased to

1000W/m2 and the grid is polluted and its THD is 14.32% the THD of the non-

linear load current is 25.45%. In this scenario, THD of the grid current obtained is

3.20%.

Hence, these simulation results shows that the single-stage single-phase grid-connected

PV system, the active and reactive power injection and the mitigation of harmonics

effectively under simulation environment.

6.3.2 Experimental Performance for Single-Phase Single-Stage

Grid-Connected PV System

A prototype of single-phase single-stage grid-connected system has been made in the

laboratory. The experimental steady-state performance has been shown in Fig. 6.24.

A non-linear load has been connected to the grid consuming power of 379W and the

THD of the load current is 27.6% and shown in Figure 6.24(a)-(c). PV simulator

is feeding 1kW to grid at DC side of the VSC. Here, after losses in the VSC is

delivering power of 0.87kW (Fig. 6.24(e)). Normal grid voltage has been applied
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(a) (b) (c)

(d) (e) (f)

Figure 6.23: THD analysis for single-phase single-stage grid-connected PV system
with SOGI-ROGI technique, Case I: Standard/Normal grid (a) THD of vg (b) THD
of iL (c) THD of ig
Case II: Polluted grid (d) THD of polluted grid (vg) (e) THD of iL (f) THD of ig

and its THD is 2.4% as shown in Fig. 6.24(f). The quality of grid current has been

improved to 4.7% (Fig. 6.24(g)), which follows the IEEE Std. 519. The extra power

of 498W (Fig. 6.24(i)) has been transferred to the grid.

6.3.3 Simulation Performance for Double-Stage Grid Con-

nected PV System

Figure 6.25, 6.26,6.27 and 6.28 shows the simulation performance of single-phase

double-stage grid-connected PV system under normal and polluted grid connected

system feeding combination of non-linear load. DC-DC boost converter has been
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Figure 6.24: Experimental closed-loop steady-state performance of PV array under
single-stage grid-connected PV system

used to implement MPPT technique. MPPT technique estimates the duty ratio for

the DC-DC boost converter to achieve maximum power from the PV. A PV array

has been consist of two string and each string has 6 PV modules with the capacity

of 2706.6W under STC.

Figure 6.25, shows the performance of PV array under irradiance of 500W/m2 and

1000W/m2 under double-stage mode. The calculated voltage for maximum power at

STC is 173V while the achieved voltage at STC is 176V nearer to maximum power

voltage. Power achieved by PV array at t=0.23 s is 1280W and at t=0.5s is 2623W.

The current is 7.10A when the irradiance is 500W/m2 and 14.91A at 1000W/m2

as the PV is the current source and varies according to the irradiance level. The

efficiency of PV array achieved is 96.93%. Duty cycle has been estimated by the

MPPT to achieve maximum power and given to boost converter.

Figure 6.26, shows the main grid parameters for the SAPF. The grid current (Ig)

reduces as the irradiance increased to 100W/m2 from 500W/m2 at t=0.3s. The

DC-link has been maintained all the time at DC-link reference voltage at 400V. The

waveform of grid current is sinusoidal and in-phase with the grid voltage during

both normal and polluted grid condition.

Figure 6.27, shows the analysis of power of single-phase double-stage grid-connected
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Figure 6.25: Simulation performance of PV array for double-stage grid-connected
PV system with varying irradiance level

Figure 6.26: Simulation performance for grid parameters of single-phase double-
stage grid-connected PV system

PV system at different grid voltage and irradiance conditions. At t=0.25s, irradi-

ance is 500W/m2 and grid is normal, the power of load, supply and the compensator
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Figure 6.27: Simulation performance for power transfer under single-phase double-
stage grid-connected PV system

are (8320W, 6000Var), (7267W, 96Var) and (1052W, 6096Var) respectively. Here,

it is clearly observed that the reactive power demanded by the load is supplied by

the compensator and the active power demanded by the load is supplied by both

grid and the compensator. 228W of PV power is lost in boost converter and VSC.

Similarly, the performance of the system has been followed and shown in Fig. 6.27

during the solar irradiance of 1000W/m2 and under polluted grid voltage condition.

Figure 6.28, shows the THD analysis of the different grid parameters under both

normal grid and the polluted grid under non-linear load current. In first case, irra-

diance is 500W/m2 and grid voltage is normal (THD=1.82%) and the load current

THD is 22.81%. By applying the SAPF operation the grid current THD is 3.96%

which follows the IEEE std. 519. In case II, the irradiance has been increased to

1000W/m2 and the grid is polluted and its THD is 14.32% and the THD of the non-

linear load current is 25.45%. In this scenario, THD of the grid current obtained is

3.29%.

A comparison table has been drawn on the basis of simulation performances of SRFT

with additional LPF and SOGI-ROGI control algorithm in single-stage and double-

stage system under normal and polluted grid condition feeding non-linear load. The

summary of the simulation performance has been shown in Table 6.1. The THD of
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(a) (b) (c)

(d) (e) (f)

Figure 6.28: THD analysis for single-phase double-stage grid-connected PV system
with SOGI-ROGI technique, Case I: Standard/Normal grid (a) THD of vg (b) THD
of iL (c) THD of ig
Case II: Polluted grid (d) THD of polluted grid (vg) (e) THD of iL (f) THD of ig

Table 6.1: Performance summary of SRFT and SOGI-ROGI control algorithm for
single-stage and double-stage grid-connected PV system

Double-stage Single-stage
Parameters SRFT SOGI-ROGI SRFT SOGI-ROGI

Normal grid (THD)
vg 2.0% 2.03% 1.84% 1.82%
iL 22.8% 22.81% 22.8% 22.81%
ig 3.79% 3.79% 3.43% 3.96%

Polluted grid (THD)
vg 14.30% 14.32% 14.30% 14.32%
iL 25.43% 25.45% 25.43% 25.45%
ig 5.11% 3.2% 2.42% 3.29%

PV power(kW) Ppv 3.21kW 3.20kW 2.65kW 2.62kW
PV efficiency(%) η 98.95% 98.52% 97.93% 96.93%
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the grid current is same in single-stage grid-connected PV system for both SRFT

and SOGI-ROGI control algorithm. But during the polluted grid condition SRFT

shows the THD of 5.11% while the SOGI-ROGI shows 3.2% in single-stage system.

During the polluted grid condition the THD performance by SRFT is better than

SOGI-ROGI control technique. Efficiency of the PV is higher in single-stage than

double-stage grid-connected PV system.

6.4 Conclusions

In this chapter SRFT and SOGI-ROGI control algorithms have been designed and

applied for the single-phase single-stage and single-phase double-stage system for

active power injection and reactive power compensation. Extensive simulation has

been done for single-phase single-stage and double-stage grid-connected PV system.

performance of SRFT control is not as per standard it requires additional LPF to

improve the performance SRFT control algorithm. Even after using the additional

LPF its performance is not satisfactory during polluted grid condition. SOGI-ROGI

performs consistently in single-stage and double-stage grid condition under both

normal and polluted grid condition. Efficiency of PV is better in the single-stage

system than the double-stage grid-connected PV system. Experimental performance

of SOGI-ROGI has also been added in this section for single-stage grid-connected PV

system. The performance clearly approves the active and reactive power injection

to the grid efficiently as per load demand and PV power generation. The power

quality has been improved in both the cases under non-linear load and polluted grid

voltage.
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Chapter 7

Power Quality Improvement in
Three-Phase Grid-Connected PV
System

In this Chapter, three-phase single-stage and double-stage grid-connected PV sys-

tem has been developed for power quality improvement under non-linear load con-

dition. Both the proposed systems have been analysed under normal grid and pol-

luted grid condition. Conventional SRFT control technique has been applied for

the three-phase single-stage and double-stage grid-connected PV system. Modelling

of proposed Improved Adaline (IAdaline) has been done and used for estimation

of synchronization signals and estimation of fundamental component. The perfor-

mance of IAdaline technique has been compared with three-phase SRFT technique.

Extensive simulation and experimental analysis has been done under different condi-

tions, which justifies the suitability for the active and reactive power injection along

with the capability of harmonic mitigation.

7.1 Three-Phase Single-Stage and Double-Stage

SAPF for Grid-Connected PV System

Figure 7.1 and Fig. 7.2 show the system configuration for three-phase single-stage

and double-stage grid-connected PV system respectively. In Fig. 7.1, PV string or

array is connected to DC-link voltage of the three-phase VSC. In this type of system,
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Figure 7.1: Three-phase single-stage grid-connected PV system

no DC-DC converter is required. The output of MPPT technique is used to generate

the reference DC-link voltage (Vdcref ). This system can be used for both active and

reactive power compensation along with harmonic mitigation of grid current under

linear/non-linear load condition.

Figure 7.2 shows the system configuration of three-phase three-wire double-stage

grid-connected PV system. In this configuration, a DC-DC boost converter has

Figure 7.2: Three-phase double-stage grid-connected PV system

been used to level up the PV output voltage. The output of the MPPT technique

is duty cycle which is used to control the DC-DC boost converter. In this config-

uration, lower number of PV module can be used than single-stage grid-connected
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PV system.

To ensure the proper working of three-phase grid-connected PV system it require

control algorithm. The control algorithm require fundamental load current compo-

nent, DC-voltage controller, estimation of feed-forward current, an MPPT technique

and uni-templates form the three-voltage signal. MPPT technique for the single-

stage and double-stage grid-connected PV system has been discussed in previous

chapter.

7.1.1 Fundamental Load Current Component Estimation

For the estimation of fundamental load current component conventional SRFT con-

trol technique and the proposed IAdaline technique has been designed and discussed.

7.1.1.1 Three-Phase SRFT Control Technique

The three-phase balanced non-linear load contains harmonics and the respective

equations are-

iLa(t) = Ifa sin(ωit) +Hn(t) (7.1)

iLb(t) = Ifb sin(ωit−
2π

3
) +Hn(t) (7.2)

iLc(t) = Ifc sin(ωit+
2π

3
) +Hn(t) (7.3)

In above equations, Ifa, Ifb and Ifc represent the fundamental components of the

load current and Hn(t) denotes the harmonic component in the load current.


Id

Iq

I0

 =


sin θo − cos θo 0

cos θo sin θo 0

0 0 1



iLa

iLb

iLc

 (7.4)

The active (Id) and reactive component (Iq) can be estimated with the help of abc to

dq0 Park transformation. When the rotating frame is aligned behind 90◦ the α-axis,

Park transformation can be depicted in equation 7.4. The d-component or active

198



component of the load current contains the AC components also. Hence, it requires

additional LPF to get the filtered active load component (Īd).

7.1.1.2 Improved Adaline Control Technique

Modelling of Adaline has been discussed in Section 4.2.3.1. As the conventional Ada-

line works with a fixed intelligent factor and thus its performance may not always

optimum under steady-state and dynamics conditions. Hence, an Improved Adaline

based algorithm has been designed for extraction of fundamental load component

estimation from the non-linear load current. The proposed algorithm is applied to

the voltage signal to extract the unit template for synchronization of the VSC to the

grid and other parameters of the signal such as phase, frequency and amplitude and

is already discussed in Section 4.2.3.2. Figure 7.3 shows the structure of the designed

algorithm for the fundamental estimation of phase ”a” non-linear load current.

Figure 7.3: Structure of Improved Adaline control technique

Here, the error between the estimated and actual current signal in a-phase is ex-

pressed as-

ekia = iLa − iLae (7.5)

ekia is the error in the load current signal of phase ”a”, iLa and iLae denote the actual

and estimated load current signal. The estimated load current is given as in (7.6).

igae = iap1uga + iaq1wga (7.6)
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Here, iap1 and iaq1 are the active and reactive fundamental weights of the a-phase

load current. uga(sin θao) and wga(cos θao) denote the in-phase and quadrature phase

unit templates of the grid voltage. The weights are updated using 7.7 and 7.8.

Iap(k + 1) = Iap(k) + αiaekiauga (7.7)

Iaq(k + 1) = Iaq(k) + αiaekiawga (7.8)

Where, αia is the learning rate to update the weights. The conventional Adaline

uses a fixed learning rate. The performance of conventional Adaline algorithm for

training and convergence speed can be update further. One simple yet effective

way for improving the performance of Adaline algorithm is by making the learning

rate (αia) variable instead of a constant value. This is achieved by incorporating an

additional term as shown in (7.9) below;

αia = αi0 + αi1|ēkia| (7.9)

Above, αi0 and αi1 are both fixed values and αia is the improved learning rate. The

first term of the learning rate is fixed but the second term is designed to depend on

the absolute value of the mean of the error signals. This makes the learning rate

inherently adaptive and variable. Under steady state-state conditions, the absolute

value of mean error is negligible and at that time learning rate will be constant

(αia = αi0). However, during dynamics the value of |ēkia| is non-zero and the

learning rate will be higher for higher error. Thus ensures faster convergence under

both steady-state as well as dynamic conditions. The proposed simple modification

helps to automatically achieve the benefits of low learning rate under steady-state

conditions and higher learning rate during dynamic conditions. Fig. 7.3 shows the

weights Iap and Iaq obtained using Improved Adaline technique. For a three-phase

system, load currents may/may not be equal i.e. unbalanced load may present. The

algorithm is designed to work well under any such condition also, so the amplitude

of the load current of all the three-phases computed separately. The amplitude of
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the a-phase load current is calculated as-

Ia =
√
I2ap + I2aq (7.10)

Similarly, for phases b and c, the fundamental load component can be computed by

7.11 and 7.12.

Ib =
√
I2bp + I2bq (7.11)

Ic =
√
I2cp + I2cq (7.12)

The fundamental component of three-phase current is computed by averaging the

fundamental component of the individual phases.

If =
Ia + Ib + Ic

3
(7.13)

Simulation analysis for differing learning rates using the Improved Adaline technique

has been shown in Fig. 7.4. A non-linear load is increased at t=0.5s and decreased

Figure 7.4: Performance comparison of Improved Adaline versus conventional Ada-
line

back to previous condition at t=0.7s. For lower learning rate (αia = 0.001) the

response is slower but the oscillations are very low. At higher learning rates (αia =
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0.005) the response is faster but the oscillations during steady-state is higher. Here,

the proposed Improved Adaline shows lower oscillations during steady-state and

faster response during dynamics. The learning rate automatically becomes higher

during dynamics as per the absolute mean value of error increases. The maximum

value of learning rate has also been selected as 0.005, so that the response does not

become unstable during worst case scenerio.

7.1.2 Feed-Forward Current Estimation

The PV array transfers active power to the grid as per its capability and rating

via VSC. Under ideal conditions, the power generated by PV is delivered to the

grid such that Ppv=Pc such that the inverter has negligible loss. Here, Ppv is the

power generated by the PV and Pc represents the AC side power of the VSC. Power

calculated at DC link is given as -

Ppv = VpvIpv (7.14)

Active power calculated at three phase ac side of the inverter is given as

Pc = 3VrmsIrms =
3Av√
2

Iff√
2

(7.15)

Here, Av is the magnitude of the voltage signal and Iff is the feed forward current

or peak current magnitude of the VSC current which is injected to the grid. Ideally,

Ppv = PV SC =⇒ Ppv =
3Av√
2

Iff√
2

(7.16)

Iff =
2Ppv

3Av

(7.17)

7.1.3 Estimation of Switching Pulses for Three-Phase VSC

Estimation of the switching pulses require the fundamental load component, loss

component and the feed forward current for the contribution of PV. The loss com-
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ponent is estimated by the output of the PI controller which can be estimated by

7.18. switching of IGBT switches. Some losses occur during switching operation of

VSC. Estimation of such losses is obtained with the help of following equation.

Iloss(n) = Iloss(n− 1) + kp[Vdce(n)− Vdce(n− 1)] + kiVdce(n) (7.18)

Here, Vdce(n) = V ∗
dc(n)−Vdc(n) is the evaluated voltage error at DC-link inverter, kp

and ki are the proportional and integral gains of the PI controller. Here, V ∗
dc is fixed

to 800V for double-stage and it varies as per Vmpp in single-stage grid integrated PV

system. Once, the all the three current component estimated the reference currents

are generated by multiplying the synchronizing signal to net current. The net current

is estimated by adding the load component and subtracting the feed-forward current

and is given by 7.19.

Inet = If + Iloss − Iff (7.19)

The synchronizing signals have been estimated by the IAdaline and was discussed

earlier in Section 4.2.3.2. The reference current is estimated by 7.20.


i∗a

i∗b

i∗c

 =


upa uqa 1

upb uqb 1

upc uqc 1



Inet

0

0

 (7.20)

The reference currents (i∗abc) and the sensed grid currents (igabc) have been given to

the HCC, which generates the required six pulses to the driver circuit of the VSC.

Now, the developed algorithm can be used for the SAPF in three-phase system in

single-stage and double-stage grid-connected PV system.
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7.2 Performance of SRFT Control Algorithm for

Three-Phase Grid-Connected PV System

Figure 7.5 shows the control structure for three-phase single-stage grid-connected

PV system with SRFT control technique. In this configuration P & O MPPT is

Figure 7.5: Structure of SRFT control technique for three-phase single-stage grid-
connected PV system

used to estimate the reference DC-link voltage to achieve maximum power from

the PV. Here, in this case the reference DC-link voltage is the MPP voltage of

the PV. Three-phase SRF-PLL has been employed to estimate phase angle and the

amplitude of the grid-voltage signal. An additional LPF has been employed to filter

the fundamental load component. A PV string of 22 panels is used to inject active

power to the grid with the maximum power capacity of 5.95kW

Figure 7.6 shows the control structure for three-phase double-stage grid-connected

PV system with SRFT control technique. Here, PV array is connected to the DC-DC

boost converter and its output is connected to the DC terminal of the three-phase

VSC. In this configuration P & O MPPT is used to estimate the duty cycle for

the DC-DC boost converter. A PV array of 20 panels consist 2 strings and each

having 10 panels is used to inject active power to the grid with the maximum power

capacity of 5.41kW.

In next sections, these control structure has been employed to improve PQ and

reactive power compensation under different conditions such as irradiance change,
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Figure 7.6: Structure of SRFT control technique for three-phase double-stage grid-
connected PV system

load unbalance and polluted grid condition.

7.2.1 Simulation Results for Single-Stage Grid-Connected

PV System

Figure 7.7 shows the simulation performance in a three-phase single-stage grid-

connected system with SRFT control technique. Initially, the irradiance level is

Figure 7.7: Simulation performance of PV string under single-stage grid-connected
PV system
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500W/m2 and is increased to 1000W/m2 at t=0.3s. At t=0.25s, measured value of

PV voltage, current and power are 777.2, 3.88A and 3.01kW respectively. The esti-

mated reference MPP voltage is 787.9V while the rated MPP voltage is 778.3V. At

t=0.45s, when the irradiance level is 1000W/m2 the measured PV voltage, current

and power are 763.9V, 7.72A and 5.90kW. The estimated reference MPP voltage is

774.1V while the rated MPP voltage is 763.4V.The efficiency achieved from the PV

string is 99.09%. PV parameters also vary during the load unbalancing at PCC.

Figure 7.8 shows the SAPF simulation performance showing grid voltages (vgabc(V )),

load currents (iLabc(A)), grid currents (igabc(A)), compensator currents icabc(A) and

the DC-link voltage Vdc(V ). The grid voltage is normal form t=0.2s to t=0.7s and its

Figure 7.8: Simulation performance for grid parameters of single-stage grid-
connected PV system

polluted after t=0.7s. The load is unbalanced from t=0.5s to t=t=0.6s, in this con-

dition the grid currents are balanced. Irradiance has been increased to 1000W/m2

from 500W/m2 at t=0.3s. At this condition the compensator current increases and
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grid current decreases. DC-link voltage is regulated by the PI controller to estimated

reference voltage by P & O MPPT technique.

THD analysis of different grid AC parameters have been shown in Fig. 7.9. In

(a) (b) (c)

(d) (e) (f)

Figure 7.9: THD analysis for single-stage grid-connected PV system with SRFT
technique Case I Normal grid (a) THD of vga (b) THD of iLb (c) THD of iga
Case II Polluted grid (d) THD of vga (e) THD of iLa (f) THD of iga

case I, when the grid voltage is free from distortion (THD 0.03%) and the THD of

the load current of phase-a is 20.03%. THD of the improved grid current is 5.52%

as shown in Fig. 7.9(c). In case II when the grid is polluted with the harmonics

and its THD is 18.03%. The THD of the non-linear load current is 18.78% and the

improved THD of the grid current is 6.57%. SRFT improves the quality of power

but it do not follow the IEEE Std.1547.

Power transfer at PCC by the load, grid and compensator are shown in Fig. 7.10.

At t=0.25s during the irradiance level of 500W/m2 active and reactive power de-

manded by the load are 18.26kW and 6.83kVar. At this condition active power of

2.75kVar is supplied by the PV via compensator and 15.51kW is supplied by the
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Figure 7.10: Simulation performance for power transfer in single-stage grid-
connected PV system

grid. The reactive power of 6.83kW demanded by the load is supplied by compen-

sator. At t=0.3s, the irradiance level has been increased to 1000W/m2 the PV power

contribution increases to 5.70kW and the grid power reduces to 12.57kW. During

the unbalanced condition the instantaneous active and reactive power demanded

by load are 7.51kW and 2.26kVar. Active power supplied by the compensator is

5.34kW and 2.18kW power is supplied by the grid.
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7.2.2 Simulation Results for Double-Stage Grid-Connected

PV System

Figure 7.11 shows the simulation performance in a three-phase single-stage grid-

connected system with SRFT control technique. Initially, the irradiance level is

Figure 7.11: Simulation performance of PV string under double-stage grid-connected
PV system

500W/m2 and is increased to 1000W/m2 at t=0.3s. At t=0.25s, measured value

of PV voltage, current and power are 346.2, 7.66A and 2.64kW respectively. The

estimated duty cycle for the DC-DC boost converter is 0.55. At t=0.45s, when

the irradiance level is 1000W/m2 the measured PV voltage, current and power are

341.5V, 15.43A and 5.27kW. The efficiency achieved from the PV string is 97.35%.

Here, the PV parameters do not vary during the load unbalancing at PCC.

Figure 7.12 shows the SAPF simulation performance showing grid voltages (vgabc(V )),

load currents (iLabc(A)), grid currents (igabc(A)), compensator currents icabc(A) and

the DC-link voltage Vdc(V ). The grid voltage is normal form t=0.2s to t=0.7s and its

polluted after t=0.7s. The load is unbalanced from t=0.5s to t=t=0.6s, in this con-

dition the grid currents are balanced. Irradiance has been increased to 1000W/m2
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Figure 7.12: Simulation performance for grid parameters of double-stage grid-
connected PV system

from 500W/m2 at t=0.3s. At this condition the compensator current increases and

grid current decreases. DC-link voltage is regulated by the PI controller to 800V.

THD analysis of different grid AC parameters have been shown in Fig. 7.13. In

case I, when the grid voltage is free from distortion (THD 0.03%) and the THD of

the load current of phase-a is 25.75%. THD of the improved grid current is 5.14%

as shown in Fig. 7.9(c). In case II when the grid is polluted with the harmonics

and its THD is 18.03%. The THD of the non-linear load current is 24.06% and the

improved THD of the grid current is 5.79%. SRFT improves the performance of

grid current but it could not follow the IEEE Std.1547.

Power transfer at PCC by the load, grid and compensator are shown in Fig. 7.14.

At t=0.25s during the irradiance level of 500W/m2 active and reactive power de-

manded by the load are 15.24kW and 2.52kVar. At this condition active power of
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(a) (b) (c)

(d) (e) (f)

Figure 7.13: THD analysis for double-stage grid-connected PV system with SRFT
technique Case I Normal grid (a) THD of vg (b) THD of iL (c) THD of ig
Case II Polluted grid (d) THD of vg (e) THD of iL (f) THD of ig

Figure 7.14: Simulation performance for power transfer in double-stage grid-
connected PV system

2.13kW is supplied by the PV via compensator and 13.11kW is supplied by the grid.

At t=0.3s, the irradiance level has been increased to 1000W/m2 the PV power con-
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tribution increases to 4.75kW and the grid power reduces to 10.50kW. During the

unbalanced condition the instantaneous active power demanded by load are 6.51kW.

Active power supplied by the compensator is 4.80kW and 1.71kW power is supplied

by the grid.
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7.3 Performance of Improved Adaline Control Al-

gorithm for Three-Phase Grid-Connected PV

System

Figure 7.1 shows the control structure for three-phase single-stage grid-connected

PV system with Imrpoved Adaline control technique. In this configuration P & O

Figure 7.15: Structure of IAdaline control technique for three-phase single-stage
grid-connected PV system

MPPT is used to estimate the reference DC-link voltage to achieve maximum power

from the PV. Here, in this case the reference DC-link voltage is the MPP voltage of

the PV. Three-phase Improved Adaline based PLL has been employed to estimate

phase angle and the amplitude of the grid-voltage signal. No any additional LPF

has been employed to filter the fundamental load component. A PV string of 22

panels is used to inject active power to the grid with the maximum power capacity

of 5.95kW

Figure 7.16 shows the control structure for three-phase double-stage grid-connected

PV system with Improved Adaline control technique. Here, PV array is connected

to the DC-DC boost converter and its output is connected to the DC terminal of the

three-phase VSC. In this configuration P & O MPPT is used to estimate the duty

cycle for the DC-DC boost converter. A PV array of 20 panels consist 2 strings and
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Figure 7.16: Structure of IAdaline control technique for three-phase double-stage
grid-connected PV system

each having 10 panels is used to inject active power to the grid with the maximum

power capacity of 5.41kW.

These control structures has been processed and generates switching signals for the

3-phase VSC and DC-DC boost converter. The detailed simulation and experimental

results have been shown and discussed in next section.

7.3.1 Simulation Results for Single-Stage Grid-Connected

PV System

Extensive simulation has been done for the effectiveness of the proposed system. The

structure for the simulation studies has been shown in Fig. 7.1 for the single-stage

grid-connected PV system.

A PV string consists of 22 PV module of maximum power rating of 5.95kW has

been connected at DC-link of the VSC. Initially the irradiance level is 500W/m2

and increased to 1000W/m2 at t=0.3s. A combination of linear and non-linear

load have been connected to PCC. The load unbalancing has been done at t=0.5s

and removed at t=0.6s. Figure 7.17 shows the performance of PV string and the

estimation of DC-link reference voltage by P & O MPPT technique. During the

lower irradiance (500W/m2), PV current is 3.88A and the power delivered by PV

is 3.01kW and the reference DC-link estimated voltage (V ∗
dc) is 778.3V. At higher
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Figure 7.17: Simulation performance of PV string under single-stage grid-connected
PV system

irradiance of 1000W/m2, the PV current is 7.72A and the power delivered by PV is

5.9kW. Efficiency of the PV string achieved is 99.09%. The reference DC-link voltage

is 763.4V, which is obtained by P & O MPPT technique. During the unbalanced

load condition introduced from t=0.5s to t=0.6s, a variation in DC-link has been

observed but settles back to MPP voltage.

Fig. 7.18 shows the simulation results of grid parameters under irradiance change and

load unbalancing. During t=0.2s to t=0.3s, irradiance is 500W/m2, the grid current

is high as the VSC current is lower due to the lower irradiance. Once the irradiance

is increased the VSC current increases and the grid current decreases. This happens

as the PV injects higher power at 1000W/m2 as compared to 500W/m2 During the

load unbalancing, DC-link voltage settles to the reference DC-link voltage of 763.3V

after a little variation due to PI controller action. The grid current is sinusoidal and

in-phase with the grid voltage. At t=0.7s the grid voltage is polluted with harmonics

at this condition the grid current is sinusoidal and DC-voltage is also regulated.
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Figure 7.18: Simulation performance for grid parameters of single-stage grid-
connected PV system

Figure 7.19 show the THD analysis of different grid parameters. In case I, the grid

is in normal condition and shows the THD of 0.02%. THD of the non-linear load

current is 20.03% (7.19(b)). After applying the SAPF it improves to 2.26% which

is below the maximum standard value. In case II, the grid voltage is polluted with

harmonics of the THD of 18.03% and the THD of the non-linear load current is

18.78%. After the application of SAPF the THD of the grid current improves to

3.06% which follows the IEEE Std.1547.

Figure 7.20 show the simulation results for power transfer in three-phase single-stage

grid-connected PV system. Initially up to t=0.3s, the active and reactive power

demand by load are 18.26kW and 6.83kVar. Active power supplied by the grid is

15.341kW and the active power supplied by the OV via compensator is 2.93kW.

There is losses of 0.15kW has been occurred in the VSC. Reactive power demand

of 6.83kVar is fulfilled by the three-phase SAPF. Irradiance level on PV array is
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(a) (b) (c)

(d) (e) (f)

Figure 7.19: THD analysis for single-stage grid-connected PV system with Imrpoved
Adaline technique Case I Normal grid (a) THD of vga (b) THD of iLa (c) THD of
iga
Case II Polluted grid (d) THD of vga (e) THD of iLa (f) THD of iga

Figure 7.20: Simulation performance for power transfer in single-stage grid-
connected PV system

increased to 1000W/m2 at t=0.3s. At this condition the load demand is constant

and the compensator power is increased to 5.83kW and rest of the active power of
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12.43kW is supplied by the grid to the load. During the unbalance condition, the

instantaneous active power demand by the load measured at t=0.55s is 7.52kW.

The instantaneous power injected by the PV via compensator is 4.50kW and active

power of 3.02kW is supplied by the grid. The instantaneous reactive power demand

of 2.25kVar is supplied by the compensator at t=0.55s.

7.3.2 Experimental Results for Single-Stage SAPF Grid-

Connected PV System

Experimental performance has been shown in Fig. 7.21 for the three-phase single-

stage grid-connected PV system. 110V (RMS L-L) has been applied at PCC and

the load demand is 0.931A. The VSC current is 4.645A and the extra current of

Figure 7.21: Experimental performance of single-stage SAPF grid-connected PV
system (a) vga and iLa (b) vga and iga (c) vga and ica (d) THD of iLa (e) THD of iga
(f) Load power (g) Grid power (h) Compensator power

3.687A is feed to the grid. The THD of the load current is 23.2% and the corrected

THD is 4.4%. The load power demand is 173W and the PV power feeding through

VSC is 0.89kW and hence extra power of 0.718kW has been given back to the grid.

Here, the simulation and experimental performance shows the successful power
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transfer from PV to the grid with the feature of power quality improvement in

the three-phase single-stage grid-connected PV system.

7.3.3 Simulation Results for Double-Stage SAPF Grid Con-

nected PV System

The structure for the simulation studies has been shown in Fig. 7.2 for the double-

stage grid integrated PV system. Simulation parameters of PV array has been

shown in Fig. 7.22 for the 500W/m2 and the 1000W/m2 condition under double-

stage mode. PV array consists of 10 modules in series and 2 strings in parallel which

Figure 7.22: Simulation performance of PV array under double-stage grid-connected
PV system

having the maximum power of 5.41kW. The DC-link reference voltage is fixed to

800V. P&O technique has been used for estimate the duty-cycle for the boost con-

verter. Initially the irradiance is 500W/m2 and the PV voltage, current, and power

are 346.7V, 7.57A and 2.63kW respectively. The irradiance has been changed to

1000W/m2 at t=0.3s. PV voltage, current and PV power are 343.4V, 15.39A and

the 5.29kW respectively. The efficiency of the PV array achieved in this case is
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97.72%.

Figure 7.23 show the performance of grid parameters for feeding non-linear condi-

tion and the load unbalancing. At t=0.3s the irradiance has been increased from

Figure 7.23: Simulation performance for grid parameters of double-stage grid-tied
PV system

500W/m2 to 1000W/m2 and the load current is fixed. As the irradiance increases

the compensator current increases and the grid current decreases. The measured

DC-link voltage has been fixed at 800V under both balanced and unbalanced load

condition. The grid current is sinusoidal and in-phase with the grid voltage. The

grid voltage is polluted from t=0.7s to t=0.8s. During this condition the grid cur-

rent is sinusoidal and the DC-link voltage is regulated.

THD of the different grid parameters has been shown in Fig. 7.24. In case I, THD of

the considered ideal grid voltage is 0.04%. The THD of the load current is 25.76%

and without SAPF the THD of the grid current will be same to the load current.
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(a) (b) (c)

(d) (e) (f)

Figure 7.24: THD analysis for double-stage grid-connected PV system with Im-
proved Adaline technique Case I: Normal grid (a) THD of vga (b) THD of iLa (c)
THD of iga
Case II: Polluted grid (d) THD of vga (e) THD of iLa (f) THD of iga

The improved THD of the grid current is 2.71%, which follows the IEEE Std.1547.

In case II, the THD of the considered polluted grid voltage is 18.03% and the THD

of the non-linear load current is 24.06%. After the SAPF operation the THD of the

grid current improves to 2.27%.

Figure 7.25 show the performance for power transfer at PCC. The active load de-

mand is 15.24kW and the active power given by the PV via VSC is 2.20kW and

active power of 13.04kW is supplied by the grid. At t=0.45s, during irradiance

of 1000W/m2, the contribution of PV power is 4.86kW and the active power of

10.38kW is provided by the grid. All the reactive power of 2.52kVar demanded by

the load is compensated by the VSC. During the unbalanced load condition, the

instantaneous power at PCC demanded by the load is 6.51kW where 4.57kW is

supplied by the PV and 1.95kW is supplied by the 1.95kW.

Performance of SRFT and IAdaline control algorithm for three-phase single-stage
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Figure 7.25: Simulation performance for power transfer in double-stage grid-
connected PV system

and double-stage grid-connected PV system under normal and polluted grid condi-

tion are have been summarized in Table 7.1. THD performance of SRFT in single-

Table 7.1: Performance summary of SRFT and IAdaline control algorithm for three-
phase single-stage and double-stage grid-connected PV system

Double-stage Single-stage
Parameters SRFT IAdaline SRFT IAdaline

Normal grid (THD)
vga 0.03% 0.03% 0.03% 0.03%
iLa 20.03% 20.03% 25.75% 25.75%
iga 5.52% 1.32% 5.14% 1.49%

Polluted grid (THD)
vga 18.03% 18.03% 18.03% 18.03%
iLa 18.78% 18.78% 18.78% 18.78%
iga 6.57% 3.06% 5.79% 2.27%

PV power(kW) Ppv 5.90kW 5.90kW 5.27kW 5.29kW
PV efficiency(%) η 99.09% 99.09% 97.35% 97.72%

stage and double-stage system improve the power quality but not as per IEEE

Std.1547. The IAdaline control algorithm shows consistence performance in both the

single-stage and double-stage grid-connected PV system under normal and polluted

grid condition and follow IEEE Std. 1547. In single-stage system the efficiency of

PV string is 99.09% but in double-stage system the efficiency of PV array i5 97.72%.
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7.4 Conclusions

In this chapter, SRFT and IAdaline control algorithms have been employed for the

SAPF in three-phase single-stage and double-stage grid connected PV system under

normal and polluted grid. Performance of IAdaline in single-stage and double-stage

under both the normal and polluted grid condition show better performance than

SRFT control algorithm and follows standard. Experimental performance of IAda-

line control algorithm has also added for the single-stage grid-connected PV system.

Hence, from the extensive simulation analysis for the three-phase single-stage and

double-stage grid-tied PV system show the effectiveness the proposed system and

the proposed algorithm. Both the active and reactive power compensation has been

achieved along with the power quality improvement.
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Chapter 8

Conclusions and Future Scope

The main aim of thesis work is the application of power electronics for the improve-

ment of power quality in single-phase and three-phase grid-connected PV systems

feeding non-linear loads. These goals can be achieved by the designing the system

components with implementation of control algorithms for the power quality im-

provement. The control algorithms requires the synchronization techniques, control

algorithms to estimate fundamental component, DC-link voltage controllers and the

feed form term. Simulation and experimental work have been performed to find out

the effectiveness of the system and the control algorithms. The main conclusions of

the thesis work have been discussed in next section.

8.1 Conclusions

Introduction of this thesis work has been presented first which discusses power qual-

ity, its reason, effect and the state of art to solve these problems. Chapter 2 presented

the literature review on PV modelling, MPPT techniques, PQ problems, impacts

and their solutions. The effective solution for both active power injection and the

power quality improvement in single-phase and three-phase grid-connected PV sys-

tem require synchronization and control techniques and are discussed here.

Chapter 3 discusses the design and development of single-phase and three-phase

grid-connected PV system have been discussed in detail. Design equations, sys-
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tem configuration and the figures of experimental prototype setup have also been

presented. Rating of PV string/array has been designed for single-stage and double-

stage manner in single-phase and three-phase grid-connected PV system.

In Chapter 4, grid-synchronization techniques have been presented for both single-

phase and three-phase grid voltage. In single-phase synchronization techniques PLL

and non-PLL type techniques have been presented. For the variation in grid volt-

age, the AZCD shows best performance for both the amplitude estimation and

frequency estimation. Frequency estimated by AZCD shows zero error and faster

convergence. During the polluted grid condition SOGI-FLL-ROGI shows best per-

formance as it filter out harmonic effectively and estimates amplitude and frequency

without minimal or zero oscillations. SOGI-FLL and SOGI-FLL-ROGI has inherent

frequency-locked loop hence it estimates frequency precisely. During the phase shift

condition, the AZCD shows faster response than other PLLs. Noisy signals have

wide range of frequency hence SOGI-PLL shows low oscillations for frequency esti-

mation. In this case, SOGI-FLL-ROGI and AZCD show best results. During the

DC-offset in grid voltage, the performance of EPLL and AZCD is not satisfactory,

while the performance of SOGI-FLL-ROGI is observed to be the best.

For estimation of three-phase synchronizing signals and other voltage parameters

unit-template method, SRF-PLL, IAdaline-PLL and Spline based PLLs have been

designed and presented. Its performance of unit-template method is best under

normal grid condition but during the polluted grid condition its performance is

very poor and not acceptable. During the voltage variation, SRF-PLL shows better

performance than other techniques. Moreover, during polluted grid condition, SRF-

PLL show oscillations in both the tracked amplitude and frequency. IAdaline-PLL

shows best performance under polluted grid condition. During the phase change

or the frequency change the IAdaine-PLL shows best performance as it has faster

response during dynamic condition and minimal error during steady-state condition.

The SRF-PLL show best performance under DC-offset condition in the grid-voltage.
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Spline-PLL has the capability of smoothening the output waveform hence its per-

formance is best during the noisy grid voltage condition. For other grid voltage

conditions the performance of Spline-PLL is of moderate level.

In Chapter 5, SOGI, cascaded SOGI and SOGI-ROGI control algorithms have been

used for power quality improvement in single phase SAPF. These control algorithms

have been applied with different synchronization techniques under both normal and

polluted grid conditions. The performance of SOGI-ROGI with SOGI-FLL-ROGI

perform better than SOGI control with AZCD under both normal and polluted grid

conditions in steady-state conditions.

In three-phase system SRFT control algorithm with unit-template, SRF-PLL and

Spline based PLL have been applied for PQ improvement and reactive power com-

pensation. The performance of SRFT control algorithm with Spline-PLL show the

best performance under both normal and distorted grid condition.

In Chapter 6, SRFT and SOGI-ROGI control algorithms have been designed and

applied for the single-phase single-stage and single-phase double-stage system for

active power injection and reactive power compensation. Performance of SRFT con-

trol is not as per standard it requires additional LPF to improve the performance

SRFT control algorithm. Even after using the additional LPF its performance is

not satisfactory during polluted grid condition. SOGI-ROGI performs consistently

in single-stage and double-stage grid condition under both normal and polluted grid

condition. Efficiency of PV is better in the single-stage system than the double-stage

grid-connected PV system. The performance of SOGI-ROGI clearly approves the

active and reactive power compensation to the grid effectively as per load demand

and PV power generation. The power quality has been improved in both the cases

under non-linear load and polluted grid voltage.

In Chapter 7, SRFT and IAdaline based control algorithms have been employed

for the SAPF in three-phase single-stage and double-stage grid connected PV sys-
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tem under normal and polluted grid. Performance of IAdaline in single-stage and

double-stage under both the normal and polluted grid condition show better perfor-

mance than SRFT control algorithm and follows IEEE std.1547. The performance

of single-stage and double-stage grid connected PV system has been compared. In

the single-stage grid-connected PV system the efficiency of PV is better than the

single-stage. In double-stage grid-connected PV system the stability DC-link voltage

of VSCs is better.

8.2 Future Scope

In this thesis work, design, control and analysis the single-phase and three-phase

grid-connected PV system has been demonstrated. Some conventional and new syn-

chronization algorithm has been designed to work in adverse grid-voltage conditions.

More work is still required to develop new synchronization techniques specially un-

der DC-offset conditions. Mathematical stability analysis could also been done for

the stable operation of the synchronization techniques under various grid voltage

conditions.

Conventional P & O MPPT technique has been employed to achieve maximum

power form the PV in single-stage and double-stage grid-connected PV system for

the fixed or changing irradiance condition. New techniques should be developed for

the varying irradiance and partial shading conditions.

These days PV is widely used for the electricity generation. Hence, impact of the

larger number of PV integration to the distribution grid should be analyzed. It may

further enhances the reliability of the system. In this thesis work inter-harmonic

component has not been analyzed and if available should be mitigated.

Economical DSP kit should be employed for the economic application for the power

quality enhancement.
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Appendix

Table 8.1: Parameters for single-phase and three-phase grid-connected PV system

Simulation Parameters Experimental
Parameters

Single-Phase Grid-Connected PV System
Grid Voltage (vg) 230V, 50Hz 110V, 50Hz
DC-link Reference Voltage
(Vdcref )

400V 200V

Dc-link capacitance (Cdc) 2000µF 4700µF
Interfacing Inductor (Lf ) 3.20mH 1.60mH

Single-stage Double-stage Single-stage

PV Rating

Nss=12
Npp=1
Pmp=3247.92W
Voc=528.0V
Vmp=416.4V
Isc=8.1A
Imp=7.8A

Nss=5
Npp=2
Pmp=2706.6W
Voc=220.0V
Vmp=173.5V
Isc=16.2A
Imp=15.6V

Pmp=1000W
Voc=250.75
Vmp=200V
Isc=5.53A
Imp=5.0A

Three-Phase Grid-Connected PV System
Grid Voltage (Vll) 415V, 50Hz 110V, 50Hz
DC-link Reference Voltage
(Vdcref )

800V 200V

DC-link capacitance (Cdc) 4000µF 1640µF
Interfacing Inductor (Lf ) 6.4mH 3.2mH

Single-stage Double-stage Single-stage

PV Rating

Nss=22
Npp=1
Pmp=5954.52W
Voc=968.0V
Vmp=763.4V
Isc=8.1A
Imp=7.8A

Nss=10
Npp=2
Pmp=5413.2W
Voc=440.0V
Vmp=347.0V
Isc=16.2A
Imp=15.6V

Pmp=1000W
Voc=250.75
Vmp=200V
Isc=5.53A
Imp=5.0A
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