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ABSTRACT 

The microgrid comprises of distributed energy resources, battery energy storage (BES) and loads. 

Microgrid operates in standalone as well as grid connected modes. The integration of microgrid to 

the utility grid enhances the reliability and efficiency of system. The continuously increasing 

demand of electrical power, fossil fuels diminution and environmental concerns have resulted in 

the progression of renewable energy sources (RESs) i.e. hydro, wind and solar etc. Among the 

RESs, the solar power generation is clean and inexpensive. In grid integrated solar PV system, one 

PV array is used, however, due to the intermittent nature of solar PV power and loads, the off-grid 

mode operation is not reliable. At the grid outage/fault and non-accessibility of the solar PV array 

power, uninterrupted power is not delivered to the loads. Therefore, BES plays an important role 

at grid outage and unavailability of solar PV power and supplies power to the critical loads. 

This work aims at the design, control and operation for various configurations of three-phase three-

wire and three-phase four-wire single solar PV array-BES with a bidirectional converter systems 

and multiple solar PV arrays-BES based microgrids with synchronization to the grid. In these 

configurations above stated issues are addressed and continual power during the grid outage to the 

load side is ensured. A single voltage source converter (VSC) is utilized for DC to AC power 

conversion in three phase grid connected solar PV- BES with a bidirectional converter systems in 

a single stage topology. VSC operates with a current control and voltage control corresponding to 

the grid interactive and off-grid modes.  

In three phase grid integrated multiple solar PV arrays-BES based microgrids, the DC links of 

main and ancillary VSCs are integrated with individual solar PV arrays through an individual 

maximum power point tracking (MPPT) technique. VSCs terminals are connected in parallel at the 

point of common coupling (PCC), which increases the power rating of microgrid and facilitates 

the microgrid expansion to distribute active power to the utility grid. It also improves the reliability 

of microgrid in an autonomous mode of operation. Under normal operating condition, the current 

control is used in the grid interactive mode for the main VSC, whereas at the grid disturbances, it 

operates with the voltage control to maintain the frequency and voltage at the PCC. A quality 

voltage is provided to the ancillary VSC, hence the current control is used for its operation. In the 

grid interactive mode, the grid maintains the voltage and frequency at the microgrid. Therefore, 

both VSCs operate with the current control algorithms.  

In order to enhance the power rating of microgrid, resolving grid outage scenario and solve power 
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quality (PQ) concerns of the distribution network, numerous configurations of three phase multiple 

solar PV arrays-BES based microgrids are classified on the basis of battery connection at the DC 

link of the main VSC i.e. directly or through bidirectional converter, power conversion stages like, 

single stage or double stage and three phase supply i.e. three-phase three-wire or three-phase four-

wire systems. In the three-phase grid integrated multiple solar PV arrays-BES based microgrids, a 

PV array is integrated in a double stage configuration at main VSC DC link, in which a DC-DC 

boost converter is utilized to obtain MPPT voltage in the first stage. Further, in the second stage, 

the main VSC is connected to the utility grid. The BES is also integrated directly at main VSC DC 

link and manages the load levelling. However, the second PV array is connected in a single stage 

configuration. In three phase grid integrated multiple solar PV arrays-BES with a bidirectional 

converter based microgrids, PV arrays are directly connected to the DC links of VSCs in a single 

stage configuration. The BES is integrated via a bidirectional converter at the main VSC DC link, 

which maintains its DC link voltage to the MPPT value and regulates the charging / discharging 

current of BES. In three phase grid integrated multiple solar PV arrays-based microgrids, two PV 

arrays of different power ratings, are connected to DC links of VSCs in a single stage topology and 

the main VSC provides active power is to the grid. In both the modes, VSCs regulate the load 

demands at their respective terminals. The PV power feed-forward component is utilized for the 

enhancement of system’s dynamics and to distribute active power to the grid. The current control 

technique utilized in these configurations, improves the PQ issues such as harmonics current 

extenuation and power factor correction at the grid or at the grid forming converter. At no solar 

PV array power availability, VSC mode changes into the distribution static compensator 

(DSTATCOM) mode and the grid supplies the power to the loads. The three-phase four-wire 

multiple PV arrays-BES microgrids are utilized for mitigation of neutral current and to perform all 

other functions of three-phase three-wire system. These configurations are capable of distributing 

power to rooftop residential, industrial and commercial buildings, electric traction, electric 

vehicles, rural/remote areas and water pumping. The simulated performances of three-phase grid 

integrated single solar PV array-BES systems with a bidirectional converter and multiple solar PV 

arrays-BES based microgrids in the MATLAB/Simulink platform for various steady state and 

dynamic conditions are validated with experimental results on a developed prototype in the 

laboratory and through a real time controller OPAL-RT (OP4510) hardware in loop -test bench in 

RT-LAB platform, correspondingly.  



vii 
 

साराांश 

माइक्रोग्रिड में ग्रितरित ऊर्ाा संसाधन, बैटिी ऊर्ाा भंडािण (बीईएस) औि लोड शाग्रमल हैं। माइक्रोग्रिड स्टैंडअलोन 

के साथ-साथ ग्रिड कनेके्टड मोड में काम किता है। यूग्रटलटी ग्रिड में माइक्रोग्रिड का एकीकिण प्रणाली की ग्रिश्वसनीयता 

औि दक्षता को बढाता है। ग्रिद्युत शक्ति की लगाताि बढती मांग, र्ीिाश्म ईंधन की कमी औि पयााििण संबंधी मुद्ो ं

के परिणामस्वरूप अक्षय ऊर्ाा स्रोतो ं(आिईएस) यानी हाइडर ो, ग्रिंड औि सोलि आग्रद की प्रगग्रत हुई है। आिईएस के 

बीच, सौि ऊर्ाा उत्पादन स्वच्छ औि सस्ती है। ग्रिड एकीकृत सौि पीिी प्रणाली में, एक पीिी सिणी का उपयोग ग्रकया 

र्ाता है, हालांग्रक, सौि पीिी पािि औि लोड की आंतिाग्रयक प्रकृग्रत के कािण, ऑफ-ग्रिड मोड संचालन ग्रिश्वसनीय 

नही ंहै। ग्रिड आउटेर्/फॉल्ट औि सोलि पीिी सिणी पािि की अगम्यता पि, लोड को ग्रनबााध ग्रबर्ली नही ंदी र्ाती है। 

इसग्रलए, बीईएस ग्रिड आउटेर् औि सौि पीिी ग्रबर्ली की अनुपलब्धता में एक महत्वपूणा भूग्रमका ग्रनभाता है औि 

महत्वपूणा लोड को ग्रबर्ली की आपूग्रता किता है।  

इस काया का उदे्श्य तीन-चिण तीन-ताि औि तीन-चिण चाि-ताि ग्रिग्रभन्न ग्रिन्यासो ंके ग्रलए एकल सौि पीिी सिणी-

बीईएस के साथ एक ग्रिग्रदश कनिटाि ग्रसस्टम औि एकाग्रधक सौि पीिी सिग्रणयााँ-बीईएस आधारित माइक्रोग्रिड का 

ग्रिड के साथ ग्रसंक्रनाइजेशन के साथ ग्रडर्ाइन, ग्रनयंत्रण औि संचालन किना है। इन ग्रिन्यासो ंमें ऊपि बताए गए मुद्ो ं

को संबोग्रधत ग्रकया र्ाता है औि ग्रिड आउटेर् के दौिान लोड साइड को ग्रनिंति ग्रबर्ली सुग्रनग्रित की र्ाती है। एक 

एकल िोले्टर् स्रोत कनिटाि (िीएससी) का उपयोग डीसी से एसी ग्रबर्ली रूपांतिण के ग्रलए तीन चिण ग्रिड से रु्डे 

सौि पीिी-बीईएस में एकल चिण टोपोलॉर्ी में एक ग्रिग्रदश कनिटाि ग्रसस्टम के साथ ग्रकया र्ाता है। िीएससी ग्रिड 

इंटिएक्तक्टि औि ऑफ-ग्रिड मोड के अनुरूप किंट कंटर ोल औि िोले्टर् कंटर ोल के साथ काम किता है। 

तीन-चिण ग्रिड इंटीिेटेड एकाग्रधक सोलि पीिी सिग्रणयााँ-बीईएस आधारित माइक्रोग्रिड में, मुख्य औि सहायक 

िीएससी के डीसी ग्रलंक को व्यक्तिगत अग्रधकतम पािि पॉइंट टर ैग्रकंग (एमपीपीटी) तकनीक के माध्यम से अलग-अलग 

सोलि पीिी सिग्रणयो ंके साथ एकीकृत ग्रकया र्ाता है। िीएससी टग्रमानल सामान्य युग्मन (पीसीसी) के ग्रबंदु पि समानांति 

में रु्डे हुए हैं, र्ो माइक्रोग्रिड की पािि िेग्रटंग को बढाता है औि उपयोग्रगता ग्रिड को सग्रक्रय ग्रबर्ली ग्रितरित किने के 

ग्रलए माइक्रोग्रिड ग्रिस्ताि की सुग्रिधा प्रदान किता है। यह संचालन के एक स्वायत्त मोड में माइक्रोग्रिड की ग्रिश्वसनीयता 

में भी सुधाि किता है। सामान्य परिचालन क्तथथग्रत के तहत, मुख्य िीएससी के ग्रलए ग्रिड इंटिेक्तक्टि मोड में किंट ग्रनयंत्रण 

का उपयोग ग्रकया र्ाता है, र्बग्रक ग्रिड की आउटेर् पि, यह पीसीसी पि आिृग्रत्त औि िोले्टर् को बनाए िखने के ग्रलए 

िोले्टर् ग्रनयंत्रण के साथ संचाग्रलत होता है। सहायक िीएससी को एक गुणित्ता िोले्टर् प्रदान ग्रकया र्ाता है, इसग्रलए 

इसके संचालन के ग्रलए किंट ग्रनयंत्रण का उपयोग ग्रकया र्ाता है। ग्रिड इंटिएक्तक्टि मोड में, ग्रिड माइक्रोग्रिड पि िोले्टर् 

औि आिृग्रत्त को बनाए िखता है। इसग्रलए, दोनो ंिीएससी किंट ग्रनयंत्रण एल्गोरिदम के साथ काम किते हैं। 

माइक्रोग्रिड की पािि िेग्रटंग बढाने के ग्रलए, ग्रिड आउटेर् परिदृश्य को हल किने औि ग्रितिण नेटिका  के गुणित्ता 

(पीकू्य) मुद्ो ंके समाधान के ग्रलए, तीन चिण मल्टीपल सौि पीिी सिग्रणयो ंके कई ग्रिन्यास-बीईएस आधारित माइक्रोग्रिड 
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को मुख्य िीएससी के डीसी ग्रलंक पि बैटिी कनेक्शन यानी सीधे या ग्रिग्रदश कनिटाि के माध्यम से, ग्रबर्ली रूपांतिण 

चिणो ंरै्से , ग्रसंगल से्टर् या डबल से्टर् औि तीन-चिण सप्लाई यानी तीन-चिण तीन-ताि औि तीन-चिण चाि-ताि 

ग्रसस्टम के आधाि पि िगीकृत ग्रकया र्ाता है । तीन-चिण ग्रिड एकीकृत एकाग्रधक सौि पीिी सिग्रणयााँ -बीईएस 

आधारित माइक्रोग्रिड में, एक पीिी सिणी मुख्य िीएससी डीसी ग्रलंक पि एक डबल चिण कॉक्तफ़िगिेशन में एकीकृत 

होती है, ग्रर्समें डीसी-डीसी बूस्ट कनिटाि का उपयोग पहले चिण में एमपीपीटी िोले्टर् प्राप्त किने के ग्रलए ग्रकया 

र्ाता है। इसके अलािा, दूसिे चिण में, मुख्य िीएससी को यूग्रटग्रलटी ग्रिड से र्ोडा र्ाता है। बीईएस भी सीधे मुख्य 

िीएससी डीसी ग्रलंक पि एकीकृत है औि लोड लेिग्रलंग का प्रबंधन किता है। हालााँग्रक, दूसिा पीिी सिणी एकल चिण 

कॉक्तफ़िगिेशन में रु्डा हुआ है। तीन-चिण ग्रिड इंटीिेटेड एकाग्रधक सोलि पीिी सिग्रणयााँ-बीईएस के साथ ग्रिग्रदश 

कन्वटाि आधारित माइक्रोग्रिड में, पीिी सिग्रणयााँ सीधे ग्रसंगल से्टर् कॉक्तफ़िगिेशन में िीएससी के डीसी ग्रलंक से रु्डे होते 

हैं। बीईएस को मुख्य िीएससी डीसी ग्रलंक पि एक ग्रिग्रदश कनिटाि के माध्यम से एकीकृत ग्रकया गया है, र्ो अपने 

डीसी ग्रलंक िोले्टर् को एमपीपीटी मूल्य पि बनाए िखता है औि बीईएस के चाग्रर्िंग / ग्रडथचाग्रर्िंग किंट को ग्रनयंग्रत्रत 

किता है। तीन-चिण ग्रिड में एकीकृत एकाग्रधक सोलि पीिी सिग्रणयााँ-आधारित माइक्रोग्रिड, ग्रिग्रभन्न पािि िेग्रटंग के दो 

पीिी सिणी, ग्रसंगल से्टर् टोपोलॉर्ी में िीएससी के डीसी ग्रलंक से रु्डे होते हैं औि मुख्य िीएससी ग्रिड को सग्रक्रय पािि 

प्रदान किता है। दोनो ंमोड में, िीएससी अपने संबंग्रधत टग्रमानलो ंपि लोड मांगो ंको ग्रनयंग्रत्रत किते हैं। पीिी पािि फीड-

फॉििडा घटक का उपयोग ग्रसस्टम की गग्रतशीलता को बढाने औि ग्रिड को सग्रक्रय ग्रबर्ली ग्रितरित किने के ग्रलए ग्रकया 

र्ाता है। इन ग्रिन्यासो ंमें उपयोग की र्ाने िाली किंट ग्रनयंत्रण तकनीक ग्रिड पि या ग्रिड बनाने िाले कनिटाि पि, पीकू्य 

मुद्ो ंरै्से ग्रक हामोग्रनक्स किंट एक्सटेनू्यएशन औि पािि फैक्टि किेक्शन को सुधािती है। 

सौि पीिी सिणी ग्रबर्ली की उपलब्धता नही ंहोने पि, िीएससी मोड ग्रितिण क्तथथि कमे्पसाटि (डीएसटीएटीसीओएम) 

मोड में बदल र्ाता है औि ग्रिड लोड को ग्रबर्ली की आपूग्रता किता है। तीन-चिण चाि-ताि एकाग्रधकपीिी सिग्रणयााँ-

बीईएस माइक्रोग्रिड का उपयोग नू्यटरल किंट शमन के ग्रलए औि तीन-चिण तीन-ताि ग्रसस्टम के अन्य सभी कायों को 

किने के ग्रलए ग्रकया र्ाता है। ये कॉक्तफ़िगिेशन रूफटॉप आिासीय, औद्योग्रगक औि िाग्रणक्तिक भिनो,ं इलेक्तक्टरक 

टर ैक्शन, इलेक्तक्टरक िाहन, िामीण / दूिथथ के्षत्रो ंऔि पानी पंग्रपंग को ग्रबर्ली ग्रितरित किने में सक्षम हैं। ग्रिग्रभन्न क्तथथि 

अिथथा औि गग्रतशील क्तथथग्रतयो ंके ग्रलए मैटलैब/ग्रसमुग्रलंक पे्लटफॉमा में एकल सौि पीिी सिणी-बीईएस के एक ग्रिग्रदश 

कनिटाि ग्रसस्टम औि एकाग्रधकसौि पीिी सिग्रणयााँ-बीईएस आधारित माइक्रोग्रिड के साथ तीन-चिण ग्रिड एकीकृत 

प्रणाग्रलयो ंके ग्रसमु्यलेटेड प्रदशानो ंको प्रयोगात्मक परिणामो ंके साथ प्रयोगशाला में प्रोटोटाइप औि आिटी-एलएबी 

पे्लटफॉमा में हाडािेयि में लूप-टेस्ट बेंच के माध्यम से िास्तग्रिक समय ग्रनयंत्रक ओपल-आिटी (ओपी4510), से मान्य 

ग्रकया गया है।  

 

  



ix 
 

TABLE OF CONTENTS 

 

 Page No. 

Certificate i 

Acknowledgements ii 

Abstract v 

Table of Contents ix 

List of Figures xxi 

List of Tables xxx 

List of Abbreviations xxxi 

List of Symbols xxxii 

  

CHAPTER  I INTRODUCTION 1-12 

1.1 General 1 

1.2 State of Art for Multiple Solar PV Arrays-BES Based Microgrid 3 

1.3 Scope of Work 7 

1.4 Outline of Chapters 9 

   

CHAPTER  II  LITERATURE REVIEW 13-24 

2.1 General 13 

2.2 Literature Review  13 

 2.2.1 Control Techniques for Grid Integrated Solar PV-BES Based 

Microgrid 

14 

 2.2.2 Control Techniques for Standalone Solar PV-BES Based 

Microgrid 

15 

 2.2.3 Control Techniques for Transient Free Transition Operation of 

Grid Integrated Solar PV-BES Based Microgrid 

16 

 2.2.4 Control Techniques for Parallel Connected Power Converters 

in Solar PV-BES Based Microgrid 

17 

 2.2.5 Control Techniques of Maximum Power Point Tracking for 

Solar Photovoltaic Battery Energy Storage Microgrid 

17 

 2.2.6 Power Quality Issues and Mitigation Techniques of Solar PV-

BES Based Microgrid 

18 

 2.2.7 Control Techniques for Grid Integrated Solar PV System  19 

2.3 Identified Research Areas 22 

2.4 Conclusions 24 

   

CHAPTER  III  CLASSIFICATION AND CONFIGURATIONS OF GRID 

INTEGRATED MULTIPLE SOLAR PV ARRAYS- 

BATTERY BASED MICROGRID  SYSTEM 

26-38 

3.1 General 26 



x 
 

3.2 Classification of grid integrated multiple solar PV arrays-BES based 

microgrid 

26 

3.3 Configurations of grid integrated multiple solar PV arrays-BES based 

microgrid 

27 

 3.3.1 

 

Configuration of Three-Phase Three-Wire Grid Integrated 

Solar PV-BES with Bidirectional Converter System 

27 

 3.3.2 Configuration of Three-Phase Four-Wire Grid Integrated Solar 

PV-BES with Bidirectional Converter System 

29 

 3.3.3 Configuration of Three-Phase Three-Wire Grid Integrated 

Multiple Solar PV Arrays-BES Based Microgrid 

30 

 3.3.4 Configuration of Three-Phase Three-Wire Grid Integrated 

Multiple  Solar PV Arrays-BES with Bidirectional Converter 

Based Microgrid 

30 

 3.3.5 Configuration of Three-Phase Three-Wire Grid Integrated 

Multiple  Solar PV Arrays-Based Microgrid 

33 

 3.3.6 Configuration of Three-Phase Four-Wire Grid Integrated 

Multiple  Solar PV Arrays-BES Based Microgrid 

34 

 3.3.7 Configuration of Three-Phase Four-Wire Grid Integrated 

Multiple  Solar PV Arrays-BES with Bidirectional Converter 

Based Microgrid 

36 

 3.3.8 Configuration of Three-Phase Four-Wire Grid Integrated 

Multiple Solar PV Arrays- Based Microgrid 

37 

3.4 Conclusions 38 

  

CHAPTER  IV CONTROL AND OPERATION OF THREE-PHASE 

THREE-WIRE GRID INTEGRATED SOLAR PV-BES 

WITH BIDIRECTIONAL CONVERTER SYSTEM 

40-75 

4.1. General 40 

4.2 System Configuration  40 

4.3 Design of Three-Phase Three-Wire Grid Integrated Solar PV-BES with 

Bidirectional Converter System 

41 

4.4 Control Techniques for Three-Phase Three-Wire Grid Integrated Solar PV-

BES with Bidirectional Converter System 

43 

 4.4.1 MPPT Control Technique 43 

 4.4.2 Control for Voltage Source Converter 43 

  4.4.2.1 Current Control Technique 44 

  4.4.2.2 Voltage Control Technique 48 

  4.4.2.3 Synchronization Controller 50 

 4.4.3 DC-DC Bidirectional Converter Controller 52 

4.5 Results and Discussion 54 

 4.5.1 Simulated Performance of Three-Phase Three-Wire Grid 

Integrated Solar PV-BES with Bidirectional Converter System 

54 

  4.5.1.1 Simulated Steady State Performance under Grid 

Integrated Mode 

55 

  4.5.1.2 Simulated Steady State Performance under Off-

Grid Mode 

55 



xi 
 

  4.5.1.3 Simulated Dynamic Behaviour under Mode 

Transition from Grid Connected to Off-Grid Mode 

56 

  4.5.1.4 Simulated Dynamic Behaviour under Mode 

Transition from Off-Grid Mode to Grid Connected 

Mode 

57 

  4.5.1.5 Simulated Dynamic Behaviour under Load 

Unbalance 

58 

  4.5.1.6 Simulated Dynamic Behaviour under Variation in 

Solar Insolation 

58 

  4.5.1.7 Simulated Dynamic Behaviour under Variation in 

Load 

60 

  4.5.1.8 Comparison of Ideal Discrete PR Controller with 

PI Controller 

62 

 4.5.2 Experimental Performance of Three-Phase Three-Wire Grid 

Integrated Solar PV-BES with Bidirectional Converter System 

65 

  4.5.2.1 Experimental Steady State Performance under Grid 

Integrated Mode 

66 

  4.5.2.2 Experimental Steady State Behaviour under Off-

Grid Mode 

66 

  4.5.2.3 Experimental Dynamic Behaviour under Mode 

Transition from Grid Connected Mode to Off-Grid 

Mode 

68 

  4.5.2.4 Experimental Dynamic Behaviour under Mode 

Transition from Off-Grid Mode to Grid Connected 

Mode  

69 

  4.5.2.5 Experimental Dynamic Behaviour under Load 

Unbalance 

69 

  4.5.2.6 Experimental Dynamic Behaviour under Variation 

in Solar Insolation 

71 

  4.5.2.7 Experimental Dynamic Behaviour under Variation 

in Load 

73 

  4.5.2.8 MPPT Performance at Two Insolation Levels 73 

  4.5.2.9 Experimental Dynamic Behaviour under Variation 

in Solar Insolation in Constant Power Mode 

73 

  4.5.2.10 Experimental Dynamic Behaviour under Variation 

in Load in Constant Power Mode 

74 

4.6 Conclusions 75 

  

CHAPTER  V CONTROL AND OPERATION OF THREE-PHASE 

FOUR-WIRE GRID INTEGRATED SOLAR PV-BES 

WITH BIDIRECTIONAL CONVERTER SYSTEM 

77-106 

5.1. General 77 

5.2 System Configuration  77 

5.3 Design of Three-Phase Four-Wire Grid Integrated Solar PV-BES with 

Bidirectional Converter System 

79 



xii 
 

5.4 Control Techniques for Three-Phase Four-Wire Grid Integrated Solar PV-

BES with Bidirectional Converter System 

79 

 5.4.1 MPPT Control Technique 79 

 5.4.2 Control for Voltage Source Converters 79 

  5.4.2.1 Current Control Technique  79 

  5.4.2.2 Voltage Control Technique  83 

  5.4.2.3 Synchronization Controller 85 

 5.4.3 DC-DC Bidirectional Converter Controller 85 

5.5 Results and Discussion 86 

 5.5.1 Simulated Performance of Three-Phase Four-Wire Grid 

Integrated Solar PV-BES with Bidirectional Converter System 

86 

  5.5.1.1 Simulated Steady State Performance under Grid 

Integrated Mode 

86 

  5.5.1.2 Simulated Steady State Performance under Off-

Grid Mode 

86 

  5.5.1.3 Simulated Dynamic Behaviour under Mode 

Transition from Grid Connected to Off-Grid Mode 

86 

  5.5.1.4 Simulated Dynamic under Mode Transition from 

Off-Grid Mode to Grid Connected Mode 

88 

  5.5.1.5 Simulated Dynamic Behaviour under Load 

Unbalance 

92 

  5.5.1.6 Simulated Dynamic Behaviour under Variation in 

Solar Insolation 

92 

  5.5.1.7 Simulated Dynamic Behaviour under Variation in 

Load 

92 

  5.5.1.8 Comparison of Proposed Controller with PI 

Controller 

94 

 5.5.2 Experimental Performance of Three-Phase Four-Wire Grid 

Integrated Solar PV-BES with Bidirectional Converter System 

98 

  5.5.2.1 Experimental Steady State Performance under Grid 

Integrated Mode 

99 

  5.5.2.2 Experimental Steady State Performance under Off-

Grid Mode 

100 

  5.5.2.3 Experimental Dynamic Behaviour under Mode 

Transition from Grid Connected Mode to Off-Grid 

Mode 

101 

  5.5.2.4 Experimental Dynamic Behaviour under Mode 

Transition from Off-Grid Mode to Grid Connected 

Mode 

102 

  5.5.2.5 Experimental Dynamic Behaviour under Load 

Unbalance 

102 

  5.5.2.6 Experimental Dynamic Behaviour under Variation 

in Solar Insolation 

103 

  5.5.2.7 Experimental Dynamic Behaviour under Variation 

in Load 

105 

  5.5.2.8 MPPT Performance at Two Insolation Levels 106 



xiii 
 

5.6 Conclusions 106 

   

CHAPTER  VI CONTROL AND OPERATION OF THREE-PHASE 

GRID INTEGRATED MULTIPLE SOLAR PV ARRAYS- 

BES BASED MICROGRID 

108-144 

6.1 General 108 

6.2 System Configuration 108 

6.3 Design of Three-Phase Grid Integrated Multiple Solar PV Arrays-BES Based 

Microgrid 

109 

6.4 Control Techniques for Three-Phase Grid Integrated Multiple Solar PV 

Arrays-BES Based Microgrid 

109 

 6.4.1 MPPT Control Technique 109 

 6.4.2 Control for Voltage Source Converters 111 

  6.4.2.1 Current Control Technique and Voltage Control 

Technique for Main VSC 

112 

  6.4.2.2 Current Control Technique for Ancillary VSC 116 

  6.4.2.3 Synchronization Controller 117 

6.5 Results and Discussion 118 

 6.5.1 Simulated Performance of Three-Phase Grid Integrated 

Multiple Solar PV Arrays-BES Based Microgrid 

118 

  6.5.1.1 Simulated Behaviour of Harmonic Analysis under 

Grid Integrated and Off-Grid Modes 

118 

  6.5.1.2 Simulated Behaviour under Mode Transition from 

Grid Connected to Standalone Mode 

119 

  6.5.1.3 Simulated Behaviour under Mode Transition from 

Standalone Mode to Grid Connected Mode 

121 

  6.5.1.4 Simulated Behaviour under Load Unbalance 122 

  6.5.1.5 Simulated Behaviour of under Variation in Solar 

Insolation 

123 

  6.5.1.6 Simulated Behaviour under Variation in Load in 

Grid Integrated Mode 

125 

  6.5.1.7 Simulated Behaviour under No Solar Power 

Generation and Variation in Load in Off Grid Mode 

126 

  6.5.1.8 Comparison of Proposed Controller (hysteresis 

with PR Controller) with PI Controller 

127 

 6.5.2 Performance of Three-Phase Grid Integrated Multiple Solar PV 

Arrays-BES Based Microgrid with Hardware in Loop 

Implementation 

129 

  6.5.2.1 Harmonic Analysis of  microgrid in Grid Integrated 

and Off-Grid Modes 

130 

  6.5.2.2 Behaviour of Microgrid under Mode Transition 

from Grid Connected Mode to Off-Grid Mode 

131 

  6.5.2.3 Behaviour of Microgrid under Mode Transition 

from Off-Grid Mode to Grid Connected Mode 

132 

  6.5.2.4 Behaviour of Microgrid under Load Unbalance 133 



xiv 
 

  6.5.2.5 Behaviour of Microgrid under Variation in Solar 

Insolation 

134 

  6.5.2.6 Behaviour of Microgrid under Variation in Load in 

Grid Integrated Mode 

139 

  6.5.2.7 Behaviour of Microgrid under No Solar Power 

Generation and Variation in Load in Off Grid Mode 

142 

6.6 Conclusions 144 

   

CHAPTER  VII CONTROL AND OPERATION OF THREE-PHASE 

GRID INTEGRATED MULTIPLE SOLAR PV ARRAYS-

BES WITH BIDIRECTIONAL CONVERTER BASED 

MICROGRID 

146-190 

7.1 General 146 

7.2 System Configuration 147 

7.3 Design of Three-Phase Grid Integrated Multiple Solar PV Arrays-BES with 

Bidirectional Converter Based Microgrid 

148 

7.4 Control Techniques for Three-Phase Grid Integrated Multiple Solar PV 

Arrays-BES with Bidirectional Converter Based Microgrid 

148 

 7.4.1 MPPT Control Technique 148 

 7.4.2 Control for Voltage Source Converters 148 

  7.4.2.1 Current Control Technique and Voltage Control 

Technique for Main VSC 

150 

  7.4.2.2 Current Control Technique for Ancillary VSC 153 

  7.4.2.3 Synchronization Controller 155 

 7.4.3 DC-DC Bidirectional Converter Controller Control 160 

7.5 Results and Discussion 160 

 7.5.1 Simulated Performance of Three-Phase Grid Integrated 

Multiple Solar PV Arrays-BES with Bidirectional Converter 

Based Microgrid 

161 

  7.5.1.1 Simulated Behaviour of Harmonic Analysis under 

Grid Integrated and Off-Grid Modes 

161 

  7.5.1.2 Simulated Behaviour under Mode Transition from 

Grid Connected to Off-Grid Mode 

162 

  7.5.1.3 Simulated Behaviour under Mode Transition from 

Off-Grid Mode to Grid Connected Mode 

162 

  7.5.1.4 Simulated Behaviour under Load Unbalance 164 

  7.5.1.5 Simulated Behaviour under Variation in Solar 

Insolation 

165 

  7.5.1.6 Simulated Behaviour under Variation in Load in 

Grid Integrated Mode 

167 

  7.5.1.7 Simulated Behaviour under No Solar Power 

Generation and Variation in Load in Off Grid Mode 

168 

  7.5.1.8 Simulated Performance of Synchronization 

Controller 

169 

  7.5.1.9 Simulated Performance of DSOGI-FLL Controller 170 



xv 
 

  7.5.1.10 Simulated Performance for Comparison of 

Proposed Controller (Hysteresis with Non-Ideal 

PR Controller) with PI Controller  

173 

 7.5.2 Performance of Three-Phase Grid Integrated Multiple Solar PV 

Arrays-BES with Bidirectional Converter Based Microgrid 

with Hardware in Loop Implementation 

175 

  7.5.2.1 Harmonic Analysis of Microgrid under Grid 

Integrated and Off-Grid Modes 

176 

  7.5.2.2 Behaviour of Microgrid under Mode Transition 

from Grid Connected Mode to Off-Grid Mode  

176 

  7.5.2.3 Behaviour of Microgrid under Mode Transition 

from Off-Grid Mode to Grid Connected Mode 

178 

  7.5.2.4 Behaviour of Microgrid under Load Unbalance 179 

  7.5.2.5 Behaviour of Microgrid under Variation in Solar 

Insolation 

181 

  7.5.2.6 Behaviour of Microgrid under Variation in Load in 

Grid Integrated Mode 

185 

  7.5.2.7 Behaviour of Microgrid under No Solar Power 

Generation and Variation in Load in Off Grid Mode 

187 

7.6 Conclusions 190 

   

CHAPTER  VIII CONTROL AND OPERATION OF THREE-PHASE 

GRID INTEGRATED MULTIPLE SOLAR PV ARRAYS-

BASED MICROGRID 

191-227 

8.1 General 191 

8.2 System Configuration 192 

8.3 Design of Three-Phase Grid Integrated Multiple Solar PV Arrays-Based 

Microgrid 

193 

8.4 Control Techniques for Three-Phase Grid Integrated Multiple Solar PV 

Arrays- Based Microgrid 

193 

 8.4.1 MPPT Control Technique 193 

 8.4.2 Control for Voltage Source Converters 193 

  8.4.2.1 Current Control Technique and Voltage Control 

Technique for Main VSC 

193 

  8.4.2.2 Current Control Technique for ancillary VSC 198 

  8.4.2.3 Synchronization Controller 199 

8.5 Results and Discussion 200 

 8.5.1 Simulated Performance of Three-Phase Grid Integrated 

Multiple Solar PV Arrays- Based Microgrid 

200 

  8.5.1.1 Simulated Behaviour of Harmonic Analysis under 

Grid Integrated and Off-Grid Modes 

200 

  8.5.1.2 Simulated Behaviour under Mode Transition from 

Grid Connected to Off-Grid Mode 

201 

  8.5.1.3 Simulated Behaviour under Mode Transition from 

Standalone Mode to Grid Connected Mode 

203 

  8.5.1.4 Simulated Behaviour under Load Unbalance 204 



xvi 
 

  8.5.1.5 Simulated Behaviour under Variation in Solar 

Insolation 

205 

  8.5.1.6 Simulated Behaviour under Variation in Load in 

Grid Integrated Mode 

207 

  8.5.1.7 Simulated Behaviour under Variation in Load in 

Off-Grid Mode 

208 

  8.5.1.8 Simulated Performance of Synchronization 

Controller 

209 

  8.5.1.9 Simulated Performance of DSOGI-FLL Controller 210 

  8.5.1.10 Simulated Performance for Comparison of 

Proposed Controller (Hysteresis with Non-Ideal PR 

Controller) with PI Controller 

210 

 8.5.2 Performance of Three-Phase Grid Integrated Multiple Solar PV 

Arrays-Based Microgrid with Hardware in Loop 

Implementation 

212 

  8.5.2.1 Harmonic Analysis of Microgrid under Grid 

Integrated and Off-Grid Modes 

213 

  8.5.2.2 Behaviour of Microgrid under Mode Transition 

from Grid Connected Mode to Off-Grid Mode 

213 

  8.5.2.3 Behaviour of Microgrid under Mode Transition 

from Off-Grid Mode to Grid Connected Mode 

215 

  8.5.2.4 Behaviour of Microgrid under Load Unbalance 215 

  8.5.2.5 Behaviour of Microgrid under Variation in Solar 

Insolation 

219 

  8.5.2.6 Behaviour of Microgrid under Variation in Load in 

Grid Integrated Mode 

223 

  8.5.2.7 Behaviour of Microgrid under Variation in Load in 

Off-Grid Mode  

225 

8.6 Conclusions 227 

   

CHAPTER  IX CONTROL AND OPERATION OF THREE-PHASE 

FOUR-WIRE GRID INTEGRATED MULTIPLE SOLAR 

PV ARRAYS- BES BASED MICROGRID 

228-269 

9.1 General 228 

9.2 System Configuration 229 

9.3 Design of Three-Phase Four-Wire Grid Integrated Multiple Solar PV Arrays-

BES Based Microgrid 

230 

9.4 Control Techniques for Three-Phase Four-Wire Grid Integrated Multiple 

Solar PV Arrays-BES Based Microgrid 

230 

 9.4.1 MPPT Control Technique 230 

 9.4.2 Control for Voltage Source Converters 232 

  9.4.2.1 Current Control Technique and Voltage Control 

Technique for Main VSC 

232 

  9.4.2.2 Current Control Technique for ancillary VSC 235 

  9.4.2.3 Synchronization Controller 237 

9.5 Results and Discussion 240 



xvii 
 

 9.5.1 Simulated Performance of Three-Phase Four-Wire Grid 

Integrated Multiple Solar PV Arrays-BES Based Microgrid 

240 

  9.5.1.1 Simulated Behaviour of Harmonic Analysis under 

Grid Integrated and Off-Grid Modes 

240 

  9.5.1.2 Simulated Behaviour under Mode Transition from 

Grid Connected to Off-Grid Mode 

241 

  9.5.1.3 Simulated Behaviour under Mode Transition from 

Off-Grid Mode to Grid Connected Mode 

243 

  9.5.1.4 Simulated Behaviour under Load Unbalance 244 

  9.5.1.5 Simulated Behaviour under Variation in Solar 

Insolation 

244 

  9.5.1.6 Simulated Behaviour under Variation in Load in 

Grid Integrated Mode 

247 

  9.5.1.7 Simulated Behaviour under No Solar Power 

Generation and Variation in Load in Off-Grid 

Mode 

248 

 9.5.2 Performance of Three-Phase Four-Wire Grid Integrated 

Multiple Solar PV Arrays-BES Based Microgrid with 

Hardware in Loop Implementation 

250 

  9.5.2.1 Harmonic Analysis of Microgrid under Grid 

Integrated and Off-Grid Modes 

250 

  9.5.2.2 Behaviour of Microgrid under Mode Transition 

from Grid Connected Mode to Off-Grid Mode 

250 

  9.5.2.3 Behaviour of Microgrid under Mode Transition 

from Off-Grid Mode to Grid Connected Mode 

252 

  9.5.2.4 Behaviour of Microgrid under Load Unbalance 255 

  9.5.2.5 Behaviour of Microgrid under Variation in Solar 

Insolation 

258 

  9.5.2.6 Behaviour of Microgrid under Variation in Load in 

Grid Integrated Mode 

263 

  9.5.2.7 Behaviour of Microgrid under No Solar Power 

Generation and Variation in Load in Off-Grid 

Mode 

266 

9.6 Conclusions 269 

   

CHAPTER  X CONTROL AND OPERATION OF THREE-PHASE 

FOUR-WIRE GRID INTEGRATED MULTIPLE SOLAR 

PV ARRAYS BES WITH BIDIRECTIONAL 

CONVERTER BASED MICROGRID 

270-308 

10.1 General 270 

10.2 System Configuration 271 

10.3 Design of Three-Phase Four-Wire Grid Integrated Multiple  Solar PV 

Arrays-BES with Bidirectional Converter Based Microgrid 

272 

10.4 Control Techniques for Three-Phase Four-Wire Grid Integrated Multiple  

Solar PV Arrays-BES with Bidirectional Converter Based Microgrid 

272 

 10.4.1 MPPT Control Technique 272 



xviii 
 

 10.4.2 Control for Voltage Source Converters 272 

  10.4.2.1 Current Control Technique and Voltage Control 

Technique for Main VSC 

274 

  10.4.2.2 Current Control Technique for ancillary VSC 277 

  10.4.2.3 Synchronization Controller 279 

 10.4.3 DC-DC Bidirectional Converter Controller Control 280 

10.5 Results and Discussion 280 

 10.5.1 Simulated Performance of Three-Phase Four-Wire Grid 

Integrated Multiple  Solar PV Arrays-BES with Bidirectional 

Converter Based Microgrid 

281 

  10.5.1.1 Simulated Behaviour of Harmonic Analysis in Grid 

Integrated and Off-Grid Modes 

281 

  10.5.1.2 Simulated Behaviour under Mode Transition from 

Grid Connected to Off-Grid Mode 

281 

  10.5.1.3 Simulated Behaviour under Mode Transition from 

Off-Grid Mode to Grid Connected Mode 

283 

  10.5.1.4 Simulated Behaviour under Load Unbalance 285 

  10.5.1.5 Simulated Behaviour under Variation in Solar 

Insolation 

286 

  10.5.1.6 Simulated Behaviour under Variation in Load in 

Grid Integrated Mode 

288 

  10.5.1.7 Simulated Behaviour under Variation in Load and 

No Solar Power Generation in Off-Grid Mode  

288 

 10.5.2 Performance of Three-Phase Four-Wire Grid Integrated 

Multiple  Solar PV Arrays-BES with Bidirectional Converter 

Based Microgrid with Hardware in Loop Implementation 

289 

  10.5.2.1 Harmonic Analysis of Microgrid in Grid Integrated 

and Off-Grid Modes 

291 

  10.5.2.2 Behaviour of Microgrid under Mode Transition 

from Grid Connected Mode to Off-Grid Mode 

291 

  10.5.2.3 Behaviour of Microgrid under Mode Transition 

from Off-Grid Mode to Grid Connected Mode 

292 

  10.5.2.4 Behaviour of Microgrid under Load Unbalance 295 

  10.5.2.5 Behaviour of Microgrid under Variation in Solar 

Insolation 

296 

  10.5.2.6 Behaviour of Microgrid under Variation in Load 

Load in Grid Integrated Mode 

303 

  10.5.2.7 Behaviour of Microgrid under No Solar Power 

Generation and Variation in Load in Off Grid Mode 

306 

10.6 Conclusions 308 

   

CHAPTER  XI CONTROL AND OPERATION OF THREE-PHASE 

FOUR-WIRE GRID INTEGRATED MULTIPLE SOLAR 

PV ARRAYS- BASED MICROGRID 

310-346 

11.1 General 310 

11.2 System Configuration 311 



xix 
 

11.3 Three-Phase Four-Wire Grid Integrated Multiple Solar PV Arrays- 

Microgrid 

312 

11.4 Control Techniques for Three-Phase Four-Wire Grid Integrated Multiple 

Solar PV Arrays-without BES Based Microgrid 

312 

 11.4.1 MPPT Control Technique 312 

 11.4.2 Control for Voltage Source Converters 312 

  11.4.2.1 Current Control Technique and Voltage Control 

Technique for Main VSC 

313 

  11.4.2.2 Current Control Technique for ancillary VSC 317 

  11.4.2.3 Synchronization Controller 319 

11.5 Results and Discussion 319 

 11.5.1 Simulated Performance of Three-Phase Four-Wire Grid 

Integrated Multiple Solar PV Arrays Based Microgrid 

320 

  11.5.1.1 Simulated Behaviour of Harmonic Analysis in Grid 

Integrated and Off-Grid Modes 

320 

  11.5.1.2 Simulated Behaviour under Mode Transition from 

Grid Connected to Off-Grid Mode 

320 

  11.5.1.3 Simulated Behaviour under Mode Transition from 

Off-Grid Mode to Grid Connected Mode 

321 

  11.5.1.4 Simulated Behaviour under Load Unbalance 323 

  11.5.1.5 Simulated Behaviour under Variation in Solar 

Insolation  

325 

  11.5.1.6 Simulated Behaviour under Variation in Load in 

Grid Integrated Mode 

327 

  11.5.1.7 Simulated Behaviour under Variation in Load in 

Off-Grid Mode 

328 

 11.5.2 Performance of Three-Phase Four-Wire Grid Integrated 

Multiple Solar PV Arrays-Based Microgrid with Hardware in 

Loop Implementation 

329 

  11.5.2.1 Harmonic Analysis of Microgrid under Grid 

Integrated and Off-Grid Modes 

329 

  11.5.2.2 Behaviour of Microgrid under Mode Transition 

from Grid Connected Mode to Off-Grid Mode 

329 

  11.5.2.3 Behaviour of Microgrid under Mode Transition 

from Off-Grid Mode to Grid Connected Mode  

332 

  11.5.2.4 Behaviour under Load Unbalance 334 

  11.5.2.5 Behaviour of Microgrid under Variation in Solar 

Insolation  

336 

  11.5.2.6 Behaviour of Microgrid under Variation in Load in 

Grid Integrated Mode 

342 

  11.5.2.7 Behaviour of Microgrid under Variation in Load in 

Off-Grid Mode 

345 

11.6 Conclusions 346 

   

CHAPTER  XII MAIN CONCLUSIONS AND SUGGESTIONS FOR 

FURTHER WORK 

348-352 



xx 
 

12.1 General 348 

12.2 Main Conclusions 349 

12.3 Suggestions for Further Work 352 

REFERENCES 353-364 

APPENDICES 365-385 

LIST OF PUBLICATIONS 386-388 

BIODATA 389 

 

  



xxi 
 

LIST OF FIGURES 

Fig. 3.1 Classification of grid integrated multiple solar PV arrays-BES based microgrid 

system 

Fig. 3.2  Configuration of three-phase three-wire grid integrated solar PV-BES  

with bidirectional converter system 

Fig. 3.3 Configuration three-phase four-wire grid integrated solar PV-BES with 

bidirectional converter system 

Fig. 3.4 Configuration of three-phase three-wire grid integrated multiple solar PV arrays-

BES based microgrid 

Fig. 3.5 Configuration of three-phase three-wire grid integrated multiple solar PV arrays-

BES with bidirectional converter based microgrid 

Fig. 3.6 Configuration of three-phase three-wire grid integrated multiple solar PV arrays- 

based microgrid 

Fig. 3.7 
Configuration of three-phase four-wire grid integrated multiple solar PV arrays- 

BES based microgrid 

Fig. 3.8 
Configuration of three-phase four-wire grid integrated multiple solar PV arrays- 

BES with bidirectional converter based microgrid 

Fig. 3.9 
Configuration of three-phase four-wire grid integrated multiple solar PV arrays- 

based microgrid 

Fig. 4.1 System structure 

Fig. 4.2 

(a) Normalized gradient adaptive regularization factor based neural filter current 

control algorithm for VSC,  

(b) Block diagram of neural filter based control algorithm of phase ‘a’ 

Fig. 4.3 Voltage control technique for VSC 

Fig. 4.4 Phase angle matching by PI controller 

Fig. 4.5 Mode transition controller 

Fig. 4.6 

Synchronization control: 

 (a) Phase angle generation in islanded mode of operation of main VSC,  

 (b) SSS (G) signal generation for state ‘1’ or ‘0’ corresponding to grid interactive 

mode and standalone mode  

Fig. 4.7 Bidirectional converter control 

Fig. 4.8 Harmonic pattern of: (a) Load current, (b) Grid current 

Fig. 4.9 Harmonic pattern of load voltage 

Fig. 4.10 Response of system during grid connected to standalone mode 

Fig. 4.11 Response of system during standalone mode to grid connected mode 

Fig. 4.12 Internal signals of current control at load unbalance 

Fig. 4.13 
(a) System response at solar insolation changef 

(b) System response at no solar power availability 



xxii 
 

Fig. 4.14 System response at load perturbation 

Fig. 4.15 
Harmonic pattern: (a) Load voltage with PR controller,  

(b) Load voltage with PI controller  

Fig. 4.16 

Comparison of ideal discrete PR controller with PI controller  

(a) vLa, v
*

La with ideal discrete PR controller  

(b) vLa, v
*

La with conventional PI controller 

(c) Bode plot of conventional PI controller with ideal discrete PR controller 

Fig. 4.17 Experimental setup of developed prototype 

Fig. 4.18 (a)-(j) Performance of current controller under steady state in grid integrated mode  

Fig. 4.19 (a)-(g) Response of system under steady state in standalone mode  

Fig. 4.20 
 (a)-(b) Response of internal signals of voltage control under steady state in 

standalone mode  

Fig. 4.21  (a)-(b) Performance of system for the duration of grid connected to islanded mode 

Fig. 4.22 (a)-(b) Performance of system for the duration of islanded to grid connected mode  

Fig. 4.23 

(a)-(c) Performance of system for internal signals of current controller under load 

removal of phase ‘a’ 

 (d)-(f) Performance of system for internal signals of current controller under load 

injection of phase ‘a’ 

 (g)-(h) Performance of system at Load removal of phase ‘a’  

 (i)-(j) Performance of system at Load injection of phase ‘a’ 

Fig. 4.24 (a)-(d) Performance of system under grid tied mode for variation in solar irradiance  

Fig. 4.25 (a)-(b) Behaviour of system for load change in grid interactive mode 

Fig. 4.26 MPPT response of solar PV array at: (a) 600 W/m2, (b) 1000 W/m2 

Fig. 4.27 (a)-(b) Performance of system at constant power mode at solar variation 

Fig. 4.28 (a)-(b) Performance of system under constant power mode under load variation 

Fig. 5.1 System configuration 

Fig. 5.2 VSC control 

Fig.5.3 Principle of operation of hysteresis controller 

Fig. 5.4 Harmonic pattern of: (a) Load current, (b) Grid current 

Fig. 5.5 Harmonic pattern of load voltage 

Fig. 5.6 (a)-(b) Performance of mode transition between off-grid to grid interactive modes  

Fig. 5.7 (a)-(b) System performance during off-grid to grid intertied modes  

Fig. 5.8 (a)-(b) System’s response at load unbalance 

Fig. 5.9 (a) Performance at no solar insolation  

(b) Behaviour at variation in solar insolation 



xxiii 
 

Fig. 5.10 System response at load perturbation 

Fig. 5.11 Harmonic pattern:  

(a) Load voltage with Park’s transformation and inverse Park’s based control and 

Mathews’ algorithm based adaptive  control  

(b) load voltage with PI controller 

Fig. 5.12 Experimental setup of developed prototype 

Fig. 5.13 (a)-(l) Response of system under steady state in grid interactive mode   

Fig. 5.14 (a)-(g) System response under steady state in islanded mode  

Fig. 5.15 (a)-(c) Performance of mode transition between utility grid interactive to off-grid 

modes:  

Fig. 5.16 (a)-(c) Performance of mode transition between off-grid to grid interactive modes  

Fig. 5.17 (a)-(e) System performance for load removal and insertion 

Fig. 5.18  (a)-(b) System operation on non- accessibility of solar power 

(c)-(d) System response for solar insolation variation 

Fig. 5.19 (a)-(b) System response in grid interactive mode at load variation 

Fig. 5.20 MPPT behaviour: (a) at 600 W/m2, (b) at 1000 W/m2 

Fig. 6.1 System configuration 

Fig. 6.2 Control algorithm for Main VSC  

Fig. 6.3 Control algorithm for ancillary VSC 

Fig. 6.4 System harmonic spectra: (a) iLa1, (b) isa 

Fig. 6.5 System harmonic spectra: vLa 

Fig. 6.6 (a)-(b) System’s response for transition from grid interactive to off-grid mode 

Fig. 6.7 (a)-(b) System’s response transition from off-grid to grid connected mode 

Fig. 6.8 (a)-(b) Response of system at load unbalance 

Fig. 6.9 (a)-(b) Performance at no solar insolation 

Fig. 6.10 (a)-(b) Behaviour at variation in solar insolation 

Fig. 6.11 (a)-(b) Response at load change and grid intertied mode 

Fig. 6.12 (a)-(b) Response of system in off-grid mode at no solar insolation and load 

variation 

Fig. 6.13 Harmonic pattern: (a) Load voltage with discrete non-ideal PR controller, 

 (b) Load voltage with PI controller 

Fig. 6.14 Comparison of proposed controller (hysteresis with PR controller) with PI 

controller 

(a) vLa, v
*

La with ideal discrete PR controller  

(b) vLa, v
*

La with conventional PI controller 

(c) Bode plot of conventional PI controller with discrete non ideal PR controller 



xxiv 
 

Fig. 6.15 OPAL-RT real time Test Bench 

Fig. 6.16 Harmonic pattern of: (a) Load current, (b) Grid current 

Fig. 6.17 Harmonic pattern of load voltage 

Fig. 6.18 (a)-(d) Performance of system for transition from grid connected to islanded mode  

Fig. 6.19 (a)-(d) Performance of system for the duration of islanded to grid connected mode 

Fig. 6.20 (a)-(e) Response of system at load removal 

 (f)-(j) Response of system at load insertion  

(k)-(l) Response of system at load removal and insertion  

Fig. 6.21 (a)-(b) System performance at transition from maximum solar PV power to no PV 

power generation and vice/ versa  

(c)-(e) System performance at transition from maximum solar PV power to no PV 

power generation 

 (f)-(h) Performance for variation from no solar PV power to peak solar power 

generation in grid connected mode 

Fig. 6.22  (a)-(b) System behaviour at decrease in solar insolation in grid connected mode 

(c)-(d) Behaviour of system at increase in solar insolation in grid connected mode 

(e)-(f) Behaviour at fall and increase in solar insolation in grid connected mode 

Fig. 6.23 (a)-(e) Response of system under load increase in grid connected mode 

 (f)-(j) Response of system at load decrease in grid connected mode 

 (k) Response of system under load increase and decrease in grid connected mode 

Fig. 6.24 (a)-(e) System response in off-grid mode at no solar insolation and load increase 

(f)-(j) System response in off-grid mode at solar power available and load decrease 

Fig. 7.1 System configuration 

Fig. 7.2 Main VSC control 

Fig. 7.3 Ancillary VSC control 

Fig. 7.4 DSOGI-FLL: (a) Generation of positive sequence components, 

 (b) Evaluation of in -phase and quadrature components, (c) FLL 

Fig. 7.5  Mode transition controller 

Fig. 7.6 Synchronization control: (a) Phase angle generation in islanded mode of operation 

of main VSC,  

(b) PES (S) signal generation for state ‘1’ or ‘0’ corresponding to grid connected 

mode and standalone mode  

Fig. 7.7 System harmonic spectra: (a) iLa1, (b) isa 

Fig. 7.8 System harmonic spectrum of vLa 

Fig. 7.9 (a)-(b) System performance during grid connected to off-grid mode 

Fig. 7.10 (a)-(b) System performance for off-grid mode to grid connected mode 

Fig. 7.11 (a)-(b) Response of system at load unbalance in grid connected mode 

Fig. 7.12 (a)-(b) System performance at no solar insolation in grid connected mode 



xxv 
 

Fig. 7.13 (a)-(b) Behaviour at variation in solar insolation in grid connected mode 

Fig. 7.14 (a)-(b) Response of system under load change in grid connected mode 

Fig. 7.15 (a)-(b) System response in off-grid mode at no solar insolation and load variation 

Fig. 7.16 Performance of synchronization controller 

Fig. 7.17 Internal signals of DSOGI-FLL controller at grid reconnection 

Fig. 7.18 Response of DSOGI-FLL during distortion in grid voltages 

Fig. 7.19 Response of DSOGI-FLL control during unbalance in grid voltages 

Fig. 7.20 Harmonic pattern: (a) load voltage with non-ideal PR controller, (b) load voltage 

with PI controller 

Fig. 7.21 Comparison of proposed controller (hysteresis with non-ideal PR controller) with 

PI controller 

(a) vLa, v
*

La with non-deal PR controller  

(b) vLa, v
*

La with conventional PI controller 

(c) Bode plot of conventional PI controller with non-ideal PR controller 

Fig. 7.22 Harmonic pattern of: (a) Load current, (b) Grid current 

Fig. 7.23 Harmonic pattern of: (a) load voltage with filter (b) load voltage without filter 

Fig. 7.24 (a)-(d) Performance of system for the duration of grid connected to islanded mode 

Fig. 7.25 (a)-(d) Performance of system for the duration of islanded to grid connected mode 

Fig. 7.26 (a)-(f) Response of system at load removal 

(g)-(l) Response of system at load insertion 

Fig. 7.27 (a)-(e) System performance at transition from peak solar PV power to no PV power 

generation 

 (f)-(j) Performance for variation from no solar PV power to peak solar power 

generation in grid connected mode 

Fig. 7.28 (a)-(d) System behaviour at decrease in solar insolation in grid connected mode: 

(e)-(h) Behaviour at increase in solar insolation in grid connected mode 

Fig. 7.29 (a)-(e) Response of system under load increase in grid connected mode 

 (f)-(j) Response of system at load decrease in grid connected mode 

Fig. 7.30 (a)-(e) System response in off-grid mode at no solar insolation and load increase: 

(f)-(j) System response in off-grid mode at solar power available and load decrease 

Fig. 8.1 System configuration   

Fig. 8.2 Main VSC control 

Fig. 8.3 Ancillary VSC control 

Fig. 8.4 Microgrid system harmonic spectra (a) iLa1, (b) isa 

Fig. 8.5 Microgrid system harmonic spectrum of vLa 



xxvi 
 

Fig. 8.6 (a)-(b) Microgrid performance during grid connected to off-grid mode 

Fig. 8.7 (a)-(b) Microgrid performance during off-grid to grid connected mode 

Fig. 8.8 (a)-(b) Response of system at load unbalance 

Fig. 8.9 (a)-(b) Performance  of system at no solar insolation 

Fig. 8.10 (a)-(b) Behaviour of system at varying solar insolation 

Fig. 8.11 (a)-(b) Response of system at load change 

Fig. 8.12 System response in off-grid mode at variation in load 

Fig. 8.13 Performance of synchronization controller 

Fig. 8.14 Harmonic pattern: (a) Load voltage with non-ideal discrete PR controller,  

(b) Load voltage with PI controller 

Fig. 8.15 Comparison of proposed controller (hysteresis with non-ideal PR controller) with 

PI controller 

(a) vLa, v
*

La with non-deal discrete PR controller  

(b) vLa, v
*

La with conventional PI controller 

(c) Bode plot of conventional PI controller with non-ideal discrete PR controller 

Fig. 8.16 Harmonic pattern of: (a) Load current, (b) Grid current 

Fig. 8.17 Harmonic pattern of load voltage 

Fig. 8.18 (a)-(e) Performance of system for the duration of grid connected to islanded mode 

Fig. 8.19 (a)-(e) Performance of system for the duration of islanded to grid connected mode  

Fig. 8.20 (a)-(f) Response of system at load removal 

(g)-(l) Response of system at load insertion 

Fig. 8.21 (a)-(e) System performance at transition from peak solar PV power to no PV power 

generation 

(f)-(j) Performance for variation from no solar PV power to peak solar power 

generation in grid connected mode  

Fig. 8.22 (a)-(e) System behaviour at decrease in solar insolation in grid connected mode 

(f)-(j) Behaviour at increase in solar insolation in grid connected mode 

Fig. 8.23 (a)-(f) Response of system under load increase in grid connected mode 

(g)-(l) Response of system at load decrease in grid connected mode 

Fig. 8.24 (a)-(f) System response in off-grid mode at no solar insolation and variation in 

load 

Fig. 9.1 System structure 

Fig. 9.2 Main VSC control 

Fig. 9.3 Ancillary VSC control 

Fig. 9.4 Synchronization control: (a) Phase angle generation in islanded mode of operation 

of main VSC, (b) PES (S) signal generation for state ‘1’ or ‘0’ corresponding to 

grid connected mode and standalone mode  



xxvii 
 

Fig. 9.5 Microgrid system harmonic spectra: (a) iLa1, (b) isa  

Fig. 9.6 Microgrid spectrum of vLa 

Fig. 9.7 (a)-(b) Microgrid response for transition from grid integrated to off-grid mode 

Fig. 9.8 (a)-(b) Microgrid’s performance for transition from off-grid to grid connected 

mode 

Fig. 9.9 (a)-(b) Response of system at load unbalance 

Fig. 9.10 (a)-(b) Performance at no solar power  

Fig. 9.11 (a)-(b) Response at solar insolation change 

Fig. 9.12 (a)-(b) Response of system at load change 

Fig. 9.13 (a)-(b) Performance of system in standalone mode during load change and under 

no solar power generation2 

Fig. 9.14 Harmonic pattern of (a) Load current, (b) Grid current 

Fig. 9.15 Harmonic pattern of load voltage 

Fig. 9.16 (a)-(g) Performance of microgrid for the duration of grid interfaced to islanded 

mode 

Fig. 9.17 (a)-(g) Performance of system for the duration of islanded to grid connected mode  

Fig. 9.18 (a)-(h) Response of system at load removal 

 (i)-(p) Response of system at load insertion 

Fig. 9.19 (a)-(g) System performance at transition from peak solar PV power to no PV 

power generation 

(h)-(n) Performance for variation from no solar PV power to peak solar power 

generation in grid connected mode 

Fig. 9.20 (a)-(g) System behaviour at decrease in solar insolation in grid connected mode: 

(h)-(n) Behaviour at increase in solar insolation in grid connected mode 

Fig. 9.21 (a)-(h) Response of system under load increase in grid connected mode 

(i)-(p) Response of system at load decrease in grid connected mode 

Fig. 9.22 (a)-(e) System response in off-grid mode at no solar insolation and load increase: 

(f)-(j) System response in off-grid mode at solar power available and load decrease 

Fig. 10.1 System configuration 

Fig. 10.2 Main VSC control 

Fig. 10.3 Ancillary VSC control 

Fig. 10.4 System harmonic spectra: (a) iLa1, (b) isa, (c) vLa 

Fig. 10.5 System harmonic level of vLa 

Fig. 10.6 (a)-(b) System performance during grid connected to off grid mode 

Fig. 10.7 (a)-(b) System performance during off-grid mode to grid connected mode 

Fig. 10.8 (a)-(b) Response of system at load unbalance 



xxviii 
 

Fig. 10.9 (a)-(b) Performance of system at no solar insolation 

Fig. 10.10 (a)-(b) System performance for change in solar insolation 

Fig. 10.11 (a)-(b) Performance of system at load variation 

Fig. 10.12 (a)-(b) System response in off-grid mode at load variation and no solar power 

insolation:  

Fig. 10.13 Harmonic pattern of: (a) Load current, (b) Grid current 

Fig. 10.14 Harmonic pattern of load voltage 

Fig. 10.15 (a)-(g) Performance of system for the duration of grid interfaced to islanded mode  

Fig. 10.16 (a)-(b) Performance of system for the duration of islanded to grid connected mode  

Fig. 10.17 (a)-(g) Response of system at load removal 

(h)-(n) Response of system at load insertion 

Fig. 10.18 (a)-(g) System performance at transition from peak solar PV power to no PV 

power generation 

 (h)-(n) Performance for variation from no solar PV power to peak solar power 

generation in grid connected mode 

Fig. 10.19 (a)-(g) System behaviour at decrease in solar insolation in grid connected mode: ( 

(h)-(n) Behaviour at increase in solar insolation in grid connected mode 

Fig. 10.20 (a)-(g) Response of system under load increase in grid connected mode (h)-(n) 

Response of system at load decrease in grid connected mode 

Fig. 10.21 (a)-(e) System response in off-grid mode at no solar insolation and load increase: 

(f)-(j) System response in off-grid mode at solar power available and load decrease 

Fig. 11.1 System structure 

Fig. 11.2 Main VSC control 

Fig. 11.3 Ancillary VSC control 

Fig. 11.4 Harmonic pattern of: (a) Load current, (b) Grid current 

Fig. 11.5 Harmonic pattern of load voltage 

Fig. 11.6 (a)-(b) Microgrid performance during grid connected mode to off-grid mode 

Fig. 11.7 (a)-(b) Microgrid performance during off-grid to grid connected mode 

Fig. 11.8 (a)-(b) Response of system at load unbalance 

Fig. 11.9 (a)-(b) Performance at no solar power 

Fig. 11.10 (a)-(b) Behaviour at solar insolation variation 

Fig. 11.11 (a)-(b) Response of system at load change 

Fig. 11.12 (a)-(b) System response in off-grid mode at variation in load 

Fig. 11.13 Harmonic spectra of: (a) Load current, (b) Grid current 



xxix 
 

Fig. 11.14 Harmonic pattern of load voltage 

Fig. 11.15 (a)-(g) Performance of system for the duration of grid connected to islanded mode  

Fig. 11.16 (a)-(b) Performance of system for the duration of islanded to grid connected mode  

Fig. 11.17 (a)-(f) Response of system at load removal 

 (g)-(l) Response of system at load insertion 

(m) Response of system at load removal and load insertion  

Fig. 11.18 (a)-(g) System performance at transition from peak solar PV power to no PV 

power generation 

(h)-(n) Performance for variation from no solar PV power to peak solar power 

generation in grid connected mode 

Fig. 11.19 (a)-(g) System behaviour at decrease in solar insolation in grid connected mode: 

(h)-(n) Behaviour at increase in solar insolation in grid connected mode 

Fig. 11.20 (a)-(f) Response of system under load increase in grid connected mode 

(g)-(l) Response of system at load decrease in grid connected mode 

(m) Response of system under load increase in grid connected mode  

Fig. 11.21 (a)-(f) System response in off-grid mode under variation in load 

 

 

 

 

 

 
 

  



xxx 
 

LIST OF TABLES 

Table 4.1 Design parameters of three-phase three-wire grid integrated solar PV-BES with 

bidirectional converter system 

Table 5.1 Design parameters of three-phase four-wire grid integrated solar PV-BES with 

bidirectional converter system 

Table 6.1 Design parameters of three-phase grid integrated multiple solar PV arrays-BES 

based microgrid 

Table 7.1 Design parameters of three-phase grid integrated multiple solar PV arrays-BES 

with bidirectional converter based microgrid 

Table 8.1 Design parameters of three-phase grid integrated multiple solar PV arrays- based 

microgrid 

Table 9.1 Design parameters of three-phase four-wire grid integrated multiple solar PV 

arrays-BES based microgrid 

Table 10.1 Design parameters of three-phase four-wire grid integrated multiple solar PV 

arrays-BES with bidirectional converter based microgrid 

Table 11.1 Design parameters of three-phase four-wire grid integrated multiple solar PV 

arrays-based microgrid 

 

 

  



xxxi 
 

LIST OF ABBREVIATIONS 

RESs Renewable energy sources 

VSC  Voltage Source Converter 

PV Photo Voltaic 

BES Battery Energy storage 

PCC Point of Common Coupling 

DC  Direct Current  

AC Alternating Current 

PQ Power Quality 

MPPT Maximum Power Point Tracking 

SSS Solid state switch 

INC  Incremental Conductance 

P&O Perturb & Observe 

PES Power Electronics Switch 

DSTATCOM Distribution Static Compensator 

ADC Analog to Digital Converter 

DAC Digital to Analog Converter 

DSO Digital Storage Oscilloscope 

PI Proportional and Integral 

PR Proportional Resonant 

MG Microgrid 

PLL Phase Locked Loop 

DSOGI-FLL Dual Second-Order Generalized Integrator Frequency-Locked 

Loop 

HIL Hardware In Loop 

THD Total Harmonic Distortion 

FFTPV Feed-Forward Term of Solar Photovoltaic Power  

IGBT Insulated Gate Bipolar Transistor  

QSG Quadrature signals generator  

SOGI-QSG (α) and 

SOGI-QSG (β) 

Second-Order Generalized Integrator- Quadrature signals 

generator in αβ reference frame 



xxxii 
 

LIST OF SYMBOLS 

vsab, vsbc Grid line voltages 

vsa, vsb, vsc Sensed grid voltages for three phases 

Vt Amplitude of grid voltages 

upa, upb, upc In-phase unit templates 

iLa, iLb, iLc Load phase currents 

Spa(q), Spb (q), Spc(q) Weight components for three phases 

δpa (q) Output current error  

ψpa (q) Variable step size  

ρpa (q) Regularization factor 

λ, σ Initial step size parameter, small positive parameter 

Hpa(q) Cost function 

Ppv, Pbt PV power, battery power 

Spv, Sbt Feed-forward terms due to Ppv, Pbt 

Spavg Average weight of active load current 

SLp Amplitude of grid reference current 

isa, isb, isc Grid currents 

i*
sa, i

*
sb, i

*
sc Grid reference currents 

iesa, iesb, iesc Grid currents error 

Vr, ωref Peak amplitude of load reference voltage, frequency 

vLa, vLb, vLc Sensed load voltages for three phases 

v*
La, v

*
Lb, v

*
Lc Reference load phase voltages 

vLar, vLbr, vLcr  Load phase voltages error  

i*
La, i

*
Lb, i

*
Lc Reference load phase currents 

TLa(z), TLb(z), TLc(z) Transfer functions of PR controllers 

kdpv kdiv  Proportional and integral constants of discrete PR controller 

θg, θl Grid voltage angle, PCC voltage angle 

Δθ, fg  Angle difference between Grid voltage and PCC voltage angle, 

Grid frequency 

Vdc Sensed DC link voltage 

V*
dc Reference DC link voltage 

Vdce DC link voltage error  

Cdc DC link capacitance 

Ibt, I
*
bt Sensed and reference battery current 

Ibtr Battery current error 

kpdc, kidc and kpbt, kibt Proportional and integral gains of DC link voltage and battery 

current control 

Rf , Cf Ripple filter resistance and capacitance 

Lf  Interfacing Inductor  

Lb=Lbuck=Lboost Buck -Boost converter inductance  

fsw Switching frequency 

Gi  Solar irradiance  

Dbuck, Dboost Bidirectional converter: Duty cycles for buck mode, boost mode 

Voc Open circuit voltage of PV array 

Isc Short circuit current of PV array 



xxxiii 
 

Pmp MPPT voltage 

Imp MPPT current 

Ppvmp MPPT power 

m Modulation index 

h Overloading factor 

Rp, Cpbat Battery constituents 

isn, iLn, ivscn, Grid neutral current, load neutral current, VSC neutral current 

i*
sn Reference neutral current  

Lfn Interfacing inductor neutral leg of VSC  

Ipa, Ipb, Ipc load active power constituents  

τ, ψpa, ρpa, ηpa  A small positive constant for convergence control, current error, 

gradient adaptive step size, estimate of a gradient vector 

IpLavg Average of active power constituent  

Ipnet Grid reference current amplitude  

Ipvw PV weight component i.e. feed-forward part 

Vd, Vq Direct axis and quadrature axis components of load voltages from 

Park’s transformation 

V*
d, V

*
q Direct axis and quadrature axis reference voltages  

Verd Error between direct axis and quadrature axis parts of load 

voltages and reference direct axis and quadrature parts axis 

I*
d, I

*
q  Direct axis and quadrature axis current components  

iLfa, iLfb, iLfc Load reference currents  

ωcomp, ωcop, Frequency constituents of synchronization controller  

θcomp, θcop Angle obtained from frequency constituents of synchronization 

controller 

Ibat Battery current 

I*
bat Battery reference current 

Ibte. Battery current error  

I*
er Current input to pulse width modulator of buck-boost converter 

Dboost1 Duty cycle of boost converter 

Vdc1, Vdc2 DC link Voltages for main and ancillary VSCs  

V*
dc1, V

*
dc2 Reference DC link Voltages for main and ancillary VSCs 

Cdc1, Cdc2  DC link capacitor for main and ancillary VSCs  

Nss1 and Npp1,  Series and parallel modules for main VSC  

Nss2 and Npp2  Series and parallel modules for ancillary VSC 

Rss and Rpp  Series and parallel resistances for PV array 

Ppv1, Ppv2 Solar PV array powers for main and ancillary VSCs 

Vpv1, Vpv2 PV voltages main and ancillary VSCs 

Ipv1, Ipv2 PV currents main and ancillary VSCs 

Ipa1, Ipb1, Ipc1 Active power components of load currents for main VSCs 

Ipa2, Ipb2, Ipc2 Active power components of load currents for ancillary VSCs 

ψpa1, γpa1, η, ζpa1, δ  Current error, adaptable step size, scale factor, cross correlation 

between current error and input, forgetting factor 

IpLavg1 and IpLavg2 Active power constituents for main and ancillary VSCs  

Vdce1 and Vdce2 DC link voltage error for the main VSC and ancillary VSCs 

Il1 and Il2 DC loss constituent for the main VSC and ancillary VSCs 



xxxiv 
 

Iwpv1 and Iwpv2  Feed-forward component for current control of main and ancillary 

VSCs  

Ipnet1 and Ipnet2 Aamplitude of grid reference current of  main and ancillary VSCs 

Vp and ωr  Reference peak voltage amplitude and frequency for load voltages 

in multiple array microgrids 

Ta(z), Tb(z), Tc(z),  Transfer functions of discrete non-ideal PR controller  

kpv and kiv, ωcu Proportional and integral gains, bandwidth around resonant 

frequency for discrete non-ideal PR controller 

ifaload, ifbload, ifcload Load reference currents 

ieLa, ieLb, ieLc Load current errors 

Vt1  PCC voltage amplitude 

upa1, upb1, upc1 PCC voltages unit templates  

isa1, isb1, isc1  Main VSC sensed grid currents 

i*
sa1, i

*
sb1, i

*
sc1 Main VSC reference grid currents 

isa2, isb2, isc2 Ancillary VSC sensed grid currents 

i*
sa2, i

*
sb2, i

*
sc2, Ancillary VSC reference grid currents 

iLa1, iLb1, iLc1 Main VSC load currents 

iLa2, iLb2, iLc2 Ancillary VSC load currents 

ivsca1, ivscb1, ivscc1 Main VSC’s currents 

ivsca2, ivscb2, ivscc2 Ancillary VSC’s currents 

is  Grid currents  

is1, iL1 , ivsc1 Grid currents, load currents and VSC currents for main VSC 

is2, iL2, ivsc2 Grid currents, load currents and VSC currents for ancillary VSC 

G1, G2 Solar insolation intensity for PV array of main and ancillary VSCs  

η1 , µ, ξpa1, ꞵpa1  Small positive constant for convergence control, gain, current 

error, gradient adaptive step size, gradient vector. 

Ta(s), Tb(s), TLc(s), ωcf Non-ideal PR controller’s transfer functions, cut off frequency 

ifa, ifb, ifc Load reference currents 

Il  DC loss component for the ancillary VSC 

Iebat  Battery current error 

kpbat, kibat  Proportional and integral gains of battery current control,  

ηpa1, λ , δpa1, ψpa1 σ Adjustable step size, convergence control parameter, current error, 

updating of step size by reducing the noise sequence, gain  

ϕpa1, εpa1 Adaptive step size, current error  

λpa1, ϕpa1  Gradient vector, current error in Benveniste algorithm 

ρ, β, ξpa1  Tuning parameter, parameter for convergence rate and adaptive 

step size of the control algorithm by Zou et-al  

isn1,iLn1, ivscn1 Grid neutral current, load neutral current and VSC neutral current 

for main VSC 

isn2, iLn2, ivscn2 Grid neutral current, load neutral current and VSC neutral current 

for ancillary VSC 

vsα and vsβ 90º-shifted grid voltages in αβ reference frame 

vsα
′, vsqα

′ and vsβ
″, vsqβ

″ In-phase and quadrature components through SOGI-QSG (α) and 

SOGI-QSG (β)  

eα, eβ Error signals of SOGI-QSG (α) and SOGI-QSG (β) 

eα′ and eβ′ Frequency error variables 



xxxv 
 

Ʈ FLL gain  

vα
+ , vβ

+ Positive sequence components of grid voltages 

eavg Average frequency error variable  

ωg′ Estimated frequency from DSOGI-FLL 
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