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ABSTRACT 
 

It is not possible to continue using nonrenewable energies like oil, gas, and coal 

because they release a lot of climate gases. Renewable energies, on the other hand, are 

better and last longer. The tools to collect and use these powers have also improved. 

In recent years, they've gotten better, which makes using them more practical and cost-

effective. One important way to fight climate change and lessen our reliance on fossil 

fuels is to use renewable energy sources. Systems that get their power from two or 

more green sources are called hybrid renewable energy systems. These systems are 

especially helpful in places that can't connect to the regular power source or where the 

link is weak or unreliable. 

The system that distributes electricity has problems with power quality (PQ), such as 

low power factor, unbalanced loads, harmonics, uneven voltage and current, and more. 

Today's electricity systems change so quickly that there are plenty of problems with 

the quality of the power. In terms of current, voltage, frequency, and other things, Poor 

power quality is usually caused by problems with the wiring, lightning, bad weather 

like storms, broken equipment, and other things. However, harmonics are one of the 

main problems with power quality. This can be caused by several loads that don't 

behave linearly, such as old loads like transformers, electrical machines, and furnaces,, 

and new loads like power converters in vapor lights. Also, in the distribution networks' 

power quality is rapidly declining as a result of the proliferation of power electronic 

converters in homes, businesses, and factories. There are a lot of issues that are being 

caused by this, including higher losses, inefficient use of distribution networks, 

sensitive equipment malfunctioning, and disruption to surrounding customers, 

protective devices, and communication systems. Injecting intermittent electricity 
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directly into the distribution grid from renewable sources compounds these issues. 

Because of the advantages of modern electric equipment, such as reduced maintenance 

requirements, ease of control, low wear and tear, size and cost reduction, and energy 

conservation, solid-state controllers have become more prevalent and have 

exacerbated power quality problems. Because they employ solid-state controllers, 

electronically controlled energy-efficient commercial and industrial electrical loads 

are particularly vulnerable to power quality issues and may cause them. In light of the 

foregoing, this thesis is to help engineers and scientists in the field develop better 

energy supply systems by identifying, classifying, analyzing, simulating, and 

quantifying the power quality problems that come along with them. 

There is a distinction between the methods used in freshly built and developed 

equipment and those used to enhance power quality in existing systems that are 

experiencing power quality issues. Electrical loads and supply systems have distinct 

types of power quality issues; hence these mitigation approaches are further classed 

accordingly. Over the last 25 years, there has been a tremendous increase in the amount 

of time and energy spent studying how to reduce power quality issues. For single-

phase two-wire, three-phase three-wire, and three-phase four-wire systems, there has 

been a lot of study on power filters of different kinds, including passive, active, and 

hybrid in shunt, series, or a mix of the two configurations, to reduce harmonics and 

other issues like reactive power, excessive neutral current, and balancing linear and 

nonlinear loads. Common ways to boost PQ in a distribution system include adding 

capacitors, changing the taps on transformers, reactors, capacitor banks, and more. But 

these methods of compensation are slow and don't offer active load compensation, so 

new special power devices have been made. The technology, called SAPF, is now fully 

developed and can be used to fix problems with harmonic current, reactive power, and 
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neutral current in AC distribution networks. In three-phase systems, shunt active power 

filters are also used to control the voltage at the terminals and stop voltage flicker. Each 

of these goals can be met on its own or together, based on the needs, the control 

strategy, and the setup that needs to be chosen correctly. Moreover, improved SAPF 

dynamic and steady-state performance is now within reach, thanks to advancements in 

SAPF that allow for the application of various control algorithms. These algorithms 

include PI (proportional-integral), variable structure, fuzzy logic, and neural network-

based control algorithms. These enhancements allow APFs to quickly respond to 

changing nonlinear loads and take remedial action. More than that, these APFs may 

counteract harmonics of a higher order, usually up to the 25th harmonic. 

As part of the proposed work, design creation and study of both new and old control 

techniques have been investigated. With both linear and nonlinear loads, simulation 

and experiment data have been analyzed and put into tables. The sample system has 

been tried with standard control methods, such as Synchronous Reference Frame 

Theory (SRFT) and Instantaneous Reactive Power Theory (IPRT).  

The SRFT control method with ANN controller is developed and verified with a three 

phase-four wire SAPF system in MATLAB/Simulink environment. Harmonic current 

and reactive power adjustment were made possible by the photovoltaic integrated 

SAPF. Comparisons between the SAPF modified with ANN controller and PI and FLC 

are made. The DC-link voltage of Shunt APF was maintained constant by the 

PI, FUZZY, and ANN controllers. The ANN controller-based SAPF delivers better 

performance than PI and fuzzy controllers. Simulation has been performed in 

MATLAB/SIMULINK environment. 
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The other controllers were made for a grid-connected solar/hybrid distribution 

system. They are referred to as the second-order generalized integrator (SOGI) and 

the third-order generalized integrator (TOGI). To modify the energy storage of dc-

voltage, an artificial neural network controller (ANN), Fuzzy logic is employed with 

shunt active power filter (SAPF) for PQ improvement. Also, the SAPF is compared 

and assessed based on PI control, FUZZY controller, and Artificial Neural Network 

(ANN). Moreover, Fuzzy and ANN techniques are employed with conventional 

SRFT, SOGI techniques as well as with TOGI control algorithms. As well as being 

generated in MATLAB/Simulink, the system has also been tested in the real world 

with a distorted grid and distorted linear and nonlinear loads. 

An adaptive fourth-order based frequency locked loop (AFOGI-FLL) controller is 

developed to provide switching pulses for a three-phase IGBT-based voltage source 

converter. Accurate frequency synchronization, lower and higher-order harmonic 

elimination, power quality refinement, and reactive power compensation are some of 

the features of the proposed controller. In addition, a comparative analysis has been 

performed between the proposed controller and the third-order generalized integrator 

(TOGI). The comparative analysis results show that fourth-order generalized 

integrator have higher DC offset elimination capability, and better dynamic 

performance as well and THD is less compared with the TOGI controllers. Maximum 

Solar PV system extraction is achieved using the updated perturb and observed 

method. The proposed controller robustness is validated by an experimental prototype 

setup and test results exhibit the performances under nonlinear loading. Additionally, 

the feasibility of the proposed control scheme is demonstrated by using 

MATLAB/SIMULINK software. The system is robust. The system is well executed 

under irradiance variations, load fluctuations, and frequency variations as well. The 
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laboratory prototype is used to demonstrate the proposed system's simulated behaviour 

and experimental test results.  

Next, the stochastic-gradient-based adaptive control algorithms have been discussed 

and employed for power quality enhancement in a PV-integrated distribution system. 

Least mean square (LMS), Least mean fourth (LMF), sign-error LMS and ϵ-

Normalized LMS (ϵ-NLMS) have been implemented as control algorithms for the 

estimation of fundamental load current. The performances of these adaptive algorithms 

have been compared under steady-state and dynamic conditions under the non-linear 

load conditions in a closed-loop three-phase system. 

The most interesting part of this thesis is how to solve PQ problems in a three-phase 

grid-connected solar/hybrid distribution system with different SAPF configurations 

and both new and conventional algorithms.   
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Chapter 1 

INTRODUCTION 

  

1.0 GENERAL 

There is an urgent requirement to increase both the quantity and accessibility of power 

in rural areas to keep up with India's rapidly expanding population. Aside from 

reducing our emissions on a global scale, an alternative environmentally acceptable 

option is required to meet the developing world's tremendous need for electricity in 

light of the treaties’-imposed limitations on emissions. 

Conventional energy sources based on oil, coal, and natural gas have proven to be 

effective economic progress drivers. However, with the rapid depletion of traditional 

energy sources and increasing energy demand, worldwide primary energy 

consumption has fallen by 4.5% in 2020 – the largest decline since 1945 [1]. As the 

world faces an impending dearth of fossil fuels, most immediately oil, alternative 

sources of energy must be found.  

Renewable energy research has focused on improving the efficiency, reliability, and 

cost-effectiveness of various renewable energy technologies, as well as exploring new 

technologies and expanding the use of renewable energy to new regions. Policy and 

economics also play a critical role in the adoption and expansion of renewable energy. 

The amount of renewable primary energy (including biofuels but excluding hydro) 

increased by roughly 5.1 EJ in 2021, which is equivalent to a 15% annual growth rate, 

greater than any other fuel in 2021 and stronger than the 9% growth rate in the previous 

year [2]. The article Renewable Energy Sources and Climate Change Mitigation 

examines the role that renewable energy (RE) sources are already playing and their 

future potential to play in supplying energy services for a sustainable path of social 
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and economic development. It comprises evaluations of the RE resources and 

technologies already in use, costs and benefits, integration needs and up scaling 

impediments, future possibilities, and policy choices [3-5]. With an urgent need for a 

clean and efficient solution, few renewable sources are promising. Such as solar and 

wind-based renewable energy sources. With the effective usage of solar and wind 

energy, India can not only be in a better position in power distribution but also can help 

in maintaining the stability of the grid as a whole [6-8].  

Microgrids have lately gained significance due to the increasing need for decentralised 

electricity production and consumption. Recently, DERs, or distributed energy 

resources, have taken the front stage. Microgrids emerged as a solution to the issues of 

gearbox losses and greenhouse gases as they became more widely recognized [9-14]. 

The Micro grid has two modes of operation i.e. grid-connected mode and islanded 

mode [15]. The reliability of grid-connected Micro grids is very high [16]. When 

operating in isolated mode, the grid relies on microgrid energy storage to meet load 

demands when renewable energy sources aren't available. However, when the charge 

of these storage devices drops below a certain critical value, the system becomes less 

reliable and can't meet the load's power needs [17-20]. In most cases, this happens 

when the grid goes down or a malfunction occurs [21]. 

As the number of distributed energy based resources increases, it requires 

improvement in management and operational strategy to increase the power reliability 

and quality of supply [22]. The role of power electronics increases tremendously with 

the applications of distributed generators and in the integration of renewable energy 

based sources into the electric grid [23]. The main reasons that attract the use of power 

electronics technology because of their large power handling capability and the 
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introduction of real-time computer controllers through which we can implement 

complex control algorithms easily [24-27]. 

The use of inverter technology is crucial for the safe and dependable connecting of 

renewable energy installations to the grid. Furthermore, they must be able to deliver 

high power factor, low harmonic distortion, and high-efficiency conversion. Hence the 

control policy needs to be taken into account. In this study, the most significant current 

control techniques are discussed and examined.  

1.1 THE-STATE-OF-THE ART IN SOLAR AND WIND ENERGY 

RESOURSES 

In this section, we give a quick outline of how solar photovoltaic and wind energy 

work, as well as other green energy generation and storage systems that were addressed 

about in general [28-30]. 

Real-life weather factors usually have an effect on how well PV systems work. People 

who live in deserts worry that dust build-up is one of the main things that could make 

PV less efficient. As single-phase distributed power and bigger single-phase loads 

become more common, it becomes harder to keep voltages steady across distribution 

networks. In the literature, a reactive power adjustment approach is created that uses 

spread solar photovoltaic (PV) transformers to fix this kind of voltage imbalance 

discussed [31]. Using the HOMER simulation to create the first realistic model and 

test of a unique mixed micro grid that combines solar PV, VRFB storage, wind, and 

biomass. The two main case studies that are looked at are moderate damage and heavy 

damage. These are looked at in a range of situations and levels of disturbance and are 

judged using a number of resilience measures [32-33]. The issue of mixing the 

production of clean energy with improving the quality of power. The automatic shift 

also makes sure that important loads always have power, even when the grid is down.  
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As more green energy sources, like solar photovoltaic (PV), are used, the voltage 

control of the standard distribution system has to deal with a lot of problems. Because 

they can respond quickly to changes caused by solar PV, battery energy storage 

systems (BESS) can help with power control problems [34-35]. It goes into great depth 

about how well each programme identifies things and how it should be judged. At the 

end of each method, the found PV parameters are shown, along with the error and the 

output I-V or P-V curves that were generated. This makes it easier to compare and 

evaluate the different techniques quantitatively [37-38].  

 The Learning Modified Salp Swarm Algorithm (OLMSSA) is used to correctly find 

the two-diode model parameters of the PV cell or module's electrical equivalent circuit. 

We use six meta-heuristic algorithms to test OLMSSA. One of them is the basic 

algorithm SSA, which was just released. The standard test PV model of the double 

diode and a real-world PV module is discussed in article [39]. In the article [40] 

discussed first to suggest using the Snake optimisation meta-heuristic algorithms to 

get the details of three types of photovoltaic cells: RTC France, amorphous silicon, and 

commercial silicon that is mono-crystalline. With the one diode and two diode models, 

the Snake algorithms are used to get five and seven parameters out of the models, 

respectively. Moreover, the article [41] suggested an improved teaching–learning-

based optimisation (ETLBO) method to figure out the parameters of solar cells. It is 

suggested that the ETLBO can make the regular TLBO work better and search space 

smaller by changing the factors that control the explorative and predatory phases to 

find the right balance. A real set of solar single-diode and double-diode models is used 

to test the suggested method. The suggested method is also tried on a set of two real 

PV panels, one with polycrystalline cells and the other with mono-crystalline cells.  
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A study of the power quality indicators and factors at the point of common connection 

in a low voltage power grid that simulates solar generation. The Power quality 

measures are affected by changes in the power from the PV system. These can happen 

because of changes in the weather, like cloud cover, the amount of shading over a PV 

panel's surface over time, and the number of PV panels that are covered [42-44]. 

1.2 STATE OF THE ART IN POWER QUALITY 

Maintaining sufficiently high-grade energy at the generation and distribution levels is 

referred to as power quality (PQ). A term used to define the calibre of electrical power 

delivered is PQ. The quality of electricity may be described by a number of criteria, 

such as harmonic distortions in the waveforms of the supply voltage and current, the 

continuity of the electricity, variations in the voltage level, transients in the voltages 

and currents, and such. Poor PQ may cause a customer's equipment to malfunction or 

fail, and an electrical load may stop working altogether [45-47]. 

Power quality (PQ) is an important problem in modern power systems that use a lot of 

green energy sources and have more power electronics devices built in. To find and 

rate different operating events in terms of PQ, the proposed method works well. It can 

also spot a wide range of PQ problems when there is a lot of wind energy [48-50]. As 

more energy systems are connected, there are higher chances that the quality of the 

power will get worse at different stages of production, change, delivery, and use [51-

52]. A suitable combination of techniques is discussed for enhancing power quality in 

a micro-grid connected system [53-57]. Additionally, by adding more DG to power 

systems is one way to get a lot of benefits, such as lower losses, better voltage profiles, 

and lower peak costs. It also wants to make the system more secure, stable, and 

reliable. The main goal of optimal distributed generation (ODG) is to make sure that 
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the benefits listed above happen so that the whole system works more efficiently [58-

60].  

Electric distribution system power is more reliable and of higher quality when it is 

controlled by specialised power devices that employ power electronics.  At PCC, these 

devices can be linked various configuration such as in series, shunt, or a combination 

of series and shunt. An active shunt compensator, also known as a shunt active power 

filter, is a workable remedy for current distribution-related PQ issues (SAPF). There 

are many PQ problems, including harmonic distortion, low power factor (PF), 

unbalanced loads, neutral correction, etc. [61-64]. These PQ issues can be eliminated 

by using SAPF [65-67]. In order to provide harmonic current compensation, reactive 

power compensation, and neutral current compensation in an AC distribution network, 

the SAPF technology has reached maturity. It has many control schemes, solid state 

devices, and combinations. The shunt compensators and their control methods are 

extensively discussed in the literature in order to improve PQ at the distribution [68-

197]. In a three-phase system, it has also been used to adjust the terminal voltage and 

reduce voltage flicker. The SAPF may be configured in a variety of different ways, 

including with two-leg, three-leg, four-leg, and six-leg VSCs, as well as in a variety of 

various working modes [68-73]. In order to create gating pulses [74] of its VSC and 

achieve the necessary performance under both steady state and dynamic settings, 

effective control of the SAPF is required as a precondition. 

SAPF works depends extensively on the control method used to derive the basic load 

current component. To estimate reference supply currents and to create switching 

pulses for the voltage source converter (VSC) employed as SAPF, the basic active and 

reactive load current components are also used. Several writers have proposed a 

variety of approaches to the problem of extracting harmonics from distorted load 
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current in their respective works [75-113]. Therefore, fast and accurate control 

algorithms needed to be developed for SAPF operation. Additionally, all algorithms 

that use SAPF are able to compensate for supply current harmonics, reactive power, 

and unbalanced currents. The choice of a control method is determined by a number 

of different considerations, including the following: a low amount of processing time, 

a low level of mathematical complexity, a quick reaction, steady operation, and simple 

implementation. Conventional control methods such as synchronous reference frame 

theory (SRFT), instantaneous reactive power theory (IRPT), and power balance theory 

(PBT), among others, have been described and documented in the scientific literature 

[114-153]. 

There have been recent proposals in the scientific literature for adaptive least mean 

square control techniques based on adaptive filtering, with both fixed and variable 

steps [154]. Variable step reduced steady-state error and faster convergence are two 

ways in which LMS excels. When dealing with PQ issues with SAPF, the LMS 

techniques could be useful. [155-157]. There are several more control methods that are 

conceptually comparable to Leaky Least Mean Square [158] and adaptable LMS [159] 

that can be found in the literature. 

During the course of the last several decades, many research articles have been 

published that discuss the use of fuzzy and neural approaches [160-166] for the control 

of SAPF. The artificial neural network (ANN), recurrent wavelet artificial neural 

network, and adaptive neural filtering, among other things, provide the basis for these 

control systems [167,168]. There are a number of different contemporary control 

methods that are documented in the literature [169-173]. These methods consist of 

things like mixed and stationary frame repetitive control [174], Extended Kalman 

Filter, Optimum Filtering Theory [175], and so on and so forth.  
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In order to enhance the overall performance of the SAPF. The innovative strategy, 

which has been offered, is one that makes use of clever neural approaches. Through 

the use of Matlab simulations and head-to-head comparisons with traditional technical 

research, the performance of the suggested ANN was evaluated and validated [176-

181]. Harmonics brought on by nonlinear loads have resulted in the whole SAPF 

structure being implanted as a means of compensation. At this stage, comparison 

investigations between the neural method and the p-q theory, which is one of the most 

typical ways used to extract the harmonic component of the load current in order to 

create reference currents, have been completed. Based on the findings that have been 

obtained, it is possible to declare that the method that is based on neural networks is 

capable of satisfying all of the identifying goals for harmonic currents. Nevertheless, 

the benefit of the (p-q theory) is that the latter incorporates an integrated (PI) controller, 

which was included to regulate the DC voltage of the capacitor in the (SAPF) 

[183,183]. Second- order generalized integrator (SOGI) and third-order generalized 

integrator (TOGI)-based frequency estimator is found in the works of literature [184-

192] for unknown disturbances as well as higher-order generalized integrators are also 

mentioned in the kinds of literature [193-197]. 

1.3 OBJECTIVES AND SCOPE  

1. The power from the photovoltaic system varies according to climatic conditions. 

Hence, to obtain maximum power from the PV array, the Maximum Power Point 

Tracker (MPPT) is used and it is coupled with the SPV system. 

2. The photovoltaic energy sources generate power at variable low dc voltage; it 

requires power conditioning before connecting to DC-link. For this purpose, a DC-DC 

converter is used. A boost converter is used to realize this operation. 



9 

3. Harmonics and reactive power requirements of nonlinear loads are creating serious 

power quality problems. To compensate for the harmonics and reactive power of 

nonlinear loads, a 3-phase shunt active power filter has been developed. 

4. A Distribution static compensator (DSTATCOM) is proposed for compensation of 

reactive power and unbalance caused by linear as well as non-linear loads in the 

distribution system. Therefore, some conventional control algorithms and adaptive 

control algorithms are evaluated for extracting reference current signals. 

5. A PI controller is used to regulate the dc bus voltage to its reference value and 

compensates for the inverter losses. A low pass filter is used to filter the ripples in the 

feedback path of the dc-link voltage.  

6. Fuzzy logic, ANN, ANFIS-based artificial intelligence controllers have been applied 

to the design of shunt active filter. The artificial-based controller has advantages over 

the PI controller such as, it does not need an accurate mathematical model; it can 

handle nonlinearity and is more robust than the PI controller; it can work with 

imprecise inputs. Hence, this work validates an enhanced control strategy to improve 

the power quality of the grid interconnected solar system in terms of harmonic 

reduction and reactive power compensation. 

7. PI and FUZZY logic controllers are used in three-phase shunt active power filters 

to compensate for harmonics and reactive power produces by nonlinear loads to 

improve power quality. 

1.4 OUTLINE OF THE THESIS 

The content of the thesis has been divided into the following chapters: 
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Chapter 1 begins with an overview and background of hybrid renewable energy 

resources, power quality issues, and various control algorithms to mitigate the Power 

quality issues followed by a problem statement and the motivation for conducting 

research in the design of different control algorithms for mitigation of power quality. 

This thesis is divided into eight chapters, including an introduction and conclusion. 

The remaining chapters of the thesis are organized as follows: 

Chapter 2 includes a literature survey on several current harmonics’ extraction 

techniques are used to eliminate harmonics from distorted currents and to extract the 

fundamental component from load currents. Based on the literature survey significant 

research gaps are recognized. The difficulties identified for power quality refinement, 

as well as the need for numerous modifications in conventional algorithms, are also 

explored. 

Chapter 3 This chapter, presents the modelling of the components of the PV array and 

uses Maximum Power Point Tracking to utilize the maximum power from the PV array 

which is connected to energy storage to maintain the DC link voltage using a control 

strategy. An algorithm for energy management is proposed to connect the Micro-grid 

to the utility grid. The simulations are carried out, and the results are analysed in 

Matlab/Simulink environment. 

Chapter 4 In this chapter, the SRF control method with ANN controller is presented 

and verified with three three-phase-four wire SAPF systems in MATLAB/Simulink 

environment. Harmonic current and reactive power adjustment were made possible by 

the photovoltaic integrated SAPF. Comparisons between the SAPF modified with 

ANN controller and PI and FLC are made. The dc-link voltage of Shunt APF was 

maintained constant by the PI, fuzzy, and ANN controllers. As a result, the 

ANN controller-based SAPF delivers better performance than PI and fuzzy controllers. 
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Chapter 5 In this chapter a three-phase grid-interfaced solar photovoltaic system 

(SPV) has been implemented and controlled by using SOGI-FLL based adaptive 

control scheme. This scheme has been effectively used to extract reference currents 

and provide gating pulses for VSC. The performance of the control scheme for SPV 

system has been found satisfactory under linear and nonlinear loads as well as in load 

unbalancing conditions under varying system frequency.  The proposed system along 

with ANN-based adaptive control scheme has shown better performance in power 

quality enhancement. 

Chapter 6 In this chapter the TOGI-based fuzzy logic control technique has been 

designed for a three-phase grids interfaced solar-wind hybrid system. A TOGI control 

scheme has been presented for reference currents generation and providing pulses for 

3-phase VSC. The FLC demonstrates more dynamic performance than the 

conventional PI controller.  

Chapter 7 In this chapter a fourth-order generalized integrator (FOGI-FLL) based 

controller is discussed. It provides a satisfactory response for multifunctional 

objectives such as accurate frequency synchronization, lower and higher-order 

harmonics elimination, power quality (PQ) refinement, reactive power compensation 

capability, etc. Regardless of the system dynamic conditions or load disturbances, the 

proposed technique has strongly rejected harmonics. For the DC bus voltage 

adjustment, an ANFIS-based controller is successfully implemented with AFOGI-

FLL. 

Chapter 8 This chapter discussed and implemented the adaptive control algorithms 

specifically LMS, Sign-error LMS, 𝜖 −NLMS and LMF. These control algorithms 

have been used to track fundamental components from the three-phase non-linear load. 
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These algorithms have been deployed for reactive power compensation and power 

quality improvement under different circumstances. The performance of adaptive 

algorithms has been compared during both dynamic and steady-state conditions. 

Chapter 9 In this chapter briefly reviews the results of the various control algorithms 

used for SAPF and emphasizes the key findings from this study. Also included after 

this chapter is a list of the potential future work in the SAPF field. 
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Chapter 2 

LITERATURE SURVEY 

 

2.0 GENERAL 

Growing energy demand causes significant issues including system instability or even 

outages. As a result, the grid must produce more electricity. Energy production by large 

plants, however, is not profitable. Additionally, the use of distributed generating is 

growing quickly. Governments frequently boost the usage of and adoption of 

renewable energy sources due to rising global warming, resource limitations, and the 

high expense of fossil fuel sources. The upfront cost versus lifetime energy cost is the 

primary distinction between systems using renewable energy and those using fossil 

fuels. Currently, utilities and governments in the majority of developing nations offer 

a range of incentives to support the growth of the renewable energy sector. Although 

they are not ideal, renewable energy sources have the potential to be a good alternative 

to fossil fuels. 

Power quality has recently become an important topic of study because more people 

are becoming aware of it and how it affects customers, makers, and utilities. Electrical 

equipment needs to work well, but some cost and dependability problems need to be 

addressed. Power quality issues caused by harmonic currents like characteristic 

harmonics, no characteristic harmonics, sub harmonics, reactive current, shifting 

current, uneven currents, and too much neutral current from nonlinear loads can be 

fixed with SAPFs. In the last few decades, DG using green energy sources has had a 

big effect on the world's energy input. An electric power system is a very complicated, 

huge, and always-changing network that makes, sends, and distributes electricity. 
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Because of too much reactive power demand and noise pollution, the electric power 

distribution systems are often overloaded and have low voltage issues, which makes 

them work less efficiently. Power experts all over the world are looking for new ways 

to solve problems. These SAPFs are the best way to handle nonlinear loads that are 

fed by current or a mix of current and voltage. They have a middling grade. Because 

they are cheap, small, light, and loss less power, PWM-based voltage source inverters 

are best for making SAPFs. Many people think that adding SAPFs is one of the best 

ways to fix power quality issues caused by complex loads and clean up the AC mains. 

There is a critical review of the subject matter on SAPF, which is summed up in various 

categories. This chapter investigates and analyses all the literature that has been written 

on improving PQ in grid-connected hybrid distributed energy systems. The available 

energy resources system is first discussed in this chapter. Then the list of different PQ 

problems that are associated with the distribution system is presented. There are 

references to international standards that deal with different PQ issues. It is also 

thought about and studied in depth the possibility of PQ problems in grid-connected 

PV systems. Additionally, several control algorithms are presented as well to address 

the PQ issues. 

2.1 OPTIMIZING POWER QUALITY IN PHOTOVOLTAIC SYSTEMS 

A solar PV system uses solar panels to harness the power of the sun to create electricity. 

The solar panels' photovoltaic cells generate direct current (DC) electricity, which 

absorb sunlight. In order to power homes, companies, and other applications, the DC 

electricity is subsequently converted by an inverter into alternating current (AC) 

electricity. There are several places where solar photovoltaic systems can be deployed, 

such as on solar farms, rooftops, and the ground. They can run off-grid utilizing 

batteries to store extra energy produced during the day for use at night or during times 
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when there is little sunlight, or they can be linked to the electrical grid. Because solar 

PV systems emit no pollutants and require no fuel, they are a popular source of 

sustainable energy. They also have no moving parts, require minimal maintenance, and 

can last for several decades. However, they do require sunlight to produce electricity, 

so their output is dependent on weather conditions and the time of day. A PV module, 

or photovoltaic module, is a component of a solar energy system that converts sunlight 

into electricity. It is also commonly referred to as a solar panel. 

A typical PV module is made up of multiple interconnected solar cells, which are made 

of semiconducting materials, such as silicon.  

The electric current produced by the PV module is typically direct current (DC), which 

can be used to power DC loads, such as batteries or DC motors. However, most 

household appliances and electrical grids use alternating current (AC), so the DC 

electricity from the PV module must be converted to AC using an inverter. PV modules 

can be used in a wide range of applications, from small portable systems to large 

utility-scale solar farms. They are a key component in the growth of renewable energy 

and reducing dependence on fossil fuels. 

M Yao et al.[31] have created a reactive power adjustment plan to lessen this kind of 

voltage imbalance using dispersed solar photovoltaic (PV) inverters. The proposed 

approach leverages the Steinmetz concept and was put into practice using both 

distributed and decentralized control. Through a communication network, the latter 

manages PV inverters. We evaluate the controllers' performance on both a considerably 

bigger taxonomy feeder and an IEEE 13-node feeder, taking into account various load 

and PV system connections.  



16 

T Sarkar et al.[32] have suggested the first-ever realistic modelling and 

implementation of a special hybrid micro grid that integrates solar PV, VRFB  storage 

,wind ,and biomass, Using HOMER simulation, the selection  of capacity of various 

renewable sources for meeting everyday energy use and its technological and business 

optimization have been carried out. Furthermore, by feeding the model with data from 

various renewable energy sources, the load profile, and VRFB storage, PSCAD 

simulation has established the peak load shaving that was a restriction of the model of 

HOMER.  

E Galvan et al.[33] have addressed the benefits and drawbacks of using networked 

microgrids (MGs) to manage DERs specifically, BESS and rooftop solar photovoltaic 

systems efficiently in order to increase the power distribution system's resilience to 

natural disasters. Moderate damage and heavy damage are the two main case studies 

that are examined in varied conditions and disruption levels and are assessed using a 

range of resilience measures. 

S Devassy et al.[34] have created an automated system that switches between 

independent and grid-connected modes of operation for a solar PV array and battery 

integrated unified power quality conditioner (PV-B-UPQC). The system was presented 

and examined. This system is made up of a common dc-link connecting a series active 

filter and a shunt back to back. The system tackles the problem of combining the 

production of renewable energy with power quality enhancement. Furthermore, the 

automated transition ensures that key loads always get power, even when the grid is 

unavailable. One of the major issues resolved was how to implement a PV-B-UPQC 

system's automated transition while causing the least amount of disruption to the local 

loads.  
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T Tewari et al.[35]  have created a coordinated control technique to guarantee 

appropriate voltage magnitudes across the distribution feeder by introducing OLTC in 

addition to BESS. The optimization challenge is designed to minimize the voltage 

divergence from the necessary values, minimize the count of tap position adjustments, 

and maximize battery life. For the IEEE 13/33 bus distribution systems, it is shown 

that employing the newly developed coordinated method over the conventional 

uncoordinated strategy improves voltage regulation and allows for the best use of 

available resources. 

V Veerapandiyan et al.[36] have presented the use of a recurrent neural network-based 

LSTM technique for the HIF detection in integrated solar PV power systems. For this 

study, an IEEE 13-bus system was modeled in the MATLAB environment in order to 

aggregate 300 kW solar PV units for investigation. Initially, features were extracted 

using the current signal in three phases under both faulty and non-faulty situations. 

The energy value features of each phase were extracted using the Discrete Wavelet 

Transform signal processing approach using the db4 mother wavelet in order to train 

and test the classifiers. 

B Yang et al.[37] have created heuristic methods and their corresponding variations, 

which are used for PV cell parameter detection. More specifically, these algorithms 

were divided into four groups: algorithms based on biology, physics, sociology, and 

mathematics. In the meantime, each algorithm's identification performance and 

evaluation criteria are covered in detail. Furthermore, the discovered PV parameters, 

such as the particular mistake and the output I-V or P-V curves that were simulated, 

are presented at the end of each method to facilitate a quantitative evaluation and 

comparison of different algorithms. Furthermore, a thorough synopsis is included to 

help readers understand and use these strategies in a more targeted manner.  



18 

Y Cui et al. [38] have suggested to Increasing the PCE of organic photovoltaic (OPV) 

cells was crucial to expanding their applications. By combining material design with 

a ternary mixing technique, individual-junction OPV cells can attain a highest PCE of 

19.0%. A new low-band gap non-fullerene acceptor (NFA), eC9-2Cl, and a new wide-

band gap polymer donor, PBQx-TF, were logically created to build an active layer.  A 

good PCE of 17.7% is displayed by the resulting binary cell with optimum light 

consumption. Then, as a third component, an NFA F-BTA3 was added to the active 

layer to simultaneously improve the photovoltaic characteristics. 

A Abbassi et al.[39] have created a learning modified salp swarm algorithm 

(OLMSSA) based on opposition for precise identification of the two-diode model 

parameters of the PV cell/module's electrical equivalent circuit. The performance of 

OLMSSA is evaluated using six algorithms using meta-heuristics, including the 

recently published basic algorithm SSA, in conjunction with a realistic PV module and 

the PV model for the double diode benchmark test.  

FBelabbes et al.[40] Have developed the application of using the metaheuristic 

algorithms for Snake optimization to extract the parameters of three solar cells.  For 

the one and two diode models, the Snake algorithms were utilized to extract five and 

seven parameters, respectively. To demonstrate the effectiveness of the algorithm, a 

statistical test known as the root mean square error was conducted. The hybrid 

successive discretization algorithm, one of the best algorithms, requires half the 

processing time that the modified snake technique requires.  

A Ramadan et al.[41] have developed  an improved ETLBO algorithm, which was 

used to predict the parameter of solar cells. The ETLBO was developed to enhance the 

functionality of traditional TLBO and narrow its search space by modifying the 

parameters that govern the phases of exploration and exploitation to get the appropriate 
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equilibrium. Using an actual dataset of single- and double-diode photovoltaic models, 

the proposed technique was verified. Furthermore, two actual PV panels were used as 

a dataset to evaluate the suggested technique. 

 O P Quintero et al.[42] have developed the influence of emulated PV power injection 

on several power-quality parameters and indicators (P&I) at the point of common 

coupling in an LV network. The assessed steady-state P&I values were the RMS 

voltage (VRMS), non-active power (Q), total and harmonic components of voltage 

(THDv, Vh) and current (THDi, Ih), voltage imbalance (Desbv), and total rated-current 

distortion (TRD). Fifteen scenarios were emulated, considering the active power 

derating, shading percentage over the PV panel surface, and number of shaded PV 

panels. A PQube3 smart meter was used to measure 256 samples/cycle and store 16 

cycles of both voltage and current, for each emulated scenario.  

R Boopathi and V Indragandhi[43] have suggested a Shunt Active Power Filter (SAPF) 

that injects PV energy into a power grid in the presence of nonlinear loads and under 

various load conditions to maintain power quality and improve power grid capacity. 

The Perturb and Observe (P&O) algorithm adjusts boost converter duty cycles to track 

the Maximum Power Point (MPP). The boost converter output was connected to the 

grid via a SAPF. The effectiveness of SAPF in reducing total harmonic distortion has 

been investigated using various reference current generation strategies of control 

methods and improved maximum power factor. The voltage source inverter switches 

were controlled through hysteresis current control. 

S Malathi and J Jayachandran[44] have developed and implemented in Field 

Programmable Gate Array (FPGA) for Shunt Active Power Filter (SAPF) to enhance 

Power Quality (PQ) in three-phase four wire distribution system. The PQ enhancement 

comprises the improvement of power factor, mitigation of harmonics and 
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compensation of reactive power. The introduced control strategy was simulated in 

MATLAB/Simulink to determine the reference source currents and weights of active 

and reactive components. The NN control was developed as individual modules in 

FPGA. Thus, it can be configured to any other research area which has identical 

requirements.  

2.2 POWER QUALITY ISSUES AND MITIGATION TECHNIQUES 

One form of renewable energy is wind energy, which uses the wind's force to create 

electricity. It makes use of wind turbines, which are big, constructions that resemble 

propellers and rotate in the presence of wind. Generators are powered by the wind's 

kinetic energy, which is transformed into electrical energy by the turbines' rotating 

motion. Wind energy is becoming increasingly popular as a source of clean, 

sustainable energy. It is a renewable energy source, meaning that it is not depleted 

when used, and it does not produce harmful emissions or pollution. Solar and wind 

energy is also abundant and widely available, particularly in areas with elevated wind 

velocities, like coastal regions, mountaintops, and open plains. 

A. Khandelwal et al.[45] have discussed the benefits over other types of green energy. 

When linked to the power grid, the photovoltaic (PV) device is very helpful for modern 

life. Even though there are some problems with the quality of the power when a big 

PV system is connected to the grid. Having bad or low power quality could cost 

businesses money and bother end users. Low power quality also causes parts of the 

power system to get too hot and start working in places they shouldn't, which does a 

lot of damage. 

M. Farhoodnea et al.[46] Proposed when big PV system links to the distribution 

network when the weather is changing, it could really mess up parts of the power 
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system. The Study includes dynamic power quality analysis of a PV system that is 

linked to the grid and is part of a distribution system that is affected by different 

weather conditions. They proposed Matlab/Simulink software, for the 1.8 MW grid-

connected PV system in a circular 16 bus test system is designed and simulated with 

changing amounts of sunlight. The simulations showed that having a lot of PV systems 

linked to the grid can lead to power quality issues like voltage rise, voltage flicker, and 

a drop in the power factor. 

A. F. Abdul Kadir et al. [47] They prosed different kinds of distributed generation (DG) 

units which affect low voltage distribution systems harmonically. The study looks at 

what happens when three different kinds of DG units are linked to a power system: a 

small hydro synchronous generator, a solar system, and a double fed induction 

generator wind turbine. The PSCAD/EMTDC programme is used to describe the DG 

units, and tests are run by connecting the DG units to the 2 bus and 13 bus distribution 

systems. Their findings showed that the total harmonic distortion of the voltage 

(THDV) in the system is affected by things like the type of DG, how it connects to the 

utility system, the number of DG units, and where they are placed in the system. 

OMahela et al.[48] have suggested the benefits of wind energy include reducing 

greenhouse gas emissions, improving energy security, and creating local jobs. 

However, wind energy also has some limitations, such as its intermittency, meaning 

that it was not always available when needed. Wind turbines can also be costly to build 

and maintain, and they can have visual and noise impacts on local communities. Wind 

energy was predicted to contribute significantly to supplying the world's energy needs 

in the ensuing decades, despite these drawbacks. Many countries have set ambitious 

targets for expanding their wind energy capacity, and technological advancements in 
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wind turbine design and energy storage were helping to overcome some of the 

limitations of this important renewable energy source. 

M Shoaib et al.[49] developed a thorough analysis of the properties of wind and its 

potential for wind power. Data on wind speed for a three-year period was gathered 

from Pakistan's Alternate Energy Development Board. Monthly, seasonal, and yearly 

analyses were conducted by fitting the recorded wind speed data to the Weibull 

distribution function. The Weibull shape and scale parameters can be found 

numerically using the Modified Maximum Likelihood Method, the Energy Pattern 

Factor Method, and the Maximum Likelihood Method. Between the fitted Weibull 

distribution using the Maximum Likelihood Method estimator and the standard 

deviation values for the distribution of recorded wind speed data, a very good 

agreement is found. 

P A Østergaard et al.[50] have recommended the use of renewable energy sources, 

with a focus on the development of technologies that make use of them, the assessment 

of the sources' accessibility, and the level of investigation into the types of systems that 

can integrate renewable energy sources. Resources and technologies related to sun 

heating, cooling, and electricity, wind and wave power, wind technology, geothermal 

energy, and salinity gradient technologies are evaluated. The evaluation of energy 

systems' environmental performance, effects, and system integration comes last. 

S Wang et al.[51] have developed a brand-new comprehensive closed-loop method 

based on a DCNN to identify and categorize power quality issues. The characteristics 

of the power quality disturbances problem were taken into account when building a 

unit structure with batch-normalization, pooling, and 1-D convolutional layers. This 

allowed for the capture of multi-scale features and the reduction of over fitting. Several 

units were layered in the DCNN that was established in order to automatically extract 
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features from large disturbance samples. It was demonstrated through comparisons 

with other cutting-edge deep neural networks and conventional techniques that the 

proposed approach is capable of overcoming the shortcomings of conventional signal 

processing and artificial selection of features. 

S Ismael et al.[52] have suggested the four main aspects of HC: perceptions, 

performance limitations, historical advances, and augmentation approaches. 

Additionally, system operators' experiences, the energy markets, and the conclusions 

drawn from actual case studies were presented and discussed. It was determined that 

an accurate assessment of hosting capacity is essential for the successful integration of 

increasingly distributed generating. When the system surpasses its hosting capacity 

(HC) limit, many issues arise. The HC was a transactive strategy that offers a means 

of integrating the distribution network with other energy system kinds.  

P Rajesh et al.[53] have developed a unique control system was created and 

implemented in order to improve the PQ of RES, including wind turbines, ,fuel cells 

batteries, and photovoltaic (PV) systems. The recently created hybrid method, which 

integrated the properties of the Moth Flame Optimization Algorithm (MFOA) and the 

Improved Bat search Algorithm (IBatMFOA) control strategy, was named the 

IBatMFOA control strategy. By employing the crossover and mutation processes, the 

bats' search behavior was modified. In this case, MFOA was used to lower the error 

function and improve the IBatMFOA technique's searching behavior. "To enhance the 

PQ depending on active with reactive power variance" was the primary objective of 

the recently introduced IBatMFOA technique. MFOA was improved to reduce the 

power variation in order to meet the aim. Furthermore, the operational expenses of 

REESs are reduced by taking into account daily and weekly data forecasts, which 
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include grid electricity prices, electrical load, and environmental factors. The 

IBatMFOA approach improves the overall efficiency of the system. 

T Ahilan et al. [54] have created a safer method of utilizing solar and wind energy for 

increasing power efficiency and improving power quality. Custom power devices 

(CPD) were used to harness wind and solar energy. For the use of solar and wind 

energy, the most sophisticated CPD device was the interline dynamic voltage restorer 

(IDVR). Two DVRs were combined to create IDVR, which guards delicate loads in 

different distribution feeders. Feeder-1 was connected to the solar energy source, and 

feeder 2 was connected to the wind energy source. Feeder-2 assists feeder -1 by 

employing IDVR to compensate for reactive power if feeder 1's power requirement is 

higher, and vice versa. IDVR contributes to the upkeep of feeders 1 and 2's power 

continuity and quality.  

S R Arya et al.[55] have raised an issue utilizing a mixed norm-based step size adaptive 

technique that was developed from optimizations of the 2nd and 4th orders of error. The 

recently introduced mixed-norm constraint-based improved proportionate normalized 

LMS fourth (MNC-IPNLMS/F) management technique generates the reference load 

voltage and extracts the basic weight quantity from the polluted grid voltage. This 

technique takes advantage of the improved stability and convergence of dynamic 

voltage restorers (DVRs). An FOPID controller, or fractional-order proportional-

integral-derivative, was used to control the voltages of the dc and ac links. A number 

of optimizations, including the JAYA method, APSO, and BBO, helped the coefficients 

of FOPID self-tune. 

X Xu et al.[56] have presented a hierarchical optimization model intended for active 

management distribution network planning. The model takes into account all relevant 

parameters, including cost of carbon emissions, line investment, power purchase cost, 
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balanced network loss, and governmental subsidies. The NSGA-TS hybrid algorithm, 

which is renowned for its global and local search capabilities, was used to improve 

convergence and efficacy. This study offers a strong framework for tackling the 

complexity brought about by the changing distribution network topologies, which 

makes a significant contribution to the subject. 

Y Liu et al.[ 57] have developed into vital issues for power systems' voltage stability 

and power quality. The AC-DC micro-grid technology preserves voltage stability and 

enhances system power quality thanks to sophisticated fuzzy controllers. These 

controllers were distribution static synchronous compensators equipped fuzzy-PI (FPI) 

and fuzzy-PID (FPID) current-controllers. A pair of case analyses that simulate sudden 

faults and dynamic load variations on a Hybrid AC-DC micro-grid that gathers various 

renewable energy sources have utilized the capabilities of the recently proposed 

system. Furthermore, the power quality problems are resolved and the best dynamic 

response is produced by the newly implemented fuzzy-based controllers. There are 

numerical simulations available for in-depth analyses comparing various controllers. 

‘It was found that when the tested system was subjected to a three-phase failure, the 

use of fuzzy-PID and fuzzy-PI, respectively, boosted the dynamic system performance 

by 12.9% and 8.8% and lowered voltage fluctuation at the D-STATCOM by 7.86% 

and 4.62%. 

M Ali et al.[58] have presented a brand-new method for distributed generation (DG) 

systems and optimal distribution system (DS) planning. This was being done to 

observe how energy losses and the voltage profile of the system are affected by 

injections of both reactive and active power. One strategy that offers multiple benefits, 

including peak savings, loss reduction, and voltage profile improvement, is DG 

penetration in power systems. Moreover, it aims to improve system security, stability, 
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and dependability. Optimal distributed generation's (ODG) primary objective was to 

ensure the above-described benefits in order to raise the overall system efficiency. 

Analytical methodologies were inadequate and unsuitable for systems that were 

incredibly large and intricate. Consequently, for large systems, a number of meta-

heuristic approaches are preferred in order to improve performance from where 

convergence and accuracy. The horse's manners were the basis for the recommended 

approach. In order to evaluate the effectiveness of the IWHO, it was applied to the 23 

benchmark functions. The most amazing outcome of the inclusion of DGs is reliability 

amelioration.  

Ferahtia et al.[59] have developed the ideal DC microgrid EMS. A commercial 

building power system featuring a fuel cell (FC), battery storage system, photovoltaic 

(PV) array, and bidirectional DC/AC grid converter is presented by the system under 

investigation. Stability, power quality, fuel consumption, and efficiency are among the 

techno-economic issues that arise from the integration of various power sources, such 

as renewable energy. Salp Swarm Algorithm (SSA) served as the foundation for the 

suggested EMS. Due to its many benefits, including its lower computational 

complexity and convergence features, this algorithm has been put into use. The 

presented method's meticulous design was described in detail. After that, HIL tests 

were run to confirm the newly added EMS performances. 

J Sharma et al. [60] have suggested an original use for affine projection, such as the 

M-estimate adaptive filtering method. The hybrid AC/DC micro-grid main grid was 

connected to a medium voltage distribution static compensator that was controlled by 

an Affine projection similar to the M-estimate adaptive filter.. The efficiency of the 

newly implemented control method was contrasted with the traditional controls. The 

control technique that has been developed utilizes the M-estimate cost function to 
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suppress current harmonics in an IEEE 14 bus system by means of a medium voltage 

distribution static compensator. When impulsive noise enters the system, the function 

of M-estimate cost safeguards the filter weights. Additionally, the weight update is 

directly calculated by the newly introduced affine projection-like method for M-

estimation, unlike its parent affine projection algorithm, which occasionally causes 

instability and computational load.  

2.3 IDENTIFIED RESEARCH GAPS 

The existing research on power quality issues in distribution systems has provided 

valuable insights into specific components, such as the integration of renewable energy 

sources, the application of machine learning, and the use of optimization techniques. 

However, a notable research gap exists due to the absence of a unified and integrated 

framework that considers the synergies among these various factors. Specifically, there 

is a need for studies that systematically explore how the integration of renewable 

energy sources, advancements in machine learning, and the implementation of smart 

grid technologies collectively influence power quality. Understanding the 

interconnected influences of these elements is crucial for developing a comprehensive 

approach to address power quality challenges in distribution systems. 

Additionally, while the literature acknowledges the utility of hybrid optimization 

techniques, there is a lack of a comprehensive comparative analysis of these methods. 

The research gap lies in the absence of a detailed understanding of the specific contexts 

in which different hybrid optimization algorithms are most effective. A comparative 

study could provide insights into the strengths and limitations of these algorithms, 

offering guidance to practitioners and researchers in selecting the most suitable 

strategies for mitigating power quality issues. 
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In summary, the research gap identified is the absence of a unified and interdisciplinary 

framework that integrates the influences of renewable energy integration, machine 

learning applications, smart grid technologies, and optimization techniques on power 

quality in distribution systems. Filling this gap is essential for advancing our 

understanding of the complex dynamics in distribution systems and for developing 

comprehensive solutions that address power quality challenges in a synergistic 

manner. 

2.4 OBJECTIVE OF THE PRESENT WORK 

1. The photovoltaic system's electricity output fluctuates based on the weather. 

Therefore, the MPPT is utilized in conjunction with the SPV system to extract 

the maximum power from the PV array. 

2. Before connecting to DC-link, the photovoltaic energy sources must undergo 

power conditioning because they produce power at a fluctuating low DC 

voltage. A DC-DC converter is utilized for this. This operation is carried out 

using a boost converter. 

3. Reactive power demand and harmonics of nonlinear loads are turning into a 

major source of pollution for power quality. An active three-phase shunt power 

filter has been designed to compensate for the reactive power and harmonics 

of nonlinear loads. 

4. It is suggested to employ a Distribution Static Compensator (DSTATCOM) to 

balance out reactive power and unbalance resulting from both linear and non-

linear loads in the distribution system. In order to extract reference current 

signals, a few traditional control techniques as well as an adaptive control 

algorithm are tested. 
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5. The dc bus voltage is regulated to its reference value and the inverter losses are 

compensated for using a PI controller. The ripples in the dc-link voltage 

feedback channel are filtered using a low pass filter.  

6. Shunt active filter design has made use of artificial intelligence controllers 

based on fuzzy logic, ANN, and ANFIS. The artificial-based controller offers 

several advantages over the PI controller, including the ability to operate with 

imperfect inputs, handling nonlinearity, and not requiring an exact 

mathematical model. Our analysis therefore validates an enhanced control 

strategy to enhance the power quality of the grid-connected solar system with 

respect to harmonic reduction and reactive power compensation. 

7. Three-phase shunt active power filters employ PI and FUZZY logic controllers 

to enhance power quality by compensating for harmonics and reactive power 

generated by nonlinear loads. 

2.5 CONCLUSIONS 

In this chapter described the enhancement of power quality of grid connected hybrid 

distributed generating systems. The concise literature review is based on a variety of 

research tasks, which have recently been done by a number of researchers and scholars 

who have made some significant contributions to the field of using different algorithms. 

Problem creation and how to diagnose and reduce the problem are described. Many 

different techniques can be introduced by researchers. 
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Chapter-3 

MODELING AND SIMULATION OF MICROGRID 

SOLAR PHOTOVOLTAIC SYSTEM WITH 

ENERGY STORAGE 

 

3.0 GENERAL 

This chapter, highlights the integrated operations of the photovoltaic system with 

energy storage device. The variations in the energy produced and the variations in the 

load, the DC link voltage does vary, which has to be tackled using an energy storage 

device to maintain the DC link voltage. The battery is used as a storage device that is 

connected to a bidirectional converter and switching of the bidirectional converter has 

to be done in such a way that it either charges or discharges the battery depending upon 

the load conditions.  The DC bus is connected to the utility grid, and the power sharing 

and transfer should be in such a way as to maximize the efficiency. An efficient 

algorithm is to be used to attain maximum efficiency through an interactive inverter. 

The SPV generating system with MPPT and boost converter is accomplished with a 

storage unit, simulations are performed and the results are analysed. 

3.1 THE PROPOSED GRID-CONNECTED MICROGRID SYSTEM 

Fig. 3.1, shows the main circuit topology for grid-connected micro-grid system. This 

system consists of the PV array and the battery storage system which is connected to 

the DC bus and then the utility grid using an inverter. The DC bus is connected to the 

utility grid, for the power-sharing and transfer should be in such a way as to maximize 

efficiency. An efficient algorithm is to be used to attain maximum efficiency through 

an interactive inverter. The grid-connected mode is carried out using a 3-leg 3-phase 

inverter and then switching to the inverter is done with the help of a droop control 
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technique to generate reference current. PV array is connected through a boost 

converter are used, to fulfil the objective is to produce reference current by the MPPT 

algorithm. 

 

Fig. 3.1 : Schematic diagram of grid connected system 

The battery is connected with the help of bi-directional, which can either charge the 

battery by absorbing the energy from the grid or by discharging the battery by injecting 

the power into the grid. The bi-directional converter is used for achieving the 

following, for which the switching has to be done in such a way that it either charges 

or discharges the battery depending on the load condition. From Fig.3.1, we can 

observe that solar as a renewable energy source and battery as an energy storage device 

are connected to the DC bus by which, they are connected to the DC to AC converter. 

3.2 MODELLING OF MICROGRID COMPONENTS 

3.2.1 Modelling and Analysis of PV Cell 

PV cell is a solid-state device that converts solar energy into electrical energy using 

the photovoltaic effect. The model of a Photovoltaic cell is developed by analyzing the 

properties using Matlab/Simulink. 
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3.2.2 Equivalent circuit of PV cell 

Fig. 3.2, shows the equivalent circuit of a PV cell, a current source represented by Iph 

indicates the current caused by the movement of electrons and holes due to the incident 

light called photons. A diode current Id, is represented parallel to the current source, a 

shunt resistance Rsh, represents the leakage of current due to the presence of impurities 

in the junction diode, and series resistance Rs, due to the metallic contacts of the 

semiconductor. 

LOAD
Iph

Rsh

RsIdeal PV cell

V

Id Ish

 

Fig. 3.2 : Equivalent circuit diagram of PV cell 

Voc is the open circuit voltage which is the voltage produced by the P-N junction diode. 

Isc is the short circuit current, which is the photon current during short circuit 

conditions. 

Fig. 3.2, shows using Kirchhoff’s law  

pv ph dI I I                                                                                       (3.1) 

The photon current ( phI ) is, 
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Where,  

phI   is the photon current (A) 

scI  is the photon current at standard conditions (T=298K, ref = 1000W/m2) 

   is temperature coefficient  

The diode current ( 1)
qV

nkT
d sI I e                                                         (3.3) 

Where sI represents the saturation current of the diode (A), q represents charge of an 

electron (1.6*10-19 C), n represents the ideality factor, k is Boltzmann constant 

(1.381*10-23 J/K) and  

T is the absolute temperature (K). 

The saturation current of the diode varies with temperature as 

3
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Where 0I  is the reverse saturation current, refT  is the reference temperature (298 K), 

gv  is the bandgap voltage of the semiconductor (V). 

By using initial conditions, pvI =0 on the open circuit condition and the constant 

temperature. Eq. 3.1 can be transformed into 
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From Eq. 3.1 the PV current can be expressed by 

( 1)
qV

nkT
pv ph sI I I e    

Since the voltage across the diode itself is the voltage across the PV cell as Vd pvV  

( 1)
pvqV

nkT
pv ph sI I I e                                                                         (3.5) 

So, the output current can be expressed as 

[ ( )] ( 1)
pvqV
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ref
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                                                            (3.6) 

By using the above equations, a model which fits the configuration is simulated in the 

Matlab Simulink environment. The following parameters used for the simulation are 

tabulated in Table 3.1. 

The simulation of the PV array is similar to that of the PV cell, but instead of the 

current being calculated, from the Eq. 3.6 and operating at the reference temperature 
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TABLE 3.1  : PARAMETERS FOR PV CELL SIMULATION 

Parameters Value 

Open circuit Voltage (Voc) 0.6 V 

Short circuit Current (Isc) 1.8 A 

Band Gap Voltage (VG) 1.12 V 

Diode Ideality Factor 1.24 

Short circuit current temperature coefficient 2.47*10^3 

 

( 1) 0
qVpv

nkT
sc s

ref

Ipv I I e



                                                             (3.7) 

Solving the following equation, Vpv can be calculated, which should be the voltage 

across the PV cell. For the consideration of an array, Eq. 3.7 can be transformed into 

Eq. 3.8. 

 
Fig.3.3 : PV cell Simulink model 
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The following simulations are carried out for Ns=100 and Np=10. 

3.3 MAXIMUM POWER POINT TRACKING TECHNIQUES 

Maximum power point tracking (MPPT) plays a significant role in renewable energy 

sources, this chapter focuses on PV systems as a source because of their intermittent 

nature with the changes in solar irradiance level, ambient temperature, and load the 

output of the PV array is nonlinear. For the determination of efficient PV output 

continuously adjust the operating point of the PV array to be around the maximum 

power point. This process is called MPPT. The available MPPT techniques are 

perturbed and observe (P&O), Incremental conductance (IC), fractional 

Voltage, fractional current, fuzzy logic, feedback control, neural network. The MPPT 

classifications could be made based on control strategies. Direct, indirect, and 

probabilistic are three different types that are in use. Perturb and observe (P&O), 

incremental conductance (IC), fuzzy logic, and neural network are considered direct 

methods. For estimating the Maximum PowerPoint (MPP), the indirect method is also 

used. Indirect methods include the look-up table, curve fitting, open circuit, and short 

circuit methods. 

In this chapter perturb and observe (P&O) / Hill-climbing/true-seeking method is 

modeled for the determination of MPP. Because this algorithm could be easily 

implemented, the accuracy of the sensors is not needed very high. The disadvantage of 

this method is that it may result in oscillations of power output near the MPP. The 

perturbance steps are used for the determination of the oscillation amplitude. The larger 

the perturbance step, the faster the tracking is, but it serves the fluctuations. Also, if the 

solar irradiance changes suddenly, the P&O method may become invalid. 
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3.4 PV SIDE CONVERTER 

The PV side converter (PVSC) a boost converter is used. The main objective is that the 

Iref  (reference current) produced by the MPPT algorithm is tracked, for that by varying 

the duty cycle of the boost converter, the maximum power is transmitted and Iref is to 

be tracked by the PV array. 

The value of the inductor and capacitor is calculated from the following Eqs. 3.9 and 

3.10. The value of ripple is taken as 5% of the nominal value. 

*

*

pvV d
L

I f



                                                                         (3.9) 

*

*

oI d
C

V f



                                                                                                 (3.10) 

The simulation is carried out with the following values, for the duty cycle input is 

analyzed in the next sections. 

The control of boost converter is done for tracking the reference current. The reference 

current is compared between the MPPT with the actual current in the boost converter; 

the error is processed by Proportional Integral (PI) controller. The output of the PI 

controller is further processed to generate Pulse Width Modulation (PWM) signals to 

the boost converter, by which the current is tracked.  

TABLE 3.2 : PARAMETERS OF BOOST CONVERTER 

Parameter Value 

Input value 200 V 

Output value 600 V 

Frequency   20 KHZ 

Maximum Power 3 KW 

The control circuit of the boost converter is shown in Fig. 3.4 



38 

Vpv

Ipv

MPPT

+

_

PI

Boost 

Converter

PV array

Iref

Load

Fig.3.4 : Control circuit of boost converter 

3.5 MICROGRID WITH STORAGE 

It is essential for maintaining the DC grid voltage constant by injecting power if 

required in the system or conserving the energy by storing the excess amount of energy 

produced by the PV array. In this section, the operation of the Microgrid is carried out 

with a storage unit and simulations are carried out and analyzed. Since the battery is to 

be charged or discharged, depending on whether the power is to be injected or ejected 

from the DC grid, an algorithm is proposed for the effective maintenance of DC grid 

voltage. 

3.5.1 Storage Connected to DC Grid 

In DC grid storage i.e. battery is not directly connected. The function of the battery is 

to inject power or absorb the power from the grid. So, the battery is connected via 

bidirectional converter which can either be injecting the power into the grid by 

discharging the battery or either absorbing the energy from the grid to charge the 

battery. To fulfill the above requirements, switching of the bidirectional converter has 

to be in such a way that it either charges or discharges the battery depending upon the 
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load condition. Fig. 3.5 shows the block diagram of the Microgrid with storage 

connected to the DC bus. The PV array is connected to the grid directly using the boost 

converter and the battery is connected to the grid using the bidirectional converter. The 

major bidirectional converter which is commonly used is the Buck-Boost converter. 

There are many bi-directional converters, but buck-boost is usually selected with the 

simplicity of its operation and implementation. Using the buck-boost converter, the 

battery is either charged or discharged, depending on the switching to the converter.  

3.5.2 Buck-Boost Converter 

 

The Buck-Boost converter is very useful in real-time battery-powered applications, as 

the name suggests it can act as a buck converter or it can act as a boost converter, that 

all depends upon the switched to the converter. 

For the buck operation or the step-down operation, the power flow from the high 

voltage side to the low voltage side and for the boost operation or the step-up operation 

the power flow from the low voltage side to the high voltage side. The power flow can 

be controlled by suitably choosing the switching to either charge or discharge the 

battery. 

In the specified region of operation, the buck-boost converter parameters are so chosen 

in such a way that it can get both a buck and boost converter. 
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Fig.3.5 Microgrid with storage 
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Fig. 3.6 : Buck-Boost circuit diagram 

The analysis of buck-boost converter can be done into buck operation and boost 

operation as the value of the inductor and capacitor are calculated and selected for the 

lowest ripple value. 
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The value of inductance (L) can be calculated as follows 

1( )

*f

bus BatteryV V D
L
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                                                                          (3.14) 

The value of capacitance (C) can be calculated as follows 

C
8* *

I

V f





                                                                                               (3.15) 

For good estimation, the ripple current is 20% to 40% of the output current or 0.2 < I

< 0.4. The parameters of the boost converter are calculated from the equation, and the 

value for which the lowest ripple of current and voltage is obtained is selected. 
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TABLE 3.3  : PARAMETERS OF THE BUCK-BOOST CONVERTER 

PARAMETERS VALUE 

VBUS 600 V 

VBATTERY 240 V 

SWITCHING  FREQUENCY 20 KHZ 

INDUCTANCE (L) 14 MH 

CAPACITANCE (C)           100µ F 

 

The power to be injected or to be absorbed from the grid is decided from the selection 

of Buck/Boost converter which is very important for the following a selection 

mechanism is required. If it is to be noted that solar PV power is greater than the load, 

then the voltage of the DC bus increases above the desired value, hence to maintain 

the DC voltage steady at the required voltage should be absorbed. And when solar PV 

power is less than the load, then the voltage of the DC bus decreases from the required 

voltage, hence to maintain the DC voltage steady at the required voltage power should 

be injected. 

3.5.3 Control of Switching For the Buck-Boost Converter 

The switching for the buck-boost converter should be done so that the voltage 

reference is maintained at the DC voltage bus. To acquire the above, the voltage of the 

DC bus is sensed and the error in voltage between the DC grid voltage and the 

reference voltage is fed to a PI controller from which a reference current (Iref) is 

generated. 
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Fig.3.8 : Control diagram for a buck-boost converter 

 

3.6 SIMULATION RESULTS 

The Simulations are carried out for different cases when the microgrid system is 

connected to the DC link with and without storage unit. Microgrids without storage 

units can also be classified into two different sections; either the load power at 600V 

is greater than the power produced by the PV array or when the load power at 600V is 

less than the PV array. So for the case when power required by the load at 600V is 

more than power by the PV array with the maximum rated power at around 3KW, the 

load resistance is taken at 120 ohms, for that load resistance at which the nominal value 

of about 600V is reached. Now for the load less than 120 ohms, to maintain the voltage 

of 600V, additional power is to be injected into the DC grid, but due to the lack of a 

storage unit connected to the grid, the bus lack power, and the voltage drops from the 

nominal value. The following simulation is carried out with a load of 60 ohms for 

which to maintain the 600V nominal value of the DC bus, 6KW of power should be 

transmitted by the PV array. The maximum power from the PV array is around 3KW, 

so the DC bus voltage drops below the 600V mark. It settles around 400V. This is a 

very unsuitable case without the storage unit system in the DC bus.   
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Fig.3.9 : MATLAB/Simulink diagram for PV, battery connected to DC link 

 

Fig. 3.10(a) : PV voltage and DC link Voltage when Rload = 60 ohm 

 

Fig. 3.10 (b) : PV voltage and DC link Voltage when Rload = 240 ohm. 
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The DC link grid voltage has to be maintained at about 600V, but from the Fig 3.10(a), 

the DC grid voltage is approx. 400V.  The same situation is carried out with a load of 

240 ohms, and since the load power at 600V is 1.5KW but the power generated by the 

PV array is around 3KW. Since there is an excess generation of power than the load 

power, the voltage instead of maintaining at 600V will increase and reach a voltage 

around 850V which is shown in Fig 3.10 (b). 

From the following, we can conclude that an energy source is essential for the 

maintenance of the DC link grid at a constant voltage. If the following DC bus is 

connected to the energy source, which can inject/eject the remaining power to maintain 

the voltage level at 600V. The other simulation is carried out where the PV array and 

the storage device are connected to the utility grid using an inverter and the switching 

to the inverter is executed by the droop control method. The inverter is connected to 

the grid and the required power is transmitted to the grid. 

 

Fig.3.11 : Grid Voltage 

 

Fig.3.12 : Grid Current 
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The following system was tested under the following conditions: Vs= 415 V, switching 

frequency = 10 kHz, Vdc= 600 V, line impedance Ls= 2.6 MH, Rs= 0.6 ohms, filter 

inductance LL = 0.6 MH, filter capacitance = 1500 µF, a linear load of 75 KW. 

 

Fig. 3.13 : Line to line voltage during grid-connected mode 

Grid voltage and grid current in the respective Figs. 3.11 and 3.12 demonstrate system 

performance and Fig. 3.13 shows the line-to-line voltage during grid-connected mode. 

3.7 CONCLUSION 

The Microgrid integration with the utility grid will help in the effective utilization of 

renewable sources for improving the quality of the grid. This chapter, explains the 

modelling of the components of the PV array and uses Maximum Power Point 

Tracking to utilize the maximum power from the PV array which is connected to 

energy storage to maintain the DC link voltage using a control strategy. An algorithm 

for energy management is proposed to connect the Microgrid to the utility grid. The 

simulations are carried out, and the results are analysed in Matlab/Simulink 

environment. 
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Chapter 4 

SRF THEORY BASED SHUNT ACTIVE POWER 

FILTER FOR POWER QUALITY IMPROVEMENT 

IN GRID INTERFACED SOLAR PHOTOVOLTAIC 

SYSTEM 

 

4.0 GENERAL 

In this chapter uses Shunt Active Power Filter (SAPF) in a polluted and unbalanced 

mains voltage for the compensation of current harmonics along with the reactive 

power. During compensation, the reference current is calculated by the theory of 

Synchronous Reference Frame (SRF). This study utilizes Photovoltaic (PV) energy, 

a renewable energy source, for which a maximum power point tracking (MPPT) 

method, an incremental conductance (InCnd), is employed. To modify the energy 

storage of dc-voltage, an artificial neural network controller (ANN) is used. The 

power system toolbox of MATLAB/SIMULINK is used to simulate the system being 

proposed. The SAPF is compared and assessed on the basis of PI control, FUZZY 

controller, and Artificial Neural Network (ANN). The results demonstrate the ANN 

control's efficiency in optimizing the DC capacitor energy storage, sinusoidal form of 

the current, and reactive power compensation. A low Total Harmonic Distortion 

(THD) will be achieved with the proposed system which shows the efficacy of the 

method presented. 

4.1 THE PROPOSED SYSTEM 

The use of diodes, triacs, thyristors and other semiconductor switches to regulate AC 

power is commonly used to feed regulated power to electrical loads, solid-state AC-

voltage controllers, lighting systems, electrochemical industries, and power supplies 
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(UPS), etc. These solid-state converters, like nonlinear loads, extract harmonic 

currents in addition to the current's reactive component from the AC mains. They can 

also trigger unbalanced currents and draw too much neutral current in three-phase 

power systems. The injected reactive power burden, harmonic currents, excessive and 

unbalance neutral current are responsible for low efficiency in distribution system. Fig. 

4.1 shows the presented system’s schematic diagram. 

 

Fig.4.1 : Illustrative diagram of the presented system 

4.2 SHUNT APF 

Today, SAPF technology is a mature technology to provides AC distribution networks 

with reactive power compensation, harmonic current, and neutral current 

compensation. In three-phase systems, SAPFs are often used to control the terminal 

voltage and prevent voltage flicker. SAPF is considered to be the best system for 

dealing with power quality issues. These filters are divided into three categories:  

1: single phase-two wire, 2: three phase-three wire, and 3: three phase-four wire 

configurations, to satisfy the needs of the nonlinear loads of supply systems. Here we 

use three phase-four wire SAPF.  
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4.3 SRF CONTROLLER  

The SRF theory is used for the regulation of VSC of APF and its control scheme is 

depicted in Fig.4.2. The DC bus voltage, point of common coupling (PCC) voltages, 

and load currents are some of the feedback signals for the APF. Using Park's 

transformation, the following load currents are transformed into a dq0 frame: 

[
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A phase-locked loop coordinates these feedback signals with voltages at a common 

coupling point. The components of d–q current are next sent through low pass filters 

obtaining the DC components of iLd and iLq. The currents of the d-axis and q-axis 

consist of fundamental components and harmonic components as 

𝑖𝐿𝑑 = 𝑖�̅�𝑑 + 𝑖�̅�𝑑                            (4.2) 
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The harmonic components are converted into the three-phase values using the inverse 

Clark's transformation. After the transmission of these reference values to the 

hysteresis controller, voltage source inverter (VSI) gate pulses are generated. 

4.4 PV ARRAY WITH MPPT TECHNIQUE 

A photovoltaic array, which converts solar and photovoltaic energy into electrical 

energy, is the primary part of a PV system. The solar irradiance of PV array changes 

for several reasons like time variation in a day and climatic effects like clouds, etc. 
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Therefore, MPPT strategies are employed on DC/DC boost converter to manage the 

PV array’s output current and voltage and to extract maximum power from PV array 

even during solar irradiance variations. The boost converter helps to step-up the PV 

output voltage making it compatible with electrical loads. 

 

Fig. 4.2 : d-q theory for reference current generation 

The PV cell’s equivalent circuit is depicted in Fig. 4.3. and describes the source current 

(IL), diode (D), and series resistance (Rs) representing the internal resistance of current 

flow and parallel resistance (Rsh) indicating the leakage current. 

Fig. 4.4 depicts the current-voltage and power-voltage (I-V and P-V) dynamics of a 

PV array as they change with solar irradiance and temperature. When no load is 

attached to PV cell, the open circuit (Voc) voltage is generated at terminals. During 

short circuit at PV cell, the short circuit (Isc) current is produced. In both the above 

scenario, zero power is generated.   
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Fig.4.3 : PV cell’s equivalent circuit 

 

Fig. 4.4 : Characteristics of a typical PV cell 

4.4.1 Incremental conductance MPPT Technique 

Because of the features like simplicity and good performance during the lowest solar 

irradiation levels or the rapid change of the irradiance, the InCnd MPPT technology is 

broadly used in PV systems. This method is used for sensing the voltage and current 

output of solar arrays using sensors.  

In this method, the voltage at the terminal array (VPV) is always adjusted to the 

maximum power point of the photovoltaic array. And at this point i.e., at MPP the 

derivative of power with respect to voltage (dPpv/dVpv) equals zero. Furthermore, this 

derivative is positive on the MPP's left side (dPpv/dVpv >0) and negative on the right 

side (dPpv/dVpv <0). 
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4.5 COMPARATIVE ANALYSIS BETWEEN DIFFERENT CONTROLLERS 

4.5.1 PI Controller  

A PI controller typically modifies the voltage of the dc-link capacitor to eliminate 

steady-state errors and reduce ripple voltage. The proportional constant (Kp) governs 

the dynamic responsiveness of the dc-link voltage, while an integral constant governs 

its settling time (Ki). The values of Kp and Ki have to be selected properly for ensuring 

the control performances aforementioned. The energy-balance principle is 

employed for calculating Kp, and the Ki value is determined observationally. The 

voltage of the dc-link capacitor is adjusted by changing the flow of a small amount of 

power into the dc-link capacitor, which compensates for losses in conduction and 

switching. Kp and Ki have the proper setting to the actual Vvsc and reference Vvsc-ref 

across the capacitor. In addition to the determination of Ploss, the dc voltage regulator 

also corrects power compensation errors. Finally, the ripple voltage of the PWM-

controlled VSC is reduced by PI controller. In this system, the Kp and Ki values are 2 

and 20.  

4.5.2 Fuzzy Logic Controller (FLC) 

In 1965, Professor Lotfi Zadeh projected the idea of FLC first as a means to process 

data by enabling partial membership rather than crisp membership. Shortly, for many 

system control applications it was proved to be an excellent choice. The fuzzy logic 

controller (FLC) is currently used in many sectors of industries, power systems, and 

science for compensating reactive power and harmonic current. The structure of the 

FLC system is shown in Fig. 4.5. In the fuzzification block, the crisp values of error 

e(n) and change in error ce(n) are transformed into fuzzy values, determined by 

linguistic variables like low, medium, high, big, slow, etc. The rule elevator evaluates 

the fuzzy rules by fuzzy set operations like AND, OR, and NOT indicating intersection, 
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union, and complement respectively. These fuzzy rules are stored in the rule base. The 

linguistic variables are then transformed to crisp values by defuzzification block. The 

membership functions needed by fuzzification and defuzzification are stored in the 

database. 

 

Fig. 4.5 : Structure of FLC 

4.5.3 ANN Controller Scheme  

Artificial Neural Networks (ANN), together with SAPF, have recently impressed many 

applications. This methodology is measured as a modern tool for the development of 

SAPF control circuits. ANN is a theoretical model that uses biological neural networks 

to motivate. It includes a linked artificial neuron collection. Without the need to create 

a dynamic system model, artificial intelligence problems are fixed by ANN. The 

single-layer feed network (trained by the backpropagation method) is employed to 

improve the SAPF performance. This network consists of two layers of neuron 

connections. The input layer contains 1 neuron for getting input, and 20 hidden layers, 

supplied with every input processed. The output layer consists of 1 neuron with output 

Ploss. For every layer to be trained, activation functions are assigned. The input and 

output layers' activation functions are provided to Tan-sigmoidal and Pos linear 

functions, respectively. Fig. 4.6 shows the ANN block, at 'n' and ‘n-1’ intervals, large 

data of dc-link voltage are collected and stored in the workspace of Matlab by 
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the traditional method. This data is used to train ANN and retrieve data from the Matlab 

workspace using the training algorithm. The input/output layer neurons are almost in 

fixed volumes, while the precise ANN operation depends on the neurons amount 

present in the hidden layer. 

 

Fig. 4.6 : Artificial Neural Network block 

4.6 RESULTS AND DISCUSSION 

The suggested system is modeled and simulated in Matlab/Simulink environment. 

Table 4.2 provides the suggested settings for the system parameters. The simulation's 

findings are on par with those of three PI, fuzzy logic, and ANN controllers. The 

figures analyzed and provided descriptions of the reactive power compensation, THD, 

and DC link voltage scenarios. 

 

Fig 4.7 : DC link voltage with PI controller 
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The PI control scheme for the dc link capacitor voltage is compared with both the FLC 

and the ANN control schemes. The dc-link voltage response for three control schemes 

(PI, FLC, and ANN) at different times shows in Fig. 4.7, 4.8, and 4.9 respectively. The 

dc-link voltage setting times with PI controller, Fuzzy logic controller, and ANN 

controller are 0.15sec, 0.08sec, and 0.01sec respectively as listed in Table 4.1 

 

Fig. 4.8 : DC link voltage with fuzzy logic controller 

 

Fig. 4.9 : DC link voltage with ANN controller 
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Fig. 4.10 : Reactive power compensation with PI controller 

 

Fig. 4.11 : Reactive power compensation with FLC 

According to the data, SAPF's ANN-based dc-link voltage control outperforms PI and 

FLC. Particularly the dc link voltage is less oscillating with ANN than with 

applications with PI and FLC. Also, when the two other controllers are used, the time 

period until the voltage of the DC link is returned to steady status is smaller.  The 

reactive power compensation with PI, FLC, and ANN controller applications is shown 

in Figs. 4.10, 4.11, and 4.12 respectively. The ANN produces better results among the 

three different controllers for reactive power compensation. 
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Fig. 4.12 : Reactive power compensation with ANN controller 

 

Fig. 4.13 : THD analysis of source current with PI controller 
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TABLE 4.1 : Vdc SETTLING TIME 

Controller Settling Time 

PI Controller 0.15 sec 

Fuzzy Logic Controller 0.08 sec 

ANN Controller 0.01 sec 

In Fig. 4.13, Fig. 4.14, and Fig. 4.15 the THD of the system for PI, FLC, and ANN 

control schemes are shown respectively. Compared with the two other control systems, 

the proposed system using an ANN controller provides better sources of THD, which 

means the THD percentage is decreased from 7.07% to 4.97% whereas using the FLC, 

and the ANN controller is down to 4.12%. 

 

Fig. 4.14 : THD analysis of source current with FLC 
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TABLE 4.2 : PARAMETERS LIST 

Parameters Values 

Source Voltages 220 V 

System Frequency (f) 50 Hz 

Rectifier Load 5 ohm, 8mH 

Load Inductance (LL) 0.1 mH 

Filter Inductance (Lsh) 1 mH 

DC voltage 700 V 

Capacitor Voltage 2580 µF 

 

 

Fig. 4.15 : THD analysis of source current with ANN controller 

  



60 

4.7 CONCLUSION 

In this chapter, the SRF control method with ANN controller is presented and verified 

with three phase-four wire SAPF system in MATLAB/Simulink environment. 

Harmonic current and reactive power adjustment were made possible by the 

photovoltaic integrated SAPF. Comparisons between the SAPF modified with ANN 

controller and PI and FLC are made. The dc-link voltage of Shunt APF was maintained 

constant by the PI, FUZZY, and ANN controllers. As a result, the ANN controller-

based SAPF delivers better performance than PI and fuzzy controllers. Additionally, 

by using ANN controller the source current THD and, settling time are reduced.  
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Chapter 5 

ANN BASED ADAPTIVE SOGI-FLL 

CONTROLLER FOR MULTIFUNCTIONAL GRID 

TIED SOLAR ENERGY CONVERSION SYSTEM 

 

5.0 GENERAL 

In this chapter presents an Artificial neural network (ANN) based adaptive second 

order generalized integrator frequency locked loop (SOGI-FLL) control technique for 

grid-tied solar photovoltaic (SPV) system. The system includes a boost converter, and 

the duty ratio of the boost converter is regulated by a maximum power point tracker 

(MPPT) system. An incremental conductance-based MPPT controller is incorporated 

for maximum power extraction from SPV system. The three-leg voltage source 

converter (VSC) is connected to SPV array via a DC link capacitor. The proposed 

ANN-based adaptive SOGI-FLL control scheme is designed to generate reference grid 

currents. The proposed system exhibits multifunctional applications such as power 

quality enrichment, balancing of load, reactive power compensation, voltage 

regulation, etc. An ANN-based controller is utilized for maintaining DC link voltage. 

The PV feed-forward technique is incorporated in the proposed controller for dynamic 

performance enhancement. The proposed system is implemented in Matlab/Simulink 

environment and the simulation results exhibit high-value performance for microgrid 

applications. 

5.1 SYSTEM LAYOUTS 

Fig.5.1 presents the proposed configuration system. The system contains SPV array 

for the source of renewable energy. The proposed SPV system is interfaced to a 3-

phase grid along with non-linear load. Voltage source converter (VSC) and ripple 
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filters are coupled at the point of common coupling point (PCC). The VSC is utilized 

for supplying power to the distribution system and ripple filters are used for 

elimination of switching ripples. The SPV system includes SPV array, DC-DC boost 

converter for step the DC voltage, maximum point tracking (MPPT) unit for utilization 

of maximum power from SPV array.     

 

 

 

Fig.5.1 : System Configuration 

 

5.2 CONTROL ALGORITHMS 

 The control algorithms are applied for boost converter of SPV as well as for voltage      

source converter (VSC). However, pulses of SPV boost converter are regulated by the 

incremental conductance (INC) based MPPT controller. The energy of SPV is fed to 

DC-link capacitor ( dcV ) of VSC. Furthermore, fuzzy logic controller (FLC) is utilized 

for maintaining constant DC-Bus voltage and loss computation for VSC. The pulses 

of VSC are extracted by SOGI-FLL-based controller. The function of VSC is to power 
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quality improvement as well it can be utilized to power conversion. The parameters of 

the SPV system are mentioned in the appendix. 

5.2.1 Incremental Conductance Based MPPT Controller 

The incremental conductance (InC) based maximum power point tracker (MPPT) is 

utilized to extract maximum power from the solar array. It is easier to implement, has 

fast maximum tracking capability, and good dynamic behavior kind of attracting 

features to choose as an MPPT controller.  Therefore, based controller is applied to 

extract maximum power from the proposed SPV array. The basic mathematics describe 

the operation of this MPPT controller as,   
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Hence, Eq. 5.3 concludes that the maximum power point is tracked when incremental 

conductance will be equal to the array conductance. 
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5.2.2 ADAPTIVE SOGI-FLL CONTROL SCHEME 

The proposed controller is presented in Fig. 5.2 (a). The applied control scheme is 

utilized for the accurate generation of switching pulses for VSC. In this section step 

by step, procedures are presented for the generation of switching pulses.  Moreover, 

various silent signals are utilized for the generation of switching pulses for VSC, the 

signals are:  

1. Magnitude of terminal voltage 

2. In-phase and quadrature-phase unit templete  

3. Feed-forward component of current 

4. Loss component of current  

5. Equivalent component of current 

6. Net active component of current  

1. Magnitude of terminal voltage ( tmV ):- The magnitude of terminal voltage is 

computed as,   

2 2 22(V

3

ga gb gc

tm

V V
V

 
  

Where, , ,ga gb gcV V V are the phase voltages 

2. In-phase and quadrature-phase unit templete:- The quadrature unit template (

1q , 2q , 3q ) and the in-phase unit template signals ( 1 , 2 , 3 ) are utilized for 

VSC switching algorithm. 

    In-phase unit templates are, 1 2 3, ,
ga gb gc

tm tm tm

V V V

V V V
                                     (5.4) 

    The quadrature unit template is estimated as, 
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3. Feed-forward component of current: - The feed-forward loop is utilized for the 

reference current generation (Ipf), which helps in dynamic response improvement. The 

PV-based feed-forward component is estimated by this equation as, 
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(a) 

 

(b) 

Fig. 5.2. (a) : Adaptive SOFI-FLL control scheme for the fundamental component of 

load current extraction from phase ’A’, (b) Adaptive SOGI-FLL control scheme for 

reference current generation 
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4.  Loss component of current: - The artificial neural network (ANN) based controller 

is utilized to maintain the DC bus voltage constant as well as for the loss component 

of current estimation. As efficient and fast it maintains the constant value and 

minimizes the losses in the converter. This technique is measured to be the latest tool 

to improve the dynamic performance design control circuits of adaptive SOGI-FLL. 

Moreover, ANN is a mathematical model motivated by biological neural networks. It 

comprises an interconnected collection of artificial neurons.  

Here, 
*

dcV
 is the reference DC bus voltage and dcV

 the sensed DC bus voltage. So, the 

error in voltage (
(n)eV

) is represented as, 
*(n) ( )e dc dcV V V n 

. Moreover, the loss 

component of voltage error y(n) is represented as,  

0 0y(n) V ( ) ( 1)n V n  
                                                                                               (5.6) 

Here, 0V ( )n
is the output to compute the loss component of current. 

The following procedure algorithm is adapted for ANN to regulate the DC-bus voltage. 

Initialize neural network toolbox 

 Define input and target parameters with the help of PI controller 

 Import input and target data from MATLAB workspace 

 Create a network 

 Define data in the network as input data, target data, training function, 

performance function, number of layers, and number of transfer functions. 

 Train the network 

 Check performance 

If the training regression value is near one then import the network otherwise update 

the weights and do again training up to when performance gets the satisfactory result. 
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To improve the performance, a feed-forward network of a single layer (trained by the 

back propagation method) is used. This network comprises two layers with their 

respective neuron interconnections. The input layer has 1 neuron for receiving input 

and the hidden layer has 20 neurons which are fed by each processed input. The 

activation functions are designated to every layer for training purposes. The artificial 

neural network block is shown in Fig. 3 for the intervals of ‘n’ and ‘n-1’, the huge data 

of DC link voltage is collected and stored in MATLAB workspace from the PI 

controller. Using this data, training of ANN is performed and the training algorithm is 

used for retrieving the stored data from the workspace. The neurons of the input layer 

and output layer are almost in a fixed quantity, whereas the accuracy of ANN operation 

is dependent on the number of neurons in the hidden layer. 

 

Fig. 5.3 : Artificial Neural Network block 

 

5. Equivalent component of current: - The equivalent component of in-phase and 

quadrature-phase current is calculated as follows 

1 2 3

3

L L L
Le

I I I
I

 


         (5.7)                                                                                                                            

Were, 1, 2 3L L LI I and I
in-phase component of load currents. 

6. Net active component of current: - The net active component of current is computed 

as,   
( )net Ploss pvq LeI I I I  

                                                                                (5.8) 
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Where,  PlossI
= loss component of current 

              pvqI
= feed-forward component of current 

             LeI
 = Equivalent component of current  

Furthermore, reference grid currents are compared with the source currents  

(
, ,sa sb scI I I

) by using hysteresis current controllers. A not gate logic is used to convert 

these three reference grid currents to six gating pulses to control the grid-tied IGBT’s 

based VSC. 

5.3 RESULTS AND DISCUSSION  

The simulation is carried out with varying operating conditions to illustrate the 

behavior of the proposed methodology using Matlab/Simulation software. The results 

have been carried out by considering linear as well as non-linear loads at the point of 

common coupling.  For the performance analysis of the proposed system, simulation 

results include solar irradiance (G), DC link bus voltage (Vdc), SPV current (Ipv), SPV 

power (Ppv), feed-forward current (Ipvq), AC grid voltage (Vgabc), AC grid current 

(Igabc), compensating current (Ica), load current (iLa), AC grid active power (Pg), AC 

grid reactive power (Qg), terminal voltage (Vtm) and frequency (wr).  

5.3.1 Behavior of System Under Nonlinear Load 

Figs. 5.4 (a), and (b) present the behavior of the Solar PV system under non-linear load 

at variable insolation. Fig. 5.4 (a) shows the waveforms of G, Vdc, Ipv, Ppv, and Ipvq. 

Fig. 5.4 (b) shows the waveform of Vgabc, Igabc, Ica, iLa, Pg, and Qg at step insolation 

increase from 700 W/m2 to 1000 W/m2 at t=0.4s.  
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(a) 

The grid current (Igabc) and voltage (Vgabc) are perfectly sinusoidal. It is noticed that 

as solar insolation increases at t=0.4 s, SPV array power (Ppv) and SPV current (Ipv ) 

are increased. The DC link voltage is maintained constant and very minute oscillation 

is observed in it. The feed-forward current is also increased, because of the increment 

in SPV power. Therefore, it causes low oscillations observed in grid current. Moreover, 

it is observed that as insolation increases at t=0.4s, the power generation from the solar 

power system is increased and therefore, active power flow and grid current are 

decreased because load power is constant in this operation. The system is carried on at 

unity power factor, as reactive power (Qg) is zero as shown in Fig.5.4 (b).   
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(b) 

Fig. 5.5 (a) presents the behavior of the Solar PV system for intentionally load 

unbalancing of one phase under load non-linear load conditions. Fig. 5.4 (a) shows the 

waveform of G, Vgabc, Igabc, iLa, Ica, Vdc, Pg, and Vt. In this case, assume that the 

solar array is constantly operated at 1000 W/m2 insolation but, phase ‘a’ intentionally 

removed at (t= 0.4 - 0.5s). The grid currents are observed balanced and perfectly 

sinusoidal in both steady-state conditions (before t=0.4s and after t=0.5s), as well as in 

unbalanced conditions at (t= 0.4-0.5s).  During the unbalancing period, the active 

power demand and load balancing criterion are fulfilled by Solar PV generating 

system. However, with this unbalancing condition, the DC bus voltage of VSC is 

maintained constant at 700 V.  
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(a) 

Fig. 5.5 (b) presents the dynamic behavior of solar PV system for varying system 

frequencies 49.5 Hz to 50.5 Hz. Fig. 5.5 (b) depicts the waveform of Vgabc, Igabc, 

iLa, Ica, Ipvq, Vdc, and wr. With the system frequency variation, it is observed that the 

grid current and voltage are balanced and sinusoidal. The DC link voltage and feed-

forward current are remains unaffected irrespective of system frequency variations.  

Figs. 5.6 (a), (b) present the behaviour of Solar PV system under linear load at variable 

insolation. Fig. 5.6 (a) shows the waveforms of G, Vdc, Ipv, Ppv, and Ipvq. Fig. 5.6 

(b) shows the waveform of Vgabc, Igabc, Ica, iLa, Pg and Qg at step insolation increase 

from 700 W/m2 to 1000 W/m2 at t=0.4s. The grid current (Igabc) and voltage (Vgabc) 

are perfectly sinusoidal.  
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(b) 

It is notice that as solar insolation increases at t=0.4 s, SPV array power (Ppv) and SPV 

current are increased. The DC link voltage is maintained constant and very low 

oscillation is observed in it. 

The feed-forward current component is also increased, because of the increment in 

SPV power. Therefore, it causes low oscillations to be observed in grid current. 

Moreover, it is observed that as insolation increases at t=0.4s, the power generation 

from solar power system is increased and therefore, active power flow and grid current 

are decreased because of load power is constant in this operation.  
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(a) 

 

(b) 

Fig.5.6 : Behaviour of system (a) under load unbalancing, (b) under variable system 

frequency 
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The system is carried on at unity power factor, as reactive power (Qg) is zero as shown 

in Fig. 5.6(b).     

 

(a) 

Fig. 5.7 (a) presents the behavior of Solar PV systems for intentional load unbalancing 

of one phase under load non-linear load conditions. It shows the waveform of G, 

Vgabc, Igabc, iLa, Ica, Vdc, Pg, and Vt. In this case, assume that the solar array 

constantly operates at 1000 W/m2 irradiance but, phase ‘a’ intentionally removed at 

(t= 0.4 - 0.5s). The grid currents are observed perfectly sinusoidal in both steady-state 

conditions (before t=0.4s and after t=0.5s), as well as in unbalanced conditions at (t= 

0.4-0.5s).  During the unbalancing period, the active power demand and load balancing 

criterion are fulfilled by the Solar PV generating system. However, with this 
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unbalancing condition, the DC link voltage of VSC is maintained constant with small 

oscillations. 

Fig. 5.7 (b) presents the behavior of solar PV systems under varying system 

frequencies 49.5 Hz to 50.5 Hz. Fig. 5.7 (b) depicts the waveform of Vgabc, Igabc, 

iLa, Ica, Ipvq, Vdc and wr. With the system frequency variation, it is observed that the 

grid current and voltage are perfectly sinusoidal. The DC link voltage is approximately 

constant to its reference value. 

 

(b) 

Fig. 5.7 (a) : Behavior of system under load unbalancing, (b) system under variable 

frequency 
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5.4 CONCLUSIONS 

A three-phase grid-interfaced solar photovoltaic system (SPV) has been implemented 

and controlled by using SOGI-FLL-based adaptive control scheme. This scheme has 

been effectively used to extract reference currents and provide gating pulses for VSC. 

The performance of the control scheme for SPV system has been found satisfactory 

under linear and nonlinear loads as well as in load unbalancing conditions under 

varying system frequency.  The proposed system along with ANN-based adaptive 

control scheme has shown better performance in power quality enhancement. The 

effectiveness of the feed-forward component has been presented for dynamic 

performance improvement. ANN controller is incorporated accurately with an 

adaptive control scheme for converter loss component estimation. The THD has been 

reduced much better using ANN controller ensuring good operation of the shunt active 

power filter thus resulting in improved power quality. The proposed system was 

simulated using Matlab/Simulink software and the results demonstrate the harmonic 

free source current. 
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Chapter 6 

GRID INTERFACED SOLAR-WIND HYBRID 

POWER GENERATING SYSTEMS USING 

FUZZY-BASED TOGI CONTROL TECHNIQUE 

FOR POWER QUALITY IMPROVEMENT 

 

6.0 GENERAL 

This chapter presents the grid interfaced solar-wind hybrid renewable energy system, 

feeding three-phase loads. The proposed system includes solar photovoltaic, 

permanent magnet synchronous generator (PMSG), DC-DC boost converter, 

incremental conductance based maximum power point tracker (MPPT), three phases 

IGBT based voltage source converter (VSC), with a third order generalized integrator 

(TOGI) control technique. This control technique bestows multifunctional capabilities 

such as harmonic mitigations, load balancing, and reactive power compensation. A 

fundamental component of load current is extracted by TOGI based controller, and 

further it is utilized to generate the switching pulses to VSC for power quality 

enrichment. The fuzzy logic based controller is used for loss computation of VSC as 

well as for maintaining DC link voltage. Moreover, fuzzy logic provides better 

dynamic performance compared to conventional PI controllers. The results are 

presented in many aspects for linear and nonlinear loads such as, the intermittent nature 

of solar and wind as well as disturbances in the system. A comparative analysis 

between proposed TOGI based controller and conventional control algorithm has been 

presented. Test results are performed with the help of MATLAB/ Simulink 

environment and demonstrate, grid current is maintained well within the IEEE-519 

standard.     
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6.1 PROPOSED LAYOUTS 

The proposed layout of the system is illustrated in Figure 6.1. The system comprises a 

solar photovoltaic array (SPV) system and wind as a hybrid renewable energy source. 

Table 6.1 presents the parameters of hybrid solar-wind system. The hybrid system 

interfaced with a 3-phase utility grid along-with linear and nonlinear load with series 

impedance sR and sL voltage source converter (VSC) is interfaced at the point of 

common coupling (PCC) through series interfacing inductors fL . Ripple filters are 

coupled at the PCC for removing switching ripples. The hybrid sources are coupled to 

the VSC at the DC side. Moreover, the output of SPV and wind system, by conversion 

of DC-AC and AC-DC/DC-AC is integrated on the AC side parallel to feed power to 

the grid as well as loads. The SPV system consists of a PV array, DC-DC boost 

converter, IGBTs based three-leg semiconductors device as VSC. Moreover, the wind 

energy system consists of a permanent magnet synchronous generator (PMSG), 

rectifiers, and DC-DC boost converters. 

 

Fig. 6.1 : System Configuration 
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TABLE 6.1 : HYBRID SOLAR-WIND SYSTEM PARAMETERS 

 

Parameter                 

Value 

 Parameter Value 

SPV power           100 kW    

Voc           64.2 V  Rated Power 400 kW 

Isc           5.96 A  Rated speed 1500 rpm 

Vmp           54.7 V  Permanent magnet 

flux linkages 

0.52Wb 

Imp           5.58 A  Stator phase 

resistance Rs 

0.01 ohm 

IL            6 A  Armature inductance 7e-5 H 

Io     6.3014e-12    

Cells per module            96  

Np           66  

Ns            5  

 

6.1.1 Design of DC-DC Boost Converter  

 

The value of inductor and generation of switching pulses govern the design of DC-DC 

boost converter. Fig. 6.1 shows 1BL and 2BL corresponds to boost converter inductance 

of solar and wind respectively. Furthermore, the value of inductance is selected based 

on the maximum allowed ripple current ( i ), input voltage ( PVV ), and minimum duty 

ratio ( ds ). The value of inductance ( 1BL ) of SPV boost converter is mathematically 

calculated as:  

1

d

2 *

PV s
B

s

V
L

i f


                                                                                 (6.1)                                                                                

The duty ratio for SPV is calculated as,  

1 in
s

o

V
d

V
  270

1
700

  = 0.6                                                               (6.2) 

Furthermore, generating a switching action has to be performed by comparing the 

reference duty ratio with the saw-tooth waveform. The reference duty ratio of solar 

boost converter ( id ) is computed as, 

Where, sf : switching frequency of SPV is 5kHz, inV : SPV output voltage is 270 V,  

oV : Boost converter output is 700 V 
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Similarly, the wind connected boost converter inductance  

2

d

2 *

W w
B

w

V
L

i f



                                                                              (6.3) 

The duty ratio for wind is calculated as, 

1 i
w

ow

V
d

V
  540

1
700

  =0.3                                                        (6.4) 

Where, wf : switching frequency of wind is 5kHz, iV : wind output voltage is 540V, 

owV : Boost converter voltage is 700V.  

The ripple current ( i ) for both SPV and wind is taken as 10% of the input current. 

Finally, by putting all these parameters boost converter inductance is  

( )

( )

1
ref i

i
dc i

V
d

V
 

                                                                     (6.5)    

The converter finally converters the wind and SPV voltage to a fixed DC voltage for 

regulating the output voltage.  

6.2 TOGI CONTROL TECHNIQUE  

The proposed TOGI based control algorithm is shown in Fig. 6.2. The objective of the 

control algorithm is to generate switching pulses for the VSC. The feed-forward loop 

is utilized for the reference current generation (If), this will be utilized for improving 

dynamic response. Moreover, solar photovoltaic power (Ppv) and the terminal voltages 

(Vt) are used for the estimation of the reference current. The feed-forward component 

of PV, loss components of current (Iploss), quadrature phase unit template  

(
, ,qa qb qcU U U ), and the in-phase unit template signals. (

, ,pa pb pcU U U ) are utilized 

for the VSC switching algorithm.     
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6.2.1 Generation of Reference Grid Current 

Fig. 6.3 presents the building blocks TOGI controller. The magnitude of terminal 

voltage ( tV ) at point of common intersection (PCI) is determined using phase voltages 

( ,,Vsa sb scV V ). Moreover, line voltages ( ,,Vsab sbc scaV V ) are sensed to determine the 

phase voltages. So, the terminal voltage is calculated as, 

2 2 22
*(V V V )

3
t sa sb scV                                              (6.6)                                                                                            

The in-phase ( , ,pa pb pcU U U ) and quadrature-phase ( , ,qa qb qcU U U ) unit templates are 

calculated as, 

, &sa sb sc
pa pb pc

t t t

V V V
U U U

V V V
                                            (6.7)                                                                                                         

& 

1 1
* , * ,

3 3

1
*

3

qa pc pb qb pa pc

qc pb pc

U U U U U U

U U U

         

                         (6.8)    

Furthermore, fundamental load current ( LFAI ) is extracted from the TOGI control 

algorithm presented in the next section. 
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Fig. 6.2 : Reference current extraction by TOGI control algorithm 
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Fig. 6.3 : Block diagram of TOGI control algorithm 
 

Now, equivalent components of active current ( PeqI ) and reactive current ( QeqI ) 

components are calculated by the addition of active component and the reactive current 

component of all phases divided by three. Hence, equivalent components of currents 

are represented as, 
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3

PA PB PC
Peq

I I I
I

 
                                                       (6.9)                                                                             

 
3

QA QB QC

Qeq

I I I
I

 
                                                                   (6.10)                                            

 

Fig. 6.3 presents the basic blocks for the extraction of fundamental load current. 

Moreover, Eq. 6.23 shows extracted fundamental load current by solving a nonlinear 

control system, which is in the phase of the point of interconnection voltage. The point 

of interconnection voltage is to be determined by zero cross detector (ZCD) block, 

sample & hold logic (S&H), and absolute block are used to determination of 

fundamental active and reactive current components ( & IPA QAI ) computations for 

phase ‘a’ as shown in Fig. 6.3. Similarly, for phase ‘b’ ( & IPB QBI ) and phase ‘c’  

( & IPC QCI ) are computed.
  

The loss components of current ( PlossI
), are evaluated by a fuzzy logic regulator. Table 

6.3, shows a 7*7 (49) rule base fuzzy logic control system.  For the implementation of 

the control technique DC link capacitor voltage ( dcV ) is compared with the reference 

value of capacitor voltage (
*

dcV ). 

TABLE 6.2 : FUZZY CONTROL RULE 

 
e(n)/ce(n) NB NM NS ZE PS PM PB 

NB NB NB NB NB NM NS ZE 

NM NB NB NB NM NS ZE PS 

NS NB NB NM NS ZE PS PM 

ZE NB NM NS ZE PS PM PB 

PS NM NS ZE PS PM PB PB 

PM NS ZE PS PM PB PB PB 

PB ZE PS PM PB PB PB PB 
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The error, e  (n) and change in error, e (n) are inputs for the fuzzy processing. Fig. 

6.4 (a)-(c) presented the fuzzy logic membership functions of e  (n), e (n) and 

Vdc(n). The seven linguistic variables such as Negative High (NH), Negative Medium 

(NM), Negative Small (NS), Zero (ZE), Positive small (PS), Positive Medium (PM), 

Positive Big (PB) are used in the process of fuzzification.  

 

Fig. 6.4 (a) : Input membership function e (n) 

 

Fig. 6.4 (b) : Change in input membership function e (n) 

 

 
 

Fig. 6.4 (c) : Output membership function Vdc(n) 
 

Fig. 6.4 (a)-(c) Membership function of input e (n), change in input  e  (n), output 

Vdc(n) 
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The different linguistic control rules consist of rule bases which are required by rule 

evaluator to compute loss computation. Fig. 6.5 (a)- 6.5 (b) depict the fuzzy rules for 

loss calculation of VSC and surface diagram of fuzzy function. 

 

Fig. 6.5 (a) : Fuzzy logic rule function 

 

 

 

Fig. 6.5 (b) : Surface Diagram 

Fig. 6.5 (a), (b) : Fuzzy logic rule and surface diagram 
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Fig. 6.6 (a) : DC link voltage estimation by Fuzzy controller  

 

Fig. 6.6 (b) : DC link voltage estimation by PI Controller 

Fig. 6.6 (a)- (b) : DC link voltage estimation by Fuzzy controller and conventional  

PI Controller 

Figs. 6.6 (a) – 6.6 (b) presents the DC link voltage estimation by fuzzy logic and 

conventional PI controller. Moreover, Table 6.3 presents the comparative analysis 

showing that fuzzy logic-based TOGI outperforms then PI based controller.  

 

TABLE 6.3 : COMPARATIVE ANALYSIS BETWEEN FUZZY LOGIC AND 

CONVENTIONAL CONTROLLER 

 

Controller Maximum 

Overshoot 

Settling Time DC Link Actual 

Voltage 

Fuzzy Logic Lower Less (0.11sec) Less Oscillation 

PI  Higher Higher (0.23sec) High Oscillation 
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The additional PV feed-forwarding compensation ( fI ) is utilized for the minimization 

of % overshoot in the DC link bus voltage and disturbances in the AC side grid current 

as, 

Feed-forward current 

2
*

3

pv

fe

te

P
I

V

 
  

 
                        (6.11)                                                                                   

So, the net active current component ( LpnetI ) is calculated as,  

LpnetI = Peq fe PlossI I I                                                               (6.12) 

Similarly, the net reactive current component ( LqnetI ) is calculated as,  

Lqnet Qeq QI I I                                                                           (6.13) 

Where, QI the loss component of the DC link voltage is evaluated again with the rule 

base fuzzy logic regulator as same plossI  estimation. 

The reference grid currents (
* * *, i , isa sb sci ) is determined by net active and reactive power 

component with the active and reactive unit templates and add them together to 

generate reference grid currents as, 

*

*

*

*W *W

*W *W

*W *W

sa Lpnet pa Lqnet qa

sb Lpnet pb Lqnet qb

sc Lpnet pc Lqnet qc

i I I

i I I

i I I

 

 

 

                                         (6.14)        

Furthermore, these reference grid currents are compared with the grid currents  

( , i , iga gb gci ) by using hysteresis current controllers. A not gate is used to convert these 

three-reference grid current to six gating pulses to control the grid-tied IGBT’s based 

VSC.  
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6.3 FUNDAMENTAL LOAD CURRENT EXTRACTION 

 

Fig. 6.7 : Fundamental load current extraction from TOGI control strategy 

Therefore, for the realization of TOGI control technique the analysis of extracted 

fundamental load current ( LFAI ), need to be expressed properly. The parameters 

(G1&G2), of control strategy, are properly tuned for better dynamic capability and 

good filtering ability. Moreover, extracted fundamental load current ( LFAI ), are is in 

phase with the point of interconnection (PIC) voltage. 

6.3.1 Comparative Performance Analysis of Proposed TOGI with Conventional 

Algorithms  

This section provides a detailed comparative analysis of the Proposed TOGI control 

technique along-with conventional control technique. Fig. 6.8 presents the frequency 

domain analysis between generalized integrator (GI), SOGI and TOGI control 

algorithm. It is clearly illustrated that proposed TOGI controller having better filtering 

capability of both lower and higher order harmonics and DC offset rejection capability 

then conventional controllers.  
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Figs. 6.9 (a) - 6.9 (c) presents the proposed technique as having better dynamic 

performance and lower harmonic distortions. THDs of grid current of all techniques 

are tabulated in Table 6.3. 

 

Fig. 6.8 : Frequency response analysis between TOGI and various conventional 

algorithms 

 

 

Fig. 6.9 (a)-(c) : THD of grid current by Proposed TOGI, DSOGI and SOGI controller 
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Fig. 6.10 : Sudden connections and disconnection of load (a) SOGI (b) DSOGI  

(c) TOGI 

TABLE 6. 4 : COMPARATIVE ANALYSIS BETWEEN THE PROPOSED TOGI 

TECHNIQUE WITH CONVENTIONAL CONTROLLERS 

 

Controllers FC of 

load 

current 

DC offset Dynamic 

behaviour 

Order of 

harmonic 

Grid 

Current 

THD 

Complexity 

TOGI High Eliminated Best Higher 1.94% Medium 

DSOGI Average Present Better Lower 3.19% Medium 

SOGI Low Present Good Lower 4.15% Low 

 

6.4 RESULTS AND DISCUSSION  

 

A detailed simulation of the proposed TOGI based control algorithm is carried out to 

illustrate the behavior of the system using Matlab/Simulink environment. The results 

include a solar-wind hybrid system operating at various operating scenarios such as 

solar irradiance, temperature, wind speed, and varying load conditions. The purpose 

of the proposed hybrid system is apart from feeding power to the grid only but it also 

aids in power quality improvement in distribution systems. To bestow these features  



91 

Fig. 6.10 presents the sudden connection and disconnection of load, SOGI and DSOGI 

possesses a large transition whereas, TOGI has a smooth transition of PQ 

improvement, both linear as well nonlinear loads are considered and it is connected to 

the AC grid. 

The comprehensive data for modelling hybrid systems is provided in the appendix. 

Results illustrate the operation under varying operating conditions as shown in Figs. 

6.11- 6.14. 

6.4.1 Performance Solar-Wind Hybrid System for Linear Load 

Fig. 6.11 depicts the dynamic behaviour execution of the solar-wind hybrid system in 

power factor correction with the linear load connected to AC grid. The results include 

waveforms of grid voltage (Vsabc), grid current (Ig), DC bus voltage, load currents, 

as well as compensating currents are shown in the Fig. 6.11. The Grid voltages (Vsabc) 

at the point of common point of three phases i.e phase ‘a’, ‘b’, ‘c’, and AC side grid 

current (Ig). Moreover, phase ‘a’, ‘b’ and ‘c’ are represented by red, black, and blue 

colors respectively. At steady state before (t=0.4s) at fixed wind speed (12 km/s) and 

solar irradiance of (1000 w/m2), temperature (250c), grid current is balanced and DC 

link voltage is constant to its desired value of 690V. As other parameters are kept 

constant and solar irradiance is reduced to 600 w/m2 at (t=0.4 s), therefore, power 

generation from solar PV systems gets reduced from 100 kW to 60 kW. Therefore, the 

remaining power is supplied by the wind energy and by AC grid, and DC link voltage 

is maintained to its desired value with very minute fluctuations. Moreover, due to the 

sudden disturbance of one-phase ‘a’ is disconnected at (t=0.6s to t=0.7s). 
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Fig. 6.11 : Performance of hybrid Solar-Wind system under linear load 

During this disturbance period, it is noticed that converter currents are unbalanced to 

produce grid currents balanced and sinusoidal. The load unbalancing during this 

duration and shortage of power demand of load can be fulfilled by combined solar-

wind sources. Moreover, after t=0.7s, phase ‘a’ of the load is connected and DC link 

voltage is settled within a cycle. 
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Fig. 6.12 : Performance of hybrid Solar-Wind system in PFC mode under linear load 

 

Fig. 6.12. depicts that SPV system where net power is decreased after at time=0.4s, to 

60%, owing to reduction in irradiance intensity from 1000 W/m2 to 600 W/m2. Hence, 

because of the variation of irradiance, remaining active power of load is catered by the 

AC grid and therefore, there is a very minute burden of reactive power is observed on 

the AC grid.  
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Fig. 6.13 : Performance of hybrid Solar-Wind system in PFC mode under liner load 

 

Fig. 6.13. depicts the case when time=0.4sec, solar irradiance, and temperature of the 

solar photovoltaic system are suddenly reduced to zero. That means, there is no effect 

of solar PV generating systems only wind energy systems will play as a source of 

power generation. Moreover, wind speed is taken as a variable nature for the sake of 

simulation study, its speed is 8 km/s between time=0.2sec-0.4sec, and 12km/s after 

time=0.4sec, as depicted in Fig. 6.13. In view of such intermittency of solar and wind 

systems, the AC side grid-current is perfectly balanced and sinusoidal in nature also, 

DC link voltage is sustaining to its desired value with very slight oscillations is 
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observed in Fig. 6.13. Furthermore, an unbalancing is introduced in the simulation 

between time=0.6sec- 0.7sec. Along with this, when phase ‘a’ is detach at t=0.6 sec-

0.7sec. During this disturbance period, it is noticed that converter currents are 

unbalanced to produce grid currents balanced and sinusoidal. Furthermore, the active 

power demand and balancing of load are gratified by the wind energy system and by 

the AC grid.   

6.4.2 Performance of Solar-Wind Hybrid System For Nonlinear Load 

Fig. 6.14 depicts the dynamic behaviour execution of the solar-wind hybrid system in 

power factor correction (PFC) mode with the nonlinear load interfaced to the grid. At 

steady state before time=0.4sec at fixed wind speed (12 km/s) and solar irradiance of 

(1000 W/m2), temperature (250 C), grid current is balanced and DC bus voltage is 

maintained constant to its desired value of 690V. 

As other parameters are kept constant and solar irradiance is reduced to 600 W/m2 at 

time=0.4sec, which consequences power generation from solar PV systems gets 

reduced from 100 kW to 60 kW around. Therefore, the remaining power is supplied 

by the wind energy and AC grid, and DC link voltage is maintained to its reference 

value with very minute fluctuations. Moreover, a sudden disturbance scenario is 

introduced when phase ‘a’ is removed time=0.6 sec -t=0.7sec. During this period, it is 

observed that converter currents are unbalanced to produce AC-side grid currents 

balanced and sinusoidal. The load unbalancing during this duration and shortage of 

power demand of load can be fulfilled by combined solar-wind sources. Moreover, 

after time=0.7sec, phase ‘a’ of the load is connected and dc-link voltage is settled 

within a cycle. Harmonic analysis has been done for THD calculation for nonlinear 

load and waveforms are depicted in Table 6.4. 
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Fig. 6.14 : Performance of hybrid Solar-Wind system in PFC mode under nonlinear 

load 

6.5 Conclusion 

The TOGI based fuzzy logic control technique has been designed for three phase grids 

interfaced solar-wind hybrid system. A TOGI control scheme has been presented for 

reference currents generation and providing pulses for 3-phase VSC. The FLC 

demonstrates more dynamic performance than the conventional PI controller. The 

proposed system with TOGI controller is verified satisfactorily for multifunctional 

objectives such as power quality (PQ) enrichment, load balancing, reactive power 

compensation capability, etc. A brief comparative result has been presented of TOGI 

control scheme with conventional control schemes. The presented result shows that 

the designed controller is well executed irrespective of system intermittency, and load 

disturbances and it provides excellent harmonic filtering capability compared to 

conventional controllers.  
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Chapter 7 

ADAPTIVE FOURTH-ORDER BASED 

CONTROLLER FOR GRID-INTERFACED 

THREE-PHASE SOLAR PV SYSTEM FOR 

POWER QUALITY ENRICHMENT 

 

7.0 GENERAL 

An adaptive fourth-order based frequency locked loop (AFOGI-FLL) controller is 

proposed to provide switching pulses for a three-phase IGBT-based voltage source 

converter. Accurate frequency synchronization, lower and higher-order harmonic 

elimination, power quality refinement, and reactive power compensation are some of 

the features of the presented controller. As a renewable energy solution to meet energy 

demands, grid-interfaced photovoltaic systems are described in this paper. In addition, 

a comparative analysis has been performed between the proposed controller and the 

third-order generalized integrator (TOGI). The comparative analysis results show that 

fourth-order generalized integrator have higher DC offset elimination capability, and 

better dynamic performance as well and THD is less compared with the TOGI 

controllers. The THD of the proposed controller is 1.10% which is less than the IEEE 

standard. Moreover, the fundamental current extraction from the fourth-order 

generalized integrator is described mathematically in detail for better understanding. 

Maximum Solar PV system extraction is achieved using the updated perturb and 

observed method. The proposed controller robustness is validated by an experimental 

prototype setup and test results exhibit the performances under nonlinear loading. 

Additionally, the feasibility of the proposed control scheme is demonstrated by using 

MATLAB/SIMULINK software. The system is robust. The system is well executed 
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under irradiance variations, load fluctuations, and frequency variations as well. The 

laboratory prototype is used to demonstrate the proposed system's simulated behaviour 

and experimental test results.  

7.1 PROPOSED LAYOUTS 

Fig. 7.1 shows the suggested setup for the machine. Photovoltaic solar panels are part 

of the system as a sustainable energy source for changing energy. The SPV system is 

connected to a three-phase grid and a non-linear load via series resistance (Rs) and 

inductance (Ls).  At the point of common crossing (PCI), the voltage source converter 

(VSC) and the ripple filters are connected. The ripple filters eliminate switching pulses 

when the VSC supplies power to the distribution system. Through the DC bus, the 

solar PV system is linked to VSC. The SPV system has a 32 kW SPV array, a boost 

converter, an MPPT unit to get the most power from the array, and a 3-leg VSC based 

on IGBTs for converting power. The MPO-based control method is used to keep track 

of the highest power level from different amounts of sunlight. Fig. 7.2 also shows the 

process of MPO-based MPPT. 

 

Fig. 7.1 : System Configuration 
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7.2 VSC SWITCHING 

The role of grid interfaced VSC is for multi-objective functions such as THD 

reduction, compensation of reactive power, PFC, DC link voltage stabilization, etc. All 

the above objectives can be fulfilled by an accurate getting switching pulse for VSC 

by an AFOGI-FLL-based controller. The extracted fundamental component of load 

currents, feed-forward compensation term (𝐼𝑓𝑓), terminal voltage (𝑉𝑡𝑒𝑟 𝑚𝑖𝑛 𝑎𝑙), loss 

component of current (𝐼𝑃𝑙𝑜𝑠𝑠), quadrature unit templates (𝑇𝑞𝑎,𝑇𝑞𝑏,𝑇𝑞𝑐), and the in-phase 

unit templates signals (𝑇𝑝𝑎,𝑇𝑝𝑏,𝑇𝑝𝑐) are utilized for the generation of grid reference 

currents (𝐼𝑠𝑎
∗ , 𝐼𝑠𝑏

∗ , 𝐼𝑠𝑐
∗ ) to VSC. 

 

Fig. 7.2 : Flow chart of MPO control technique 
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7.2.1 In-Phase and Quadrature-Phase Unit Template Estimation  

The terminal voltage (𝑉𝑡) magnitude at PCI is determined using the sensed line 

voltages (𝑉𝑠𝑎, 𝑉𝑠𝑏, 𝑉𝑠𝑐) as, 

   [

𝑉𝑠𝑎

𝑉𝑠𝑏

𝑉𝑠𝑐

] =
1

3
[
21
−11
−12

] [
𝑉𝑠𝑎

𝑉𝑠𝑏
] 

𝑉𝑡𝑡 = √
2

3
∗ (𝑉𝑠𝑎

2 + 𝑉𝑠𝑏
2 + 𝑉𝑠𝑐

2)                                     (7.1) 

  However, phase voltage (𝑉𝑠𝑎,𝑉𝑠𝑏) is computed from the sensed line voltages. The in-

phase (𝑇𝑝𝑎,𝑇𝑝𝑏,𝑇𝑝𝑐) and quadrature-phase (𝑇𝑞𝑎,𝑇𝑞𝑏,𝑇𝑞𝑐) unit templates are calculated 

as, 

𝑇𝑝𝑎 =
𝑉𝑠𝑎

𝑉𝑡𝑡
, 𝑇𝑝𝑏 =

𝑉𝑠𝑏

𝑉𝑡𝑡
&𝑇𝑝𝑐 =

𝑉𝑠𝑐

𝑉𝑡𝑡
                                                      (7.2) 

 𝑇𝑞𝑎 =
1

√3
∗ [𝑈𝑝𝑐 − 𝑈𝑝𝑏], 𝑇𝑞𝑏 =

1

√3
∗ [𝑈𝑝𝑎 − 𝑈𝑝𝑐], 

  𝑇𝑞𝑐 =
1

√3
∗ [𝑈𝑝𝑏 − 𝑈𝑝𝑐]                                                                (7.3) 

7.2.2 The Fundamental Load (FL) Current Extraction by Adaptive FOGI-FLL 

Controller   

The AFOGI-FLL is utilized to extract FL currents (𝐼𝐿𝐴,𝐼𝐿𝐵,𝐼𝐿𝐶), from all three phases. 

The proposed technique having excellent harmonics elimination capability and DC 

offset rejection capability than the conventional SOGI-FLL technique. The structured 

control system transfer function is represented in Eq.7.4 which is the ratio of the in-

phase component of fundamental load current (𝐼𝐿𝐴1) for phase ‘a’ to the sensed load 

current (𝐼𝐿𝐴). An appropriate parameter selection procedure of the AFOGI-FLL 

algorithm is presented by the pole-zero plot and unit-step response analysis. 

𝐼𝐿𝐴1(𝑠)

𝐼𝐿𝐴(𝑠)
=

𝐺1𝐺2𝑤2𝑠

𝑠4+𝐺2𝑤𝑠3+(2+𝐺1𝐺2)𝑤2𝑠2+𝐺2𝑤3𝑠+𝑤4
                                (7.4) 
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Fig. 7.3 presents the kernel of FLL which is a phase detector (PD), the output of the 

phase detector is the product of error (e) with the quadrature-phase component of load 

current (𝐼𝐿𝑄). The error (e) is the difference between load current (𝐼𝐿) and the in-phase 

component (IPC) of load current (𝐼𝐿1). The load current (𝐼𝐿) consists of fundamental 

as well as odd harmonics which is mathematically represented as, 

𝐼𝐿 = 𝐼𝑚 𝑠𝑖𝑛( 𝑤𝑘𝑡 + 𝜃𝑘) + 𝑓(3𝑤𝑘, 5𝑤𝑘. . . . . . . )                                (7.5) 

Suppose, the IPC of load current (𝐼𝐿1) = 𝐼𝑚 𝑠𝑖𝑛( 𝑤𝑖𝑡 + 𝜃𝑖) and the quadrature-phase-

component (QPC) of load current (𝐼𝐿𝑄) =𝐼𝑚 𝑐𝑜𝑠( 𝑤𝑖𝑡 + 𝜃𝑖). The output of the phase 

detector (𝑃𝐷𝑜) is represented as, 

𝑃𝐷𝑜 = 𝑒 × 𝐼𝐿𝑄                                                                                   (7.6) 

𝑃𝐷𝑜 =
𝐼𝑚

2

2
𝑠𝑖𝑛( 𝑤𝑘𝑡 + 𝜃𝑘 − 𝑤𝑖𝑡 − 𝜃𝑖) +

𝐼𝑚
2

2
𝑠𝑖𝑛( 𝑤𝑘𝑡 + 𝜃𝑘 + 𝑤𝑖𝑡 + 𝜃𝑖) 

+𝑓(3𝑤𝑘, 5𝑤𝑘 , 7𝑤𝑘. . . . . . . )                                                                                                 
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Fig. 7.3 : Basic Linear PLL 

The PLL is assumed to be locked, in steady state condition, with this condition  

𝑤𝑘 = 𝑤𝑖and 𝜃𝑘 ≈ 𝜃𝑖 , 
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So, the phase detector output can be approximated as,  

𝑃𝐷𝑜 =
𝐼𝑚

2

2
𝑠𝑖𝑛( 𝑤𝑘𝑡 + 𝜃𝑘 − 𝑤𝑖𝑡 − 𝜃𝑖) +

𝐼𝑚
2

2
𝑠𝑖𝑛( 𝑤𝑘𝑡 + 𝜃𝑘 + 𝑤𝑖𝑡 + 𝜃𝑖) +

𝑓(3𝑤𝑘, 5𝑤𝑘, 7𝑤𝑘. . . . . ..                                                                                (7.7) 

In steady-state condition, PLL is assumed to be locked, under this condition  

𝑤𝑘 = 𝑤𝑖and 𝜃𝑘 ≈ 𝜃𝑖, So, the output of the phase detector is approximated as,  

𝑃𝐷𝑜 ≈
𝐼𝑚

2

2
𝑠𝑖𝑛( 𝜃𝑘 − 𝜃𝑖) +

𝐼𝑚
2

2
𝑠𝑖𝑛( 2𝑤𝑘𝑡 + 2𝜃𝑘) + 𝑓(3𝑤𝑘, 5𝑤𝑘, 7𝑤𝑘 . . . . . . . )     (7.8) 

𝑃𝐷𝑜 ≈ (𝜃𝑒) + 𝑓 𝑠𝑖𝑛( 2𝑤𝑘𝑡 + 2𝜃𝑘) + 𝑓(3𝑤𝑘 , 5𝑤𝑘, 7𝑤𝑘 . . . . . . . )                       (7.9) 

Where, (𝜃𝑘 − 𝜃𝑖) ≈ (𝜃𝑒) 

Fig. 7.4 : Block diagram of an AFOGI-FLL control algorithm 

 

From Eq. 7.9 it is observed that in steady-state the output of phase detector (PD) 

contains phase error (𝜃𝑒) component as well as even and odd components of 

harmonics. Therefore, these generated harmonics will distort the output of PD. The 

proper tuning of phase error component (𝜃𝑒), as well as the calculation of generated 

harmonics are done by the loop filter (LF). The loop filter is a PI-based filter that is 

provided to minimize the current distortions generated in PD and it provides a tuned 

signal to VCO.  The LP provides a good dynamic response so that it helps in the 
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extraction of the fundamental component of load currents. The AFOGI-FLL based 

controller is utilized for its accurate frequency estimation under variable system 

frequency variation as well as its lower and higher-order harmonics elimination 

capability. Two SOGI filters are connected in cascaded fashion as shown in Fig.7.4, 

FLL is used for grid synchronization and to construct the internal AFOGI filter 

structure. The control parameters of AFOGI-FLL are tuned for its better performance 

and good dynamic performance. The proposed AFOGI-FLL presents excellent 

characteristics of distortion current elimination and fundamental load current (FLC) 

extraction. The amplitude of fundamental in-phase currents (𝐼𝐿𝑃𝐴,𝐼𝐿𝑃𝐵,𝐼𝐿𝑃𝐶) and 

quadrature-phase currents (𝐼𝐿𝑄𝐴,𝐼𝐿𝑄𝐵,𝐼𝐿𝑄𝐶) are estimated by utilizing zero-cross 

detector, sample, and hold logic block.   

7.2.3 Reference Grid Currents Generation 

The Fig. 7.5, illustrates the reference current generation from the proposed controller. 

For the generation of reference grid currents (𝐼𝑔𝑎
∗ , 𝐼𝑔𝑏

∗ , 𝐼𝑔𝑐
∗ ), firstly evaluate the net in-

phase current component (𝐼𝐿𝑝𝑛𝑒𝑡) and net quadrature-phase current component (𝐼𝐿𝑞𝑛𝑒𝑡) 

is computed as,  

𝐼𝐿𝑝𝑛𝑒𝑡= 𝐼𝑃𝑒𝑞 − 𝐼𝑓𝑓 + 𝐼𝑃𝑙𝑜𝑠𝑠                                                      (7.10) 

𝐼𝐿𝑞𝑛𝑒𝑡 = 𝐼𝑄𝑒𝑞 − 𝐼𝑄                                                                       (7.11) 

Here, 𝐼𝑃𝑒𝑞 &𝐼𝑄𝑒𝑞is the equivalent component of in-phase and quadrature-phase current 

ffI
 : feed-forward current compensation component 

𝐼𝑃𝑙𝑜𝑠𝑠: Loss component of the current 

𝐼𝑄    : Loss component of DC-link voltage 
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So, using this formula, we can determine the in-phase and quadrature-phase current's 

equivalent component. 

𝐼𝑃𝑒𝑞 =
𝐼𝐿𝑃𝐴+𝐼𝐿𝑃𝐵+𝐼𝐿𝑃𝐶

3
                                                        (7.12) 

 𝐼𝑄𝑒𝑞 =
𝐼𝐿𝑄𝐴+𝐼𝐿𝑄𝐵+𝐼𝐿𝑄𝐶

3
                                                               (7.13) 

(𝐼𝐿𝑃𝐴,𝐼𝐿𝑃𝐵,𝐼𝐿𝑃𝐶) & (𝐼𝐿𝑄𝐴,𝐼𝐿𝑄𝐵,𝐼𝐿𝑄𝐶) are the magnitude of the in-phase and quadrature-

phase component of load currents. The term feed-forward current compensation  

( ffI
) is utilized to improving the dynamic performance of the system. The 

computations of this compensation component are as follows, 

 

Fig. 7.5 : AFOGI-FLL algorithm for reference current 

 

 𝐼𝑓 =
2

3
×

𝑃𝑝𝑣

𝑉𝑡𝑡
                                                                   (7.14) 
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Where, he term 𝐼𝑄& 𝐼𝑃𝑙𝑜𝑠𝑠 is the loss components, which is described in the next 

section. Therefore, the reference grid currents (𝐼𝑔𝑎
∗ , 𝐼𝑔𝑏

∗ , 𝐼𝑔𝑐
∗ ) is determined by net in-

phase current component and net quadrature-phase current component and add them 

together to generate 

 𝐼𝑔𝑎
∗ = 𝐼𝐿𝑝𝑛𝑒𝑡 ∗ 𝑇𝑝𝑎 + 𝐼𝐿𝑞𝑛𝑒𝑡 ∗ 𝑇𝑞𝑎 

𝐼𝑔𝑏
∗ = 𝐼𝐿𝑝𝑛𝑒𝑡 ∗ 𝑇𝑝𝑏 + 𝐼𝐿𝑞𝑛𝑒𝑡 ∗ 𝑇𝑞𝑏  

𝐼𝑔𝑐
∗ = 𝐼𝐿𝑝𝑛𝑒𝑡 ∗ 𝑇𝑝𝑐 + 𝐼𝐿𝑞𝑛𝑒𝑡 ∗ 𝑇𝑞𝑐                     (7.15) 

Hysteresis current controls are also used to match these reference grid currents 

(𝐼𝑔𝑎, 𝐼𝑔𝑏 , 𝐼𝑔𝑐) with the source currents. To regulate the grid-tied IGBT-based VSC, the 

three-reference grid current is converted into six gating pulses using a not gate logic. 

7.3 COMPARATIVE PERFORMANCE ANALYSIS OF PROPOSED AFOGI-

FLL WITH TOGI CONTROL TECHNIQUE 

Figs. 7.6 (a)- 7.6 (e) depicts the comparative analysis of the proposed AFOGI-FLL 

with the TOGI control technique and tabulated in Table 7.1. Moreover, the structure of 

TOGI is referred from literature. It is shown that the AFOGI-FLL control technique 

exhibits superior performance concerning DC offset elimination capability, accuracy, 

and harmonics elimination capability. Fig. 7.6 (a) depicts the dynamic behavior of 

AFOGI-FLL and TOGI behavior when one phase ‘a’ is suddenly removed at (t=0.3s - 

0.5s). Under this scenario, it is observed that sudden fault at (t=0.3s), the fundamental 

component of load current is settled within a cycle of disconnection in the AFOGI-

FLL technique. However, TOGI control technique takes two cycles to settle after the 

disconnection of the load. Fig. 7.6 (b) depicts the in-phase magnitude estimation by 

TOGI and AFOGI-FLL control algorithms. It is observed that there are no oscillations 

found in the AFOGI-FLL control algorithm, however; in the TOGI algorithm, the DC 
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offset component is there in the load side current. Fig. 7.6 (c) depicts the characteristics 

of magnitude estimation in TOGI and FOGI-FLL control algorithms. It is observed 

that TOGI based control possesses oscillations whereas, no oscillations are observed 

in FOGI-FLL steady-state condition. However, during load unbalancing in the phase 

‘a’ it is observed that TOGI control scheme has a steady-state error which results in 

wrong amplitude estimation. Fig. 7.6 (d) presents the frequency domain analysis 

between TOGI and the proposed AFOGI-FLL control scheme.  

 

Fig. 7.6 (a) : Dynamic behaviour of AFOGI-FLL with conventional TOGI controller 

under sudden connection and disconnection of load 

 

Fig. 7.6 (b) : In-phase component of current magnitude of FOGI-FLL with the 

conventional TOGI control algorithm 



107 

It is observed that AFOGI-FLL having the capability of higher and lower order 

harmonic rejection capability as well as DC offset rejection capability as compared to 

TOGI control algorithm. Figure 7.6 (e) presents the FFT analysis to determine the % 

THD estimation in the AC grid current in the proposed AFOGI-FLL and TOGI control 

scheme. It is found that both systems having %THD under the IEEE range. Moreover, 

the AFOGI-FLL control scheme having lower THD (1.10%) as compared to the TOGI 

control scheme THD (1.23%). 

 

Fig. 7. 6 (c) : Effectiveness of FOGI-FLL for amplitude estimation under the faulty 

condition with conventional TOGI algorithm 

 

Fig. 7. 6 (d) : Bode diagram with conventional TOGI and AFOGI-FLL algorithm 
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Fig. 7. 6 (e) : The THD of the current estimation of AFOGI-FLL with the 

conventional TOGI control algorithm 

 

TABLE 7.1 : COMPARATIVE ANALYSIS BETWEEN PROPOSED AFOGI-FLL 

WITH CONVENTIONAL TOGI CONTROL ALGORITHM 

 

AFOGI-FLL TOGI 

DC Offset Eliminated DC Offset Present 

Best Dynamic Performance Better Dynamic Performance 

THD is 1.10% THD is 2.31% 

Complexity Level Medium Complexity Level Lower 

High Filtering Capability Medium Filtering Capability 

Four Integrators Used Three Integrator Used 

 

 

7.4. SIMULATION RESULTS  

 

The various performances of AFOGI-FLL are analyzed in MATLAB-Simulink 

environment by simulating the proposed system. The system consists of a solar PV 

system interfaced to a three-phase AC grid incorporating a diode bridge rectifier with 

R-L-based nonlinear load. The system is analyzed for various dynamic conditions such 

as fixed as well in variable isolations, intentionally load unbalancing, and variable 

frequency conditions. The PQ improvements such as compensated reactive power, 
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load balancing, and power factor correction (UPF) are also achieved by adaptive 

control. The parameters of the presented system are provided in appendix-A. 

7.4.1 Characteristics of the System under Fixed Solar Irradiance   

Fig. 7.7 (a) -7.7 (b) presents the characteristics of AFOGI-FLL controller with the fixed 

irradiance.  

 

 

Fig. 7.7 (a) : Performance under fixed solar irradiance Vgabc, Igabc, G, iLa, iLb, iLc, 

ica, icb, icc 

The Fig. 7.7 (a) shows grid voltage and current dynamics (Vgabc, Igabc), load currents 

(ILa, ILb, ILc), and compensating currents (ica, icb, icc). Grid voltage and current are 

shown to be in unison and perfectly sinusoidal with a constant solar irradiation of 1000 

W/m2. In addition, at a constant irradiance, Fig. 7.7 (b) displays the other 

performances, including the power and current from solar PV (Ppv, Ipv), DC link 

voltage (Vdc), feed-forward component of current (Iff), grid active and reactive power 

(Pg, Qg), and the magnitude of IPC and QPC currents (ILPA, ILQA). 
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Fig. 7.7 (b) : Characteristics under fixed solar irradiance Ppv, Ipv, Vdc, Iff, Pg, Gg, 

ILPA, ILQA 

7.4.2 Characteristics of the System under Variable Solar Irradiance 

 

Fig. 7.8 : Characteristics under variable solar irradiance Vgabc, Igabc, G, Ppv, Ipv, 

Iff, Vdc, Pg, Qg 
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The Fig. 7.8 illustrates the dynamic characteristics of a PV system with varying solar 

irradiance and a nonlinear load attached to the utility grid. The simulation results 

present the waveforms of three-phase voltages (Vgabc), currents (Igabc) of grid side, 

solar PV power and current (Ppv, Ipv), feed-forward current (Iff), DC bus voltage 

(Vdc), and active power (Pg) and reactive power (Qg). Initially at the steady-state 

before at (t=0.4s) and with the fixed solar irradiance i.e. of (1000 W/m2) at temperature 

(25oC), AC side three-phase grid currents are perfectly balanced and sinusoidal. 

Moreover, the DC bus voltage (Vdc) is sustained to its reference value of 700V. In this 

case, the solar irradiance is reduced to 600 W/m2 at (t=0.4 s), thus decreasing the output 

power from the SPV system from 32 kW to 20 kW approximately.  Furthermore, the 

remaining power, i.e. 12 kW, is used to supply the AC grid. Moreover, it is also very 

interesting to notice the DC link voltage is constant with very minute fluctuations to 

its reference value. As solar irradiance decreases at (t=0.4s) the feed-forward 

component of current is also decreasing, which tends to reduce fluctuations in AC grid 

current. Moreover, due to the sudden drop in irradiance, it is analyzed that the source 

side grid currents and voltages are balanced and grid power is increased at (t=0.4s), to 

maintain the load power constant. Due to that, there is no reactive power burden is 

observed in the AC grid. Moreover, AC grid voltage and current are in the same phase 

with UPF operation.  

7.4.3 Characteristics of the System under Sudden Disturbances 

The waveforms of Vgabc, Igabc, G, ILa, ILb, ILc, Ica, Icb, and Icc may be seen in Fig. 

7.9 (a). 
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Fig. 7.9 (a) : Characteristics under sudden disturbances 

 

The Fig. 7.9 (b) shows the waveform of Ppv, Ipv, Vdc, Iff, Pg, Qg, ILPA, and ILQA. The 

grid currents are perfectly balanced and sinusoidal if one of the phases ‘a’ is 

intentionally removed at the time (t=0.3s to t=0.5s). With this intentional disturbance, 

it is also noticed that the converter currents (Ica, Icb, Icc) are unbalanced. Also, the 

grid voltage and the currents are in the same phase with UPF operation. There are no 

noticeable changes to the DC link voltage. In addition, the AC grid provides the active 

power (Pg), meets the demand, and balances the load. The magnitude of ILPA, ILQA 

currents are reduced to zero at (t=0.3s), and constant at fixed irradiance. 
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Fig. 7.9 (b) : Characteristics under sudden disturbances 

 

7.4.4 Characteristics of the System Due to Variable Frequency 

Fig. 7.10 depicts the characteristics of the system as Vgabc, Igabc, Ppv, Vdc, and Pg 

at variable system frequency (w). The system frequency varies from 49.5 Hz to 50.5 

Hz at (t= 0.4 s to t=0.5 s), as depicted in Fig. 7.10. The Grid voltages and currents are 

balanced and sinusoidal with varying system frequencies. Additionally, the maximum 

power extraction of the SPV array also remains unaffected. However, very minute 

oscillations are observed in DC bus voltage with variations in system frequency. 

Hence, it is observed that the overall control algorithm exhibits reliable operation 

under system frequency variation.    
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Fig. 7.10 : Characteristics of the system at varying system frequency Vgabc, Igabc, 

Ppv, Vdc, Pg, w 

 

7.5 HARDWARE IMPLEMENTATION 

A prototype hardware set-up is developed for the implementation of proposed control 

algorithm. Also, solar-array simulator having 2.5 kW capacity is utilized to generate 

the PV power. The MPPT performance at variable solar irradiance is analyzed through 

SPV simulator and it is shown in Fig. 7.12 (a),(b). The volage and current sensors are 

utilized to sense grid voltage and grid current respectively. The digital signal processor 

(DSP), is used to convert analog current and voltage signals to discrete signals which 

are further utilized in AFOGI-FLL control algorithm to generate the reference current 

signal. Further, these generated reference source currents are compared with the grid 

currents for getting pulses for the VSC.  
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7.5.1 Behavior of System Having Non-Linear Loading 
 

In the Fig. 7.11, the performance of system shown under steady-state conditions for 

the 2.33kW of non-linear load. The Figs. 7.11 (a-d) shows the grid voltage (Vg), 

current (Ig), active power (Pg), reactive power (Qg), and THD of grid voltage and grid 

current respectively.  In the Figs. 7.11 (e-f), depicts the active and reactive power of 

the load and THD of the load current. Moreover, it is depicted in Fig. 11 (e), out of 

2.33kW grid power 1.69 kW is consumed by non-linear load as shown in the figure. 

Figs.7.11 (g-k) depicts the compensating voltage (Vc) and current (Ic), compensating 

active (Pc) and reactive power (Qc), compensating current THD and compensating 

voltage THD and DC link voltage, current respectively.   

(a)  (b)  (c)  

   

(d) (e) (f) 



116 

   
(g) (h) (i) 

 

 

 

 
(j)  (k) 

                                                                  

Fig. 7.11 Experimental behaviors for non-linear loading (a) grid voltage and current 

(b) grid active and reactive power (c) THD of grid current (d) THD of grid current  

(e) active and reactive power of load (f) THD of load current (g) compensating voltage 

and current (h) compensating active and reactive power (i) THD of compensating 

current (j) THD of compensating voltage (k) DC link voltage and current    

                  

Ipv vs Vpv

P p
v
 v

s 
V p

v

500 W/m
2

 

                                 (a)                                                            (b) 

Fig. 7.12 (a), (b) : MPPT performance of SPV simulator at 1000 W/m2 and 500 W/m2 

1000 W/m
2

Ipv vs Vpv
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7.6 CONCLUSION 

The Adaptive FOGI-FLL based control strategy has been described for three phase 

grid interfaced Solar PV system. The goal of this scheme is to harvest the greatest 

amount of electricity from solar PV arrays while simultaneously improving the power 

quality of the distribution network. The presented controller provides a satisfactory 

response for multifunctional objectives such as accurate frequency synchronization, 

lower and higher-order harmonics elimination, power quality (PQ) refinement, 

reactive power compensation capability, etc. Regardless of the system dynamic 

conditions or load disturbances, the proposed technique has strongly rejected 

harmonics. Frequency domain investigation has shown how successful the DC offset 

rejection capabilities and higher order harmonics rejection capabilities are in 

separating the fundamental component from load current. Moreover, under fluctuating 

solar insolation, the MPO algorithm is utilized to collect the highest amount of 

electricity possible from a solar PV array while maintaining an efficiency of one 

hundred percent.  Additionally, AFOGI-FLL outperforms the TOGI controller on a 

number of parameters, including DC offset elimination, dynamic performance, 

complexity, and lower and higher-order filtering capabilities. Furthermore, the 

AFOGI-FLL control scheme has a lower THD (1.10%) than the TOGI control scheme 

(1.23%). The proposed controller robustness can be verified with the hybrid energy 

sources. An FPGA-based HLL is used to validate the proposed method on a real-time 

simulator. 
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Chapter 8 

STOCHASTIC GRADIANT BASED CONTROL 

ALGORITHMS FOR POWER QULAITY 

ENHANCEMENT IN SPV INTERFACED THREE-

PHASE DISTRIBUTION SYSTEM 

 

8.0 GENERAL 

In this research paper, stochastic-gradient-based adaptive control algorithms have 

been discussed and employed for power quality enhancement in a PV integrated 

distribution system. Least mean square (LMS), Least mean fourth (LMF), sign-error 

LMS and 𝜖 −Normalized LMS (𝜖 −NLMS) have been implemented as control 

algorithms for the estimation of fundamental load current. The performances of these 

adaptive algorithms have been compared under steady-state and dynamic conditions 

under the non-linear load conditions in a closed-loop three-phase system. The main 

aim of implementing these algorithms is reactive power compensation, power quality 

enhancement and load balancing in a single-stage three-phase grid-tied PV system. 

The hysteresis control technique (HCC) has been used to generate switching pulses 

for the three-phase DSTATCOM. An MPPT has also been employed to ensure 

maximum power delivery from the solar PV array. PV integrated three-phase single-

stage distribution system with adaptive control algorithms has been implemented in 

MATLAB/Simulink environment as well as in experimental environment to achieve 

the goals per standard IEEE-519.  

8.1 SYSTEM CONFIGURATION 

The three-phase grid-tied PV system consists of a 415V, 50Hz supply feeding the non-

linear load. Three-phase VSC has a self-sustained DC-link, and its AC side is 
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connected to the point of common coupling (PCC) via the passive filter or the 

interfacing inductor. The non-linear load model is modeled by connecting the R-L load 

to the DC-side of a rectifier. PV array of 5.95kW power rating is directly connected to 

the DC-link of the DSTATCOM. MPPT technique has been used to achieve maximum 

power from the PV array. Parameters of the single-stage three-phase grid-tied PV 

system are given in the appendix. Fig. 8.1 shows the system configuration for single-

stage three-phase grid-tied PV systems and is simulated in MATLAB/Simulink. 

 

Fig. 8.1 System configuration for three-phase single-stage grid-tied PV system 

8.2 ADAPTIVE CONTROL ALGORITHMS 

8.2.1 Least Mean Square (LMS) 

Assume that we have access to desired random variables 𝒅 and 𝒖 as the unit templates, 

which can be estimated from three-phase voltage signals. Zero-mean random variable 

𝒅 is realized as  {𝑑(0), 𝑑(1), 𝑑(2), … … } and zero-mean random vector 𝒖 is realized 

as {𝑢0, 𝑢1, 𝑢2, … … } respectively.  The optimal weight vector 𝑤0 that solves  

min
𝑤

𝐸|𝒅 − 𝒖𝑤|2                                       (8.1) 
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The above equation can be solved iteratively by the LMS recursion, as shown in 

equation (8.2). 

𝑤(𝑘) = 𝑤(𝑘 − 1) + 𝛼𝑢∗(𝑘)[𝑑(𝑘) − 𝑢∗(𝑘)𝑤(𝑘 − 1)],   𝑘 ≥ 0,    𝑤−1 =

initial guess                                                                                                                          (8.2) 

𝑤(𝑘) = 𝑤(𝑘 − 1) + 𝛼𝑢(𝑘)𝑒(𝑘)                                                                       (8.3) 

Here, 𝑤(𝑘) is the weight estimate at iteration 𝑘, 𝑢(𝑘) is the regressor at iteration at 𝑘. 

In Eq. 8.2, 𝛼 (usually a small positive value) is called as learning rate or intelligent 

factor or step-size, and 𝑒(𝑘) is the output estimation error at iteration 𝑘. 

The LMS method can estimate the fundamental load current component, which can be 

used as a three-phase grid-tied PV system control algorithm. Considering the phase-a 

element in the load current contain harmonics and can be written as- 

𝑖𝑎 = ∑ 𝐼𝑚sin (𝑛𝜔𝑡 + 𝜙)𝑁
𝑛=1                                                                        (8.4) 

Using the LMS algorithm, a weight updating method extracts the fundamental active 

and reactive components of the non-linear load current. The fundamental active and 

reactive component of the non-linear load current of phase-a is expressed as: 

𝑤𝑝𝑎(𝑘) = 𝑤𝑝𝑎(𝑘 − 1) + 𝛼𝑢𝑝𝑎(𝑘)𝑒𝐿𝑎(𝑘)                                                          (8.5) 

𝑤𝑞𝑎(𝑘) = 𝑤𝑞𝑎(𝑘 − 1) + 𝛼𝑢𝑞𝑎(𝑘)𝑒𝐿𝑎(𝑘)                                                          (8.6) 

Here, 𝑤𝑝𝑎(𝑘) is the fundamental active component at iteration 𝑘, 𝑤𝑞𝑎(𝑘) is the 

fundamental reactive component at iteration 𝑘, 𝑢𝑝𝑎 and 𝑢𝑞𝑎 are the unit in-phase and 

quadrature-phase templates. 𝑒𝐿𝑎(𝑘) is the estimated error and can be obtained by 

subtracting the non-linear load current by the estimated current. 

𝑒𝐿𝑎(𝑘) = 𝑖𝐿𝑎(𝑘) − 𝑖𝐿𝑎𝑒(𝑘)                                                                       (8.7) 
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The load current is estimated by using equation (8.8). 

𝑖𝐿𝑎𝑒(𝑘) = 𝑤𝑝𝑎(𝑘)𝑢𝑝𝑎(𝑘) + 𝑤𝑞𝑎(𝑘)𝑢𝑞𝑎(𝑘)                                                          (8.8) 

Similarly, the fundamental active and reactive components of phase-b and phase-c are 

estimated as: 

For phase-b, 

𝑤𝑝𝑏(𝑘) = 𝑤𝑝𝑏(𝑘 − 1) + 𝛼𝑢𝑝𝑏(𝑘)𝑒𝐿𝑏(𝑘)                                                          (8.9) 

𝑤𝑞𝑏(𝑘) = 𝑤𝑞𝑏(𝑘 − 1) + 𝛼𝑢𝑞𝑏(𝑘)𝑒𝐿𝑏(𝑘)                                                        (8.10) 

For phase-c 

𝑤𝑝𝑐(𝑘) = 𝑤𝑝𝑐(𝑘 − 1) + 𝛼𝑢𝑝𝑐(𝑘)𝑒𝐿𝑐(𝑘)                                                        (8.11) 

𝑤𝑞𝑐(𝑘) = 𝑤𝑞𝑐(𝑘 − 1) + 𝛼𝑢𝑞𝑐(𝑘)𝑒𝐿𝑐(𝑘)                                                        (8.12) 

8.2.2 Sign-Error LMS  

 

Consider a zero-mean random variable 𝒅 realizations {𝑑(0), 𝑑(1), 𝑑(2), … … }, and a 

zero-mean random row vector 𝒖 with realizations {𝑢0, 𝑢1, 𝑢2, … … }. The optimal 

weight vector 𝑤0 that solves  

min
𝑤

𝐸|𝒅 − 𝒖𝑤|                                                           (8.13) 

And it can be approximated iteratively via the recursion 

𝑤(𝑘) = 𝑤(𝑘 − 1) + 𝛼𝑢∗(𝑘)csgn[𝑑(𝑘) − 𝑢∗(𝑘)𝑤(𝑘)],   𝑘 ≥ 0         (8.14) 

Where 𝛼 is usually a small-positive value. In the above statement, the sign of a 

complex number 𝑧 = 𝑧𝑟 + 𝑗𝑧𝑖 is defined as  

csgn(𝑧) ≜ sign(𝑧𝑟) + 𝑗sign(𝑧𝑖),   𝑗 = √−1                                                        (8.15) 



122 

Where the notation 𝑠𝑖𝑔𝑛 denotes the sign of a real number and is defined as  

sign(𝑧𝑟) ≜ {
+1
−1
0

     

𝑖𝑓 𝑎 > 0
𝑖𝑓 𝑎 < 0
𝑖𝑓 𝑎 = 0

                                                                     (8.16) 

Similarly, as discussed earlier, the fundamental active and reactive components of 

phase-a load current are estimated as: 

𝑤𝑝𝑎(𝑘) = 𝑤𝑝𝑎(𝑘 − 1) + 𝛼𝑢𝑝𝑎(𝑘)sgn 𝑒𝐿𝑎(𝑘)                                                     (8.17) 

𝑤𝑞𝑎(𝑘) = 𝑤𝑞𝑎(𝑘 − 1) + 𝛼𝑢𝑞𝑎(𝑘)sgn 𝑒𝐿𝑎(𝑘)                                                      (8.18) 

8.2.3 𝝐 −Normalized LMS (𝝐 −NLMS) 

Consider a zero-mean random variable 𝒅 realizations {𝑑(0), 𝑑(1), 𝑑(2), … … }, and a 

zero-mean random row vector 𝒖 with realizations {𝑢0, 𝑢1, 𝑢2, … … }. The optimal 

weight vector 𝑤0 that solves: 

min
𝑤

𝐸|𝒅 − 𝒖𝑤|2                                                                      (8.19) 

The above equation can be solved iteratively by the 𝜖 −NLMS recursion, as shown 

in equation (8.20). 

𝑤(𝑘) = 𝑤(𝑘 − 1) +
𝛼

𝜖+||𝑢(𝑘)||
2 𝑢∗(𝑘)[𝑑(𝑘) − 𝑢∗(𝑘)𝑤(𝑘)],   𝑖 ≥ 0,    𝑤−1 =

initial guess                                                                                                          (8.20) 

Where, 𝛼 is a positive step-size and 𝜖 is a small positive parameter. Similarly as 

discussed earlier, the fundamental active and reactive components of phase-a load 

current are estimated as: 

𝑤𝑝𝑎(𝑘) = 𝑤𝑝𝑎(𝑘 − 1) +
𝛼

𝜖+||𝑢(𝑘)||
2 𝑢𝑝𝑎(𝑘)𝑒𝐿𝑎(𝑘)                                               (8.21) 
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𝑤𝑞𝑎(𝑘) = 𝑤𝑞𝑎(𝑘 − 1) +
𝛼

𝜖+||𝑢(𝑘)||
2 𝑢𝑞𝑎(𝑘)𝑒𝐿𝑎(𝑘)                                                (8.22) 

8.2.4 Least Mean Fourth (LMF)  

Optimal weight vector for LMF that solves  

min
𝑤

𝐸|𝒅 − 𝒖𝑤|4                                                           (8.23) 

It can be approximated iteratively via the recursion 

𝑤(𝑘) = 𝑤(𝑘 − 1) + 𝛼𝑢∗(𝑘)𝑒(𝑘)|𝑒(𝑘)|2,   𝑘 ≥ 0                                               (8.24) 

Where 𝛼 is usually a small-positive value. In a similar fashion as discussed earlier 

the fundamental active and reactive components of phase-a are estimated as: 

𝑤𝑝𝑎(𝑘) = 𝑤𝑝𝑎(𝑘 − 1) + 𝛼𝑢𝑝𝑎(𝑘)𝑒𝐿𝑎(𝑘)|𝑒𝐿𝑎(𝑘)|2                      (8.25) 

𝑤𝑞𝑎(𝑘) = 𝑤𝑞𝑎(𝑘 − 1) + 𝛼𝑢𝑞𝑎(𝑘)𝑒𝐿𝑎(𝑘)|𝑒𝐿𝑎(𝑘)|2                      (8.26) 

Fundamental component estimated by the LMS, Sign-error LMS, ϵ −NLMS, and 

LMF has been shown in Fig. 8.2 at different learning rates and optimized values have 

been considered for optimal performance. Figure 8.3 shows the comparison 

performance at optimized learning rates. During the unbalanced load and sudden 

change in load demand. Detailed analysis of the open-loop performance of LMS, Sign-

error LMS, ϵ −NLMS and LMF during dynamic and steady-state conditions have been 

tabulated in Table 8.1. From Table 8.1, it can be seen that LMF shows a faster response 

with a very low steady-state peak-to-peak value than LMS, Sign-error LMS, and 

ϵ −NLMS. 
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8.3  GENERATION OF SWITCHING PULSES FOR DSTATCOM 

The hysteresis current control technique has been used to generate all six necessary 

pulses for the DSTATCOM. HCC block requires the reference current and the grid 

current. Estimation of reference currents requires the fundamental load component, 

loss component of the DSTATCOM, synchronizing signal, and the PV feed-forward 

weight component. Estimation of the fundamental component has been discussed in 

the previous section and the estimation of other components will be discussed in this 

section. 

Fig. 8.2 : Convergence of adaptive algorithms with different learning rates 
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Table 8.1 : COMPARISON OF OPEN-LOOP PERFORMANCE OF LMS, SIGN-

ERROR LMS, 𝜖 −NLMS And LMF 

 

Parameters 

Control Algorithms 

LMS 
Sign-error 

LMS 
𝜖-NLMS LMF 

Dynamic performance 

Rise time (ms) 7.959 17.078 8.102 6.596 

Settling time (ms) 19.465 30.005 19.497 16.861 

Preshoot (%) 1.559 4.945 1.520 0.262 

Overshoot (%) 2.604 4.945 2.604 4.851 

Undershoot (%) 1.994 5.370 1.993 1.988 

 Steady-state performance 

Fundamental current 

(𝑤𝑝)(A) peak-peak 
0.292 0.783 0.286 0.099 

RMS (A) 26.96 26.83 26.94 26.64 

 

 

Fig. 8.3 : Open-loop performance comparison of LMS, Sign-LMS, 𝜖 − 𝐿𝑀𝑆 and LMF 
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8.3.1 Loss Component Estimation 

DC-link voltage has been regulated by the proportional-integral (PI) controller. It 

requires reference DC-link voltage and measuring DC-link voltage. Perturb-observe 

(P&O) MPPT technique is used to generate reference DC-link voltage and achieve 

maximum power from the PV array. Equations for the P&O MPPT technique are 

discussed below: 

If Δ𝑃𝑝𝑣 × Δ𝑉𝑝𝑣 > 0 ⇒ 𝑉𝑟𝑒𝑓 = 𝑉𝑜𝑙𝑑 + Δ𝑉                                             (8.27) 

And if   Δ𝑃𝑝𝑣 × Δ𝑉𝑝𝑣 < 0 ⇒ 𝑉𝑟𝑒𝑓 = 𝑉𝑜𝑙𝑑 − Δ𝑉                                            (8.28) 

At MPPT, Δ𝑃𝑝𝑣 × Δ𝑉𝑝𝑣 = 0 ⇒ 𝑉𝑟𝑒𝑓 = 𝑉𝑜𝑙𝑑                                             (8.29) 

Here, 𝑉𝑟𝑒𝑓 is the DC-link reference voltage and DC-link voltage will be regulated at 

this reference voltage. The loss component of the DSTATCOM is estimated as: 

𝑤𝑙𝑜𝑠𝑠(𝑛 + 1) = 𝑤𝑙𝑜𝑠𝑠(𝑛) + 𝑘𝑝{𝑉𝑑𝑐𝑒(𝑛 + 1) − 𝑉𝑑𝑐𝑒(𝑛)} + 𝑘𝑖𝑉𝑑𝑐𝑒(𝑛 + 1)       (8.30) 

In above, equation 𝑉𝑑𝑐𝑒 is the error in DC-link voltage and is calculated as 𝑉𝑟𝑒𝑓 − 𝑉𝑑𝑐. 

8.3.2 Synchronizing Signals Estimation 

For estimating the synchronizing signal, the unit-template method is very simple and 

easy to implement. Unit templates of each phase from the grid voltage are estimated 

by dividing the individual phase voltages by the amplitude of the grid voltage (𝑉𝑚). 

𝑉𝑚 = √
2

3
(𝑣𝑔𝑎

2 + 𝑣𝑔𝑏
2 + 𝑣𝑔𝑐

2 )                                                         (8.31) 

Unit templates of individual phases are: 

𝑢𝑝𝑎 =
𝑣𝑔𝑎

𝑉𝑚
, 𝑢𝑝𝑏 =

𝑣𝑔𝑏

𝑉𝑚
, 𝑢𝑝𝑐 =

𝑣𝑔𝑐

𝑉𝑚
                                              (8.32) 

Unit quadrature templates can be estimated by: 
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𝑢𝑞𝑎 = −
1

√3
𝑢𝑝𝑏 +

1

√3
𝑢𝑝𝑐                                               (8.33) 

𝑢𝑞𝑏 =
√3

2
𝑢𝑝𝑎 +

1

2√3
(𝑢𝑝𝑏 − 𝑢𝑝𝑐)                                              (8.34) 

𝑢𝑞𝑏 =
√3

2
𝑢𝑝𝑎 +

1

2√3
(𝑢𝑝𝑏 − 𝑢𝑝𝑐)                                              (8.35) 

8.3.3 PV Feed-Forward Component 

Power generated from the PV is transferred to the grid or the load depends on the load 

demand and PV generation. If PV power is more than load demand it is transferred to 

the grid via VSC. Therefore, a feed-forward component (𝑤𝑓𝑓) of PV array is 

considered to improve the transient response of the system during the variation of 

environmental conditions or change in the load demand. 

Instantaneous peak power generated from the PV array is calculated as, 

𝑃𝑝𝑣 = 𝑉𝑝𝑣𝐼𝑝𝑣                                                            (8.36) 

PV power reflected at AC side is calculated by, 

𝑃𝑎𝑐 = 3𝑉𝑟𝑚𝑠𝐼𝑟𝑚𝑠 = 3
𝑉𝑚

√2

𝐼𝑚

√2
                                               (8.37) 

Ideally, 𝑃𝑝𝑣 = 𝑃𝑎𝑐  

Hence, PV feed-forward weight component is estimated as, 

𝑤𝑓𝑓 = 𝐼𝑚 =
2𝑃𝑝𝑣

3𝑉𝑚
                                                                      (8.38) 

8.3.4 Reference Current Estimation 

Once the fundamental active and reactive components of the three-phase are calculated 

and then the average fundamental active (𝑤𝑝) and reactive weights (𝑤𝑞) can be 
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computed as: 

𝑤𝑝 =
𝑤𝑝𝑎+𝑤𝑝𝑏+𝑤𝑝𝑐

3
                                                           (8.39) 

𝑤𝑞 =
𝑤𝑞𝑎+𝑤𝑞𝑏+𝑤𝑞𝑐

3
                                                           (8.40) 

The net reference active weight component is estimated by the equation (8.41). 

𝑤𝑛𝑒𝑡 = 𝑤𝑝 + 𝑤𝑙𝑜𝑠𝑠 − 𝑤𝑓𝑓                                               (8.41) 

Net reference active weight is used to estimate the three-phase reference current and 

is written as: 

𝑖𝑔𝑎
∗ = 𝑤𝑛𝑒𝑡𝑢𝑝𝑎, 𝑖𝑔𝑏

∗ = 𝑤𝑛𝑒𝑡𝑢𝑝𝑏 , 𝑖𝑔𝑐
∗ = 𝑤𝑛𝑒𝑡𝑢𝑝𝑐                                            (8.42) 

Further, the measured grid currents and estimated reference current are given to the 

hysteresis current controller (HCC) to generate the necessary switching pulses of the 

three-phase DSTATCOM. Complete control of the proposed system has been shown 

in Fig. 8.4.  

TABLE 8.2 CLOSED-LOOP PERFORMANCE OF LMF CONTROL 

ALGORITHM 

System 

conditions     

G=500W/m² At t 

= 0 0.16s 

G=1000W/m² 

At t = 0.35s 

Unbalanced 

load 

At t=0.45s 

Load 

decrease  

t =0.73 

Active 

power 

(𝒌𝑾) 

𝑷𝑳 13.69 13.69 9.44 7.74 

𝑷𝒈 10.76 7.98 4.37 2.31 

𝑷𝒄 2.93 5.71 5.06 5.42 

Reactive 

power 

(𝒌𝑽𝒂𝒓) 

𝑸𝑳 4.98 4.98 4.19 0.926 

𝑸𝒈 0.006 0.003 0 0.078 

𝑸𝒄 4.98 4.98 4.19 0.934 
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8. 4 SIMULATION PERFORMANCE 

This section discusses the performance of different adaptive control algorithms for the 

single-stage three-phase grid-tied PV system. A combination of linear lagging and non-

linear load is connected to the distribution grid. PV array of 5.954kW is directly 

connected to the DC-link of DSTATCOM. Here, in single-stage DC-DC converter is 

not employed and in double-stage, a DC-DC converter is used. Single-stage 

configuration is advantageous over double-stage configuration as the DC-DC 

converter cost has been eliminated. 

Figs. 8.5-8.7 show the closed-loop performance under various conditions such as 

irradiance change, load unbalancing, and sudden change in load. Figure 8.5 shows the 

voltage and current performance of the grid, load and  

 

Fig. 8.4 : Complete structure of the control of three-phase single-stage grid-tied PV 

system 

 

Compensator. Initially, the irradiance level is 500𝑊/𝑚2 and then increased to 

1000𝑊/𝑚2. As the irradiance increased active power demanded by the grid current is 
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decreased. During the unbalanced load conditions from 𝑡 = 0.4𝑠 to 𝑡 = 0.5𝑠 the grid 

current is sinusoidal. At 𝑡 = 0.65𝑠, the load has been suddenly decreased and hence 

grid current also decreased. The DC-link reference voltage is maintained at the 

reference DC-link voltage by the PI action and the reference voltage is estimated by 

the P & O MPPT algorithm. 

 

Fig. 8.5 : Closed -loop voltage and current performance with LMF control algorithm 

under variations 

Fig. 8.6 shows the closed-loop power performance with the LMF control algorithm. 

Active and reactive power has been measured under different load and irradiance 

conditions. Initially, at 𝑡 = 0.16𝑠 when the irradiance level is 500𝑊/𝑚2 the load 

demand is 13.69kW and PV transfers 2.93kW to load. The extra power of 10.76kW 

required by the load is fulfilled by the distribution grid. At time 𝑡 = 0.35𝑠, when the 

irradiance level is 1000𝑊/𝑚2 power generated by PV via compensator is 5.71kW 
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and extra power demand of 7.98kW is supplied by the grid. While, during this 

condition, all the reactive power of 4.98kVar demanded by the load is supplied by the 

grid. During the unbalanced load condition, load demand is decreased to 9.44kW and 

in this case, 5.06 kW of active power is supplied by the PV via compensator, and the 

rest of the demand is fulfilled by the grid itself at 𝑡 = 0.73𝑠, when the total load is 

decreased to 7.74kW the compensator power is 5.42kW, and power delivered by the 

grid is 2.31kW. Reactive power demand also reduces to 0.926kVar and it is supplied 

by the compensator. The precise details of active power and reactive power at different 

irradiance and load conditions are tabulated in Table 8.2. 

 

Fig. 8.6 : Closed-loop power performance with LMF algorithm 

Fig. 8.7 shows the PV performance at different irradiance levels and the effect on PV 

output voltage due to the load side disturbances. Initially, the irradiance level is 

500𝑊/𝑚2 and changed to 1000𝑊/𝑚2 at 𝑡 = 0.2𝑠. Power has also been almost 

doubled as the irradiance has been increased. The reference DC-link voltage has been 

estimated by the P&O MPPT algorithm. It is tracked precisely to the standard 
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maximum power point voltage at different irradiance levels which assure maximum 

power achieved from the PV array. 

 

Fig. 8.7 : PV array output and reference DC-link voltage by P & O MPPT 

 

Fig. 8.8 shows the THD analysis of the load current and the THD of grid current 

achieved by different control algorithms. THD of the load current is 14.18% as shown 

in Figure 8.8(a). 

 

(a) 
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THD of the grid current obtained by LMS, Sign-error LMS, 𝜖 −NLMS and LMF is 

3.48%, 3.71%, 3.51% and 3.44% respectively for the same non-linear load condition. 

Harmonic analysis of grid current achieved by different adaptive algorithms shows the 

LMF gives better results than other discussed adaptive algorithms. 

 

(b) 

 

(c) 
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(d) 

 

(e) 

Fig. 8.8 THD analysis (a) load current (b) grid current by LMS (c) grid current by 

Sign-error LMS (d) grid current by 𝜖 −NLMS (b) grid current by LMF 
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8.5 CONCLUSION 

This chapter has discussed and implemented the adaptive control algorithms 

specifically LMS, Sign-error LMS, 𝜖 −NLMS and LMF. These control algorithms 

have been used to track fundamental components from the three-phase non-linear load. 

These algorithms have been deployed for reactive power compensation and power 

quality improvement under different circumstances. The performance of adaptive 

algorithms has been compared during both dynamic and steady-state conditions. LMF 

shows a faster response during sudden load change than other adaptive algorithms. 

Ripples during steady-state conditions are also less than LMS, 𝜖-NLMS and Sign-error 

LMS. Sign-error LMS shows poorer performance in both steady-state and dynamic 

conditions. During the closed-loop operation, discussed adaptive control algorithms 

work as per standard IEEE-519 but LMF improves to pure sinusoidal grid current 

under non-linear conditions. As per the open-loop and closed-loop performance of 

discussed adaptive algorithms, LMF shows superior performance for a single-stage 

three-phase grid-tied PV system.  
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Chapter 9 

MAIN CONCLUSIONS AND FUTURE SCOPE OF 

WORK 

 

9.0 GENERAL 

This thesis addresses PQ problems in Grid-interfaced solar systems and 

hybrid distributed systems, as well as ways to resolve them using both old and new 

control methods. For 3-phase grid-connected systems, PQ problems have been 

investigated in extensive detail in the MATLAB/SIMULINK environment. Simulink 

models based on MATLAB have been created and performed over PQ issues, 

including varying solar energy, changing wind speed, unbalanced loads, PF 

improvement, varying frequencies, and more. MPPT controller is incorporated for 

maximum power extraction from SPV system. For the study of the SAPF system with 

the new control technique, both linear and nonlinear load combinations were taken 

into account. The suggested controllers can be used for many purposes, like improving 

power quality, managing loads, compensating reactive power, controlling voltage, and 

more. The PI control, the FUZZY controller, and the Artificial Neural Network (ANN) 

are used to compare and evaluate the SAPF. The performance was studied by looking 

at the THD drop in source current and the time it took for the dc-link voltage to settle 

down. The PI, fuzzy, and ANN controls kept the dc-link voltage of the Shunt APF 

stable. It has been discussed the method to analyze the performance of filtering 

methods for distorted grid power and making synchronizing signals. Comparative 

analysis has been performed between the conventional controller and modern 

controller. The stochastic-gradient-based adaptive control algorithms have been 

discussed and employed for power quality enhancement in a PV integrated distribution 
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system. Several control algorithms have been successfully used for controlling the 

VSC to lower the PQ and get real power from the PV source. 

9.1 MAIN CONCLUSIONS 

The work of this thesis has been broadly classified into five parts. In the first part the 

SRF control method with ANN controller is presented and verified with three phase-

four wire SAPF system in MATLAB/Simulink environment. Harmonic current and 

reactive power adjustment were made possible by the photovoltaic integrated SAPF. 

Comparisons between the SAPF modified with ANN controller and PI and FLC are 

made. The dc-link voltage of Shunt APF was maintained constant by the PI, FUZZY, 

and ANN controllers. As a result, the ANN controller-based SAPF delivers better 

performance than PI and fuzzy controllers. The proposed system using an ANN 

controller provides better sources of THD, which means the THD percentage is 

decreased from 7.07% to 4.97% whereas using the FLC, and the ANN controller is 

down to 4.12%. 

In the second part of thesis work, a three-phase grid interfaced solar photovoltaic 

system (SPV) has been implemented and controlled by using SOGI-FLL based 

adaptive control scheme. This scheme has been effectively used to extraction of 

reference currents and providing gating pulses for VSC. The performance of control 

scheme for SPV system has been found satisfactory under linear and nonlinear loads 

as well as in load unbalancing conditions under varying system frequency. The 

proposed system along with ANN based adaptive control scheme has shown better 

performance in power quality enhancement. The effectiveness of feed-forward 

component has been presented for dynamic performance improvement. ANN 

controller is incorporated accurately with adaptive control scheme for converter loss 

component estimation. The THD has been reduced much better using ANN controller 
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ensuring good operation of shunt active power filter thus resulting in improved power 

quality. The proposed system was simulated using Matlab/simulink software and the 

results demonstrate the harmonic free source current. 

In the third part of the thesis, the TOGI based fuzzy logic control technique has been 

designed for three phase grids interfaced solar- wind hybrid system. A TOGI control 

scheme has been presented for reference currents generation and providing pulses for 

3-phase VSC. The FLC demonstrate dynamic performance than the conventional PI 

controller. The proposed system with TOGI controller is verified satisfactory for 

multifunctional objective such as power quality (PQ) enrichment, load balancing, 

reactive power compensation capability, etc. A brief comparative result has been 

presented of TOGI control scheme with conventional control schemes. The presented 

result shows that the designed controller is well executed irrespective of system 

intermittency, load disturbances and it provides excellent harmonic filtering capability 

compared to conventional controllers.  

In the fourth part of the thesis, The Adaptive FOGI-FLL based control strategy has 

been described for three phase grid interfaced Solar PV system. The goal of this 

scheme is to harvest the greatest amount of electricity from solar PV arrays while 

simultaneously improving the power quality of the distribution network. The presented 

controller provides a satisfactory response for multifunctional objectives such as 

accurate frequency synchronization, lower and higher-order harmonics elimination, 

power quality (PQ) refinement, reactive power compensation capability, etc. 

Regardless of the system dynamic conditions or load disturbances, the proposed 

technique has strongly rejected harmonics. Frequency domain investigation has shown 

how successful the DC offset rejection capabilities and higher order harmonics 

rejection capabilities are in separating the fundamental component from load current. 
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Moreover, under fluctuating solar insolation, the MPO algorithm is utilized to collect 

the highest amount of electricity possible from a solar PV array while maintaining an 

efficiency of one hundred percent.  Additionally, AFOGI-FLL outperforms the TOGI 

controller on a number of parameters, including DC offset elimination, dynamic 

performance, complexity, and lower and higher-order filtering capabilities. 

Furthermore, the AFOGI-FLL control scheme has a lower THD (1.10%) than the 

TOGI control scheme (1.23%). The proposed controller robustness can be verified 

with the hybrid energy sources. An FPGA-based HLL is used to validate the proposed 

method on a real-time simulator. 

In the fifth part of the thesis, discussed and implemented the adaptive control 

algorithms specifically LMS, Sign-error LMS, 𝜖 −NLMS and LMF. These control 

algorithms have been used to track fundamental components from the three-phase non-

linear load. These algorithms have been deployed for reactive power compensation 

and power quality improvement under different circumstances. The performance of 

adaptive algorithms has been compared during both dynamic and steady-state 

conditions. LMF shows a faster response during sudden load change than other 

adaptive algorithms. Ripples during steady-state conditions are also less than LMS, 𝜖-

NLMS and Sign-error LMS. Sign-error LMS shows poorer performance in both 

steady-state and dynamic conditions. During the closed-loop operation, discussed 

adaptive control algorithms work as per standard IEEE-519 but LMF improves to pure 

sinusoidal grid current under non-linear conditions. As per the open-loop and closed-

loop performance of discussed adaptive algorithms, LMF shows superior performance 

for a single-stage three-phase grid-tied PV system. 
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9.2 FUTURE SCOPE OF WORK 

In this thesis, a SAPF with a standard two-level VSC is examined. SAPF having three 

or multilevel VSC configuration can be used to mitigate PQ problems in grid interface 

solar PV system. For applications requiring larger voltage and power levels, multilevel 

VSC based SAPF can be utilised. 

To get the maximum power from a solar PV system, the standard P&O and incremental 

conductance-based MPPT method is used. For MPPT, new and present-day control 

techniques can be used that work better than traditional control methods in terms of 

difficulty and number of uses. This study just covers three-phase grid-connected 

systems. The development of single-phase grid-connected systems allows for more 

efficient operation of power systems. Several renewable energy systems, including PV 

and wind, are linked to three-phase and single-phase distribution networks; these 

systems include biomass and hydro. In the thesis work fuzzy logic, ANN based 

technologies are applied for power quality enhancement. ANFIS technique and 

machine learning application, smart grid technologies, and optimization techniques on 

power quality in distribution systems can be applied. There is scope to implement this 

work through low-cost FPGA based DSP development.
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APPENDIX A 

SYSTEM DATA FOR THREE PHASE GRID CONNECTED SOLAR PV 

SYSTEM 

SPV power =32 kW, open circuit voltage= 32.9 V, short circuit current= 8.21A, Vmp= 26.3, 

cells per module= 96, parallel string (Np)= 6, series module (Ns)= 27, Parameters:- AC grid 

voltage, Vgabc(V) = 415V; DC bus voltage Vdc (V) = 700V; ripple filter:- R= 5Ω, C= 50 µF; 

interfacing inductor= 2.5 mH; nonlinear load, R= 5 Ω, L= 8 mH. 

 

APPENDIX B 

SYSTEM DATA FOR HYBRID POWER GENERATING SYSTEMS 

G1=1.41 and G2=1.75, LB1 = 5e-3H, LB2 = .5e-4 H, Lf =.1e-3H, ripple filter (R,C) = 5 

ohm, 20e-6 F, DC link Voltage = 690 V, linear load PL= 30 Kw, nonlinear load RL=5 

ohm, LL=8e-3  H 

 

APPENDIX C 

SYSTEM DATA FOR ADAPTIVE CONTROL ALGORITHMS FOR GRID-

TIED PV SYSTEM 

 

Grid voltage (𝐿 − 𝐿, 𝑅𝑀𝑆) = 425𝑉, 50𝐻𝑧,  Interfacing inductor (𝐿𝑝) = 6.4𝑚𝐻, DC-

link capacitor (𝐶𝑑𝑐) = 4000𝜇𝐹, Non-linear load: Rectifier with 𝑅𝐿 = 40Ω, LL =

80𝑚𝐻, Linear load: 𝑅𝐿1 = 20Ω, 𝐿𝐿1 = 40𝑚𝐻, PV array: No. of series panels = 22, 

Maximum Power of array=5.954kW, Maximum power of panel = 270.66W, Open-

circuit voltage (𝑉𝑜𝑐) = 44𝑉, Short-circuit current (𝐼𝑠𝑐) = 8.1𝐴, Voltage at MPP 

(𝑉𝑚𝑝) = 34.7𝑉,  Current at MPP (𝐼𝑚𝑝) = 7.8𝐴, Step-size for P&O MPPT Δ𝑉 =

0.025𝑉, Sampling Time (𝑇𝑠) = 10𝜇𝑠. 
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