
 
 

INVESTIGATION INTO POWER QUALITY ISSUES 

AND HARMONIC MITIGATION IN MODERN 

POWER SYSTEMS  
 
 
 

 

A Thesis submitted to Gujarat Technological University 
 
 
 

 

for the Award of 
 
 
 

Doctor of Philosophy 
 

in 

 

      Electrical Engineering 
 

By  

PATIL KALPESHKUMAR ROHITBHAI 
 

119997109007 

 

under supervision of 

 

    Dr. Hiren H. Patel 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

GUJARAT TECHNOLOGICAL UNIVERSITY 
 

AHMEDABAD 
 

              June– 2018 



ii 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

© PATIL KALPESHKUMAR ROHITBHAI 



iii 
 

Declaration 

 

I declare that the thesis entitled Investigation Into Power Quality Issues and Harmonic 

Mitigation in Modern Power Systems submitted by me for the degree of Doctor of 

Philosophy is the record of research work carried out by me during the period from 2011 to 

2018 under the supervision of Dr. Hiren H. Patel and this has not formed the basis for the 

award of any degree, diploma, associateship, fellowship, titles in this or any other 

University or other institution of higher learning. 

 

I further declare that the material obtained from other sources has been duly 

acknowledged in the thesis. I shall be solely responsible for any plagiarism or other 

irregularities, if noticed in the thesis. 

 
 
 
 

 

Signature of the Research Scholar: …………………………… Date: ……………. 

 

Name of Research Scholar: Patil Kalpeshkumar Rohitbhai 
 

 

Place: ………………………………… 



iv 
 

 

Certificate 

 

I certify that the work incorporated in the thesis Investigation Into Power Quality 

Issues and Harmonic Mitigation in Modern Power Systems submitted by             

Shri Patil Kalpeshkumar Rohitbhai was carried out by the candidate under my   

supervision/guidance. To the best of my knowledge: (i) the candidate has not submitted 

the same research work to any other institution for any degree/diploma, Associateship, 

Fellowship or other similar titles (ii) the thesis submitted is a record of original research 

work done by the Research Scholar during the period of study under my supervision, 

and (iii) the thesis represents independent research work on the part of the Research 

Scholar. 

 
 

 

Signature of Supervisor: ……………………………… Date: ……………… 

 

Name of Supervisor:  Dr. Hiren H. Patel 

 
 

Place: ………………… 



v 
 
 

 

Course-work Completion Certificate 

 
 

This is to certify that Mr. Patil Kalpeshkumar Rohitbhai enrolment no. 

119997109007 is a PhD scholar enrolled for PhD program in the branch Electrical 

Engineering of Gujarat Technological University, Ahmedabad. 

 

(Please tick the relevant option(s))       

 He has been exempted from the course-work (successfully completed during M. 

Phil Course) 

 He has been exempted from Research Methodology Course only (successfully 

completed during M. Phil Course) 

 He has successfully completed the PhD course work for the partial requirement for 

the award of PhD Degree. His/ Her performance in the course work is as follows- 

Grade obtained in 

Research Methodology 

Grade obtained in  

Self Study course (Core Subject) 

          (PH001)          (PH002) 
  

            BC                               BC 

 

 

  

 

 

 Supervisor‘s Signature 

   (Dr. Hiren H. Patel) 

 

  



vi 
 
 

Originality Report Certificate 

 
 

It is certified that PhD Thesis titled Investigation Into Power Quality Issues and 

Harmonic Mitigation in Modern Power Systems has been examined by us. We 

undertake the following: 

 

a. Thesis has significant new work / knowledge as compared already published or are 

under consideration to be published elsewhere. No sentence, equation, diagram, 

table, paragraph or section has been copied verbatim from previous work unless it 

is placed under quotation marks and duly referenced. 
 

b. The work presented is original and own work of the author (i.e. there is no 

plagiarism). No ideas, processes, results or words of others have been presented as 

Author own work. 
 

c. There is no fabrication of data or results which have been compiled / analysed. 
 

d. There is no falsification by manipulating research materials, equipment or 

processes, or changing or omitting data or results such that the research is not 

accurately represented in the research record. 
 

e. The thesis has been checked using Turnitin (copy of originality report attached) 

and found within limits as per GTU Plagiarism Policy and instructions issued from 

time to time (i.e. permitted similarity index <=25%). 

 

 

Signature of the Research Scholar: …………………………… Date: ….……… 

 

Name of Research Scholar: Patil Kalpeshkumar Rohitbhai 

 

Place: ………………………………… 
 
 
 
 

Signature of Supervisor: ……………………………… Date: ……………… 

 

Name of Supervisor: Dr. Hiren H. Patel 

 

Place: ………………… 



vii 
 

 
  



viii 
 

 
 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  



ix 
 

PhD THESIS Non-Exclusive License to 

GUJARAT TECHNOLOGICAL UNIVERSITY 

 

In consideration of being a PhD Research Scholar at GTU and in the interests of the 

facilitation of research at GTU and elsewhere, I, Patil Kalpeshkumar Rohitbhai having 

(119997109007) hereby grant a non-exclusive, royalty free and perpetual license to GTU 

on the following terms: 

 

 

a) GTU is permitted to archive, reproduce and distribute my thesis, in whole or in part, 

and/or my abstract, in whole or in part ( referred to collectively as the ―Work‖) 

anywhere in the world, for non-commercial purposes, in all forms of media; 

 
b) GTU is permitted to authorize, sub-lease, sub-contract or procure any of the acts 

mentioned in paragraph (a); 

 
c) GTU is authorized to submit the Work at any National / International Library, under 

the authority of their ―Thesis Non-Exclusive License‖; 

 
d) The Universal Copyright Notice (©) shall appear on all copies made under the 

authority of this license; 

 
e) I undertake to submit my thesis, through my University, to any Library and Archives. 

Any abstract submitted with the thesis will be considered to form part of the thesis. 

 
f) I represent that my thesis is my original work, does not infringe any rights of others, 

including privacy rights, and that I have the right to make the grant conferred by this 

non-exclusive license. 

 
g) If third party copyrighted material was included in my thesis for which, under the terms 

of the Copyright Act, written permission from the copyright owners is required, I have 

obtained such permission from the copyright owners to do the acts mentioned in 

paragraph (a) above for the full term of copyright protection. 

 



x 
 

h) I retain copyright ownership and moral rights in my thesis, and may deal with the 

copyright in my thesis, in any way consistent with rights granted by me to my 

University in this non-exclusive license. 

 
i) I further promise to inform any person to whom I may hereafter assign or license my 

copyright in my thesis of the rights granted by me to my University in this non-

exclusive license. 

 
j) I am aware of and agree to accept the conditions and regulations of PhD including all 

policy matters related to authorship and plagiarism. 

 

Signature of the Research Scholar:  
 

 

Name of Research Scholar:       Patil Kalpeshkumar Rohitbhai  
 

 

Date: Place:  
 
 
 
 

 

Signature of Supervisor:  
 

 

Name of Supervisor:       Dr. Hiren H. Patel  
 

 

Date: Place:  
 

 

Seal: 



xi 
 

Thesis Approval Form 

 
 

The viva-voce of the   PhD Thesis submitted by Shri. Patil Kalpeshkumar Rohitbhai 

(Enrollment No. 119997109007) entitled Investigation Into Power Quality Issues and 

Harmonic Mitigation in Modern Power Systems was conducted on Dated: 22/06/2018 at 

Gujarat Technological University. 

 

(Please tick any one of the following option) 
 

The performance of the candidate was satisfactory. We recommend that he/she be 

awarded the PhD degree. 
 
 

Any further modifications in research work recommended by the panel after 3 

months from the date of first viva-voce upon request of the Supervisor or request of 

Independent Research Scholar after which viva-voce can be re-conducted by the 

same panel again. 
 

 

(briefly specify the modifications suggested by the panel) 
 
 
 
 
 
 

 

The performance of the candidate was unsatisfactory. We recommend that he/she 

should not be awarded the PhD degree. 
 
 

 

(The panel must give justifications for rejecting the research work) 
 
 
 
 
 
 

 

----------------------------------------------------- ----------------------------------------------------- 

Name and Signature of Supervisor with Seal 1) (External Examiner 1) Name and Signature 

------------------------------------------------------- ------------------------------------------------------- 

2) (External Examiner 2) Name and Signature 3) (External Examiner 3) Name and Signature 



xii 

 

Abstract 

 

Over the last couple of decade electrical power utility has observed a rapid change in 

electrical power generation, transmission, as well as distribution sector. It has resulted mainly 

due to the deregulation and restructuring process, advancement in technology and increased 

concern about the environmental impacts.  

 

The power generation is no longer restricted to centralized power plants, but allows energy 

generation from distributed energy resources (DERs) or distributed generators (DGs). Unlike 

the centralized power generators that are connected directly to the utility, the DRs usually 

require some kind of power electronic converters for grid interface. Various power electronic 

converters (often referred as FACTS devices) with faster and sophisticated control, are also 

incorporated in the system to improve the transmission and distribution capabilities and to 

improve the stability of the electrical power system. Not only the utility, but the domestic and 

industrial consumers have also contributed to the proliferation of power electronic converter 

to satisfy the requirements of precise control, increased efficiency and compulsion to meet the 

statute/regulations set by the regulatory bodies.   

 

These power electronic converters, which are intended to improve the capability of the system 

or load, also introduce certain challenges in their designing, commissioning, operation and 

control; otherwise they may degrade the performance of the network or the connected system. 

With increase in the penetration level (number and size) of the converters in the existing 

network, the gravity of the issues presented by these converters increase. These issues include 

proper synchronization, power flow control, injection of harmonics and/or imbalance, voltage 

and frequency instability, resonance, change in the network impedance, reverse power flow 

etc. Hence, it is must to devise a proper control scheme for the converters to keep the 

undesired effect to the minimum. 

 

One of the critical aspects in achieving the precise operation and control of the converters is 

the proper synchronization of the converters with the utility. This requires the proper 

estimation of the phase, frequency and magnitude of the voltage/current at the Point of 

Common Coupling (PCC). However, there are multiple non-idealities in the PCC voltage, 

especially in the modern power system characterized by non-linear loads and power converter 
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based DGs.  This leads to inaccurate estimation of phase and magnitude of voltage/current, 

which finally affects the performance of the converters. This further inserts harmonics and/or 

imbalance in the system deteriorating the power quality of the voltage/currents at the PCC and 

the connected system. 

 

The research is aimed to investigate performance of various phase/frequency estimation 

techniques under various non-ideal conditions like voltage imbalance, harmonics, dc-offset 

etc. It is observed that most of the methods are not capable of estimating the frequency when 

the grid signals are characterized by dc-offset. A frequency estimation technique named 

modified dual second order generalized (MDSOGI) is presented which precisely estimates the 

frequency under all the non-ideal conditions. The results are validated experimentally. The 

scheme is further integrated with the instantaneous reactive power theory to develop a control 

scheme for a shunt active power filter capable of working under such conditions. The 

experimental prototype is developed to signify the improved performance. 
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CHAPTER 1 

Introduction 

1.1 Introduction 

Earlier electricity generation was mainly through the centralized large power plants, 

usually located close to the primary energy source (for instance: coil mines) and far 

away from the load or the consumer centres. The electricity generation was through the 

conventional fossil fuels: coal, gas or oil in the thermal power plants, which employ 

large rotating generators. The generated electricity is then transmitted through the long 

transmission lines which happened to be a passive network. Finally, the electricity is 

supplied to the consumer using the (radial) distribution network. Power flow occurred 

only in one direction in such system: from generating station towards the consumers. 

The generation, transmission and distribution all were controlled by the state (single-

player). Further, the issue of power quality (especially distortion of the 

voltages/currents) was not that severe as the number of non-linear loads in the utility 

was negligible. 

 

The last couple of decades have observed a significant drift from this trend.  The reasons 

for the drift is the depletion of the fossil fuels, reduced efficiency due to transmission 

over long distances and high cost involved in expansion of transmission capability. In 

addition increasing environmental concern against the harmful and greenhouse gases 

from the centralized power plants has also played a significant role for this drift. 

Renewable energy sources like wind, solar, fuel cell etc. based electricity generation can 

help in addressing these issues. Unlike the centralized power plants, the energy 

generation can be localized i.e. near to the load centres. Moreover, the generation 

capacity of the generating unit can now be from few kW to several MWs and there is no 

longer a monopoly of the state (or few power producers). In addition to environmental 
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policies and the technological evolution, the deregulation has changed the overall 

generation, transmission, and distribution structure greatly and has created new 

conditions in the sector of the electricity generation. As mentioned above, the electricity 

generation now is done using different technologies and on different scale. Generating 

unit may even be located on the distribution lines. The power flow is no longer uni-

directional. All these raise certain challenges in the modern power system. 

1.2 Issues in the Modern Power System 

As mentioned above, electricity generation through the renewable energy sources i.e. 

wind, solar, fuel cell etc. is increasing tremendously. These sources require power 

electronic interface to get connected with the grid and to meet the standard/regulations 

imposed by the utility [1-2]. Hence, the modern power system is characterized by the 

presence of large number of power electronics converters based distributed generators 

(DG) along-with traditional power plants [3]. Almost all these power electronics 

converters are committed to provide a controlled and high quality power exchange to the 

utility or local linear/non-linear loads connected at the point of common coupling 

(PCC). Besides the power converters used for DGs, power electronic converters are also 

incorporated into the system to improve the systems performance. The power converters 

commonly referred as FACTS devices (name derived from flexible AC transmission 

systems) are quite popular for reactive power compensation, improving static and 

dynamic stability, imbalance mitigation, congestion management etc [4].  

 

Such system comprising of power electronic converter based DGs and centralized 

generator can be operated to feed some local area even in case when the centralized 

generators are unable to feed the power or when some fault occurs on the grid side. Such 

operation of the system is often termed as islanded mode of operation. As the system 

now appears as a small grid comprising of local loads and sources, it is often termed as 

microgrid. Such micro-grids can thus, operate independently in an islanded mode or in 

grid-connected mode.   

 

The, DG based generation alongwith some other power electronic converters and storage 

(or the microgrid) can maintain continuity of power and reliable power supply to the 

critical loads. However, there are certain challenges, which need to be addressed 
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carefully to tap the potentials of these DGs and other power converters. These issues 

include voltage regulation, load balancing, active and reactive power exchange, power 

sharing amongst DGs, power quality, harmonic resonance, islanding and 

synchronization, stability, safety and protection etc. Some of the issues are discussed 

here. 

1.2.1 Active and Reactive Power Flow 

DGs are generally connected to utility through three-phase voltage source inverters 

(VSI). The VSI can be operated as current controlled VSI or as conventional voltage 

controlled-VSI when operating in a grid-connected mode to exchange the active-reactive 

power into the grid at the desired power factor. Thus, the DG can allow reactive power 

control (both lagging and leading), in addition to active power injection and can help in 

voltage regulation. The VSI has a capability to perform four-quadrant operation i.e. 

besides lagging and leading reactive power control it has bidirectional active power 

exchange capability. However, the energy source may not accept the power (eg: the 

Photovoltaic (PV) array associated with the inverter). In such case, it is essential to have 

some form of storage. When operating with the infinite or strong grid active/reactive 

power exchange is not a major problem. However, in islanded mode the issue is very 

critical as the active and reactive power balance is must. Otherwise it may lead to 

voltage and/or frequency instability in the system. Hence, to have the desired active and 

reactive power exchange, it is must for the inverter control scheme to have the proper 

template of the grid voltage (its phase, frequency and amplitude) [5-6]. 

1.2.2 Transient Stability 

In earlier days, the problem of maintaining the transient stability in the system was 

related to just maintaining the synchronous operation of the alternators. These machines 

have high inertia. Due to the high inertia, the effect of load variations or any other 

disturbances on the frequency change is slow and insignificant, thereby maintaining the 

stability.  However, with power electronic based DGs, which infact are static devices 

without any inertia, the change in load may immediately lead to the change in frequency 

settings of the inverters. The severity of the issue is more, when the penetration of the 

DGs in the system is high and also when the system is working in the islanded mode. As 



Chapter 1  Introduction 

 

4 
 

the DGs are more commonly controlled using droop control [7] (active power versus 

frequency P/ω and reactive power versus voltage Q/V ) in such system to provide the 

plug and play facility (for flexibility in expansion), the sudden load change affects 

control of all the DG. As these are inertia-less equipment, the change in P (and/or Q) 

immediately changes frequency settings (and/or V) of the inverters. Further, the control 

of the inverters of these DGs relies on the voltage or currents at the point of common 

coupling where they are connected [8]. When sudden changes occur in the system, these 

quantities at the PCC may vary erratically and does not follow the ideal sinusoidal 

waveforms. Hence, it may affect the control of the DG inverter, which depend on these 

quantities, and may worsen the issue thereby hampering the stability of the system. 

Performance of the FACTS devices, which are installed to improve the ability, also 

depends on the quality and the correct estimation of these quantities at the PCC. 

1.2.3 Protection and Safety 

In the modern power system, the introduction of DGs has changed the direction of 

power flow. The location, the penetration level and the technology of the DG determines 

their capability to contribute to the fault. Inverter coupled DG can quickly be 

disconnected in case of the fault and hence, they hardly contribute to the fault current 

while the other DGs may increase the fault current. Due to all these, the protection 

scheme needs reconsideration on several aspects like the co-ordination amongst various 

protective devices, defining protection zones (for selectivity), relay setting etc. 

 

The DG is generally interfaced to the grid through a fast static (semiconductor) switch, 

which opens and protects the system in case of faults on the grid side. In case if it opens 

and if the DG still continue to feed the remaining area (local loads), such operation is 

called islanding. Such islanded operation though desirable from the viewpoint of feeding 

the critical local loads, leads to two major issues. Firstly it is dangerous for the utility 

linesmen who assume the de-energized lines due to the grid failure. Secondly it may 

lead to out-of-phase closure, which may affect the DG or other connected equipment. 

This can be avoided by providing anti-islanding protection. Several different active and 

passive anti-islanding detection schemes have been suggested [9]. The relative 

merits/demerits and their capabilities to work with distorted voltage have been evaluated 

by several researchers [9-10]. 



Chapter 1  Introduction 

 

5 
 

 

1.2.4 Synchronization 

In addition to above issues, one another most important issue is the synchronization of 

the DGs with the electrical utility. It is the process of continuously synchronizing the 

output voltage of the inverter (grid-side inverter of DG) with that of the grid voltage to 

have stable operation. Synchronization demands extra attention when the utility is 

subjected to the faults or disturbances or when the utility is facing the severe power 

quality issues. Under such conditions the inverter is very likely to result into high AC 

current, loss of synchronization or very high DC link voltage. Hence it is very essential 

to maintain synchronism, for which it is required to ensure the least deviation in phase, 

frequency and the magnitude of the voltage of the DG and the grid. This requires 

continuous tracking of these parameters (phase, frequency and amplitude) of the grid 

voltage [11]. If there is any effect of the disturbances or any distortions in the grid side 

voltage, it must be effectively eliminated to quickly estimate the correct parameters for 

the synchronization [12]. 

1.2.5 Power Quality 

Power Quality is a broader term and encompasses set of electrical properties which is 

responsible for the proper function of the electrical system. The poor power quality 

refers to the deviation of the supply (voltage and power) from the ideal or desired 

conditions. Thus, it (poor power quality) includes voltage sag, voltage swell, frequency 

variations, transients, harmonics, flicker, imbalance in the three phases, discontinuity of 

supply, etc.  

 

The possible causes for the poor power quality may be from the load side, from the 

generating side or may be due to unwanted occurrences like faults [13-17]. Short 

duration voltage dip (sag) may occur due to faults or starting of large reactive loads 

demanding large starting currents for energization. Transients may arise due to 

lightning, faults or due to capacitor switching. Under voltage (or over-voltages) may 

result due to overloading (or light loading) or improper tap-changer operation. 

Unplanned and poor distribution of single-phase loads may lead to unbalance while the 

frequency variations may be due to the connection or disconnection of the loads.  
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Now-a-days the most critical power quality issue is the presence of harmonics in the 

electrical system. The major contributors to the generation of harmonics are the non-

linear loads, which include arc furnaces, arc-welders, discharge lamps, cycloconverters, 

rectifiers and other power electronic converter based equipment. Magnetic cores of 

transformers, reactors and rotating machines, when operated under saturated conditions, 

may also lead to the distortion in the supply. 

 

Though IEEE 1547 [18], the standard for interconnection of DGs with the grid, 

mentions about the limit of harmonics from the DG, DGs do contribute to the harmonics 

in the electrical system. The variations in the insolation and the wind velocity affect the 

operation of the photovoltaic and wind energy based DG, respectively. At low insolation 

level (and low wind velocities for wind generator based DG), these DG operates at a 

high total harmonic distortions. Further, the fast variations in the meteorological 

conditions also lead to the voltage variations and the harmonics in the system. Improper 

configuration of the converter, its control, and/or filter design for the converter interface 

may also significantly affect the power quality. Asymmetrical operation of the inverter 

over the alternate half-cycles may also result into the dc-offset insertion into the grid for 

the transformer-less inverter configurations. The issue of harmonics can be handled to a 

certain extent by commissioning passive filter or active filters. However, they also need 

to be controlled effectively to mitigate the harmonics otherwise may worsen the 

situations.  

1.3 Motivation  

While studying the various issues it is observed that the penetration of the static DGs 

(power electronic converters based DG) into the electrical utility is increasing rapidly. 

However, these DGs require lot of attention to embed them into the existing utility and 

to operate them to support the utility. Several problems like anti-islanding, stability, 

power-quality, active-reactive power flow, load sharing, synchronization etc. requires an 

in-depth study. Some of the power electronic converters like FACTS devices or Active 

Power Filters (APF) can help in attending some of these issues. However, it requires a 

careful design of the control scheme for these converters to tap their full potentials. 
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For the control scheme of the converters, it is often mandatory to get the voltage vector 

position of the PCC‘s voltage or the grid‘s voltage. The control scheme for the multitude 

of the issues discussed above is highly affected by the correct estimation of the phase 

angle, frequency, and/or magnitude of the voltage of the grid side (or point of common 

coupling). In many cases the grid voltage may neither be sinusoidal nor balanced. The 

control schemes (for DGs, FACTS devices, APF etc.) that are based on the assumption 

of the ideal (sinusoidal and balanced set) voltages to tackle these issues, may fail if the 

voltage deviates from the ideal conditions. Hence, it requires correct estimation of the 

phase, frequency and the amplitude of the voltage under all (ideal and non-ideal) 

conditions for the proper operation of the DGs (or converters). Various schemes have 

been proposed for estimation of these quantities. It is required to evaluate the 

performance of these schemes under various non-ideal conditions and to suggest any 

improvement (if any) to make the converters to operate satisfactorily under all 

conditions.  

 

1.4 Overview of Thesis  

Chapter 2 includes a literature review on the phase and frequency estimation 

(synchronization) techniques. It also identifies the research gap and hence, presents the 

scope of the work. 

 

Chapter 3 is devoted to the modeling and simulation of some of the popular single-phase 

and three-phase phase-locked-loop (PLL) schemes. The performance of these various 

PLLs is evaluated under various conditions and their relative merits and demerits are 

discussed. 

 

Chapter 4 discusses in detail the structure and the analysis of the proposed MDSOGI-

FLL technique. Its superiority over other PLL or frequency-locked-loop i.e (FLL) 

schemes is highlighted through the analysis and simulation studies for various cases. 

The experimental results are also included in the chapter to validate the performance. 

 

Chapter 5 introduces the MDSOGI-FLL based shunt active power filter and 

demonstrates the superior performance of the SAPF over the SAPF controlled by the 

conventional scheme. It is highlighted through simulation and experimental results that 
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it results into lower THD and absence of dc-offset when the grid signal is having 

imbalance as well as dc-offset.  

 

Chapter 6 finally presents the concluding remarks and future scope from the research 

investigations. 
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CHAPTER – 2 

Literature Survey 

The electrical utility has always been facing the problem of power quality. Several 

decades ago, the power quality problem was mainly referred to the power outage, voltage 

sag/ under-voltage, voltage swell/over-voltage and frequency variations. However, in 

today‘s modern power system the power quality problem is no longer restricted to just 

these aspects, but also covers the issues like flickers, notches, harmonics, sub-harmonics, 

inter-harmonics, imbalance, dc-offset etc. The severity of the issue in the modern power 

system has become critical due to the emergence of the power electronic technology. 

 

The modern power system is characterized by the presence of large number of power 

electronic converter based DGs, to facilitate energy generation from renewable energy 

sources like wind and PV. The intermittent nature of these sources and their dependence 

on the meteorological conditions may cause the power variations in the system leading to 

the frequency variations, sag, swell, imbalance etc. Such disturbances must stay within 

the permissible limits as specified through the grid codes (e.g. IEEE Std. 1547) [18], 

otherwise may destroy the rotating machines and may even cause instability. The grid 

codes mentions about the operating power factor, limits on the harmonics on the current 

to be injected, voltage limits, frequency limits, islanding conditions etc. These 

requirements can be met with the proper and synchronized operation and control of the 

converters. However, the operation of the converters is heavily dependent on the correct 

information about the phase, frequency and amplitude of the grid side voltage (and 

currents) that are passed on to the control scheme.  

  

Besides the power electronic converters based DG, the penetration of non-linear loads 

(especially the loads that employ power electronic converters) has also increased 

tremendously. The power converters used for the applications like electrical drives, 

uninterruptible power supply, electrical heating and furnaces, lightings, chargers, etc. 
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introduces a large amount of harmonics into the grid causing the degradation of the 

power quality. As a result the voltage at the PCC may deviate from the sinusoidal nature. 

The half-wave rectifier type load may also inject the dc-component in the system. The 

major contributor to the power quality deterioration is the uncontrolled diode bridge 

rectifiers as they introduces low order 5
th

 and 7
th

 harmonics with significant amplitude.  

 

To attend the power quality problems, many corrective actions are taken by the utility as 

well as by the consumers, especially industrial consumers. Traditionally, passive LC 

filters [19] were used to limit the injection of harmonics into the utility. These filters are 

now replaced by the advanced power electronics compensator known as active power 

filters in the modern electrical power system [20-22]. Out of the various active power 

filter configurations (series, shunt and hybrid), shunt active power filter (SAPF) is quite 

popular to remove harmonics locally at the load side making the utility free of harmonics 

[23-28]. Unlike passive LC filters, which are simple in design, cheap, large and heavy, 

tuned to particular frequency [22]; the APFs are complex and costly; however, relatively 

smaller, fast, free from problem of resonance, and adaptive in nature and hence, can 

compensate various harmonics of different types of non-linear loads. 

 

In addition many industrial consumers also install Custom Power System (commonly 

known as CUPS) devices like DVR, D-STATCOM, UPS etc. to provide immunity 

against voltage dips, flicker or higher harmonics. The utility also commissions various 

devices to improve the efficiency and the overall performance of the system. These 

devices include STATCOM. SVC, UPFC, SSSC and others which generally are referred 

as flexible AC transmission system (FACTS) devices. They improve the power quality 

by providing system support benefits like reactive power management, imbalance 

control, stability improvement etc. 

 

All these devices connected to the grid, whether it be a DG, APF, CUPS or FACTS 

device, has to be precisely synchronized with grid. It is also necessary for several loads, 

which otherwise without the proper synchronization may introduce harmonics into grid.  

Hence, accurate phase, frequency and the amplitude information of the grid voltage is 

unavoidable for the desired operation and control of various power electronic converters 

connected with the grid. In modern power system, it is very likely that these parameters 

may not be estimated/calculated correctly by the conventional control schemes, as the 
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lager penetration of the power electronic devices alter the sinusoidal (and balanced) 

nature of the voltage at the PCC. Under such conditions the power electronic converters, 

which actually are installed to provide system support benefits, may operate adversely. 

Thus, in order to address the various issues (mentioned in the earlier chapter) for the 

modern power system, it is important to first attend the issue of correct estimation of the 

phase, frequency and the amplitude of the fundamental positive sequence component of 

the grid signal. This chapter provides a comprehensive review of the existing 

synchronization techniques along with the relative merits and demerits. The schemes are 

evaluated with the primary objective of identifying their capabilities to perform under 

various non-ideal conditions. 

2.1 Literature Review on Frequency Estimation Techniques 

A powerful synchronization technique must estimate the unknown quantities (i.e. phase, 

frequency and amplitude) from the grid signals quickly and accurately inspite of 

abnormalities, if any, present in the grid voltage [29]. Various grid synchronization 

techniques or the phase angle estimation have been reported. These approaches can be 

broadly categorized into frequency and time domain (FD and TD) techniques. Further, it 

can be classified based on the implementation as open-loop or closed-loop frequency 

estimations. Unlike the open-loop approach, which detects the parameters (phase, 

frequency and amplitude of the input signal) directly, the closed-loop approach estimates 

and continuously updates the estimated parameters through a closed-loop mechanism. 

2.1.1 Frequency Domain Techniques 

Most of the FD techniques are open-loop and based on Fourier series analysis. Fourier 

series analysis is an important mathematical tool utilized in frequency domain techniques 

to obtain various frequency components by multiplying the input to a set of trigonometric 

functions (sine/cosine) at different frequencies. Usually, the discrete implementation of 

the Fourier series, known as Discrete Fourier Transform (DFT) is applied. DFT can be 

easily implemented through computer technology and can achieve enhanced selectivity 

and higher steady state accuracy in estimating the grid signal parameters. The real time 

implementation of the DFT needs the repetitive sample and updating through A/D 

conversion process of the input signals. However, this algorithm requires N
2
 complex 
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multiplication and N
2
–N complex addition to compute the N samples. Hence, it was not 

widely used before the microprocessors development.  Traditionally, this technique was 

used to obtain the harmonic components of the voltage/current(s) signals [30-31] to 

calculate the power quality indexes in power system. Now-a-days, prior to connecting or 

tie-up of the converters to the utility, it can be used in to estimate the fundamental 

frequency component of grid signals [32]. However, the phase error has been observed in 

this technique when there is a mismatch in time window of the DFT and the grid period 

i.e. when sampling frequency works asynchronously with the fundamental grid 

frequency.  

 

The limitation can be overcome by making use of time varying Fourier coefficients [33] 

or by having techniques employing polynomial regression analysis [34]. Another robust 

DFT technique is suggested [35-36] and is compared with the conventional DFT 

technique. It gives better transient response and lesser phase error at the cost of higher 

computational burden and calculation in implementation. The invention of Fast Fourier 

transform (FFT) algorithm led to simplicity in implementation and reduction in the 

computational burden by working at decimation level. Unfortunately, FFT algorithm is 

unable to extract the single-frequency component from the input and hence, cannot be 

applied for grid synchronization.  

 

To reduce the computational burden involved in the DFT, modified DFT known as 

Recursive Discrete Fourier Transform (RDFT) is introduced [37]. In this technique, the 

information of n
th 

frequency component is obtained from the sampling of present and past 

history of the input signal. However, the error is introduced in the estimation of the 

amplitude and phase angle, if the product NTs (where N = number of samples and Ts = 

sampling period) fails to synchronize with the fundamental frequency of the input 

signals. This issue can be resolved by implementing the extra loop, which either adjusts 

the sampling window to match the grid frequency or adds a phase offset to nullify the 

phase error produced by the RDFT [38]. It increases the complexity in structure and 

produces large steady state error. To reduce the calculation burden, further modification 

known as sliding window discrete Fourier transform (SDFT) for grid synchronization is 

suggested in [38]. It calculates the DFT on a sample-by-sample basis with the window 

shifting every sampling instant for a fixed number of samples. SDFT is simple to 

implement and can extract a single frequency component. However, fast estimation of the 
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phase angle is difficult as it suffers with stability issue due to band pass structure 

characteristics of SDFT. This disadvantage is further investigated in [39] where an 

improved closed-loop SDFT algorithm along with the moving average filter (MAF) and 

proportional integral (PI) controller is suggested. It is capable to obtain the fundamental 

frequency with various types of grid signal. However, it requires a tradeoff between the 

response of this technique and PI controller bandwidth selection. Overall, the FD 

techniques based on digital Fourier transform (inspite of the modifications) are relatively 

complex to implement, require more memory space, settling time of at least one cycle 

and increase in the computational burden if the grid signal is highly distorted. 

Additionally, non-Fourier transform techniques like Kalman filtering and least square 

estimation are also reported [40-41]. But, experimental implementation suggests that 

these techniques are generally more suitable for harmonic monitoring and metering 

applications rather than synchronization or extraction of single-frequency component. 

2.1.2 Time Domain Techniques 

The implementations of TD techniques are the alternative solution to cope up with the 

aforesaid disadvantages of FD techniques. Compared to the FD techniques, the real-time 

control approaches of the TD techniques are very popular due to the ease in 

implementation and also from the control perspective. Traditionally, time domain 

technique based on zero crossing detection is the simplest way to obtain the frequency 

information of the grid voltage signal. It detects the changes in polarity of the measured 

signals. However, it detects the multiple zero crossing and results into inaccurate 

frequency information if the grid signal is highly distorted. Some researchers have 

proposed [42-43] the modification in this technique to tackle the switching notches and 

the noise present in measured signal for estimating the phase angle information. But, 

these are more complex to implement, give slow dynamic response and are not 

satisfactorily to tackle the presence of low frequency components and frequency 

variations in grid signal. 

 

Besides the above mentioned time-domain approach, the phase-locked approaches based 

on comparator circuits were also popular in the past. They were applied for computer 

systems, communication systems, electronic circuits etc. to differentiate various signals 

from distorted signal or to synchronize internal frequency signal with external periodical 
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events. This idea has been employed to grid connected power converter applications to 

work in unison with the utility, which needs the correct information of the amplitude and 

phase angle of the grid signal. In order to retrieve the amplitude and phase angle 

information from grid, phase-locked loop (PLL) locks the internally generated oscillator 

signal to grid signal. This information is utilised for other blocks of the control systems to 

synchronize the power converter with the utility. The PLL provides the information like 

fundamental frequency, amplitude of the fundamental component, phase-angle etc. It is 

basically a closed-loop approach. The closed loop TD approach offers several advantages 

like simplicity, better capability of disturbance rejection, low sensitivity to the variations 

and distortion in grid voltage etc. Further, it has higher accuracy and offers relatively 

more stable and reliable performance.   

 

As mentioned, as the PLL is a closed-loop system, it brings the oscillator output signal 

frequency in-line with the input signal frequency through phase comparator and in-loop 

filtering action. The AC output signal frequency is shifted with respect to centre 

frequency as a function of the input voltage provided by the low-pass filter.  Inspite of 

differences in all PLL, their basic structure consists of phase detector (PD), low-pass 

filter (LPF) and voltage controlled oscillators (VCO). Fig. 2.1 shows the basic structure 

of the PLL. The VCO‘s input signal gain vglf is adjusted by the filtering action of LPF 

such that its output signal locks with the input signal in phase angle. The error (εerror) i.e. 

output of the PD is processed through LPF, where the presence of high frequency 

components is attenuated by the LPF [44]. The appropriate bandwidth selection decides 

the unwanted signals rejection capability. Thus, the PD compares the two input signals 

and the error is filtered through LPF whose output drives the VCO to generate output 

phase, which is fed back to the PD. The process continues till the phase error (difference 

between the output phase angle and input phase angle) reduces to zero, when the input 

and output gets locked. Thus, the overall closed loop PLL structure makes it possible to 

estimate the phase angle/ frequency information of the measured signal from any 

electrical system.  

 

The conventional PLL phase detector is a simple multiplier and operates on two input 

signals (one sine and another cosine). It is popularly known as power based PLL (pPLL). 

However, this basic PLL is unable to perform reliably when the grid signals are highly 

distorted. Several modifications have been suggested to improve the performance of the 
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PLL. The major difference in these PLLs mainly lies in the PD structure. Over the years, 

numbers of researcher have suggested different structure of PD to make this closed loop 

frequency/phase angle estimation algorithm reliable and robust against various grid 

abnormal situation. 

 

FIGURE 2.1 Basic structure of PLL 

Fig. 2.2 shows the classification of PLL and can be categorized into two generalized 

schemes based on the converter configuration: single-phase and three-phase. The 

performance of the time-domain technique depends on the type of PLL which further is 

greatly influenced by the configuration of phase detector (PD) structure it employs. The 

power-based PLL (pPLL) employing sinusoidal multiplier as PD (product type) is the 

simplest closed-loop PLL. Unfortunately, it suffers with the double frequency oscillation 

in the estimated parameters as estimated phase error is a non-linear function. The 

attenuation of these oscillations is possible by reducing the bandwidth of the LPF, which 

results into longer settling time. Various modifications have been suggested to overcome 

aforesaid drawback of pPLL [45-47]. The major interest is to remove the oscillation in 

frequency estimation using modified filtering algorithm.  

 

FIGURE 2.2 Classification of Different Phase-locked Loop 
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The effective solution to overcome the double frequency oscillations from phase error is 

to replace the sinusoidal multiplier based PD with the fictitious orthogonal signal 

generation (OSG). This OSG based PD structure generates the in-quadrature components 

(sine & cosine) from the distorted input (which can be single-phase or three-phase) 

signal. For single-phase converter applications, the single-phase OSG-PLL is broadly 

categorized based on the in-quadrature fictitious signal generation procedure. The most 

common of these are time delay (TD), park transformation, adaptive filtering etc. The use 

of the OSG allows to adopting a vector approach, where the outputs of the OSG can be 

treated as two components of the vector resolved on the two stationary axes α and β. 

These orthogonal signals can then further be transferred from the stationary reference 

frame (αβ) to the synchronous rotating dq reference frame. 

 

In time delay–PLL (TD-PLL), the standard T/4 transport delay is introduced in the input 

signal to derive another signal which is shifted from the input by 90°. This is the easiest 

way to get the in-quadrature signals from the input signal. This transport delay is 

constructed by providing the T/4 time delay to the input signal, where T is time period of 

the input signal. However, the presence of the off-nominal frequency in the input signal 

leads to inaccurate generation of orthogonal signals, which creates the double frequency 

oscillation and phase offset error in the estimated parameters. The article in [48-49] has 

suggested the non-frequency-dependent transport delay PLL (NTD-PLL) to tackle the 

drawback of the conventional TD-PLL. In NTD-PLL, another T/4 delay unit is added in 

the feedback path to nullify the errors in the estimated frequency. However, it is not able 

to remove the phase error completely from the estimated frequency. Further investigation 

in [50-51] discusses about the enhanced TD-PLL (ETD-PLL) structure, which is derived 

based on the αβ-delay signal cancellation (αβ-DSC) operator. This operator is provided at 

the input of the PLL structure and provides the filtering action to the distorted input 

signal. Ultimately, it results into removal of the double frequency oscillations from the 

estimated frequency, but at an extra cost of complex implementation. Also, better 

filtering action of delay signal cancellation operator forces one to make compromise with 

the response time.  

 

The inverse Park transformation PLL [52-53] is one of the popular PLL techniques for 

single-phase application. It uses the park transformation, which is very important tool to 

transmit the stationary reference frame (αβ) components to the synchronous rotating 
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reference frame (dq). In this PLL, the orthogonal signals are generated by applying the 

inverse park transformation to the filtered synchronous reference frame components (dq). 

Individual low pass filter (LPF) is used to filter out the d and the q components and then 

filtered d and q components are used to get the proper in-quadrature components through 

the inverse park transformation.  The proper tuning of LPF is required to achieve the 

desired orthogonal signals and hence, to obtain overall satisfactory performance of IPT-

PLL in case of operation with the distorted input signal vector. Proper tuning can 

improve the noise immunity and filtering capability, but increases response time. Hence, 

a trade-off is required.  

 

The above single-phase PLLs conventional filters are designed to work for specified 

frequency range only. In contrast, adaptive filtering (AF) algorithm has ability to adjust 

its parameters according to the optimization algorithm. It requires little or no prior 

information of the signal to be filtered. The enhanced PLL (EPLL) [54], which is an 

adaptive filter, extracts the fundamental component from the input and estimates its 

frequency, phase angle and amplitude.  The standard EPLL is a type-2 system and has a 

zero steady state error while estimating the input signal parameters. The standard type-2 

EPLL has limited harmonic filtering capability. The modifications in EPLL reported in 

[55-57] are referred as type-1 and type-3 EPLL. Type-1 EPLL, which is in form of a 

simple gain as a LPF, has poor performance in case of the frequency drifts. It results into 

phase-offset error under such conditions. Hence, it is not suitable for weak grid.  Type-3 

EPLL can be obtained by adding an integrator to the standard EPLL. This additional 

integrator helps in achieving zero steady state error under varying frequency conditions, 

but it results into negative phase margin, which makes the system unstable especially 

during voltage sag or faults. Type-3 EPLL is used in speed estimation applications for the 

motor control.  

 

The concept of generalized integrator (GI) [58] based PLL is very much popular now-a-

days due to its band pass filtering characteristics. The structure of generalized integrator 

(GI) is similar to AF structure, but avoids use of sine/cosine functions in its 

implementation. It generates the 90º phase shift between the components, which helps in 

realizing the function of the OSG-PLL. However, the bandwidth of the band pass filter of 

the GI and static gain of the low pass filter of the PLL, both are function of the centre 

frequency of the filter. This makes it unsuitable for the variable-frequency systems, 
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which is the case with the PLL. This limitation can be overcome by modifying the 

structure of the generalized integrator as presented in [59]. The solution thus provided is 

referred as the second order generalized integrator (SOGI). The standard SOGI structure 

not only generates the fictitious in-quadrature signals from the input single-phase supply, 

but also filters out the presence of harmonic signals. This orthogonal signals generated 

with SOGI-OSG are sent to an embedded synchronous reference frame (SRF) PLL. Thus, 

excluding the SOGI the rest of the structure required to estimate the frequency of the 

input signal is similar to that of the SRF-PLL. This overall structure is known as SOGI-

PLL. In SOGI-PLL, the frequency estimated by the SRF-PLL block is fed back to SOGI 

to make it frequency adaptive against the frequency deviation. The SOGI-PLL can give 

zero phase-error and can estimate the frequency faster than the conventional PLL. The 

dynamic assessment of this SOGI-PLL is carried out in [60] and suggested that its 

performance is similar to inverse park-PLL. It is discussed that transient response and 

disturbance rejection capability of the SOGI-PLL depends on the proper selection of 

damping factor and the natural frequency of oscillation, respectively. SOGI-PLL contains 

double loop whereby it carries out the synchronization process. The SOGI-OSG is tuned 

using the estimated frequency whereas the PLL part is locked using the input phase-

angle.  Hence, the frequency estimation process in SOGI-PLL needs tuning of the 

parameters of these two parts: SOGI and PLL. This increases the complexity in the 

implementation. Improper tuning may also reduce the stability margin in frequency 

estimation process [60]. With a view to increase stability margin and to have simplicity in 

implementation, various frequency-fixed SOGI-PLLs have been reported [61-62]. 

However, the estimated frequency contains second order harmonic ripple (due to input 

frequency deviations). Hence, zero steady state error condition cannot be ensured under 

varying frequency situations in frequency fixed SOGI-PLL. 

 

The SOGI block inherently has resonant characteristic. This gives it capability to act as a 

voltage controlled oscillator. Hence, a simple control loop can be designed using SOGI to 

auto-adapt its centre frequency to the input frequency. It further helps in eliminating the 

PLL block from the conventional SOGI-PLL configuration. This leads to the frequency-

locked loop (FLL) configuration. As it estimates the frequency of the input signal 

adaptively, the performance is not affected by the occurrence of sudden or transient 

changes like phase jump or frequency step in the input signal. The combined SOGI-OSG 

and FLL was introduced initially in [63] to overcome the drawbacks of SOGI-PLL 
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frequency estimation algorithm. This combination is named as a SOGI-FLL. It helps in 

estimating the input signal frequency directly through FLL circuit, whereas the phase 

angle and amplitude can be calculated indirectly. This phenomenon guarantees the faster 

dynamic response compared to SOGI-PLL. In addition, due to its adaptive notch filter 

(ANF) characteristics, the in-quadrature signals derived from the input voltage signal are 

the filtered version of the input voltage vector. However, the harmonic signals 

cancellation ability of this ANF or SOGI-OSG is greatly dependent on the selection of 

the bandwidth. If the bandwidth is narrowed (decreased) to increase the harmonic 

cancellation capability (for the highly distorted input signal), the dynamic performance 

deteriorates [64]. Thus, it requires trade-off on these two aspects.  

 

In single-phase systems discussed above the process of generating orthogonal signals is 

relatively difficult as compared to that of the three-phase systems. In the three-phase 

system, it is easy to generate the orthogonal signals by applying Clarke‘s transformation 

to the three-phase input signals, which can then be transferred to the synchronously 

rotating reference frame by Park‘s transformation.  Just like the SRF-PLL of the single-

phase system, the three-phase SRF-PLL comprises of PD, LPF and VCO. In the three-

phase SRF-PLL, the Clarke and Park transformation acts as PD and pass on the 

information to synchronous frame (dq-frame) for further filtering and frequency 

estimation process.  

 

The three-phase conventional PLL based on the synchronous reference frame (SRF) 

gives superior performance with the balanced grid voltage signals as the input. It only 

gives the approximation of the positive sequence components (PSC) and phase angle 

rather than its true value, if measured grid voltage signal is unbalanced or distorted. Also 

under such conditions, its dynamic performance deteriorates significantly and the output 

(estimated) frequency is characterized with the double frequency oscillation caused by 

the negative sequence components.  

 

Except the PD structure, almost similar platform as that of the three-phase (or single-

phase) SRF-PLL, can be utilized to derive different three-phase PLLs configurations. 

Most of the advanced three-phase PLLs mainly focus on enhancing the disturbance 

rejection capability of the conventional SRF-PLL so that the parameters of the highly 

distorted (and unbalanced signals) can be accurately and quickly estimated. The poor 
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performance of the conventional SRF-PLL is improved by employing a decoupled double 

synchronous reference frame PLL (DDSRF-PLL) [65]. It comprises of two 

synchronously rotating reference frame: one rotating with the speed ω’ (in forward 

direction) and another rotating (in opposite direction) with the same speed (accordingly 

can be represented as -ω’).  The DDSRF structure helps in transferring both the positive 

and negative sequence components of the unbalanced input voltage into the two separate 

SRF frames. The decoupling network helps in extracting the positive and negative 

sequence components separately.  Hence, it results into accurate estimation of the 

parameters of the input signal even if it is unbalanced. However, the estimation process is 

quite complex and the performance of the DDSRF-PLL is sensitive to the phase- jump in 

the grid voltage. The performance is also not satisfactory when grid signal is distorted. 

This problem can be tackled by adding multiple standard SRFs rotating at targeted 

harmonic frequencies. This structure is known as Multiple SRF-PLL (MSRF-PLL) but it 

leads to increase in considerable computational complexity [66].   

 

To filter out the harmonics present in the input signals, various PLLs structure with 

additional filters incorporated in the PLL structure or as prefiltering stage before the PLL 

(i.e. at the input side) have been reported. The moving average filter (MAF)-PLL has 

been suggested in [67-68], in which MAFs are used as in-loop filter along-with the 

conventional SRF-PLL. The addition of MAFs inside the control loop of SRF-PLL 

significantly increases the filtering capabilities at the cost of slowing down the dynamic 

behaviour of the PLL. If MAF is applied as a stage before the conventional SRF-PLL 

[69], it improves the performance significantly but needs the additional frequency 

detectors. Another approach based on the notch filtering (NF) algorithm proposed in [70-

71] gives the selective harmonic cancellation of desired harmonic signals within the PLL 

control loop. The structure of the NF is similar to standard MAF. One or more than one 

NFs are connected in place of MAF to nullify the various harmonic signals. Such 

cascaded or parallel NF based PLL leads to increase in computational complexity and 

implementation. In place of NF or MAF, dual complex coefficient filter (DCCF) as a 

prefiltering stage in the standard SRF-PLL is reported in [72]. Its structure is similar to 

DDSRF and provides the facility of selective harmonic signals cancellation for the 

harmonics present in the input signal. However, this approach is not much popular for 

fundamental frequency estimation. Furthermore, the delay signal cancellation (DSC) 

operator (discussed for single-phase PLL) can be utilized as in-loop filter or as a 
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preprocessing tool along with the standard SRF-PLL. In this DSC-PLL [73-74], it is very 

much popular to use DSC operator as a preprocessing tool rather than using it in the in-

loop filtering. The series of DSC operators can be utilised to nullify the selective 

harmonic components. It results into accurate estimation of frequency, however at the 

cost of computational complexity.  

 

Apart from these various fundamental frequency estimation algorithms, the SOGI-OSG 

structure (discussed earlier for single-phase system), which has the ability to generate in-

quadrature signal along with the filtering action can also be used to derive three-phase 

PLL. The SOGI-OSG can be utilized to extract the positive sequence and negative 

sequence components of distorted three-phase supply [46]. Two SOGI-OSGs can be 

employed before the SRF-PLL as a prefiltering stage to get the fundamental frequency as 

well as fundamental sequence components. It is known as dual SOGI-PLL (DSOGI-PLL) 

as two dual SOGI structures are connected in parallel for three-phase input signals [75]. 

The harmonic filtering capability of the DSOGI-PLL can be improved by connecting 

extra SOGI-OSG block tuned at harmonic frequencies [64]. Its structure is similar to 

MSRF-PLL. Unlike SOGI-PLL, where the estimated frequency is used as feedback from 

the PLL block in the structure of SOGI block, the frequency can be adaptively obtained 

through frequency-locked loop (FLL) in SOGI-FLL structure to get superior 

performance. The accuracy and dynamical behaviour of the PLL is highly influenced by 

phase-jump in the input signal [76]. The FLL structure does not feel such sudden changes 

while estimating the frequency. Thus, it not only avoids the PLL due to the adaptive 

nature but also enhances the performance [63].  Two SOGI blocks connected in parallel 

can be employed along-with the FLL for frequency estimation. The configuration is 

known as a dual SOGI-FLL (DSOGI-FLL) structure [77-78]. It provides good transient 

response even in the presence of grid abnormalities (i.e. frequency variation, unbalanced 

voltages, harmonics etc.). This technique is capable of making an accurate estimation of 

fundamental frequency and positive sequence components. To achieve higher accuracy in 

harmonic components estimation (rather than just fundamental frequency estimation), 

which may be required in certain applications, the technique proposed in [64] can be 

employed, which is an extended version of DSOGI-FLL. It is known as multiresonant 

SOGI-FLL. It comprises of several SOGI structure connected in parallel and each tuned 

at different targeted frequency. The positive/negative sequence components are estimated 
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precisely through this algorithm but more number of stages in this structure increases the 

computational time. 

 

Few researchers have also tried to incorporate filtering feature for the dc-offset in the 

PLLs. The presence of the dc-offset in input signal may be due to half wave converters, 

dc insertion from distributed generation, saturation of magnetic components etc. [79-81]. 

The sensed signal used as the input for the PLL may also have the dc-offset due to 

erroneous A/D conversion, improper signal processing or faulty sensing/measuring 

instruments. As suggested in [82], band pass filter (BPF) can be introduced before the 

PLL input to tackle the dc-offset present in input signal. It rejects the dc-offset effectively 

at the cost of slowing down the response. In [83], the performance of in-loop filtering 

approach which employs dq-delayed- signal-cancellation (dq-DSC) and a notch filter is 

compared with that of preprocessing tools like αβ-DSC, complex coefficient filters and 

cross-feedback network. The detail study shows that the in-loop filtering has more 

undesirable effect on the performance of the PLL than the preprocessing tools. Therefore 

in-loop filtering is less advisable than the prefiltering approaches [84]. To filter the dc-

offset before the PLL input, adaptive notch filter (ANF) realized by some alterations in 

the SOGI-FLL structure, is reported in [85] for a single-phase system. The ANF as a pre-

filtering tool helps in the correct estimation of frequency even when the dc-offset is 

present. Three such ANFs are required for three-phase systems [86].  It results into some 

complex implementation of the frequency estimation method.  

 

Thus, over the years, several researchers have proposed various grid synchronization or 

phase/frequency estimation techniques. These techniques differ in terms of the 

computational burden, complexity in implementation, filtering capabilities, capability to 

work with different type of grid signals, response time etc. However, most of the 

researchers and the techniques proposed have focused on how fast and accurately the 

fundamental frequency, phase angle, positive sequence components etc. are estimated in 

presence of different grid signal abnormalities like frequency jump, phase jump, 

imbalance, and harmonics. In fact, very little attention has been paid on performance 

evaluation of the schemes when the input signal carries any dc-offset. The presence of 

dc-offset in the input signal of the PLL (or FLL) may cause error in the estimated phase 

and frequency. It may further lead to the improper synchronization or the operation of the 

power electronic converters that utilizes such inaccurate information for its operation. It 
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may further result into dc injection by the converters to the utility, or phase error in 

synchronization of the converters, which may damage the converter or the other 

equipment connected in the system. Hence, it is needed to investigate about the proper 

synchronization tool which can provide the benefits like ease in implementation, 

robustness against all types of grid disturbances (that include phase-jump, frequency-

jump, imbalance, harmonics, dc-offset), accurate estimation of fundamental 

frequency/phase angle/ positive sequence components etc.    

2.2 Research Gap 

The injection of harmonics by the non-linear loads connected at the PCC and by other 

power electronic converters in the grid may distort the source current and the voltage at 

the PCC in the modern power system. The consumption of this current deteriorates the 

performance of the various electrical equipments connected to the utility and reduces the 

life expectancy of them. The deteriorated quality of voltages and/or currents further 

introduces the challenge in correct detection of the zero-crossing of the grid- voltage and 

hence, its phase, frequency and magnitude estimation. Also, protective devices connected 

to the utility may mal-operate. The major problem is faced by the power electronic 

converters, which requires the accurate phase and frequency estimation of the grid 

voltages and currents for various applications. These include converter employed for 

active-reactive power control, harmonic mitigation, imbalance mitigation, improving 

system stability etc. This leads to the deviation in their operation from the desired one 

and hence, lead to further deterioration of the power quality making the challenge of 

phase and frequency estimation still complex.  Different three phase time domain 

approaches based on PLL and FLL have been studied so far to estimate positive sequence 

components as well as fundamental frequency in circumstances likes imbalance, 

frequency jump, phase jump, harmonics etc. in grid utility. However, this estimation is 

affected if any dc-offset error is introduced to the sensed grid signal. Hence, it is 

advisable to evaluate the existing PLLs/FLLs techniques for the input signal having dc-

offset. It is also necessary to design a phase and frequency detection technique that can 

accurately estimate the phase and frequency even when the voltage at the PCC is highly 

distorted and bears one or more of the non-idealities like harmonics, imbalance and dc-

offset.  Besides this, it is required to study the effect of the dc-offset present in the sensed 
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signals on the performance of the converter with the conventional PLL or FLL and if 

found unsatisfactory, to improve it with the suitable modifications in the control.  

2.3 Problem Statement and Scope of work 

From the previous sections, it is deduced that one of the most important issues in the 

modern power system comprising of large number of power electronic converter based 

DGs and non-linear loads, is the synchronization of the power electronic converters with 

the grid. It is extremely critical when the grid side voltage deviates greatly from the ideal 

conditions. The poor power quality of the grid side may also lead to improper functioning 

of the converters employed for improving power quality e.g. APF and FACTS devices. 

The inaccuracy in the phase and frequency information provided by the PLL/FLL due to 

the poor power quality may also affect load sharing, reactive power management, 

protection schemes etc.  Hence, the problem statement for the research area is 

summarized as under: 

“To investigate the issues related to the modern power system which is characterized 

by the presence of power electronic converters for applications like interfacing DGs, 

improving system performance, and for meeting the need of modern domestic and 

industrial loads.  As proper operation of these converters require accurate phase (or 

frequency) and magnitude information of the grid voltage and or currents for 

applications like synchronization, active-reactive power control, load sharing, 

harmonic compensation etc., it is intended to devise a suitable PLL OR FLL scheme 

for estimating the fundamental frequency/positive sequence components under non-

ideal conditions (like voltage unbalance, harmonics, dc-offset etc.) and to utilize the 

scheme in designing control strategy for power electronic converters to provide system 

support benefits like reactive power and harmonic current compensation.” 

The scope of work includes: 

1. To study and evaluate various fundamental frequency estimation/positive 

sequence extraction techniques in terms of their capabilities to estimate the 

frequency when the grid voltage is distorted (i.e. characterized by harmonics, 

imbalance, dc-offset) 
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2. To suggest and implement the fundamental phase angle estimation technique 

which can correctly estimate the frequency under all such non-idealities.   

3. To carry out the comparison of these techniques using simulation in 

MATLAB/Simulink and also to validate the same with experiments. 

4. To evaluate the effect of these frequency estimation techniques on operation of 

power electronic converters on one or more aspects like reactive power 

compensation, harmonic compensation, synchronization, protection schemes of 

converters etc. through simulation and experimental studies. 
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CHAPTER – 3 

Phase-Locked Loop 

In earlier years the power system generators involved mainly the rotating generators, 

which have large inertia and can handle the overvoltage/overcurrent for a longer time than 

that of the power electronic based generators. Also, the issue of power quality was not that 

critical as the penetration of the non-linear load was not that high. However, for last few 

decades the scenario has changed greatly.  

 

In recent years, application of power electronics converters for distributed generations has 

increased tremendously. For such static generators, the issue of load sharing between the 

generators can no longer be just restricted to simple load-frequency control as done with 

the rotating generators. With conventional rotating generators, the load is automatically 

shared based on the initial droop settings of the active power versus frequency and reactive 

power versus voltage characteristics. Unlike the rotating generators, the static converters 

have short time overload rating and no-inertia. Hence, it is important to continuously and 

quickly track the phase/frequency information unlike the rotating generators so that the 

utility as well as the converters do not get affected by sudden large current/voltage 

variations. Besides the power generation, the power electronic converters are also used for 

certain other applications like power quality conditioners, motor drives, traction and other 

industrial applications. These power electronic converters also need the proper grid 

parameters information prior to integrate them in modern power system else they may 

severely hamper the operation and control of the utility. 

 

The compulsion of this information (i.e. frequency, amplitude, phase angle) for the grid-

tied converter applications forced to investigate about the suitable algorithms which can 

provide the reliable information of these quantities for achieving smooth grid 

synchronization. Among the various controlling section of the converters, the 

synchronization unit have a most vital role [30-33].  It is no longer advisable to rely on the 

simple synchronization schemes based on the zero crossing detection as the power quality 
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in the grid (due to non-linear loads and other power electronic converters) is no longer the 

same as it happened several decades ago. Several researchers have presented various 

techniques to estimate the grid parameters accurately and quickly under non-ideal grid 

voltage conditions. This chapter reviews and evaluates some of the popular single-phase 

and three-phase PLL schemes used for grid synchronization through MATLAB/Simulink 

models with a view to identify the scope of further improvement, if any, in the grid 

synchronization techniques.   

3.1 Single-phase PLL 

The phase-locked loop is the robust structure to obtain different grid parameters like 

magnitude, phase and frequency of the grid or PCC voltage. Over the years researchers 

have suggested different structure of PD to estimate the closed loop frequency/phase-angle 

more reliable and accurate. Some of the popular single-phase PLLs are discussed and 

evaluated in this section.  

3.1.1 Basic Power PLL (pPLL) 

Fig. 3.1 shows block diagram of a standard single-phase power based PLL commonly 

known as pPLL. It comprises of a phase detector that is based on a simple multiplier [87], 

which operates on the input signal v and the feedback signal qv expressed by (3.1) and 

(3.2), respectively. 

                      3.1 

                      3.2 

where v is the input voltage and V is its amplitude. ω is the frequency of the input signal, 

ω’ is the estimated frequency, and   =          and              are the phase 

angles of the input and feedback signals, respectively.  

 

The phase difference between v and the reproduced signal qv  is detected by the PD unit to 

generate the phase voltage error         expressed by (3.3).  

                                     3.3 

which can also be represented as (3.4) 

       
    

 
                                                  

3.4 
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where kpd  is the phase detector‘s gain.   

 

It can be observed from (3.3), that the second term of the phase error information 

represents a high frequency term, two times the input frequency under steady-state. The 

loop filter, which is inherently a low pass filter formed using a proportional plus integrator 

(PI) controller, removes the high frequency term represented by the second term in the 

phase error       . The parameters kp and ki of the PI controller of the loop filter must be 

adjusted to characterize it as a low-pass filter (LPF) by attenuating all undesired 

frequencies. Hence, the loop filter helps in extracting slowly varying DC component which 

is mainly dependent on first term of (3.4) as expressed by (3.5) 

  ̅     
    

 
                          3.5 

It is then amplified by the amplifier having gain kvco and passed to the VCO, which 

generates the frequency (ω’) of the output signal. Finally, the phase of the output signal ( ) 

can be obtained by integrating ω’ (3.6).  

   ∫      
3.6 

As the PI of the loop filter tries to reduce        , in equilibrium (steady-state) conditions 

the output of the PD i.e.       , is driven to zero and ω’ gets locked with ω.  As a result, 

the phase of the output and the input signals get locked    =    . Thus, in steady-state the v 

and qv signals are shifted by 90˚ in order to reduce        to zero. 

 

FIGURE 3.1 Basic structure of power PLL (pPLL) 

The performance of the basic pPLL is evaluated using MATLAB/simulink model. The 

loop-filter parameters kp and ki are calculated with consideration of settling time ts=100ms 

and δ=0.7. The nominal frequency (centre frequency) is considered as 50Hz. Following 

cases are considered to investigate the operation of the PLL under different conditions: 

 case (i) : Step change in frequency of input signal 

 case (ii) : Step change in amplitude of input signal 
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 case (iii) : Phase jump in input signal 

 case (iii) : Distorted input signal 

 case (iv) : Presence of offset component in the input signal. 

The simulation studies with each of the above cases are presented next. 

Case (i): Step change in frequency of input signal 

The case is considered to evaluate the performance of the PLL when sudden frequency 

change occurs in the input signal. The magnitude and frequency of the input signal are 

considered as 1p.u. and 50Hz till t = 0.2s. At t=0.2s a step change in the frequency of input 

signal occurs and it reduces to 45Hz.  

 

Fig. 3.2(a) shows the input grid signal applied to the pPLL as mentioned above while Fig. 

3.2(b) shows the estimated frequency ω’  determined by the pPLL . The first order LPF 

parameters have been considered based on the settling time ts = 100ms and damping factor 

δ = 0.7.  

 

(a) 

 

(b) 

FIGURE 3.2 Simulation results with standard single-phase pPLL for case (i): (a) input signal and               

(b) estimated frequency ω’ 

 

It is observed from Fig. 3.2(b), that the mean value of the estimated frequency is same as 

that of the input signal. However, the estimated frequency is characterized by a ripple of 
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100Hz superimposed on the mean value.  The reason is the presence of double frequency 

oscillation term        as indicated by (3.4). Hence, the standard pPLL is unable to track 

the grid signal frequency accurately. It is also observed from Fig. 3.2(b) that the mean 

value of the estimated frequency does not change instantaneously to 45Hz. It requires 

about 100ms to settle down to 45Hz. Further, this technique does not provide the 

information about the amplitude of the input signal. 

Case (ii): Step change in amplitude of input signal 

The case is considered to evaluate the performance of the PLL when the amplitude of the 

input signal experiences a step change. The magnitude and frequency of the input signal 

are considered as 1p.u. and 50Hz till t = 0.2s. At t=0.2s a sudden sag occurs in the input 

signal occurs and its amplitude reduces to 80% i.e. 0.8 p.u. Fig. 3.3(a) shows the variation 

in the amplitude of the grid signal at t=0.2s. The estimated frequency shown in Fig. 3.3(b) 

is still characterized by the 100Hz ripple. It is observed from Fig. 3.3(b) that the amplitude 

sag has no effect on the mean value of the estimated frequency. However, in response to 

the amplitude sag at t=0.2s, immediate change (reduction) is observed in the amplitude of 

the ripple in the estimated frequency.  

 
(a) 

 

(b) 

FIGURE 3.3 Simulation results with standard single-phase pPLL for case (ii): (a) input signal and (b) 

estimated frequency ω’ 
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Case (iii): Phase jump in input signal 

Sudden unwanted disturbances or faults like the line to ground fault in power system is 

likely to result into sudden phase change of phase jump in the grid voltage (or the PCC 

voltage).  To study the effect of phase change due to such unwanted occurrences on the 

performance of a PLL, a phase jump i.e. sudden change in phase from 0º to 45º is 

considered at t=0.2s.  The amplitude and the frequency of the input signal remains 1p.u. 

and 50Hz, respectively throughout the period of interest. 

 

Fig. 3.4(a) shows the input signal with a phase jump at t=0.2s. Fig. 3.4(b) shows that the 

phase jump in the input signal affects the mean value of the estimated frequency but does 

not cause any variation in the magnitude of the 100Hz ripple. After the disturbance, the 

mean value of the estimated frequency is retained to 50Hz within 50ms. The settling time 

may vary if the instant at which the disturbance occurs, does not coincide with the zero 

crossing of the input signal. But the nature of the estimated frequency remains the same i.e. 

exhibiting a double frequency ripple with initial overshoot (or undershoot) in the mean 

estimated frequency and then settling to the mean value of 50Hz.  

 

(a) 

 
(b) 

FIGURE 3.4 Simulation results with standard single-phase pPLL for case (iii): (a) input signal and (b) 

estimated frequency ω’ 
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Case (iv): Distorted input signal 

Now-a-days, the modern power system is comprised of various power electronics based 

non-linear load, power quality conditioners, voltage stabilizers etc. which may result into 

the deteriorated (distorted i.e. non-sinusoidal) grid signals. The case is considered to 

evaluate the performance of the PLL in estimating the frequency of such non-sinusoidal 

signals. The input signal is considered as a sinusoidal signal with magnitude and frequency 

of 1p.u. and 50Hz, respectively till t=0.2s. The signal then gets affected by 5
th

 , 7
th

 ,11
th

  

and 13
th

 order harmonic components with the amplitudes as 20%, 10%, 5% and 2% 

respectively, of the fundamental component.   

 

Fig. 3.5(b) shows that the mean value of the estimated frequency is not affected by the 

harmonics present in the input signal. However, the oscillations of the estimated frequency 

over the mean value no-longer represent a 100Hz ripple. Infact it is characterized by the 

presence of 2n harmonics where n is an integer.  

 

(a) 

 

(b) 

FIGURE 3.5 Simulation results with standard single-phase pPLL for case (iv): (a) input signal and             

(b) estimated frequency ω’ 

Case (v): Presence of offset component in input signal 

The case is considered to evaluate the effect of presence of off-set or dc-component in the 

input signal on the performance of PLL. Such dc-offset may occur due to the error in 
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measurement, data conversion or signal processing. It may also result due to the 

asymmetrical operation of the converters which may introduce dc-offset in the system. 

Hence, the behavior of the pPLL is analyzed through this case where a dc-offset of 10% is 

introduced at t=0.2s in the input signal of 1p.u. magnitude and 50Hz. Fig. 3.6(a) shows the 

offset introduced at t=0.2s. As a result, after t=0.2s, the estimated frequency shows ripple, 

which contains the 3
rd 

and 4
th

 harmonics besides the 2
nd

 harmonic i.e. 100Hz component.   

 

Thus, it is observed through the above five cases that the estimated frequency always 

contains 100Hz ripple superimposed on the mean value that is desired. In addition it may 

also contain other harmonic components depending on the type of disturbance and the 

instant of its occurrence. Another shortcoming of this basic pPLL is that it does not 

provide any information about the amplitude of the input signal.  

 

(a) 

 

(b) 

FIGURE 3.6   Simulation results with standard single-phase pPLL for case (v): (a) input signal and            

(b) estimated frequency ω’ 

3.1.2 T/4 Delay Operator Based PLL (T/4- PLL) 

The standard power PLL (pPLL) suffers from a double frequency oscillation in frequency 

estimation due to product type PD [88]. To deal with this issue modification in in-loop 

filtering action in standard structure is required. It must be noted that the PD of pPLL 
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multiplies two in-quadrature sinusoidal quantities and the resultant signal is then processed 

through LPF. Alternatively, an orthogonal signal generator (OSG) along-with Park‘s 

transformation (commonly known as αβ- dq), expressed by (3.9), can be employed to act 

as a PD.  

*
  

  
+  *           

          
+ [

  

  
] 3.9 

where    and    represent the orthogonal components of the input signal. 

Due to the Park‘s transformation the fundamental frequency component in the rotating 

reference frame (rotating corresponding to fundamental frequency) appears as DC signal. 

Hence, it becomes easy to deal with such dc signal through filtering action by LPF as 

compared to the filtering of ac signals. 

 

Fig. 3.7 shows the basic block diagram of T/4 delay operator based PLL. In this PLL, the 

simple T/4 delay operator is connected with input signal to get two signals shifted by π/2 

(i.e. orthogonal signals). Here T is the fundamental time period of grid (input) signal. 

These in-quadrature signals are then transformed to dq-frame using the Park‘s 

transformation (3.9). The rest of the structure of T/4 delay PLL (referred as T/4-PLL) is 

similar to that of pPLL. In steady state, when the output signal frequency ω’ gets locked 

with the input signal frequency ω, the q-axis component reduces to zero i.e. vq = 0 while 

the d-axis component vd gives the amplitude of the input signal. Thus, in addition to the 

phase angle θ’= θi it is possible to know the amplitude |  |  of the input voltage vector v 

with this approach. 

 

FIGURE 3.7 Standard  T/4- PLL 

The MATLAB-Simulink model is implemented to carry out the performance analysis of 

the T/4-PLL. The same cases (case (i) to case (v)) are considered to evaluate the 

performance. The LPF parameters are considered same as that in previous section 3.1.1. 

The delay T/4 is set as one quarter of the time period corresponding to the nominal 

frequency of the input signal. 
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Case (i): Step change in frequency of input signal 

Fig. 3.8 represents the simulation result of the estimated frequency using T/4-PLL under 

the input signal variation according to case (i) mentioned in section 3.1.1. It tracks the grid 

signal‘s frequency correctly, till t=0.2s. After the step-change in the frequency of the input 

signal applied at t=0.2s, a double-frequency ripple is observed. The reason is the 

inaccuracy in the generation of the orthogonal signals as the time period T is set in 

accordance to the nominal frequency of 50Hz. Thus, if input frequency changes the delay 

(T/4) must be set in accordance to the new frequency of the input signal. Use of simple 

first-in-first-out (FIFO) buffer to set one fourth samples (T/4 delay) of the number of 

samples contained in one cycle of the fundamental period can be made to achieve the 

objective, however at the cost of slowing down the response.  

 
FIGURE 3.8 Simulation results with standard single-phase T/4-PLL for case (i): estimated frequency ω’ 

Case (ii): Step change in amplitude of input signal 

The input grid signal is applied as mentioned in Fig. 3.3(a) to verify the performance of 

T/4-PLL in case of sudden amplitude change. It is observed from the estimated frequency 

ω’ of the input signal shown in Fig. 3.9 that the step-change in amplitude affects the 

frequency estimation momentarily (at the time of step-change). The PLL otherwise 

correctly estimates the fundamental frequency and does not bear any double frequency 

component like that observed with pPLL. 

 
FIGURE 3.9 Simulation results with standard single-phase T/4-PLL for case (ii): estimated frequency ω’ 
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Case (iii): Phase jump in input signal 

Fig. 3.10 represents the estimated frequency by T/4-PLL, when the grid signal suffers with 

the sudden phase jump (Fig. 3.4(a)). It shows the overshoot at the time of phase jump and 

settles down to the actual value of 50Hz within 0.5s. Thus, the settling time is nearly the 

same. However, the estimated frequency is free from double frequency component. 

 

FIGURE 3.10 Simulation results with standard single-phase T/4-PLL for case (iii): estimated frequency ω’ 

 

Case (iv): Distorted input signal 

With distorted grid signal shown in Fig. 3.5(a), a non-sinusoidal, periodic, oscillatory 

response around the desired/actual frequency is observed in the estimated frequency shown 

in Fig. 3.11. The fixed delay of one quarter of the fundamental signal (i.e. T/4) introduced 

in the input signal generates two orthogonal signals having fundamental frequency. 

However, as the delay is introduced just for the fundamental frequency, the orthogonal 

signal generator is unable to correctly reproduce the orthogonal components for the 

harmonics present in the input signal.   

Case (v): Presence of offset component in input signal 

Fig. 3.12 shows the oscillatory response of the estimated frequency of the input signal 

using T/4-PLL with input signal having offset as shown in Fig. 3.6(a).  Just like the pPLL, 

here also a ripple component is observed in the estimated frequency. The frequency of the 

ripple is the same as that of the fundamental frequency. 
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FIGURE 3.11 Simulation results with standard single-phase T/4-PLL for case (Iv): estimated frequency ω’ 

 
FIGURE 3.12 Simulation results with standard single-phase T/4-PLL for case (v): estimated frequency ω’ 

Thus, it is observed that in real time application T/4 delay operator works very well if the 

input signal is purely sinusoidal at rated (fixed) frequency. It requires tuning of the delay if 

any changes in frequency of the input signal occur. In addition, the OSG technique based 

on T/4 delay operator doesn‘t have any filtering capability. Therefore, the input signals vα 

and vβ’ are not in-quadrature, if the grid signal contains harmonics. These drawbacks lead 

to ripple in the estimated frequency and hence error in phase angle/frequency estimation.  

3.1.3 Inverse-park Transform PLL  

Fig. 3.13 shows the basic block diagram of the inverse Park transformation-based PLL 

(IPT-PLL) for single-phase applications. In this PLL, fictitious orthogonal signals are 

generated by applying the inverse park transformation to the filtered dq-axis voltage 

components   ̅  and   ̅   (3.10).  

 

*
   
   

+  *           
           

+ [
 ̅ 

 ̅ 
] 3.10 
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FIGURE 3.13 Basic block diagram of Inverse Park transform PLL 

LPFs are introduced in the feedback path to filter out the oscillations/ripple present in vd 

and vq component. In most cases, the first-order Infinite impulse response-LPF (IIR-LPF) 

is preferred for the sake of simplicity and minimization of in-loop phase-delay error. 

When PLL output signal gets locked with the input signal, the output signals of the inverse 

park transform are perfectly orthogonal to each other. At that time vα component is in-

phase with the v’α while in-quadrature to v’β. The q-axes component vq is processed by the 

PI controller to obtain vq = 0 in steady state. Hence, the input voltage vector v coincides 

with d axis of dq reference frame. As a result, magnitude of vd is same as the magnitude of 

v. The performance of IPT-PLL is evaluated using MATLAB-Simulink for the cases (i)-(v) 

mentioned earlier. The in-loop (LPF) parameters are the same as considered with other 

PLLs. The simulation results for all the cases are discussed next. 

Case (i): Step change in frequency of input signal 

It is observed from Fig. 3.14 that the estimated frequency follows the frequency of the 

input signal. Estimated frequency is 50 Hz before t=0.2s and about 45Hz after t=0.25s. It 

takes about 0.05s to settle down to 45Hz when a step change in frequency occur at t=0.2s. 

The double frequency component is also not observed. 

 

FIGURE 3.14 Simulation results with standard single-phase IPT-PLL for case (i): estimated frequency ω’ 
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Case (ii): Step change in amplitude of input signal 

Fig. 3.15 shows the results when a sudden step change in signal amplitude (Fig. 3.3(a)) is 

applied. The IPT-PLL accurately tracks the fundamental frequency. 

  

 

FIGURE 3.15 Simulation results with standard single-phase IPT-PLL for case (ii): estimated frequency ω’ 

Case (iii): Phase jump in input signal 

Fig. 3.16 shows the estimated frequency using IPT-PLL when the phase jump of 45° is 

applied as considered in Fig. 3.4(a). Deviation of the estimated frequency from the actual 

value occurs only during duration 0.2-0.27s.  

 
FIGURE 3.16 Simulation results with standard single-phase IPT-PLL for case (iii): estimated frequency ω’ 

Case (iv): Distorted input signal 

Fig. 3.17 reveals that inspite of the inherent pre-filtering stage in IPT-PLL, it is not able to 

completely eliminate the effect of harmonics. Hence, after t=0.2s i.e. when the harmonics 

are introduced, the estimated frequency shows some variations around the mean value of 

the estimated frequency.  
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FIGURE 3.17 Simulation results with standard single-phase IPT-PLL for case (iv): estimated frequency ω’ 

Case (v): Presence of offset component in input signal 

The oscillatory response is observed (with frequency of oscillation equal to that of the 

fundamental frequency) for the estimated frequency shown in Fig. 3.18, if the input grid 

signal is affected by the offset component. The input grid signal is the same as shown in 

Fig. 3.6 (a).  

 

FIGURE 3.18 Simulation results with standard single-phase IPT-PLL for case (v): estimated frequency ω’ 

It is observed from the above cases, that the IPT-PLL is not able to completely eliminate 

the effect of harmonics on the frequency estimation. Hence, it needs more number of 

filtering modules, when it is required to extract some harmonic components other than the 

fundamental component. The performance and accuracy of the above mentioned technique 

also depends on the in-loop filters gain. Hence, the filtering capabilities can be improved 

by adjusting the bandwidth, however at the cost of slowing down the response. 

3.1.4 Enhanced Phase-Locked Loop (EPLL) 

Enhanced PLL (EPLL) [53, 89-90] shown in Fig. 3.19 employs a pre-filtering stage to 

extract the fundamental component from the input signal. In this standard EPLL, the 
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adaptive filter (AF) is used as prefiltering stage along with the multiplier PD based 

conventional PLL. The main advantage of the AF is its capability to adjust its gain 

parameters adaptively according to optimization algorithm.   

 

For realization of EPLL operation (frequency estimation), the input signal is applied to the 

AF besides the unitary sinusoidal signal derived through the conventional PLL. The output 

of AF is given to the product type PD, similar to standard PLL to estimate the input signal 

frequency. The amplitude of the input signal is also known apart from the fundamental 

frequency/phase angle information in this technique. 

 

FIGURE 3.19 Basic structure of Enhanced phase-locked loop  

The performance of the EPLL shown in Fig. 3.19 is evaluated through MATLAB-

Simulink and the simulation results are presented for the cases (i)-(v) discussed earlier 

through Figs. 3.20-3.24. It detects the fundamental frequency accurately but fails when the 

grid signal is distorted. To remove the harmonics causing distortion of the input signal, the 

filtering can be improved by properly tuning the bandwidth, however it  slows down the 

response of the single-phase EPLL. 

 

It is observed from Figs. 3.20 through 3.22 corresponding to case (i) through (iii), that the 

estimated frequency deviates from the actual for short duration of about 0.6s just after the 

disturbances. For rest of the period frequency is estimated accurately. It does not show any 

double frequency ripple. However, as observed from Fig. 3.23 and Fig. 3.24, just like IPT-

PLL, EPLL is also unable to perform satisfactorily for cases (iv) and (v) corresponding to 

distorted input and input having dc-offset, respectively.  
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FIGURE 3.20 Simulation results with standard single-phase EPLL for case (i): estimated frequency ω’ 

 

FIGURE 3.21 Simulation results with standard single-phase EPLL for case (ii): estimated frequency ω’ 

 

FIGURE 3.22 Simulation results with standard single-phase EPLL for case (iii): estimated frequency ω’ 

 

FIGURE 3.23 Simulation results with standard single-phase EPLL for case (iv): estimated frequency ω’ 
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FIGURE 3.24 Simulation results with standard single-phase EPLL for case (v): estimated frequency ω’ 

3.1.5 Second Order Generalized Integrator Phase-Locked Loop (SOGI-PLL) 

The second order generalized integrator (SOGI) is the most popular technique to generate 

the quadrature signals [91]. Unlike one adaptive filter used in EPLL, the SOGI structure 

uses two adaptive filters. The schematic of SOGI-OSG is shown in Fig. 3.25 (dashed box). 

This adaptive structure avoids the trigonometric functions (sin/cosine) in implementation, 

which reduces the computational burden and structural complexity. Hence, the SOGI-OSG 

is an alternative solution to replace all above OSG generation techniques in estimating the 

fundamental frequency. The SOGI-OSG structure is applied to conventional PLL to 

estimate the frequency of the input signal. Fig. 3.25 shows the basic structure of SOGI-

PLL, in which v is the single-phase input voltage, θ’ is the estimated phase angle and ωc 

(2π50rad/s) is the centre frequency. The parameter k is constant gain and ε is the error 

signal of the SOGI-OSG structure. The estimated frequency ω’ is fed back to this structure 

to make frequency adaptive under the input signal frequency deviation situations. The 

transfer function of SOGI-OSG structure is written as per (3.11-3.12) 

 

FIGURE 3.25 Basic structure of SOGI-PLL 
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 3.12 

The main benefit of the SOGI-OSG structure is that it filters out the orthogonal signals v’ 

(i.e. v’α ) and qv’ (i.e. v’β) and makes them free from distortion if present in input signal 

(vin) . It can be realized from the above transfer functions D(s) and Q(s) that they act as 

BPF and LPF, respectively. 

 

The results of simulations performed in MATLAB/Simulink presenting the performance of 

the single-phase SOGI-PLL are shown in Fig. 3.26-3.30. The performance is evaluated 

once again for the same cases (i)–(v) mentioned earlier. It is revealed from the Figs. 3.26 

through 3.28, that the performance for cases (i)-(iii) is not much different from that of IPT-

PLL and EPLL. However for case (iv), a significant improvement is noticed (Fig. 3.29) 

showing the superior quality of SOGI-PLL in curbing the effect of harmonics on the error 

in frequency estimation. However, when operating with an input having dc-offset, just like 

IPT-PLL and EPLL, the estimated frequency with SOGI-PLL (Fig. 3.30) shows the 

presence of ripple with frequency equal to the fundamental frequency.  

 

FIGURE 3.26 Simulation results with standard single-phase SOGI-PLL for case (i): estimated frequency ω’ 

 

FIGURE 3.27 Simulation results with standard single-phase SOGI-PLL for case (ii): estimated frequency ω’ 

F
re

q
u
en

cy
 



ra
d

/s
ec

0.15 0.2 0.25 0.3 0.35
100

200

300

400

F
re

q
u
en

cy
 



ra
d

/s
ec

0.15 0.2 0.25 0.3 0.35
100

200

300

400

Time (s) 

Time (s) 



Chapter 3  Phase-Locked Loop 

45 
 

  

FIGURE 3.28 Simulation results with standard single-phase SOGI-PLL for case (iii): estimated frequency ω’ 

 

FIGURE 3.29 Simulation results with standard single-phase SOGI-PLL for case (iv): estimated frequency ω’ 

 

FIGURE 3.30 Simulation results with standard single-phase SOGI-PLL for case (v): estimated frequency ω’ 

3.2 Comparison of the single-phase PLLs 

Comparison of different single-phase PLLs is carried out in terms of its response time, 

computational burden and their capabilities to work with different types of disturbances 

and presented in form of Figs. 3.31-3.32 and Table 3.1. It is observed from Fig. 3.31(a)-(c), 

corresponding to cases (i)-(iii), that the estimated frequency for all the PLL settles down to 

a steady value in less than 0.5-0.6s. However, sustained double frequency oscillations are 

observed in the frequency estimated with pPLL for all the three cases (corresponding to 

sudden frequency change, amplitude change and phase jump). A double frequency 

component is also noticed in the frequency estimated by T/4-PLL for the case (i). 
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Moreover, it is observed that though the EPLL does not show any double frequency 

oscillations in steady-state, oscillations (that die down slowly) are observed for some time 

after the step change in frequency, amplitude and/or phase of the input signal. It is noticed 

from Fig. 3.31(a) that the EPLL exhibits larger overshoot (or undershoot) and the 

amplitude of the oscillations as compared to other PLLs.   

 

(a) 

 

(b) 

 

(c) 

FIGURE 3.31 Comparative simulation results of estimated frequency ω’ by single-phase PLL in case grid 

signal experiences (a) frequency step of 50Hz to 45Hz at time t=0.2s (b) amplitude sag (20% of peak) at time 

t=0.2s (c) phase jump of 45º at t=0.2s. 

Fig. 3.32(a) shows the relative performance of the PLLs in estimating the frequency of the 

distorted input signal. It is observed that for all the PLLs some deviation from the actual 
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value is observed in the estimated frequency. Inspite of the in-loop filtering and pre-

filtering stages of the IPT-PLL and EPLL, respectively, a significant frequency estimation 

error is observed. The performance of SOGI-PLL under such case is relatively better than 

that of the remaining PLLs.  

 

Fig. 3.32(b) shows that just like distorted signals, these PLLs are unable to correctly 

estimate the frequency of an input signal bearing dc-offset. Except the pPLL whose 

estimated frequency is characterized by 2
nd

, 3
rd 

and 4
th

 harmonics, the estimated frequency 

of all other PLLs shows the ripple component with frequency same as that of the 

fundamental frequency.  The relative comparison of these PLLs in terms of their filtering 

capability, dc-rejection capability and the computational requirement is presented in 

Table3.1.  

 

(a) 

 

(b) 

FIGURE 3.32 Comparative simulation results of estimated frequency ω’ by single-phase PLL in case grid 

signal experiences (a) distortion with 5
th

 ,7
th

 ,11
th

 ,13
th

 order harmonic components at time t=0.2s (b) 

presence of offset component (10% peak value) at t=0.2s. 
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TABLE 3.1 PERFORMANCE EVALUATION OF VARIOUS SINGLE-PHASE PLL TECHNIQUES 

PLL-Type 
Harmonic 

Filtering 

DC offset 

Rejection 

Computational 

burden 

Settling 

Time(s)
$
 

Overshoot
$
 Margin

$
 

pPLL 
No 

No 
Low 0.148 39.8% PM=90°, 

GM=inf (dB) 

T/4 Delay 

PLL 

No 
No 

Low 0.183 53.4% PM=64.7°, 

GM=inf (dB) 

IPT-PLL
*
 

Poor 
No 

Medium 0.385 74.2% PM=31.5.7°, 

GM=inf (dB) 

Standard 

EPLL 
Poor No 

Low 0.148 39.8% PM=90°, 

GM=inf (dB) 

SOGI-PLL
#
 Medium No 

Medium 0.298 67% PM=42.8°, 

GM=inf (dB) 

* The harmonic filtering capability can be improved by extended IPT-PLL [92]. 

# The harmonic rejection ability can be enhanced by cascading the SOGI-QSGs, parallel   

connection of SOGI-QSGs [92]. 

$ Quantitative analysis done for step change in amplitude of input signal 

 

3.3 Three-phase PLL 

 

Most of the equipment in the power system, which are having higher ratings (typically in 

tens of kW or higher) operates with a three-phase supply. Such equipment needs 

information about magnitude, phase and frequency of the grid voltage to have safe and 

smooth interface and reliable and efficient operation and control. Rather than having a 

three different PLLs, one for each phase, a single three-phase PLL must be used for such 

application as the three phases of the three-phase system do not operate independently or 

autonomously. The three phases must be treated as a (space) vector. Thus, it is required to 

transfer the three phase quantities to a single vector, which can be represented by two 

orthogonal components. Under ideal condition i.e. when all the three phase voltages are 

sinusoidal, equal in magnitude and represent a balanced set, the vector traces a circle and 

in such case it is easy to estimate the magnitude, phase and frequency. However, it is 

challenging when the supply voltage deviates from this ideal conditions.  

 

This section discusses some of the three-phase PLLs and evaluates their performance 

under the ideal as well as non-ideal conditions when the input supply voltage is 

characterized by the grid abnormalities like presence of harmonics, distorted voltage, 

unbalanced supply voltage etc.  

3.3.1 Synchronous Reference Frame-PLL (SRF-PLL) 

The conventional SRF-PLL structure is shown in Fig. 3.33 [93]. The phase angle θ’ can be 

estimated by synchronizing the PLL rotating reference frame with utility voltage through 
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feedback loop. For this, the three-phase (abc) grid voltage vector are first transformed to 

stationary reference frame (αβ0) using Clarke transformation matrix [Ts]. 

 

Thus, the three phase balanced utility voltage having amplitude Vm  and expressed by 

(3.13) (where                      
      

          

(

 
 

     

   (   
  

 
)

   (   
  

 
)
)

 
 

 3.13 

is represented in stationary αβ reference frame using Clarke‘s transformation as 

                     3.14 

where, vsαβ0 = [vsα  vsβ  vs0] 
T 

while [Ts] is expressed by (3.15) that denotes the 

transformation matrix  
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   3.15 

The αβ components from stationary reference frame are then transformed to the dq  

rotating reference frame using Park‘s transformation matrix [Tθ] as expressed by (3.16).  

*
  

  
+      [

   

   
]  ;        [

              

               
] 3.16 

Among these in-quadrature rotating frame components, the q-axis component of the 

voltage vector is passed through low pass filter (PI) and tuned to make it zero. As a result, 

in steady state condition, the d-axis component vd  gives the amplitude V
+1 

of the positive-

sequence components of the input voltage vector. The phase angle θ’ can be obtained by 

integrating the estimated frequency ω’. This phase angle θ’ is used as a feedback for the 

Park‘s transformation. 

 

 FIGURE 3.33 Basic scheme of conventional SRF-PLL 
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Fig. 3.34 shows the linearized model of the conventional SRF-PLL. In which, θ and θ’ 

represents the input signal‘s phase angle and the estimated phase angle, respectively. The 

error signal        can be represented as expressed in (3.17). The dynamic performance of 

the SRF-PLL can be expressed as the second order transfer closed-loop function (3.18) 

from the Fig. 3.34. 

                          3.17 

        
     

    
 

      

         
  

           
  

  

              
  

  
 3.18 

It holds the second order characteristic equation in denominator and helps in writing the 

approximate equations to estimate the settling time (3.19) and the tuning parameters (3.20) 

of the loop filter for the PLL. These expressions give rough estimates of the time response.  

                         ; where    
 

   
 3.19 

Tuning parameters            
   

  
         

  

  
 3.20 

 

 

FIGURE 3.34 Linearized model of conventional SRF-PLL 

The performance analysis of the standard three-phase SRF-PLL is studied by simulating it 

with MATLAB/Simulink. The performance is evaluated for five different cases just like 

that carried out with single-phase PLLs. The nominal frequency (centre frequency) is 

considered as 50Hz. These cases are discussed next. 

 

Case (i): Step change in frequency of input signal 

A step change in frequency is considered at t=0.2s to analyze the performance of the SRF-

PLL to correctly estimate the frequency. Fig. 3.35 (a) shows the input grid signal and Fig. 

3.35(b) represents the estimated frequency ω’. The peak value of input grid signal shown 

in Fig. 3.35(a) is considered as 1p.u. and initial frequency is 50 Hz. The step change in 
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frequency from 50Hz to 45 Hz occurs at time t=0.2s. The in-loop filter parameters are 

considered based on the settling time ts = 100ms and damping factor δ = 0.7.  

 

It is observed from result shown in Fig. 3.35(b), that the estimated frequency of the SRF-

PLL tracks the supply frequency. Thus, it accurately estimates the fundamental frequency 

and requires about 3 to 4 cycles to settle down to a new steady state value after a step 

change in supply frequency. It must be noted that the algorithm also provides the 

information about the amplitude (V
+1

) of the input signal. 

Case (ii): Step change in amplitude (phase-a sag) of input signal 

This case is considered to evaluate the performance of the three-phase SRF-PLL with an 

unbalanced 3-phase supply. Figs. 3.36(a) and (b) show the grid signal and the frequency 

estimated using SRF algorithm, respectively. The performance evaluation is carried out by 

considering the amplitude sag (20% of peak) in the phase-a at time t=0.2s. Thus, an 

unbalance is created in the 3-phase supply voltage at t=0.2s. It is clearly observed that the 

estimated frequency after t=0.2s exhibits oscillatory response in case of an unbalanced 

input supply. 

 

(a) 

  

(b) 

FIGURE 3.35 Simulation results with standard three-phase SRF-PLL for case (i): (a) input signal and (b) 

estimated frequency ω’ 
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(a) 

  

(b) 

FIGURE 3.36 Simulation results with standard three-phase SRF-PLL for case (ii): (a) input signal and (b) 

estimated frequency ω’ 

Case (iii): Phase jump in input signal 

The occurrence of the line to ground faults, connection and disconnection of heavy loads 

in power system may suddenly create the phase jump in the grid voltage signal. Hence, 

performance evaluation for input signal frequency estimation using SRF-PLL algorithm is 

carried out to represent such situation. Fig. 3.37 displays the results when the grid signal is 

affected with a sudden phase jump in phase-a (case (iii)). Fig. 3.37(a) shows three-phase 

grid signal when the input voltage undergoes a sudden phase jump of 45º at time t=0.2s. 

The estimated frequency under this disturbance is shown in Fig. 3.37(b). It is observed 

that corresponding to a sudden phase jump, a sudden increase in a frequency is observed. 

However, it dies down within 3-4 cycles to its actual value corresponding to 50Hz. 

Case (iv): Distorted input signal 

This case is considered to evaluate the performance of the SRF-PLL when the input is 

infected by harmonics. The performance here is investigated by considering the presence 

of 5
th

, 7
th

, 11
th

,13
th

 order harmonic components. Figs. 3.37(a) and 3.38(b) show the 

distorted input signal and estimated frequency of the three-phase SRF-PLL, respectively.  
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(a) 

 

(b) 

FIGURE 3.37 Simulation results with standard three-phase SRF-PLL for case (iii): (a) input signal and (b) 

estimated frequency ω’ 

 

(a) 

 

(b) 

FIGURE 3.38 Simulation results with standard three-phase SRF-PLL for case (iv): (a) input signal and (b) 

estimated frequency ω’ 
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The effect of harmonics present in the input signal is observed on the estimated frequency 

shown in Fig. 3.38(b). The estimated frequency is no longer a constant value, but it varies 

around a mean value corresponding to the fundamental frequency of the input signal. The 

trade-off between the time response and harmonic rejection in SRF-PLL relies on the 

bandwidth of in-loop filter. 

Case (v): Presence of offset component in input signal 

To evaluate the performance of the SRF-PLL for the input having a dc-offset, it is 

considered that the phase-a is affected by the presence of the dc component of 10% of the 

fundamental. The grid signal is shown in Fig. 3.39 (a), while the estimated frequency is 

shown in Fig. 3.39(b). It shows the low frequency sustained oscillations superimposed on 

the average value of the frequency.  

 

(a) 

 
(b) 

FIGURE 3.39 Simulation results with standard three-phase SRF-PLL for case (v): (a) input signal and (b) 

estimated frequency ω’ 

3.3.2 Decoupled Double Synchronous Reference Frame –PLL (DDSRF-PLL) 

The capability of the conventional SRF-PLL to estimate the frequency correctly under 

various grid signal abnormality is studied in the previous section. It is evaluated that the 
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performance of the SRF-PLL is not satisfactory, in case the grid signal is unbalanced in 

nature. Also, the performance is poor if the grid signal is distorted. It gives oscillatory 

response in the estimated frequency when any offset component is present in the 

actual/sensed grid signal. Hence, another structure is reconfigured and suggested in [65] to 

overcome the conventional SRF-PLL limitation. It comprises of two synchronous rotating 

reference frames operating in parallel. It is termed as decoupled double synchronous 

reference frame (DDSRF). These frames are rotating at the fundamental utility frequency; 

one in counter-clockwise and another one in clockwise direction to separate the positive 

and negative sequence components of grid voltage vector. Fig. 3.40 shows the block 

diagram of the DDSRF-PLL It comprises of positive and negative rotating reference 

frames. The positive rotating reference frame (dq
+1

) rotates in positive direction with the 

positive angular speed ω’ and whose angular position is θ’, while the negative rotating 

reference frame (dq
−1

), rotates with the negative speed -ω’ and its angular position is -θ’. 

Thus, DDSRF-PLL separates the positive and negative sequence components of 

unbalanced voltage vector. 

 

FIGURE 3.40 Block diagram of DDSRF-PLL 

The sequence components of the input voltage vector vsabc can be represented by (3.21-

3.23) on the DSRF and the estimated values at output of the DDSRF is expressed by 

(3.24-3.25). 
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The generelised decoupling network diagram used  in DDSRF-PLL is shown in Fig 3.41. 

It decouples the positive and negative sequence components of the input voltage vector, 

where n and m stands for either positive or negative. The above analysis is done by 

considering n = +1 and m= -1, that is decopling the fundamental positive sequence 

components and negative sequence components on dq
+1 

and dq
−1

 axes.  

 

FIGURE 3.41 Decoupling network of DDSRF-PLL block diagram 

The decoupling equations shown in (3.24-3.25) cancel out the oscillations, which 

otherwise are generated in SRF-PLL under the unbalanced situation and thus, DDSRF 

gives satisfactory result in estimating the frequency.  

The performance analysis of the DDSRF-PLL is carried out in Simulink. The same cases 

(cases (i) to (v)) which were used to test the performance of the SRF-PLL are considered 

to evaluate the performance of the DDSRF-PLL. 

Case (i): Step change in frequency of input signal 

The input grid signal is represented in Fig. 3.35(a) where the frequency step of 50Hz to 

45Hz occurs at time t=0.2s in grid signal. The same in-loop filter parameters are 
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considered as mentioned in the previous section. Fig. 3.42 shows the estimated frequency 

ω’ of the grid signal, when the three-phase signal undergoes the frequency step change. It 

tracks the frequency accurately under the aforesaid grid signal variation. The results are 

similar to that obtained with the SRF-PLL.  

 

FIGURE 3.42 Estimated frequency ω’ with standard three-phase DDSRF-PLL for case (i) 

Case (ii): Step change in amplitude (Phase-a sag) of input signal 

Fig. 3.36 (a) shows the input signal, where the phase-a experiences 20% sag in amplitude 

at time t=0.2s.  The DDSRF-PLL accurately estimates the fundamental frequency under 

such grid signal disturbance.  Fig. 3.43 shows the frequency estimated by the DDSRF-

PLL. It is observed that unlike SRF-PLL, the frequency estimated with DDSRF-PLL does 

not show any oscillations/ripple. 

 
 

FIGURE 3.43 Estimated frequency ω’ with standard three-phase DDSRF-PLL for case (ii) 

Case (iii): Phase jump in input signal 

The grid signal shown in Fig. 3.37 (a) is considered to carry out performance analysis of 

DDSRF-PLL for sudden phase jump in the supply voltage. Fig. 3.44 shows the estimated 
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frequency by the DDSRF-PLL under this grid signal disturbance. The results are similar to 

that obtained with the SRF-PLL. 

 

FIGURE 3.44 Estimated frequency ω’ with standard three-phase DDSRF-PLL for case (iii) 

Case (iv): Distorted input signal 

The distorted input signal of Fig. 3.38(a) (the one used for SRF-PLL for case (iv)) is 

considered to test the performance with distorted supply. The estimated frequency shown 

in Fig. 3.45, once again like that of SRF-PLL, shows the inaccurate estimation of the 

frequency which is characterized by the presence of ripples of harmonic frequencies 

superimposed on the desired fundamental frequency.  

 

FIGURE 3.45 Estimated frequency ω’ with standard three-phase DDSRF-PLL for case (iv) 

Case (v): Presence of offset component in input signal 

The grid signal with a dc-offset in phase-a, similar to that shown in Fig. 3.39(a), is 

considered for this case.  The estimated frequency is displayed in Fig. 3.46. It is observed 

that, if dc component is present in any one of the phases of three-phase signal, it results 

into the sustained oscillations in the estimated frequency.   
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FIGURE 3.46 Estimated frequency ω’ with standard three-phase DDSRF-PLL for case (v) 

3.3.3. Dual Second Order Generalized Integrator PLL (DSOGI-PLL) 

The OSG based on the second order generalized integrator is studied for single-phase 

system in the earlier section. It is observed that it acts as a notch filter for the input signal. 

Hence, any signals other than the fundamental components are attenuated through this 

pre-filtering stage. It can be extended for frequency estimation in a 3-phase supply by 

employing two SOGI structure in parallel. It is popularly known as dual second order 

generalized integrator-PLL (DSOGI-PLL) [58-59, 91]. The in-quadrature output of 

individual SOGI structure is given to positive sequence calculation (PSC) block to 

calculate positive (as well as negative) sequence components. The positive sequence 

components (vα
+
) and (vβ

+
) are fed to the conventional SRF-PLL to estimate the 

fundamental frequency or phase angle. Thus, the operating principle of the DSOGI-PLL 

for estimating the positive and negative-sequence components of the grid voltage vectors 

is based on using the instantaneous symmetrical components (ISC) method on the 

stationary reference frame.  

 

The diagram of the DSOGI-PLL is shown in Fig. 3.47, in which three phase voltage 

vectors are transformed to synchronously rotating reference frame (αβ frame) and then 

individually pass through the adaptive block based on second order generalized integrator 

(SOGI-OSG) to convert into in-quadrature (dq) components rather than obtaining the 

same through Park‘s transformation as done in SRF-PLL. These dq components are then 

transferred to the loop controller to estimate the grid frequency as mentioned in SRF-PLL.  

F
re

q
u
en

cy
 



ra
d
/s

ec

0.15 0.2 0.25 0.3 0.35
100

200

300

400

Time (s) 



Chapter 3  Phase-Locked Loop 

60 
 

 

 
 

FIGURE 3.47 Block diagram of DSOGI-PLL 

The characteristics transfer functions D(s) and Q(s) of the SOGI-OSG structure are 

illustrated in section 3.1.5. From this, the input to output transfer functions for 

DSOGI/PSC are given by 

          
 

 
[
         
        

]        3.26 

The above expression (3.26) can be further analyzed by substituting the D(s) and Q(s) 

transfer function from 3.11 and 3.12, respectively.  

          
 

 
 

   

           
 *     
   

+        3.27 

3.27 represent the fundamental positive sequence components of the input voltage vector 

vsabc. Similarly, fundamental negative sequence components can be obtained by taking the 

transpose of the matrix 3.26. 

 

The DSOGI-PLL‘s capability to estimate the fundamental frequency of grid signal having 

various abnormalities is also tested for the different cases considered earlier. The gain k is 

estimated according to settling time ts =100ms. The simulation results for these cases (case 

(i) to case (v)) are presented next. 

Case (i): Step change in frequency of input signal 

To evaluate the performance of the DSOGI-FLL, the similar frequency step change (50Hz 

to 45Hz at t=0.2s) in the grid signal is considered as applied to the SRF-PLL and DDSRF-
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PLL. Fig. 3.48 represents the estimated frequency ω‘. As observed, the frequency settles 

down to a new value corresponding to 45Hz within 0.05s after the step change in 

frequency has occurred. 

 

FIGURE 3.48 Estimated frequency ω’ with standard three-phase DSOGI-PLL for case (i) 

Case (ii): Step change in amplitude (Phase-a sag) of input signal 

The voltage sag of 20% occurs in phase-a creating an unbalanced supply after t=0.2s. Fig. 

3.49 shows the variations in the estimated frequency when the sudden voltage sag occurs 

in phase-a at t=0.2s. It is observed that there is not much deviation in the estimated 

frequency even at t=0.2s and after the disturbance the frequency is retained quickly to the 

initial value. Thus, DSOGI-PLL is relatively faster compared to SRF-PLL or DDSRF-

PLL. 

 
FIGURE 3.49 Estimated frequency ω’ with standard three-phase DSOGI-PLL for case (ii) 

Case (iii): Phase jump in input signal 

The plot of Fig. 3.50 shows the estimated frequency in case phase jump of 45° occurs in 

all phases of the three-phase input signal at t=0.2s. In response to the disturbance at 

F
re

q
u
en

cy
 



ra
d

/s
ec

0.15 0.2 0.25 0.3 0.35
100

200

300

400

F
re

q
u

en
cy

 



ra
d

/s
ec

0.15 0.2 0.25 0.3
250

300

350

Time (s) 

Time (s) 



Chapter 3  Phase-Locked Loop 

62 
 

t=0.2s, the estimated frequency shows an overshoot. However, the frequency settles down 

to the steady state value corresponding to 50Hz within 0.06-0.07s.  

 

FIGURE 3.50 Estimated frequency ω’ with standard three-phase DSOGI-PLL for case (iii). 

Case (iv): Distorted input signal 

The estimated fundamental frequency shown in the Fig. 3.51 for the distortion inserted 

into the input signal at t=0.2s, shows that the distortion leads to the variations in the 

estimated frequency. It varies around the dc value of 314 rad/s (50Hz). However, the 

amplitude of the variation around the mean value is much smaller.  

 

FIGURE 3.51 Estimated frequency ω’ with standard three-phase DSOGI-PLL for case (iv) 

Case (v): Presence of offset component in input signal 

In this case the phase-a is affected by the presence of the dc component (10% of peak 

value) after t=0.2s. The input signal is the same as that shown in Fig. 3.39 (a). Fig. 3.52 

shows that the effect of dc-offset present in the input signal is to introduce a ripple of 

fundamental frequency in the estimated frequency.  
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FIGURE 3.52 Estimated frequency ω’ with standard three-phase DSOGI-PLL for case (v) 

3.4 Performance analysis of three-phase PLLs 

Similar to previous studies, the comparison of the estimated frequency for the various 

three-phase PLLs are shown in Figs. 3.53 and 3.54. Figs 3.53(a) and (b) show the relative 

performance of the SRF-PLL, DSRF-PLL and DSOGI-PLL, when the grid signal 

experiences a sudden step change in frequency (case (i)) and voltage sag (case (ii)) in one 

of the phases, respectively.  It is observed from Fig. 3.53(a) that all these three PLLs 

perform nearly similar for the step change in frequency. The estimated frequencies for all 

these PLLs settle down to a steady value in about 0.6-0.7s. However, for the case (ii) 

corresponding to an unbalanced three-phase supply (due to voltage sag in only one phase) 

sustained oscillations of fundamental frequency are observed in the frequency estimated 

with SRF-PLL, while the other two approaches do not show such oscillations and 

performs satisfactorily even with unbalanced voltages. 

 

Fig. 3.53(c) shows that all the three PLLs perform equally well for the sudden phase 

jump (case (iii)). Fig. 3.54(a) shows the estimated frequencies when the input gets 

distorted due to the presence of harmonics (case (iv)). It is observed that the DSOGI-PLL 

is relatively better in attenuating the effect of harmonics due to the basic nature of the 

SOGI, which acts as an effective band pass filter. The SRF-PLL and DDSRF-PLL on the 

other hand have PI acting as a loop filter. For achieving the same settling time, the LPF 

for the SRF based PLLs is not that effective in eliminating the harmonics. 

 

Fig. 3.54(b) shows that just like distorted signals, these PLLs are unable to correctly 

estimate the frequency of an input signal bearing dc-offset. The estimated frequencies of 

all the PLLs show a ripple component of the fundamental frequency. The relative 
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comparison of these PLLs in terms of their filtering capability, capability of detecting 

sequence components, dc-rejection capability and the computational requirement is 

presented in Table 3.2. The quantitative analysis and comparison with the FLL based 

algorithm is presented in next chapter (Table 4.1) and hence, avoided here. 

 

(a) 

 

(b) 

 

(c) 

FIGURE 3.53 Comparative simulation results of estimated frequency ω’ by three-phase PLL in case grid 

signal experiences: (a) frequency step of 50Hz to 45Hz at time t=0.2s (b) amplitude sag (20% of peak) in 

phase-a at time t=0.2s (c) phase jump of 45º at t=0.2s 
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(a) 

 

(b) 

FIGURE 3.54 Comparative simulation results of estimated frequency ω’ by three-phase PLLs in case grid 

signal: (a) is distorted with 5
th

 ,7
th

 ,11
th

 ,13
th

 order harmonic components at time t=0.2s (b) has an offset 

component (10% peak value) at t=0.2s 

 

TABLE 3.2 PERFORMANCE EVALUATION OF DIFFERENT THREE-PHASE PLL TECHNIQUES 

 

PLL-Type 
Dynamic 

response 

Detection of 

Sequence 

Components 

Harmonic 

Filtering 

DC offset 

Rejection 

Computational 

burden 

SRF-PLL Fast No Poor No Low 

DDSRF PLL Fast Yes Poor No High 

DSOGI-PLL Fast Yes Medium No Medium 

3.5 Summary 

In this chapter, different standard single-phase and three-phase synchronizing schemes are 

discussed and evaluated in terms of their capabilities to estimate the frequencies under 

normal conditions i.e. when the grid voltage are ideal (sinusoid and balanced) as well as 

when they deviate from these ideal conditions. Various grid abnormalities like step-

change in frequency, sudden phase jump, unbalanced condition, distorted grid signals and 

presence of offset are considered to evaluate the performance of these grid synchronizing 

schemes. The conventional multiplier based phase detector and orthogonal signal 
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generation based phase detector for various PLLs are compared in terms of dynamic 

performance, ability to filter harmonics and offset, computational requirement etc. The 

generalized integrator based OSG popularly named as a second-order generalized 

integrator (SOGI) is found to be an attractive solution as it has a very good filtering 

capability and can estimate the frequency with a good degree of accuracy (as compared to 

other PLLs analyzed) even when the grid signal deviates from the ideal conditions. 

Though this SOGI based PLLs (SOGI-PLL for single-phase and DSOGI-PLL for three-

phase) are superior to other PLLs, it fails when the grid voltage (or the sensed grid 

voltage) has a dc-offset. It demands a more sophisticated scheme which can even estimate 

the phase/frequency accurately under such conditions. Further, the synchronizing schemes 

can be improved if the frequency is estimated adaptively rather than the conventional 

feedback loop-filter approach. The next chapter discusses about the design guidelines and 

performance improvement of the DSOGI-PLL for three-phase systems to include such 

features. 
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CHAPTER – 4 

Frequency Locked Loop 

In previous chapter, the performance comparison of various single-phase and three-phase 

PLLs in terms of their capabilities to estimate the fundamental frequency of grid signal 

under different grid abnormalities is discussed. It is identified that the second order 

generalized integrator based PLL (SOGI-PLL) is relatively superior in terms of its 

performance over other PLLs.  However, in SOGI-PLL, it is required to feedback the 

frequency from the SRF-PLL structure to the SOGI structure. Thus, the SOGI block acts 

like a pre-filtering stage to minimize the effect of unwanted signals present in the input 

signal, while the PLL structure is responsible for synchronization.  

 

Alternately, the frequency can be adaptively obtained through frequency-locked loop 

(FLL). Thus, it avoids the PLL and in addition the adaptive nature enhances the overall 

performance of the structure [44, 58-61].  This chapter includes the basic configuration and 

design criteria of SOGI-FLL for single-phase system. In addition, the parallel connection 

of two SOGI blocks to form dual SOGI-FLL (DSOGI-FLL) structure is discussed and 

evaluated in terms of its capability to provide good transient response in the presence of 

grid abnormalities like frequency variation, unbalanced voltages, phase jump, harmonics 

and dc-offset. A modified DOSGI-FLL (MDSOGI-FLL) is proposed and evaluated against 

the conventional DSOGI-FLL and it is highlighted that its performance is superior to the 

DSOGI-FLL. The performance is even verified and justified with the simulation as well as 

experimental results presented in this chapter.  

4.1 Second order generalized integrator-FLL (SOGI-FLL) 

Fig. 4.1 shows the structure of conventional SOGI-FLL, where the vin is the input voltage 

signal. The v’ and qv’ are the in-quadrature components of the vin, obtained through the 

SOGI-OSG (Fig. 4.1(a)) and termed as stationary reference frame components v’α and v’β 

respectively. These in-quadrature components can be utilized to obtain the rms value of 
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grid voltage for further analysis. In the previous chapter, the ratio of the two orthogonal 

components in-phase component v’ to vin and in-quadrature component qv’ to vin are 

represented as the transfer functions D(s) and Q(s) , which are expressed here once again 

as (4.1) and (4.2) for convenience [44].  

 

(a) 

 

(b) 

FIGURE 4.1 Basic structure of (a) SOGI-OSG (b) FLL block 

 

      
  

   
    

    

           
 4.1 

      
   

   
    

    

           
 4.2 

The characteristic performance of SOGI-OSG is done through frequency domain analysis 

and presented in terms of the bode diagram for both the transfer function D(s) and Q(s) in 

Fig. 4.2. It indicates that transfer functions D(s) and Q(s) act as a band-pass filter (BPF) 

and low-pass filter (LPF), respectively. It represents that the SOGI-OSG possesses filtering 
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capability besides feature of in-quadrature signal generation. This filtering action can be 

adjusted by proper tuning of the gain k.  The bode plot of Fig. 4.2 are obtained with k=1. 

 

FIGURE 4.2 Bode diagram of transfer function D(s) and Q(s) 

Inspecting (4.1) and (4.2), it can be realized that if the input signal‘s frequency (ω) 

coincides with the centre frequency (ω’), the amplitude of the input is same as that of v’ 

and qv’ components. Further v’ and qv’ components are shifted by 90° under this condition 

(ω=ω’). The adaption (synchronization) of this frequency can be achieved through the 

frequency-locked loop (FLL). The basic structure of FLL is shown in Fig 4.1(b).  

This phenomenon of frequency adaptation can be understood from the bode-plots of 

transfer function Q(s) and E(s) expressed by (4.2) and (4.3), respectively.  

      
 

   
    

       

           
 4.3 

These plots are shown in in Fig. 4.3. It indicates that the qv’ and ε are in phase when ω < 

ω’ and in counter phase when ω > ω’. Further, when ω = ω’, ε reduces to a very small 

value (approaches to zero). Thus, it is desired that ε is forced towards zero. 

 

This can be achieved with the FLL structure shown in Fig. 4.1(b) that employs an 

integrator.  The FLL block estimates the frequency ω’ adaptively and pass the information 

to the SOGI-OSG.  In turn, the FLL receives the error signal ε and qv’ from the SOGI-

OSG to calculate the frequency ω’ of the input signal vin. The error εm which is defined as 
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the product of the ε and qv’, will be positive if ω < ω’ and negative when ω > ω’. It is zero 

in case of ω = ω’. Hence, negative gain -γ is required to settle down this error εm (to zero) 

until centre frequency of the SOGI ω’ matches with the input signal frequency ω. This is 

how, the combination of SOGI-OSG and FLL works together and forms a SOGI-FLL for 

grid synchronization for single-phase system.  

 

FIGURE 4. 3 Bode diagram of transfer functions E(s) and Q(s) 

4.1.1 Gain Tuning of SOGI-OSG  

This subsection presents the analysis for determination of the parameters involved in the 

transfer functions of SOGI-FLL. The bandwidth adjustment for achieving desired filtering 

characteristic of SOGI-OSG structure depends only on gain k. To obtain gain k, the 

following characteristic equation (4.4) can be written from the transfer functions D(s) or 

Q(s) 

The roots of the characteristic equation (4.4) are 

From (4.5) it is evident that the above roots are complex conjugates, if k < 2, else real for k 

≥ 2.  

The step response for the different values of gain k of the transfer function (4.1) is plotted 

in Fig. 4.4.  The steady state output of the transfer function decays to zero for all values of 
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k as observed from Fig. 4.4. However, the settling time and the overshoot varies with k.  It 

is observed that the minimum settling time is attained for gain k =1.5.  

Fig. 4.5 and 4.6 represent the frequency response plots for the transfer functions D(s) and 

Q(s), respectively, for different values of gain k. It is indicated from the Fig. 4.5 that the 

low value of k narrows down the bandwidth of bode plot and improves the filtering 

capability of the output signal v’. However, it affects the transient response as displayed 

through Fig. 4.4. As observed through the bode plots of Figs. 4.5 and 4.6, high value of 

gain k results into lower attenuation of both high and low frequency components. Thus, it 

deteriorates the harmonic rejection capability. On the contrary, the lower value of k leads 

 

 

FIGURE 4.4 Step response of transfer function D(s) for different values of k 

 

FIGURE 4.5 Frequency response plot of transfer function  D(s)  for different values of gain k 
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FIGURE 4.6 Frequency response plot of transfer function Q(s) for different values of gain k 

to lower damping (higher quality factor) resulting into oscillatory response and more 

settling time. Hence, it is essential to have a proper selection of the gain k to have 

appropriate bandwidth to not only discard the low frequency and higher frequency 

components present in the input signals but to also have a satisfactory (less) settling time. 

Both these objectives can be satisfied by having the gain value k =1.5 at δ = 0.7. 

4.1.2 Gain Tuning of FLL 

The overall performance of the SOGI-FLL structure depends upon the parameters k and γ. 

The above section explains about the tuning of gain (k) of the SOGI-OSG structure, while 

the tuning of parameter γ for the FLL structure shown in Fig. 4.1 is discussed here. The 

FLL-block is presented in Fig. 4.1(b). In order to carry out the dynamic analysis of the 

FLL and tuning of parameter γ, FLL is considered as the simplified first order system 

model as shown in Fig 4.7.  

 

FIGURE 4.7 Simplified first order system model of FLL loop 

The input signal εm  (Fig. 4.1(b)) of the FLL contains the frequency information, which can 

be represented in steady state condition by (4.6) (more details provided in Appendix A), 
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where V is the amplitude of the input signal, ω is the actual frequency of the input signal 

and ω’ is the estimated frequency. The gain k is considered as mentioned in the previous 

section. From the FLL block Fig. 4.1(b), the average dynamics expression can be presented 

as 

The above expression (4.8) represents the simplified first order model shown in Fig. 4.7. 

Hence, the approximate settling time ts can be expressed by (4.9) as mentioned in. 

4.2 Dual second order generalized integrator-FLL (DSOGI-FLL) 

This section introduces the extension of SOGI-FLL for three-phase application to extract 

the different parameters i. e. fundamental frequency, positive and negative sequence 

components and amplitude of the input signal on stationary reference αβ-frame. It employs 

two SOGI structures connected in parallel and a FLL to form a three-phase 

synchronization scheme. It is popularly known as dual SOGI-FLL (DSOGI-FLL). The 

conventional structure of the DSOGI-FLL is shown in Fig. 4.8, which is supplied by the 

three-phase utility voltages vsabc.  

 

The αβ components can be obtained using the Clarke‘s transformation on the three phase 

input voltage vsabc  as mentioned below. Under balanced condition, vsabc is represented as 

(4.10)  
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where                      
  and Vm,   and   are the amplitude, angular frequency and 

phase of the grid signal voltage, respectively. Under the assumption of the balanced utility 

voltages, (4.10) can be represented in stationary reference frame (αβ0) by (4.11) as 
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                  4.11 

where vsαβ0 = [vsα, vsβ  vs0] 
T 

and [Ts] denotes the Clarke transformation matrix. The Clarke 

or αβ0 transform is a space vector transformation of time-domain signals from a natural 

three-phase coordinate system (abc) into a two-phase stationary reference frame αβ0. 

 

The shaded block shown in Fig. 4.8 represents the parallel connection of two SOGI-OSGs, 

which is the key part of the dual second-order generalized integrators (DSOGI-FLL) 

structure. The detailed structure configuration of SOGI-OSG is shown in Fig. 4.1(a). Each 

of these SOGI-OSG operate on the one of these vsα and vsβ  components to derive a pair of 

v’ and qv’ signals as shown in Fig. 4.8. The v’ and qv’ signals forms a pair of quadrature 

signals where     lags    by 90º. These signals are then used to extract positive sequence 

components through the Positive Sequence Calculator (PSC shown in Fig. 4.8) in the αβ 

stationary reference frame. The positive sequence components   
        

   can be utilized 

to estimate the three-phase positive sequence (     
 ) of the distorted grid input signal. 

  

 

FIGURE 4.8 Basic structure of DSOGI-FLL: abc to α
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As mentioned earlier, the filtering characteristics of the SOGI-OSG structure provides the 

high immunity against the grid disturbances. Hence, even when the grid voltage is affected 

by abnormalities like sag, swell, variations, phase jump, harmonics etc.; the DSOGI-FLL 

performs extremely well, fast and precisely as compared to conventional synchronous 

reference frame-PLL based structures. However, there are issues when the input signal 

contains dc-offset.   

 

The following analysis shows why the presence of offset affects the generation of two-

phase α and β components from the three phase input voltage, which may finally affect the 

correct estimation of positive sequence components   
        

   

 

In practical situation, the utility voltages vsabc, may deviate from the ideal sinusoidal and 

balanced waveforms. The voltages under such conditions are expressed by (4.12)  

       [
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           4.12 

where, Vsx and Vxo are the phase voltage of the grid and the dc-offset in the voltage vsx, 

respectively for phase x (x=a, b or c).  Even if dc-offset (Vxo) is not present in actual phase 

voltages, it may get introduced in the signals used for control mechanism due to the error 

in computation process, measurement or data conversion [94-95]. Non-zero values of δ and 

µ indicate the imbalance in the supply voltages. 

 

The two-phase α and β components of non-sinusoidal grid voltages (4.12) can be obtained 

in similar way as mentioned in (4.11), Hence, these stationary frame voltages are 

represented by (4.13) and (4.14) respectively. 

                                  4.13 

                                   4.14 

where,      and      terms indicate the error introduced in    and   , respectively due to 

the imbalance while      and        represent the error introduced in    and   , 

respectively due to the dc-offset. These terms can further be derived as (4.15-4.18). 
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Thus, the deviations from the ideal supply voltage introduce additional terms, represented 

by (4.15) and (4.17) in α component of source voltage and (4.16) and (4.18) in β 

component of the source voltage.  

 

From (4.17)-(4.18) it is evident that if equal offset is present in all the phases (i.e. Va0 = Vb0 

= Vc0)       =      = 0. However, if unequal dc offset is present in all the three phases (or 

in case just one phase is experiencing a dc-offset) Vae0 is not equal to zero. This ultimately 

affects the performance of SOGI-OSG as the transfer function Q(s) is having the 

characteristics of LPF and is not able to attenuate this dc-offset. As a result, the qv’ output 

of this standard SOGI-OSGs suffers from nonzero dc offset present in input grid voltage or 

the measured grid voltage. It is further reflected in the calculation in (4.14) of positive 

sequence   
  as shown in Fig. 4.9, which shows the response of   

  and   
  when sudden 

frequency change and dc offset are introduced. This leads to inaccurate estimation of 

fundamental positive sequence components and frequency. 

 

FIGURE 4.9 Output waveform of  in-quadrature  positive  sequence components (  
      

   in presence of 

dc offset and frequency jump in the sensed input signal of standard SOGI-OSGs. 
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4.3 Proposed Modified Dual SOGI-FLL (MDSOGI-FLL) 

It is noted from the above section that the conventional DSOGI-FLL fails to estimate the 

frequency accurately when sensed grid signals are characterized by the dc offset. The 

proposed MDSOGI-FLL structure is similar to that of DSOGI-FLL shown in Fig. 4.8 

except the fact that the SOGI-OSGs (Fig. 4.8) are now replaced by the modified SOGI-

OSG shown in Fig. 4.10 [86].  

 

FIGURE 4.10 Block diagram of Modified SOGI-OSG block 

The modified SOGI-OSG (MSOGI-OSG) of Fig. 4.10 can be described by the following 

transfer functions (4.19), (4.20) and (4.21). 

      
     

    
 

      

    
 4.19 

      
      

    
 

      

    
 4.20 

       
      

    
 

             

    
 4.21 

where,                                  4.22 

The characteristic plots for the above transfer functions ((4.19) and (4.20)) are represented 

by the bode plots shown in Fig. 4.11.  It is indicated that       and       both have a band 

pass filtering characteristic unlike conventional SOGI-OSG structure, which has BPF 

characteristics only for v’. Hence, it results into the rejection of offset component (if any 

present) from both the in-quadrature components (v’ and qv’). The proper selection of gain 
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k1 and kdc in modified structure is necessary to suppress the unwanted signals and dc offset 

rejection, respectively from the input signal. 

 

FIGURE 4.11 Bode diagram of transfer function D’(s) and Q’(s) 

The parameters k1 and kdc shown in Fig.4.8 are selected based on the roots of the      

assuming that all the roots have equal real parts. Hence, from (4.22) 

            
             

                          4.23 

Further simplification results into 4.24, 

            
             

                               4.24 

By comparing the coefficient of the equation (4.23) with (4.24) 

         
                          

             4.25 

(4.25) can be solved to determine the value of kdc. With the given centre frequency ω’ and 

gain k1=1, different values of a, and hence, kdc can be obtained for different values of b. 

The value of kdc determines the dynamic response of the system. Fig. 4.12 represents the 

step response for the transfer function (4.19) of MSOGI structure. The best suited dc loop 

gain kdc is obtained such that it gives satisfactory performance in terms of acceptable 

settling time and overshoot. It is observed that kdc = 0.33, results in lower settling and 

lesser ringing with nearly same overshoot. Hence, kdc = 0.33 is considered for further 

analysis. Fig. 4.13 is included to show how settling time varies with k1+ kdc (i.e. kdc as k1 is 

constant). It also shows that minimum settling time results corresponding to kdc=0.33. 
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The effect of the gain adjustment (i.e. value of kdc) on the transfer function D’(s) and Q’(s) 

is displayed through the bode diagrams shown in Figs. 4.14 and 4.15, respectively. It is 

observed that there is not much effect of variation in kdc on the magnitude and phase for the 

high frequencies. However, a minor decrease in the attenuation at low frequencies is 

observed. Also, the reduction in the peak along with the decrease in slope of the phase plot 

around the centre frequency is observed, which is related to the damping (or quality 

factor). Lesser slope indicates better damping as also observed through Fig. (4.12). 

 

FIGURE 4.12 Step response of transfer function D’(s) for different values of kdc 

 

FIGURE 4.13 Settling time vs gain k1+ kdc in D’(s) and Q’(s) 
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To evaluate the improvement in the performance of MSOGI-FLL over SOGI-FLL, it is 

logical to obtain the bode diagrams for both these systems on the same plot. Fig. 4.16 is 

included to show the comparison of the bode plots for transfer functions of standard SOGI-

OSG and MSOGI-OSG. It is observed from Figs. 4.16(a) and (b) that for low frequencies 

magnitude bode plots of D’(s) and Q’(s) lie below 0dB, indicating attenuation of low 

frequency components and dc component. The magnitude plots of transfer functions D(s) 

and Q(s) for DSOGI-FLL are also shown in Figs. 4.16(a) and (b).  It is evident that as gain 

 

FIGURE 4.14 Frequency response plot of transfer function D’(s)  for different values of gain kdc 

 

FIGURE 4.15 Frequency response plot of transfer function Q’(s)  for different values of gain kdc 
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Q(s) is positive, it does not attenuate dc component. Fig. 4.17 shows bode plot for (4.21) 

that represents the performance of third generalized integrator. The magnitude of transfer 

function Vdc(s) is nearly 0dB till 50Hz indicating no effect on the computation of the low 

frequency components. However, sudden decrease in the magnitude (large negative 

magnitude) is observed at 50Hz, which indicates the attenuation of 50Hz (fundamental) 

component.  The attenuation of higher order harmonics also occurs as negative gain is 

observed for Vdc(s) at frequencies higher than 50Hz. However, it is much lower than that at 

50Hz. Thus, the inclusion of third integrator results into large attenuation of fundamental 

component (also higher order frequencies to a certain extent) allowing only the low order 

frequencies to pass. Thus, it helps to estimate and eliminate the dc offset accurately from 

input v of Fig. 4.10. 

 
(a) 

 
(b) 

FIGURE 4.16 Comparison of the frequency response for the transfer function (a) D(s) and D’(s) (b) Q(s) 

and Q’(s) 
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FIGURE 4.17 Frequency response for the transfer function Vdc(s) 

4.4 Simulation and Experimental Verification 

The effectiveness of the proposed MDSOGI-FLL is demonstrated through the simulation 

results obtained in MATLAB/Simulink. The parameter values used in the modified 

DSOGI-FLL simulation model are k1=1, kdc=0.33 and γ=40.  

 

Fig. 4.18 shows the simulation results for comparison of frequency estimation with 

conventional DSOGI-FLL and MDSOGI-FLL for grid signal having different type of 

disturbances. The three-phase input signal is shown in Fig. 4.18(a), which undergoes 

various disturbances. Till t=0.15s the gird voltages are purely sinusoidal and balanced. 

From t=0.15s-0.25s the grid signals get distorted with 5
th

, 7
th

 ,11
th

 and 13
th

 order harmonics 

with their amplitudes of 30%, 10%, 8% and 7% , respectively of that of fundamental. At 

time t=0.25s phase-a undergoes an amplitude sag of 50%. At t=0.4s a frequency step from 

50Hz to 45Hz occurs, while the dc component of 10% of peak is introduced in the phase-a 

at time t=0.5s.  

 

From Fig. 4.18(b) a noticeable difference in the performance is observed for the time range 

t=0.15-0.25s, t=0.4-0.45s and t=0.5-0.6s. It can be deduced from the inspection of the 

waveforms especially for these time-ranges that  

(i) Both DSOGI-FLL and MDSOGI-FLL performs equally well with balanced sinusoidal 

input signals (t=0-0.15s) and even with unbalanced sinusoidal input signals (t=0.3-0.4s). 
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(ii) MDSOGI-FLL has better harmonic filtering capabilities than DSOGI-FLL as indicated 

by the deviations of the estimated frequency from the fundamental (50Hz) during t=0.15s-

0.25s.  

(iii)  MDSOGI-FLL is faster than DSOGI-FLL (as observed after the frequency step 

change at t=0.4s). Though the steady state error is zero in both the case, the settling time as 

well as undershoot/overshoot is lesser for MDSOGI justifying its better dynamic response. 

(iv) DSOGI-FLL fails to correctly estimate the frequency with the grid signal having the 

dc-offset, while MDSOGI-FLL can accurately estimate the frequency even under such 

conditions (t=0.5s-0.6s).  

 

(a) 

 

(b) 

FIGURE 4.18 Performance comparison of DSOGI-FLL and MDSOGI-FLL under different grid signal 

disturbances: (a) Three-phase grid voltage signals with various disturbances (b) Estimated frequency 

The performance evaluation of proposed MDSOGI-FLL structure over conventional 

structure is carried out under various input signal disturbances through the simulation 
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results and the same are validated with the results obtained experimentally. Figs. (4.19)– 

(4.20), Figs. (4.21)–(4.22), and Figs. (4.23)–(4.24) are included to compare the simulation 

and experiment results for balanced sag, imbalance in three-phase supply voltage, and  

presence of harmonics, respectively. In all the cases it is considered that the dc offset 

(introduced due to the measurement or data conversion process) is present in phase-a.  

 

To validate the effectiveness of the proposed MDSOGI-FLL, dSPACE DS1104 DSP board 

is used.  The values of various parameters for which the MDSOGI-FLL is tuned are k1= 1 

kdc = 0.33 and γ=40, while those for DSOGI-FLL are k = 1.41 and γ=100. Same parameters 

are considered for simulation carried out in MATLAB/Simulink and for the experimental 

set-up employed for verification. The fundamental frequency of the three phase supply 

voltage and the sampling frequency are 50Hz and 10kHz, respectively.  

 

Fig. 4.19(a) presents the case where a step change in amplitude of the grid signal is 

observed at t=0.15s, where the amplitude decreases from 1per unit (pu) to 0.5pu. Also the 

dc offset of 0.1pu is introduced in phase-a at t=0.15s.  In addition, at t=0.25s frequency of 

grid signal suddenly changes from 50Hz (314rad/s) to 45Hz (282.6rad/s). Fig. 4.19(b) 

shows that both   
  and   

   for MDSOGI-FLL is free from offset, unlike that observed for 

DSOGI-FLL in (Fig. 4.8). The reason is the band-pass filtering capabilities of       and 

     , unlike DSOGI-FLL where D(s) behaves as BPF while Q(s) behaves as LPF.  It is 

observed from Fig. 4.19(c), that the DSOGI-FLL is able to track the frequency accurately 

only till t=0.15s, and then exhibits oscillatory nature. Also the large dip in the estimated 

frequency is observed at t=0.25s. Unlike the DSOGI-FLL, the MDSOGI-FLL does not 

show oscillations and estimated frequency quickly settles down to the final value. The dips 

at the instant of step changes in amplitude of grid voltage and frequency change are also 

much less than that observed with MDSOGI-FLL. 

 

Fig.4.20 shows the experimental results, which are similar to that of the simulation results 

shown in Fig. 4.19. The three-phase supply voltage along with the frequency estimated 

(experimentally) by MDSOGI-FLL is shown in Fig. 4.20(a). The supply, shown in Fig. 

4.20(a) is initially balanced having 50Hz frequency and then it undergoes the disturbances 

similar to that shown in Fig. 4.19(a). Thus, the balanced sag of 50% and then a frequency 

step change of 10% (frequency change from 50Hz to 45Hz) is applied in the supply 

voltage. The dc-offset of 10% is superimposed only on the phase-a supply voltage. The 
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supply frequency estimated by both proposed MDSOGI-FLL and the conventional 

DSOGI-FLL are shown in Fig.4.20 (b). 

 

(a) 

 

(b) 

 

(c) 

FIGURE 4.19 Performance under balanced sag conditions with phase-a offset error: (a) Three-phase grid 

voltage signals (b) in-quadrature (  
      

   positive sequence components (c) Estimated frequency 
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(a) 

 

(b) 

FIGURE 4.20 Experimental results with balanced-sag and dc-offset in supply voltage: (a) Three-phase 

supply voltage and estimated frequency with MDSOGI-FLL (b) Comparison of estimated frequencies of 

DSOGI-FLL and MDSOGI-FLL 

Just like simulation results, the experimental results also depict oscillations in the 

frequency estimated by the DSOGI-FLL, while that of MDSOGI-FLL is free from 

oscillations and is able to accurately track the supply frequency. The difference ‗∆V‘ , 

marked by the difference in the position of the two cursors in Fig.4.20(b), indicates the 

frequency change of 32 rad/s corresponding to change of 5Hz (2 x 3.14 x 5 = 31.4 rad/s)  
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for a step change of frequency from 50Hz to 45Hz. The minor variation in the magnitude is 

due to the limitation of the oscilloscope‘s resolution. It is clearly evident even from the 

experimental results that the effect of offset present in supply voltage is very effectively 

eliminated in the proposed scheme. 

 

Unlike the case represented by Fig.4.19 (for balanced sag), for the case represented by Fig. 

4.21, a step change in amplitude of the grid signal is considered only for phase ‗a‘. At 

t=0.15s, the amplitude of phase ‗a‘ voltage decreases from 1pu to 0.5pu. All other changes 

are similar to that considered for Fig. 4.19(a). The ripple in the estimated frequency of 

DSOGI-FLL is less than the earlier case. However, the nature is similar to that observed in 

with the case of balanced sag. The MDSOGI-FLL once again shows superior performance. 

 
(a) 

 

(b) 

FIGURE 4.21 Performance under unbalanced sag conditions: (a) Three-phase grid voltage signals (b) 

Estimated frequency 

Fig. 4.22 shows experimental result for the comparison of the proposed MDSOGI-FLL 

structure against the conventional DSOGI-FLL under the conditions similar to that shown 

in Fig. 4.21(a). Voltage sag of 50% is introduced in just one of the phases while the dc 

offset error is present in phase-a only. The three-phase unbalanced voltage signals with 

v s
ab

c 
(V

) 
(p

.u
.)

Frequency stepphase-a sag with dc offset

vsa vsc vsb



Chapter 4  Frequency-Locked Loop 

88 
 

above characteristics are shown in Fig. 4.22(a). Fig. 4.22(b) shows the comparison of the 

estimated frequency by both these methods. Frequency obtained through DSOGI-FLL 

approach is once again characterized by an oscillatory response, with a frequency ripple, 

while the frequency estimated by MDSOGI-FLL is not only free from oscillations, but also 

has lower frequency dip corresponding to a sudden frequency decrease. Thus, the 

overshoot/undershoot with the step response with MDSOGI-FLL is less indicating a better 

transient response. 

 

(a) 

 

(b) 

FIGURE 4.22 Experimental results with imbalance and dc-offset in supply voltage: (a) Three-phase grid 

supply voltage and estimated frequency with MDSOGI-FLL (b) Comparison of estimated frequency of 

DSOGI-FLL and MDSOGI-FLL   
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Fig. 4.23(a) shows the grid voltage characterized by the presence of 5
th

, 7
th

, 11
th

, and 13
th

  

harmonics alongwith the dc offset of 0.1pu in phase-a after t=0.15s.The step change in 

frequency is applied at t=0.25s. Fig. 4.23(b) displays oscillations in the estimated 

frequency of DSOGI-FLL, while the proposed MDSOGI-FLL eliminates the oscillation 

caused by the dc offset. As a result, the grid signal frequency is quickly and accurately 

tracked. 

 

(a) 

 

(b) 

FIGURE 4.23 Performance when harmonics are present: (a) Three-phase grid voltage signals (b) Estimated 

frequency with DSOGI-FLL and MDSOGI-FLL 

The immunity of the proposed scheme to the highly distorted signal is demonstrated 

through the experimental results shown in Fig. 24. Fig.4.24(a) shows the three-phase 

distorted grid supply (similar to that shown in Fig. 4.23(a)) that is characterized by 

presence of  5
th

, 7
th

, 11
th

 and 13
th

 order harmonic components with amplitudes of 30%, 

10%, 8% and 7% , respectively, with respect to the fundamental. Also, a frequency jump 

of 50Hz to 45Hz is introduced similar to that shown in Fig. 4.23(a). Both these variation in 

supply voltages are considered along with the presence of dc offset of 10% in phase-a. Fig. 

4.24(b) shows that the estimated frequency of DSOGI-FLL not only has the frequency 
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ripple component, but also shows the harmonic distortion due to the effect of harmonics 

present in the supply voltage. Unlike it, the estimated frequency of MDSOGI-FLL is once 

again free from the effect of dc offset and exhibits a better performance with a very little 

deviation from the average value.  

 

(a) 

 

(b) 

FIGURE 4.24 Experimental results with dc offset and harmonics in supply voltage: (a) Three-phase supply 

voltage and estimated frequency with MDSOGI-FLL (b) Comparison of estimated frequency of DSOGI-FLL 

and MDSOGI-FLL   

The proposed technique works equally well even in case when the input voltage suddenly 

gets affected by multiple abnormalities. To illustrate the performance of the MDSOGI-

FLL under such multiple abnormalities, a supply voltage having harmonics, voltage sag 
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and dc-offset all together, is considered. Fig. 4.25(a) shows the input voltage signal in 

which 5
th

 , 7
th

, 11
th

 and 13
th

 order harmonic components with the amplitudes of 30%, 10%, 

8% and 7% (with respect to fundamental component), respectively are introduced. At the 

same instant 10% of dc offset and a step change (decrease/sag) of 50% is applied in 

magnitude of supply voltage. Fig. 4.25 (b) highlights the performance of the proposed 

MDSOGI-FLL in estimating the grid voltage signal frequency and once again MDSOGI-

FLL is found to be superior over DSOGI-FLL. With MDSOGI-FLL, the estimated 

frequency is not only estimated quickly but is also free from oscillatory nature, unlike that 

with the DSOGI-FLL technique. 

 
(a) 

 
(b) 

FIGURE 4.25 Experimental results with input voltage characterized simultaneously by dc offset, 

harmonics and voltage sag: (a) Three-phase supply voltage (b) Comparison of estimated frequency of 

DSOGI-FLL and MDSOGI-FLL 
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Fig. 4.26 shows the comparison of different frequency estimation techniques when 

subjected to a step change in the supply frequency at t=0.25s. The supply voltage is 

considered to have harmonics, unbalance and the dc-offset. The comparison of various 

techniques is carried out for ωn = 2π50 rad/s, δ= 0.707 and desired settling time of 40ms. It 

must be noted that except MDSOGI-FLL all other techniques show sustained oscillations 

in the estimated frequency. The qualitative comparison of these frequency estimation 

techniques is also provided in Table 4.1 to show their capabilities of detecting and 

rejecting the effect of harmonics unbalance and dc-offset in the frequency estimation. The 

proposed MDSOGI-PLL performs well on all the aspect even when the dc-offset is 

present. As observed it is not only fast but also accurate under all grid abnormalities.

 

FIGURE 4.26 Comparison of performance of various frequency estimation methods 

TABLE 4.1 PERFORMANCE EVALUATIONS OF VARIOUS PLL TECHNIQUES 

PLL-Type SRF-PLL DDSRF-PLL DSOGI-PLL DSOGI-FLL 
MDSOGI-

FLL 

Detection of Negative 

Sequence Components 
NO YES YES YES YES 

Harmonic Detection NO 
Require more 

decoupling term 
YES YES YES 

DC offset 

Rejection 
NO NO NO NO YES 

Frequency step (50 Hz 

to 45Hz) 
40ms 40ms 60ms 60ms 45ms 

Amplitude sag (50% of 

Peak) 
Oscillatory 60ms 60ms 50ms 20ms 

Phase Jump 45º 42ms 42ms 60ms 50ms 25ms 

Distorted Signal Oscillatory Oscillatory Oscillatory Oscillatory Accurately 

Presence of dc offset 

(10% of peak value) 
Oscillatory Oscillatory Oscillatory Oscillatory 45ms 
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4.5 Summary 

This chapter investigates the design criterion and performance of the proposed MDSOGI-

FLL and compares it with that of conventional three-phase DSOGI-FLL. It is observed that 

the conventional DSOGI-FLL fails to tackle the dc-offset component present in the input 

signal and results into erroneous frequency estimation. The proposed MDSOGI-FLL 

synchronization scheme is able to accurately estimate the frequency under all grid 

abnormalities like imbalance supply, frequency step, sudden phase jump, distorted signals 

etc. In addition, it can tackle the dc-offset component present in the input signal and hence, 

frequency ripple component is not observed in the estimated frequency unlike that of 

DSOGI-FLL. The simulation and experimental results validate the superior performance of 

the MDSOGI-FLL over other schemes.  

The correct estimation of the fundamental frequency, phase and amplitude of the positive 

sequence components of the input signal is very critical in the control and operation of 

equipment connected with the utility. Erroneous information about these quantities may 

lead to large current/voltage spikes, distortion of the current/voltage, synchronization 

issues, instability, protection issues etc. Next chapter focuses on how the performance of 

shunt active power filter (SAPF) based on the conventional control scheme can be 

improved significantly by modifying the control scheme with the MDSOGI-FLL to 

mitigate the harmonics entering into the utility and thereby maintaining the THD well 

within the statutory limits. 
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CHAPTER – 5 

Harmonic Mitigation with MDSOGI-FLL based 

Shunt Active Power Filter  

In the previous chapters, the effect of various grid abnormalities on the phase and 

frequency estimation capability of the PLL (or FLL) is analyzed and evaluated. The error 

in estimating these quantities may raise certain concerns in the control of equipment 

connected with the utility, especially those which are dependent on information like the 

phase and frequency of grid voltage/current. Improper control of these equipment, which 

may be due to the lack of co-ordination (synchronization) or inappropriate generation of 

the template required for control strategy, aggravates the power quality problems. 

 

One of such equipment, which is highly dependent on the template derived from the grid 

voltage/current is the active power filter (APF).  APF helps to mitigate the current/voltage 

harmonics in the utility, which are generally inserted into the system by the non-linear 

loads. APF is an attractive alternative to passive filters [21-23], as they are smaller, fast, 

free from problem of resonance, and adaptive in nature. However, the performance of the 

APF is greatly dependent on how precisely the reference compensating current (or voltage) 

is computed. The task of generating this reference compensation current (or voltage) is 

challenging.  It is critical especially when the system operates in a weak grid or micro-grid, 

which is very likely to have distorted supply voltage, harmonics, unbalanced load, 

imbalance in supply voltage etc [96-99]. Under such case for computing reference 

compensation current (or voltage), it is must to compute the fundamental positive sequence 

components (PSCs) of grid voltage accurately. The accuracy of the fundamental PSCs 

depends on the accurate information derived about the phase, frequency and amplitude of 

grid voltage. If the reference compensating current is not properly calculated the APF may 

not be able to eliminate the harmonics completely. On the contrary it may introduce sub-

harmonics, inter-harmonics, lower order harmonics or the dc-offset in the system. 
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In this chapter, performance of DSOGI-FLL based SAPF and MDSOGI-FLL based SAPF 

is evaluated under grid-voltage abnormalities like, supply voltage imbalance and dc-offset. 

It is illustrated that DSOGI-FLL based SAPF may not be to able mitigate the harmonics 

totally when the grid voltage (or sensed grid voltage) is affected by dc-offset. Thus, it is 

not able to perform satisfactorily and even result into the dc-component into the source 

current under such conditions. Unlike it, the proposed MDSOGI-FLL based SAPF 

presented in the paper performs accurately under all the grid abnormalities. It employs just 

two modified SOGI (MSOGI) structure for the accurate estimation of the frequency [86]. 

The system configuration of MDSOGI-FLL based SAPF, detailed analysis and the 

simulation and experimental results are included in this chapter. 

5.1 System configuration 

Fig. 5.1 shows the system configuration of the MDSOGI-PLL based SAPF, which is 

connected at the point of common coupling (PCC) to supply the harmonics generated by 

the non-linear load. As a non-linear load, a three phase uncontrolled rectifier feeding a 

resistive load (RL) is considered. The input current, iLabc of the rectifier is characterized by 

the harmonics of the order 6n±1 (where n = 1, 2, 3...). The SAPF injects compensation 

currents iCabc at the PCC through the coupling inductance Lf making the supply current 

(isabc) free from the harmonics. Besides, the non-linear load a linear resistive load is also 

considered at the PCC. In addition, the SAPF also supplies the reactive power demand of 

the load to achieve a unity power factor operation of the grid (at the PCC). 

 

Semikron‘s Voltage Source Inverter (VSI) employing self-controlled Insulated Gate 

Bipolar Transistor (IGBTs) switches S1 through S6, is used as the SAPF. The sensor card 

(LV-25-600) is used to sense dc bus capacitor voltage vdc. Load current (iLabc) and the 

inverter output currents (iCabc) are sensed through current transformers (CT) and processed 

through signal conditioning circuits before feeding to the dSPACE MicroLabBox-1202. 

The supply voltage is stepped down through transformers and then fed to dSPACE 

MicroLabBox-1202, which controls the VSI to act as the SAPF. The software 

implementation of reference current generation (RCG) and PWM hysteresis current control 

algorithm is implemented in MATLAB/Simulink and fused in the processor of dSPACE 

MiroLabBox-1202 to finally generate the switching signals, which are applied to the 

IGBTs of VSI through PWM isolator driver card (Edutech Application Specific kit-30).  
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The system parameters for the test set-up are mentioned in Table-5.1. The algorithm is 

detailed in the next section. 

 TABLE 5.1 SYSTEM PARAMETERS 

Supply voltage (RMS) 110V (phase voltage), 50 Hz 

Nonlinear load Three phase bridge rectifier with Resistive Load of RL = 90Ω  

DC-link capacitor   C =  1100µF 

DC-link voltage vdc 300 V 

Coupling inductor Filter inductance Lf  = 5 mH 

Source impedance Rs = 0.02 Ω , Ls = 1µH 

Inverter rating 25kVA 

 

 

FIGURE 5.1 System configuration for three-phase SAPF 

5.2 Reference current generation 

In practical situation, the utility voltages vsabc, may deviate from the ideal non-sinusoidal 

and balanced waveforms. The voltages under such conditions are expressed by (4.12) 

mentioned in Chapter 4. This deviation in the ideal supply voltage estimates α component 

of source voltage by 4.13 and β component of the source voltage by 4.14, which requires 
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the additional terms, represented by (4.15) and (4.17) in α component and (4.16) and (4.18) 

in β component of the source voltage. These α-β components are required for instantaneous 

active-reactive power calculations to generate reference compensating current,         . 

(5.1) - (5.2) shows the expressions for computing instantaneous active and reactive power 

using p-q theory [22]. 

                    ̅    ̃             5.1 

                     ̅    ̃          5.2 

where,  ̅ and  ̃ represents the average and oscillating components of the instantaneous real 

power, respectively. Similarly,  ̅ and  ̃ represents the average reactive power and 

oscillating components of the instantaneous reactive power, respectively. The average 

active and reactive power is attributed by the fundamental components of iLabc in the αβ 

reference frame (iLα and iLβ). Hence, i’Lα,p and i’Lβ,p the components of iLabc, that contributes 

only to average active power consumed by the load are expressed by (5.3). 

*
      

      
+  

 

   
      

 ([
   

   
]   ̅)    5.3 

where   ̅ takes into account the losses in inverter and capacitor and is computed from (5.4) 

  ̅          +                    5.4 

The term ploss represents the active power required to meet the losses of inverter and 

capacitor, to regulate the voltage at dc-bus. It is obtained by processing the difference of 

the reference and actual voltage at the dc-bus through proportional-integral (PI) controller. 

As the SAPF is intended to supply only the reactive power and harmonic currents, the 

reference compensating current          is derived using (5.5). 

        [      ]                  5.5 

where,         is obtained through αβ-abc transformation expressed by (5.6).  
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The accurate performance of SAPF depends on how accurately          is generated. As 

observed from the above analysis, computation of          is dependent on     and    . If 
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these signals deviate from sinusoidal nature, it affects the estimation of frequency and 

hence, the reference current generation. Next section presents MSOGI structure [29], 

which helps in extracting the filtered in-quadrature positive sequence components, v’α - v’β 

and i’Lα - i’Lβ , which if used in place of on    -    ,  and    -    , respectively in (5.3)-

(5.4) can correctly estimate        .  Fig. 5.2 shows the reference current generation for the 

MDSOGI-FLL based SAPF. 

 
 

FIGURE 5.2 Reference current calculation block 

5.3 Estimating PSC using MDSOGI-FLL structure 

In order to generate an accurate reference current even under conditions when supply (grid 

voltage) is distorted, the modified dual SOGI-FLL (MDSOGI-FLL) structure based 

reference current generation of Fig. 5.3 is employed. Fig. 5.3 (a) shows the MDSOGI 

structure that derives the sinusoidal αβ components of source voltage from the non-ideal 

supply voltage. It comprises of two MSOGI [86]. It estimates filtered in-phase and 

quadrature components of the measured input quantity. Two such structures are used: one 

each for grid-voltages and load currents to obtain the in-quadrature components: v’sα, and 

v’sβ for voltages (Fig. 5.3(a)) and i’Lα and i’Lβ for currents (Fig. 5.3(b)). 

 

The αβ components derived from three-phase ‗abc‘ signals using Clarke‘s transformation 

are no longer sinusoidal under distorted supply conditions as explained in previous section 

and may affect the reference current generation. Hence, the MSOGI acts on these αβ 

components to filter out the harmonics and to yield a set of in-quadrature sinusoidal signals 

v’’sα, and v’’sβ from grid voltages and i'’Lα and i’’Lβ from load currents at the fundamental 

frequency. From these set of in-quadrature signals derived with the two MSOGIs, which 

are even utilized to estimate the frequency, the PSC v’sα, and v’sβ from grid voltages and 

i’Lα and i’Lβ from load currents are derived. The MSOGI block having dc rejection
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(a) 

 

(b) 

 

(c) 

FIGURE 5.3 MDSOGI structure  : (a) Extraction of PSC of supply voltage (b) Extraction of PSC of  load 
current (c) MSOGI block 
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capability is detailed in Fig. 5.3(c), while the frequency estimation is done using the 

frequency-locked-loop (FLL) as shown in Fig. 5.4. Performance of generalized integrator 

based MSOGI structure shown in Fig. 5.3(b) depends on the damping parameter k1, dc-

gain kdc and estimated fundamental frequency ω’ as discussed earlier. The process of 

parameter selection is detailed in Chapter 4. The values of k1 and kdc are obtained 

according to (4.25).   

 

FIGURE 5.4 FLL block for estimation of fundamental frequency ω’ 

5.4 Simulation and Experimental Results 

This section presents the simulation and experimental results of DSOGI-FLL base SAPF 

and the proposed MDSOGI-FLL based SPAF, when performing under different grid 

voltage abnormalities. The dependence of the performance of the SAPF on the 

performance is studied in terms of its capabilities to extract the PSC correctly. The 

performance of the DSOGI-FLL based SAPF and the proposed MDSOGI-FLL based 

SAPF for RCG and hence, in compensating the load harmonics is evaluated on the test-set 

up shown in Fig 5.1. The parameters mentioned in Table-5.1 are utilized for simulation as 

well as for the experiments and the results are presented in this section. The performance is 

validated experimentally for different abnormalities in grid voltages with the hardware set-

up (shown in Fig. 5.1) whose major components are detailed in section 5.4.2.  

5.4.1 Simulation Results 

The simulation results obtained through MATLAB-Simulink software (parameter 

mentioned in Table-5.1) are presented in this section for the abnormalities like imbalance 

in supply voltage, balanced sag in supply voltage with equal dc-offset in all the phases, and 

imbalance in supply voltage with offset error in just one phase. 
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Fig. 5.5-5.8 shows the response of the SAPF with the conventional DSOGI based control 

algorithm, when the source voltage undergoes unbalanced situation from the healthy 

condition. The unbalanced situation arises due to a single-phase sag created by a highly 

reactive single-phase load, which gets connected with phase-a at t=0.3s at the PCC. Fig. 

5.5(a) shows the supply voltage vsabc with the sag in phase-a after t=0.3s.  The reduction in 

amplitude of the phase-a is considered as 20% of the fundamental amplitude. The SAPF 

turns ON at t=0.2s. Fig. 5.5(b) shows, in-quadrature components vsα and vsβ while Fig. 

5.5(c) shows the output v’sα and v’sβ of the SOGI structure (Fig. 4.1(a)).  

 

(a) 

 

(b) 

 

(c) 

FIGURE 5.5 Simulation results of DSOGI-FLL based SAPF with unbalanced supply voltage: (a) supply 

voltage vsabc (b) vsα and vsβ (c) v’sα and v’sβ 

 

vsa vsb vsc

SAPF on Phase-a sag

v s
ab

c 
(V

)

vsα vsβ

v s
α
β 

(V
)

v'
sα
β 

(V
)

sv' sv'



Chapter 5            Harmonic Mitigation with MDSOGI-FLL based Shunt Active Power Filter 

102 
 

As observed from Fig. 5.5(b), after t=0.3s when the supply voltage gets unbalanced, the 

components vsα and vsβ although sinusoidal in nature, are no longer equal in magnitudes. 

However, v’sα and v’sβ, the filtered output of the DSOGI structure (positive sequence 

components), are sinusoidal and equal in magnitude. 

 

The load current components iLα and iLβ (obtained thorough the Clarke‘s transformation) 

are non-sinusoidal in nature (Fig. 5.6(a)). However, as shown in Fig. 5.6(b), the output 

current components i’Lα and i’Lβ derived from the DSOGI structure are sinusoidal, equal in 

magnitude and displaced by 90°. As both v’sα - v’sβ and i’Lα - i’Lβ forms a pair of orthogonal 

signals with equal magnitude and perfectly sinusoidal nature, the phase, frequency and the 

reference current are accurately determined. The reference current can then be used to 

derive the switching pulses for VSI to control it as SAPF. 

 

(a) 

 

(b) 

FIGURE 5.6 Simulation results of DSOGI-FLL based SAPF with unbalanced supply voltage: (a) iLα and iLβ 

(b) i’Lα and i’Lβ 

The source current shown in Fig. 5.7 (a) is sinusoidal in nature as soon as the SAPF turns 

on. Fig. 5.7(b) shows the estimated frequency of the supply voltage frequency and voltage 

across the capacitor (vdc). The estimated frequency is 50Hz and is ripple free. The THD of 

the source current before and after compensation is represented in Fig. 5.8(a) and (b), 
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respectively. It is observed that the THD of source current reduces from 14.41% to 3.41% 

after compensation. Hence, DSOGI-FLL based SAPF effectively compensates the 

harmonics of the load current event when the supply is unbalanced.  

 

 

(a) 

 
(b) 

FIGURE 5.7 Simulation results of DSOGI-FLL based SAPF with unbalanced supply voltage: (a) source 

current isabc  (b) estimated frequency ω’ and capacitor voltage vdc 

 
 

(a) (b) 

FIGURE 5.8 Harmonic spectrum of source current (phase-a) (a) before compensation (b) after compensation 
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based SAPF. The dc-offset error is considered due to inaccuracies involved with 

measuring, sensing, signal conditioning or data conversion. The supply voltage shown in 

Fig. 5.9(a) undergoes balanced voltage sag along with the offset error (10% peak) at 

t=0.3s. Fig 5.9(b) shows the orthogonal components vsα and vsβ. These signals are free from 

the dc error as presence of offset error in all the three-phases gets cancelled out during the 

three-phase to stationary frame (αβ) conversion (4.17-4.18). Fig. 5.9(c) represents the 

filtered sinusoidal signals v’sα and v’sβ obtained through DSOGI-FLL structure. These 

components are not only sinusoidal but are also free from dc-offset.   

 

(a) 

 
(b) 

 
(c) 

FIGURE 5.9 Simulation results of DSOGI-FLL based SAPF in case the supply voltage undergoes balanced 

sag along with the dc-offset error  in all phases: (a) supply voltage vsabc (b) vsα and vsβ (c) v’sα and v’sβ 
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It is clearly observed from Fig. 5.10(a) that though iLα and iLβ  components are 

nonsinusoidal, the filtered load current components i’Lα and i’Lβ, obtained through the 

conventional DSOGI structure, are sinusoidal in nature. Further they are orthogonal and 

equal in magnitude as observed through Fig. 10(b). It is also evident from Fig. 10(b) that 

i’Lα and i’Lβ are free from any dc-offset. 

 
(a) 

 
(b) 

FIGURE 5.10 Simulation results of DSOGI-FLL based SAPF in case the supply voltage undergoes balanced 

sag along with the dc offset error: (a) iLα and iLβ (b) i’Lα and i’Lβ 

The above signals are used to calculate the reference compensating current for the SAPF, 

which turns on at t=0.2s. Fig. 11(a) shows the sinusoidal source current once the SAPF 

turns on. Further, it does not contain any offset component. The estimated fundamental 

frequency and the voltage across the capacitor are shown in Fig. 5.11(b). It is observed that 

the frequency is correctly estimated and is ripple free. 

 

The harmonic spectrum shown in Fig. 5.12 also reveals the absence of dc component in the 

source current. Amplitude of all harmonic components is less than 2%, while the THD of 

the source current is 2.92%. Thus, the source current comply the harmonic standards 

specified by the regulatory bodies.  
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The performance of the proposed MDSOGI-FLL based SAPF is exactly similar to that 

obtained with the conventional DSOGI-FLL based SAPF for the input supply voltage 

represented by Fig. 5.5(a) and Fig. 5.9(a). Just like DSOGI-FLL based SAPF, the 

MDSOGI-FLL based SAPF is able to generate sinusoidal source current which is not only 

free of dc-offset but also has the THD much less than 5%. As the identical results are 

reproduced by MDSOGI-FLL based SAPF, the simulation results are not included here.  

 

(a) 

 
(b) 

FIGURE 5.11 Simulation results of DSOGI-FLL based SAPF in case the supply voltage undergoes balanced 

sag along with the dc offset error:: (a) source current isabc  (b) estimated frequency ω’ and capacitor voltage 

vdc 

 

FIGURE 5.12 Harmonic spectrum of source current (phase-a) after compensation 

Figs. 5.13(a) and 5.14(a) shows sensed supply voltage (after scaling up to the actual value). 

It is considered that the phase-a voltage has a dc-offset of 10% of the fundamental phase-

i s
a

b
c 

(A
)

isa isb isc

SAPF on Balanced sag with offset

)/( srad

vdc (V)

Time(s)



Chapter 5            Harmonic Mitigation with MDSOGI-FLL based Shunt Active Power Filter 

107 
 

voltage (RMS) due to the erroneous sensing, signal processing or analog-digital 

conversion. Phase-a further experiences a voltage sag of 20% at t=0.3s. The SAPF is 

turned on at t=0.2s.  

 

Fig. 5.13(b) shows the in-quadrature components vsα and vsβ for DSOGI-FLL based control 

approach, while Fig. 5.14(b) shows in-quadrature components vsα and vsβ with MDSOGI-

FLL based control approach. The vsα and vsβ components with both the approaches are of 

similar nature. The dc-offset is observed in vsα. In addition, after t=0.3s when the supply 

voltage is unbalanced, the components vsα and vsβ, though sinusoidal are distinct in 

magnitudes. The dc-offset is even present in v’sβ with the DSOGI structure as observed in 

Fig. 5.13(c). The reason for the presence of dc-offset in v’sβ is the inability of the DSOGI  

 
(a) 

 
(b) 

 
(c) 

FIGURE 5.13 Simulation results of DSOGI-FLL based SAPF in case the supply voltage experiences voltage 

sag alongwith the dc offset in just one phase: (a) supply voltage vsabc (b) vsα and vsβ (c) v’sα and v’sβ 
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to attenuate the low frequency component of v’sβ as observed from the bode-plot of Q(s) in 

Fig. 4.13(b) (Chapter 4). Unlike it, Fig. 5.14(c) shows that both v’sα and v’sβ, obtained with 

the MDSOGI structure, are not only identical in magnitude but also free from dc-offset. 

 
(a) 

 
(b) 

 
(c) 

FIGURE 5.14 Simulation results of MDSOGI-FLL based SAPF in case the supply voltage experiences 

voltage sag alongwith the dc offset in just one phase: (a) supply voltage vsabc (b) vsα and vsβ (c) v’sα and v’sβ 
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[Fig. 5.16(a)]. This ultimately, affects the reference current generation, leading to offset in 

the grid current as well.  The THD analysis of the grid current (for phase-a) shown in Fig. 

5.16(b) is displayed as Fig. 5.17. It shows the presence of dc-component.
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(a) 

 
(b) 

FIGURE 5.15 Simulation results of DSOGI-FLL based SAPF in case the supply voltage experiences voltage 

sag alongwith the dc offset in just one phase: (a) iLα and iLβ (b) i’Lα and i’Lβ  

 

 
(a) 

 
(b) 

FIGURE 5.16 Simulation results of DSOGI-FLL based SAPF in case the supply voltage experiences voltage 

sag alongwith the dc offset in just one phase:  (a) source current isabc  (b) estimated frequency ω’ and 

capacitor voltage vdc 

iLα iLβ

i L
α
β
 (

A
)

SAPF on Phase-a sag

i’Lα i’Lβ

i’
L
α
β
 (

A
)

i s
ab

c 
(A

)

SAPF on Phase-a sag

isa isb isc

)/( srad

vdc (V)

Time (s)



Chapter 5            Harmonic Mitigation with MDSOGI-FLL based Shunt Active Power Filter 

110 
 

 
FIGURE 5.17 Harmonic spectrum of source current (phase-a) after compensation 

In addition, the ripple in the estimated frequency results into 2
nd

 harmonic in the grid 

current is leading to the THD of 5.82%. Fig. 5.18(b) shows that just like v’sα and v’sβ the 

i’Lα and i’Lβ components obtained through the MDSOGI structure is free from the dc-offset. 

The filtering effect of the ‗dc loop‘ shown in Fig. 5.4(c) helps in removing the oscillations 

in the estimated frequency. Fig. 5.19(b) shows the ripple-free estimated frequency. As a 

result, it helps in accurately generating the reference compensating current, leading to a 

sinusoidal source current which is free of dc-offset. Fig. 5.19(a) shows the source current 

while the harmonic spectrum for the phase-a source current is shown in Fig. 5.20. The 

harmonic spectrum confirms the absence of the dc component from the source current. 

Even the second harmonic is absent. The THD of the current is noted as 3.57% with 

MDSOGI structure against the 5.82% observed with the DSOGI structure. 

 
(a) 

 
(b) 

FIGURE 5.18 Simulation results of MDSOGI-FLL based SAPF in case the supply voltage experiences 

voltage sag alongwith the dc offset in just one phase: (a) iLα and iLβ (b) i’Lα and i’Lβ 
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(a) 

 
(b) 

FIGURE 5.19 Simulation results of MDSOGI-FLL based SAPF in case the supply voltage experiences 

voltage sag alongwith the dc offset in just one phase:  (a) source current isabc  (b) estimated frequency ω’ and 

capacitor voltage vdc 

 

FIGURE 5.20 Harmonic spectrum of source current (phase-a) after compensation. 

5.4.2 Hardware Description 

Fig. 5.21 represents the prototype hardware test setup of MDSOGI-FLL based SAPF for 

compensating the load harmonic components that are injected due to the non-linear load 

connected at the PCC. The circuit parameters for the set-up are the same as mentioned in 

Table 5.1. To realize the real time control algorithm, dSPACE MicroLabBox-1202 is 

employed. It acts as an interface between the hardware circuit and the host computer, in 

which the MATLAB simulink model is implemented.   
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FIGURE 5.21 Hardware setup for SAPF 

The following are the main equipment/components involved in the hardware setup: 

(i). Semikron’s voltage source inverter (VSI) 

Semikron‘s three-phase IGBT based voltage source inverter (VSI) (Fig. 5.22) module is 

used in hardware setup to implement SAPF. This IGBT module has maximum    

 

 

FIGURE 5.22 Semikron IGBT based voltage source inverter 
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switching frequency of 25 kHz. The inverter‘s output voltage rating is 230/400V and 30A, 

respectively. The dc bus equivalent capacitor rating is 1100µF/600 V. The PWM signals 

are applied through isolated driver card to generate the required compensating current.  

(ii). dSPACE MicroLabBox-1202 

The MicroLabBox features a 2 GHz dual-core real-time processor capable of achieving 

fast closed-loop cycle times of less than 15 µs. MicroLabBox includes over 100 I/O 

interfaces such as analog I/O and digital I/O. The real time signals are applied to input 

channel of the dSPACE and real time output signal are achieved through it. It can be 

configured according to use as analog (I/O) or digital (I/O).  It has in built Analog-to-

Digital converter (ADC) at the input channels to convert any analog input signal and DAC 

at the output channel to convert the digital signals coming out from the computer algorithm 

into analog signals. The MATLAB program designed in simulink is executed with the help 

of dSPACE tool box. Fig. 5.23 shows the dSPACE MicroLabBox-1202 interfacing board. 

 

FIGURE 5.23 dSPACE MicroLabBox-1202 

(iii). Sensing and signal conditioning circuit. 

The higher level (amplitude) supply voltage and supply current must be stepped down to 

meet the voltage/current handling capability of the processor (here dSPACE 

MicroLabBox) wherein the control logic is implemented. The sensing and signal 

processing card shown in Fig. 5.24 is used for this purpose in the hardware setup. It 

comprises of separate PT/CT units on the circuit board to handle the input signals. These 
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signals are converted in ±10V range to make them compatible with the ADC of the 

dSPACE MicroLabBox. Also, the voltage across capacitor (vdc) is measured by the LEM 

LV 25-P (Hall Effect sensor) for the setup. Besides stepping down the signals, these 

circuits provide isolation between the power network and control circuits.  

  

FIGURE 5.24  Signal sensing and conditioning circuit FIGURE 5.25 LEM LV 25-P card 

5.4.3 Experimental results 

Experimental results are included in form of Figs. 5.26 through 5.35 to justify the superior 

performance of MDSOGI-FLL based SAPF over that of DSOGI-FLL based SAPF.        

Fig 5.26-5.28 shows the performance of the DSOGI-FLL based SAPF when operating with 

unbalanced supply voltage (without any dc-offset). Fig. 5.26 (a) shows that phase-a voltage 

undergoes sag of 20% of fundamental.  It shows that, as soon as the SAPF is activated, the 

grid current not only becomes sinusoidal but also remains in phase with the phase voltage 

resulting into unity power factor operation. The components vsα and vsβ [Fig. 5.26(b)], 

obtained through Clarke‘s transformation on the supply voltages, are not identical. The 

current components iLα and iLβ [Fig. 5.27(a)] are also not identical and deviate from 

sinusoidal conditions. However, the voltage components v’sα  and  v’sβ  [Fig. 5.26(b)], and 

the current components i’Lα and i’Lβ [Fig. 5.27(a)] are sinusoidal and nearly equal in 

magnitude, demonstrating the filtering capability of the SOGI structure. As a result, the 

frequency is correctly estimated and shows a constant value (ripple free) as shown in Fig. 

5.27(b). The harmonic spectrum for the uncompensated source current is shown in Fig. 

5.28 (a).  Fig. 5.28(b) indicates that the reduction of THD for compensated source current 

is observed from 10.7% to 2.47% with the incorporation of the SAPF. 
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(a) 

 

(b) 

FIGURE 5.26 Experimental results of (a) unbalanced supply voltage (without dc offset error) & source 

current (b) supply voltage (vsα & vsβ) and (v’sα & v’sβ)     
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(a) 

 

(b) 

FIGURE 5.27 Experimental results of (a) load currents (iLα & iLβ) and (i’Lα & i’Lβ)  (b) estimated 

frequency ω‘ & voltage across capacitor vdc 
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(a) 

 

(b) 

FIGURE 5.28 Experimental results (a) uncompensated load current harmonic spectrum (phase-a) (b) 

Compensated load current harmonic spectrum (phase-a)  
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Fig. 5.29 shows the 3-phase unbalanced supply voltage where the phase-a not only 

experiences sag (20% of fundamental) but also has a dc-offset (10% of fundamental). Such 

offset may be present in a weak grid. Even if it is not present in the utility voltage, it may 

enter into the computation due to the error in sensing and processing the signals. The 

experimental results shown here consider that the offset is not in the actual grid signal, but 

has resulted from measuring or signal processing errors. Thus, the waveform of Fig. 5.29 

represents the sensed supply voltages. Unlike the earlier case, the dc-offset is observed in 

vsα. As a result, the dc-offset is also observed in v’sβ [Fig. 5.30(a)]. Fig. 5.30(b) shows that 

the offset is also reflected in the waveforms of iLα and i’Lβ. Hence, unlike the earlier case, 

the nature of the estimated frequency ω’ is oscillatory. Fig. 5.31(a) shows that the 

estimated frequency is having a ripple of 50Hz. The supply current is also characterized by 

the dc-offset resulting into a higher THD of the source current. The harmonic spectrum of 

source current is shown in Fig. 5.31(b), which displays THD of 5.94%. Thus, DSOGI 

based SAPF is unable to negate the effect of the dc-offset resulting into the computation of 

an inaccurate compensating current. This finally leads to a grid current with a dc-offset and 

higher THD.  

 

FIGURE 5.29 Experimental results of unbalanced supply voltage (with dc offset error) & source current 
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(a) 

 

(b) 

FIGURE 5.30 Experimental results of (a) supply voltage (vsα & vsβ) and (v’sα & v’sβ) (b) load currents 

(iLα & iLβ) and (i’Lα & i’Lβ) 
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(a) 

 

(b) 

FIGURE 5.31 Experimental results of (a) estimated frequency ω‘ & voltage across capacitor vdc (b) 

compensated load current harmonic spectrum (phase-a)  
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FIGURE 5.32 Experimental results of  reference compensating current iCabc* 

 

Fig. 5.33-5.35 shows the performance with MDSOGI-FLL based SAPF. The similar test 

conditions (supply voltage), as considered for results of Fig. 5.30-5.32, are maintained. 

The MDSOGI structure estimates the dc-offset component present in the input signal   

(Fig. 5.33(a)) through integral action of the DC loop shown in Fig. 5.3. It is illustrated 

through Fig. 5.33(b) that the waveform of  v’sα  and v’sβ are sinusoidal, free of dc-offset and 

identical in magnitude unlike those observed in Fig. 5.30(a). Even-though vsα is 

characterized by the presence of dc- offset, it is not observed in either v’sα or v’sβ. The same 

is true for i’Lα and i’Lβ [Fig. 5.34(a)]. Unlike the earlier case [Fig. 5.30(b)], the estimated 

grid- signal frequency shown in Fig. 5.34(b) is free from 50Hz ripple. Hence, MDSOGI-

FLL based SAPF accurately calculates the reference compensating current resulting into a 

source current with lower THD [Fig. 5.35(b)]. Reduction of THD from 10.9% to 2.09% is 

observed when the MDSOGI-FLL based SAPF is activated. Thus, the proposed MDSOGI 

based SAPF shows superior performance under all types of grid voltage abnormalities. 
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(a) 

 
(b) 

FIGURE 5.33  Experimental results of (a) unbalanced supply voltage (with dc offset error) & source 

current (b) supply voltage (vsα & vsβ) and (v’sα & v’sβ)     
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(a) 

 

(b) 

FIGURE 5.34 Experimental results of (a) load currents (iLα & iLβ) and (i’Lα & i’Lβ)  (b) estimated 

frequency ω‘ & voltage across capacitor vdc 
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(a) 

 

(b) 

FIGURE 5.35 Experimental results of (a) Uncompensated load current harmonic spectrum   (phase-a) 

(b) Compensated load current harmonic spectrum (phase-a) 
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5.5 Summary  

 

The performance of DSOGI-FLL and proposed MDSOGI-FLL based SAPFs are analyzed 

under various operating conditions in this chapter. Both these SAPFs can operate 

satisfactorily under unbalanced conditions and even when supply voltage is characterized 

by presence of harmonics. Good quality source current with THD<3% and individual 

harmonics with amplitudes less than 2% is obtained to meet the statutory limits. However, 

when the (sensed) grid-voltage is characterized by the presence of dc-offset, DSOGI-FLL 

fails to estimate the frequency correctly resulting into the grid current with a dc offset and 

a higher THD. The MDSOGI-FLL correctly estimates the frequency and hence, an 

accurate compensating current can be generated. The simulation and experimental result 

shows that with MDSOGI-FLL based SAPF, grid current is free of dc- offset and the THD 

is well below 5% under all grid abnormalities. 
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CHAPTER – 6 

Summary, Conclusions and Future Scope 

This chapter summarizes the work reported in this report, the major contribution and some 

important conclusions. The scope of the work is also presented at the end of the chapter. 

6.1 Summary of the Contributions 

The necessity of the phase angle estimation and synchronization using PLL techniques is 

required for wide range of application of power electronics converters i.e. synchronization, 

reactive power compensation, distributed power generation, active power filtering, load 

sharing, activation of protection schemes etc. Hence, it is essential that phase and supply 

frequency of the voltage/current should be estimated accurately to achieve the desired 

objective for the various applications mentioned above. The inaccuracy in the phase and 

frequency information provided by the frequency estimation techniques may occur due to 

the poor power quality, which further may lead to improper functioning of the grid-

connected converters used for DG interface or as APF, FACTs devices etc. The research 

work hence, targeted the investigation of the performance of frequency estimation 

techniques when operating with the grid voltage that deviates from the ideal conditions. 

The following are the contributions made through the work. 

 The effects of the various non-idealities/abnormalities in the PCC voltage like 

harmonics, imbalance and dc-offset on the various phase and frequency estimation 

schemes have been investigated. Simulation results and experimental investigations 

have been included to highlight that most of the techniques fail in presence of dc-offset 

in the sensed voltage/current. 

 Frequency estimation technique referred as MDSOGI-FLL is proposed, which has a 

robust performance in estimating the fundamental frequency and magnitude of the grid 

voltage in various grid abnormalities. The performance is evaluated against other PLLs 

and its superiority is demonstrated for the case when the PCC voltage has a dc-offset.  
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 The inability of the conventional schemes to estimate the phase and frequency 

correctly under the non-ideal supply voltage conditions, affects the performance of the 

power electronic converters. To evaluate the performance of these PLL schemes under 

non-ideal voltage conditions on converter‘s performance, simulation and experimental 

studies are performed for a 3-phase shunt active filter. It is demonstrated that even the 

DSOGI-FLL, which is quite accurate in estimating the phase/frequency and magnitude 

of a PCC voltage infected by harmonics, fails when the same PCC voltage is 

characterized by the dc-offset. 

 The feature of the MDSOGI-FLL to work effectively even with the PCC voltage 

having harmonics, imbalance and dc-offset is utilized to design a 3-phase active filter 

that gives better performance under all such non-idealities. The performance is 

examined through simulation results as well as experimentally with the real time 

implementation. It is highlighted that the MDSOGI-FLL base SAPF mitigates the 

harmonics to a better extent and does not introduce any dc-component into the grid 

when working with sensed voltage that has a dc-offset. 

6.2 Conclusions 

Investigations of various PLL show that SOGI-PLL is an attractive solution to estimate the 

frequency even in case when the grid signal deviates considerably from the ideal 

conditions.  It is observed that SOGI has a very good filtering capability and can estimate 

the frequency with a good degree of accuracy. Though this SOGI based PLLs (SOGI-PLL 

for single-phase and DSOGI-PLL for three-phase) are superior to other PLLs, they fail 

when the grid voltage (or the sensed grid voltage) has a dc-offset. It demands a more 

sophisticated scheme which can even estimate the phase/frequency accurately under such 

conditions. Further, the synchronizing schemes can be improved if the frequency is 

estimated adaptively rather than the conventional feedback loop-filter approach. 

 

The proposed MDSOGI-FLL algorithm has both these features: capability to tackle the dc-

offset and to estimate the frequency adaptively. It can accurately and quickly estimate positive 

sequence components of distorted grid signal having harmonics, imbalance and dc-offset. The 

proposed technique estimates the dc component from the input signal and rejects its effect in 

the estimation of fundamental frequency component (of positive sequence). The estimation is 

relatively fast and accurate compared to other conventional phase angle estimation techniques. 
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The incorrect estimation greatly affects the performance of the grid-connected converter whose 

operation and control depends on the template of the grid side voltage or current. A grid-

connected DSOGI-FLL based SAPF, which is intended to mitigate harmonics, on the contrary 

injects dc-component into the grid when the grid side voltage (or sensed voltage) has a dc-

offset. The MDSOGI-FLL based SAPF does not show such issue. As the effect of any offset 

error in measurement, data conversion processes (A/D or D/A) or in the grid voltage is 

nullified through the proposed MDSOGI-FLL technique, positive sequence components are 

estimated correctly for further calculation of reference current generation of SAPF. 

Experimental results shows that MDSOGI-FLL based SAPF has lower THD than that of 

DSOGI-FLL based SAPF. Further, the grid current is free from dc component, which is not the 

case with DSOGI-FLL.  The comparison of the performance of DSOGI-FLL and proposed 

MDSOGI-FLL shows that  

(i) even when supply voltage is distorted and/or unbalanced, both SAPF ensure 

source current with THD<3% and individual harmonics with amplitudes less 

than 1%. 

(ii) when the (sensed) grid-voltage is characterized by the dc-offset, the estimated 

frequency for DSOGI-FLL based SAPF shows  ripples in estimated frequency, 

which results into the grid current with a dc offset and a higher THD. Second 

harmonic is also noticeable with the DSOGI-FLL based SAPF.  

(iii) the MDSOGI-FLL based SAPF results into grid current with lower THD 

(<5%). Further it is free of dc-offset and second harmonic due to the correct 

estimation of frequency under all operating conditions. 

6.3 Scope of the future work 

In this thesis performance investigations of frequency estimation techniques, when 

operating under non-ideal grid-voltage conditions, is studied and an improved technique 

MDSOGI-FLL, capable of effectively operating with most of the non-ideal grid voltage 

conditions, is presented. Some suggestions for further investigations in this field are as 

follows. 

1. The proposed MDSOGI-FLL structure is limited to estimate the fundamental positive 

and negative sequence components along with the dc-offset from the distorted input 
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signal. It can be further restructured to multiple MSOGI-FLL structure by connecting 

n number of MSOGIs in parallel to extract n number harmonic components including 

fundamental. 

2. The inclusion of n MSOGI-FLL can offer one or more of the following advantages in 

harmonic compensation and or some other control applications: 

i). Selective harmonic elimination capability which helps to attend the most 

problematic harmonics. 

ii). Avoids unnecessary investment/computation on excessive control bandwidth and 

converter ratings. 

3. The performance improvement of other grid-connected converter applications like 

Series APF, Hybrid APF, FACTs devices, PV or Wind based DGs  by modifying their 

control scheme using the MDSOGI-FLL can be studied. 
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The following state space equations can be obtained from the SOGI-FLL diagram 

shown in Fig. 4.1 
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Further, the error signal  ε  is derived in (A.2) from the above equations (A.1)   
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For the sinusoidal input signal     = Vm sin  t at frequency  , the steady-state 

equation of   ̅ ̇       ̅  holds even though         [76]. Hence, the steady state 

FLL error input is represented as  
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where the steady-state output of  ̅ , i.e. qv’    ̅  is obtained by time domain 

analysis and written as 
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Neglecting the ac term, and taking ( A.5) into (A.3) yields 
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Appendix B 

Responses of the Single-Phase PLL 

 
 

Figure. B.1 Linearized Small Signal Model of a pPLL 

 

                                                  
     

    
  

           

              
 

        Consider gains kpd = kvco =1 

 

 
Figure B. 2 Step  response and Bode response of Linearised pPLL 
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Figure B.3 Linearized Small Signal Model of a TD-PLL 
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Figure B. 4 Step  response and Bode response of Linearised TDPLL 
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Figure B.5 Linearized Small Signal Model of a IPT-PLL 

 

                                                 

 
     

    
  

           

                     
 

  

                                           

 

 
Figure B. 6 Step  response and Bode response of Linearised IPT-PLL 
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Figure B.7 Linearized Small Signal Model of a EPLL 

 

                                                  
     

    
     

           

                
 

   where kv = Vi/2 

 

 
Figure B. 8 Step  response and Bode response of Linearised IPT-PLL 
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Figure B.9 Linearized Small Signal Model of a SOGI-PLL 

 

                                                  
     

    
  

           

                 
 

    
 

   
                             

 

 
Figure B.10 Step  response and Bode response of Linearised SOGI-PLL 
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Appendix C 

Proposed MDSOGI-FLL based DSTATCOM for 

Reactive Power Compensation  

1. Introduction 

 

Increasing in demand of electricity in day-to-day nature due to advance technology 

(power electronics) based industrial, commercial and residential users can deteriorate to 

the quality of power in modern power system. This degradation in power quality includes 

the flickers, sag, swell, imbalance, harmonics and interruption in utility supplies. One of 

the causes for steady state deviation in supply voltage is due to increase in reactive 

demands by the consumer which results into poor power factor. Furthermore, the steady 

state waveforms of utility may shift from its ideal shape due to geomagnetic phenomena, 

half-wave rectification, dc injection from the distribution generation systems, data 

measuring and processing limitation etc. This deviation is nothing but the dc offset error 

included in the utility signals. These power quality issues affects to the predicted life 

expectancy, mal operations, and service conditions of the equipments/loads connected to 

the utility. Hence, the efforts in improvement of power quality attract the researchers 

more and more in modern days.  

 

These efforts are mainly focused on to maintain the supply voltage/current at rated value, 

load harmonic compensation, satisfying the consumer reactive power demand, power 

factor improvement etc. near the consumer end. Unlike, the traditional methods like 

generator control operation (AVR), on load tap changing transformers, manual switching 

operation of large capacitor/reactor bank to the utility are replaced by the advanced 

power electronics control in recent years. These power electronics controls mainly used 

the custom power devices to regulate or satisfy the reactive power demand at the 

consumer location. Among the various series and shunt custom power devices to improve 

quality of power, the shunt compensator named as distribution static compensator 

(DSTATCOM) is widely employed to power system. It is basically a voltage source 

inverter (VSI), which is supported by the short-time energy stored dc-bus capacitor. It 
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can take care of the consumer reactive power demand, the load voltage variation, load 

unbalancing etc and maintain the distribution power system stability. 

 

The control operation of DSTATCOM based on the instantaneous power theory and 

synchronous reference frame theory (SRF) are widely used in recent days as ease in 

implementation, less computational burdens etc. However, effectiveness of DSTATCOM 

is directly related to the design of power circuit components such as dc-bus capacitor, 

interfacing inductors, and VSI, control algorithm used for the estimation of reference 

source currents, switching scheme for gating pulses. The stability of the overall system 

depends on speed and accuracy of the reference current generation by the implemented 

control algorithm. This explanation includes the DSTATCOM implementation based on 

the SRF theory, where the reference current generation is mainly depended on the grid 

signal phase information. Hence, this reference current generates the switching pulses for 

VSI to operate DSTATCOM to satisfy the reactive power demand of the load connected 

at PCC. The performance of the DSTATCOM is carried under the normal condition and 

presence of the offset component in the utility signals, where the phase (frequency) 

information is carried out by the proposed (MDSOGI-FLL) and conventional (DSOGI-

FLL) algorithm. The robust performance of the proposed MDSOGI-FLL for frequency 

estimation is concluded with the conventional DSOGI-FLL for reference current 

generation through simulation results.  

 

2.   DSTATCOM Configuration Diagram 

 

Fig. C.1 shows the connection diagram of a three-phase VSI based DSTATCOM at point 

of common coupling (PCC), where three-phase AC mains feeding the linear-load (R-L) 

with source impedance (Zs). The various utility signals i.e. PCC voltage (vsa, vsb, VSI ), 

load currents (iLa, iLb, ilc ), source currents (isa, isb, isc ) , DC bus voltage (vdc) of VSI used 

in DSTATCOM are sensed and given to control algorithm  to generate pulse width 

modulation (PWM) switching pulses (S1—S6). These switching pulses will operate the 

VSI to inject the compensating current (iCabc) at PCC. The injection of compensating 

currents iCabc the at the PCC through the coupling inductance Lf making the supply 

current (isabc) in phase with supply voltage (vsabc), which indicates the unity power factor 

operation by supplying the reactive power demand of the load (at the PCC). The 
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parameters used in the implementation of VSI based DSTATCOM are tabulated in Table 

C.1.  

Table-C.1 

 

Supply voltage (RMS) 415 (line-line voltage), 50 Hz 

Linear load 1 3.2 kW,0.5kVAR 

Linear load 1 0.7 kW,0.5kVAR 

DC-link capacitor   C =  4000µF 

DC-link voltage vdc 700 V 

Coupling inductor Filter inductance Lf  = 15 mH 

Source impedance Rs = 0.01 Ω , Ls = 1mH 

 

 
Figure C.1 Schematic configuration of DSTATCOM 

 

3. Control Algorithm for Reference Current Extraction 

Fig. C.2 shows the control algorithm to extract the reference current based the SRF 

theory with carrier based PWM technique. The Clark‘s transformation is to convert three-

phase iLabc component to two-phase αβ (iLα and iLβ) components based in the following 

relation 3.1.  
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Further, these stationary frame two-phase components are transformed to the 

synchronous rotating frame (id and iq) based on the Park‘s transformation relation 

mentioned in 3.1, where phase-angle   is estimated through the FLL algorithm. 

[
  
  

]  *
         
        

+ [
   

   
]      3.2 

These dq-axis currents id and iq are passed through the low-pass filter (LPF) to eliminate 

the oscillating components. As a result, the active and reactive dc current components are 

  ̅  and   ̅  are obtained, respectively. Furthermore, DC bus capacitor active loss current 

component (iloss) is added with the active current component   ̅  to generate the reference 

active current component    . Moreover, reference reactive current component     is 

extracted through the subtracting the compensating reactive component   ̅  from the iqr, 

where iqr is obtained from the voltage regulator loop. This voltage loop regulates the local 

bus voltage by comparing the amplitude Vt of the PCC voltage with the reference voltage 

Vt* along with the PI controller. These reference active and reactive components (    and 

     transform from two-phase to three-phase reference current (        components by 

inverse Park‘s transformation. The need of phase angle information is given through the 

FLL algorithm. The sensed source current (isabc) is subtracted from the three-phase 

reference current components (        to get the reference compensating currents, which 

is compared with the triangular wave to generate the switching pulses for VSI. The 

switching frequency of the inverter is taken as 5 kHz.  

 
 

Figure C.2 Control algorithm for reference current extraction 
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The performance analysis of DSTATCOM for reactive power compensation is carried 

out under ideal three-phase supply. It also includes when the supply voltage has offset 

error due to measurement and data processing circuit limitation. In this situation, the 

utility voltages vsabc, may deviate from the ideal waveforms. Hence, it causes error in 

estimation of the two-phase (αβ) components and extracting frequency (phase-angle) 

information from the utility signal. The voltages under such conditions are expressed by 

(4.12- 4.18) mentioned in Chapter 4. The conventional DSOGI-FLL gives the oscillatory 

response in the frequency information and affects to the reference current generation, 

while the proposed MDOSGI-FLL accurately tracks the frequency even in presence of 

the dc error in supply voltage. Ultimately, proposed algorithm estimates the accurate 

reference current and results into better reactive power compensation.  

 

4. Simulation Results and Discussion 

This section presents the simulation results of DSTATCOM performance when the 

supply voltage is in ideal condition and presence of the offset error. The performance 

analysis is carried out and compare when the phase-angle (frequency) information is 

obtained through the DSSOGI-FLL and proposed MDSOGI-FLL. The performance of 

the DSOGI-FLL based DSTATCOM and the proposed MDSOGI-FLL based 

DSTATCOM for reference current extraction for load reactive power compensation is 

evaluated on the schematic-set up shown in Fig C.1. The parameters mentioned in Table 

1 are utilized for simulation results presented in this section. 

 

Fig.C.3 shows the performance of the conventional DSOGI-FLL algorithm 

implementation for DSTATCOM application, where the grid signal is considered without 

any measurement offset error. The DSTATCOM smoothly supplies the reactive power 

demand of linear load 1. It is observed in results for the time duration t=0.16s to t=0.25s. 

Furthermore, the step change in linear load is observed at time t=0.34s. The D-

STATCOM supplies the reactive power demand of linear load 2 connected at time 

t=0.34s alongwith the demand of previous linear load 1. The DSTATCOM is turn-on at 

time t=0.16s and turn-off at 0.25s. Consequently, it turn-on at t=0.46s and turn-off at 

0.55s. It is depicted from the Fig. C.3 (a) and (b) that the supply voltage and current both 

are in phase during the DSTATCOM operations, which can be understood that 

DSTATCOM is satisfying the load reactive power demand (Fig. C.3 (d)) during this 
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period. It responses very well even the step change in load occur. Fig C.4 (a) shows the 

estimated frequency information of the grid signals. The conventional DSOGI-FLL 

tracks the frequency accurately in ideal supply voltage.    

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

Figure C.3  D-STATCOM results with DSOGI-FLL algorithm (without offset error in supply measurement): 

(a) supply voltage (b) supply current (c) load current (d) grid side reactive power  
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(a) 

 

 
(b) 

 

Figure C.4 D-STATCOM results with DSOGI-FLL algorithm (without offset error in supply measurement): 

(a) estimated frequency (b) frequency spectrum supply current during D-STATCOM on. 

 

Fig. C.5 represents the simulation results of DSTATCOM reactive power compensation 

when the supply voltage is affected by the measurement and data processing limitation. 

To carry this analysis, the offset (4% of rms phase voltage) is introduced in phase-a of 

three-phase supply voltage. The results are represented in Fig. C.5 ((a)-(e)) with the 

conventional DSOGI-FLL frequency estimation algorithm. Fig. C.5 (c) indicates the 

improper reactive power compensation as per the load demand. It is due to the oscillatory 

response of frequency estimated through the DSOGI-FLL algorithm, which fails to 

estimate frequency accurately in case of offset error in grid signal. Ultimately, it the 

reference current extraction is inaccurate and hence reactive power compensation passes 

on the offset error in the source current. The frequency spectrum in Fig. C.6 proves the 

presence of offset component in the source current during the DSTATCOM on period.   
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(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

Figure C.5 D-STATCOM results with DSOGI-FLL algorithm (with offset error in phase-a of supply 

measurement): (a) supply voltage (b) supply current (c) grid reactive power (d) estimated frequency  
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Figure C.6 Frequency spectrum of supply current during D-STATCOM on. 

 

Fig. C.7 represents the performance analysis of DSTATCOM, where the phase-angle 

information is extracted thorough the proposed MDSOGI-FLL algorithm discussed in 

this research work. The performance results are shown according to previous supply 

voltage deviation. The DSTATCOM accurately do the reactive power compensation as 

the accurate generation of reference current. The accurate frequency estimation is 

depicted in Fig. C.7 (b).  Fig. C.8 shows the frequency spectrum of the source current, 

which shows the elimination of the dc offset component. 

 

 
(a) 

 

 
(b) 

Figure C.7 D-STATCOM results with MDSOGI-FLL algorithm (with offset error in phase-a of supply 

measurement): (a) grid reactive power (b) estimated frequency 
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Figure  C.8 Frequency spectrum of supply current during D-STATCOM on. 

 

5. Conclusions 

The performance of DSOGI-FLL and proposed MDSOGI-FLL based frequency 

estimation algorithm in DSTATCOM application are analyzed under ideal and presence 

of offset error.  Both the frequency estimation algorithm estimates the frequency 

correctly in absence of the offset error in supply voltage for DSTATCOM reactive power 

compensation. However, when the (sensed) grid-voltage is characterized by the presence 

of dc-offset, DSOGI-FLL fails to estimate the frequency correctly resulting into the grid 

current with a dc offset and a higher THD. The MDSOGI-FLL correctly estimates the 

frequency and hence, an accurate compensating current can be generated. The simulation 

result shows that with MDSOGI-FLL based algorithm in DSTATCOM application, grid 

current is free of dc- offset and the THD is well below 5%. 

 


