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ABSTRACT 

This thesis presents the design and control of solar photovoltaic array and wind energy 

generation based microgrids with seamless transfer of operating modes for the electrification of 

rural communities as the prime motive. The combination of solar energy and wind energy 

generation increases the power reliability and provides energy surety as both the resources 

complement each other and cut down the reserve or storage requirements. The challenge is 

imposed as the renewable resources are dominated by their intermittency and geographic location 

availability. The variability of the energy supply is overcome by the use of energy storage systems, 

like battery energy storage (BES) or utility interconnection of the microgrid. The rural 

electrification is carried out either by grid interconnection or by incorporating the storage battery 

with the renewables to fulfill the community load demand. The first option is not viable for rural 

areas as site affordability acts as the key barrier. Secondly, the battery energy storage (BES) is 

worthwhile when specific conditions are fulfilled, which in return makes the value proposition of 

storage greater than the cost of installing it. BES is an expensive option but it meets all the aspects 

of integration challenges such as the uncertainty during demand rise and power sufficiency.  

Here, in this work, BES control is deployed either connected directly at the DC link or through 

a bidirectional DC-DC converter. It controls the discharging and charging of the battery. The wind 

conversion systems also suffer from harmonics injection, degradation of minimum fault current 

and sudden voltage disruptions due to wind speed intermittency. These encountered challenges are 

resolved by utilizing full rated voltage source converters (VSCs) as an interface between the 

machine and the utility grid. Two back to-back connected VSCs, i.e., AC/DC converter, named as 

machine side VSC (MSC), a DC link, and a DC/AC inverter named as load side VSC (LSC) are 

implemented for variable speed operation of the system. The MSC regulates the synchronous 



 

VI 
 

generator (SG) output power. It adjusts the current and torque of the SG. The LSC upholds the DC 

link voltage and synchronizes the AC generated power by the wind turbine driven SG with the 

power of the utility grid. The encoder-less field oriented control (FOC) with speed and position 

estimation is utilized for the SG. Depending upon the requirement, the solar PV array is configured 

as single stage or two stage configurations utilizing a boost converter. This work focuses upon the 

development and implementation of the advance control techniques for the successful operation 

of the microgrids during grid-connected mode or standalone operating mode. Even under adverse 

grid conditions, these improved approaches assess the amplitude, frequency, and phase of grid 

phase voltages quickly and accurately. All of the microgrid configurations have efficient control 

algorithms for the load side converter, which improve power quality at the PCC while maintaining 

unity power factor, provides harmonics elimination, grid currents balancing, reactive power 

compensation, neutral current compensation and power factor correction. The continuity of supply 

to the local consumer loads is ensured. The solar PV array and wind energy feed-forward terms 

express the power sharing mechanism to the utility and provides fast tracking under dynamic 

condition. The maximum power point extraction schemes for wind generation and solar PV array 

track the optimal power even under adverse solar insolation and wind speed conditions. The core 

objective is also to provide continuous supply to the critical loads even under grid outage scenarios. 

However, renewable generation loss and battery with low state of charge are also the conditions 

that need to be addressed for the continuity of supply during standalone operating mode. To 

overcome this shortcoming, the diesel generator set is brought into action for a short period of time 

and operated under maximum fuel efficiency zone to cater to the emergency load demand. All 

microgrid configurations are categorized in accordance to single phase, three phase three wire and 

three phase four wire distribution networks. The consumer requirement decides the type of the 
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microgrid to be selected for specific applications. For investigating the performance, these 

microgrids are modelled and simulated using the MATLAB®/ Simulink platform, and 

experimental validations are carried out using developed laboratory prototypes. This study is 

intended to contribute significantly to existing knowledge on the design, development, and control 

of PV-wind energy based microgrids with islanding and resynchronization capabilities. 
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सार 

यह थीसिि मुख्य उदे्दश्य के रूप में ग्रामीण िमुदायोों के सिद्युतीकरण के सिए ऑपरेस ोंग मोड के सिर्ााध हस्ाोंतरण 

के िाथ िौर फो ोिोल्टिक पैिि और पिि ऊर्ाा उत्पादि आधाररत माइक्रोसग्रड के सडर्ाइि और सियोंत्रण को प्रसु्त 

करता है। िौर ऊर्ाा और पिि ऊर्ाा उत्पादि का िोंयोर्ि सर्र्िी की सिश्वििीयता र्ढाता है और ऊर्ाा िुसिसितता 

प्रदाि करता है क्ोोंसक दोिोों िोंिाधि एक दूिरे के पूरक हैं और ररर्िा या भोंडारण आिश्यकताओों को कम करते हैं। 

चुिौती इिसिए िगाई गई है क्ोोंसक अक्षय िोंिाधिोों पर भौगोसिक ल्टथथसत की उपिब्धता का र्ोिर्ािा है। ऊर्ाा 

भोंडारण प्रणासियोों के उपयोग िे ऊर्ाा आपूसता की पररितािशीिता को दूर सकया र्ाता है, रै्िे रै् री ऊर्ाा भोंडारण 

(BES) या माइक्रोसग्रड इों रकिेक्शि। ग्रामीण सिद्युतीकरण या तो सग्रड इों रकिेक्शि द्वारा सकया र्ाता है या 

िामुदासयक भार की माोंग को पूरा करिे के सिए ििीकरणीय ऊर्ाा के िाथ भोंडारण रै् री को शासमि करके सकया 

र्ाता है। पहिा सिकल्प ग्रामीण के्षत्रोों के सिए व्यिहाया िही ों है क्ोोंसक िाइ  की िामर्थ्ा प्रमुख र्ाधा के रूप में काया 

करती है। दूिरे, रै् री ऊर्ाा भोंडारण  तर् िाथाक होता है र्र् सिसशष्ट शतें पूरी होती हैं, र्ो र्दिे में भोंडारण के मूल्य 

प्रस्ाि को इिे थथासपत करिे की िागत िे असधक र्िाता है। BES एक महोंगा सिकल्प है िेसकि यह एकीकरण 

चुिौसतयोों के िभी पहिुओों रै्िे माोंग िृल्टि और सर्र्िी की पयााप्तता के दौराि असिसितता को पूरा करता है। 

यहाों, इि काया में, BES सियोंत्रण या तो िीधे डीिी सिोंक पर या एक सद्वसदश डीिी-डीिी किि ार के माध्यम िे 

रु्डा हुआ है। यह रै् री की सडथचासर्िंग और चासर्िंग को सियोंसत्रत करता है। पिि रूपाोंतरण प्रणासियाों भी हामोसिक 

इोंरे्क्शि, नू्यितम फॉि करों  की सगराि  और हिा की गसत रुक-रुक कर होिे के कारण अचािक िोिेर् व्यिधाि 

िे ग्रस् हैं। इि चुिौसतयोों का िमाधाि मशीि और उपयोसगता सग्रड के र्ीच इों रफेि के रूप में पूणा रे ेड िोिेर् 

स्रोत कन्व ािा (VSC) का उपयोग करके सकया र्ाता है। दो रै्क  ू रै्क किेके्टड VSC, यािी AC/DC कन्व ार, सर्िे 

मशीि िाइड िीएििी ( SCM ), एक डीिी सिोंक और एक DC/AC इन्व ार को िोड िाइड िीएििी (LSC) के रूप में 

िासमत सकया गया है, को चर गसत िोंचािि के सिए िागू सकया गया है।  MSC सिोंक्रोिि र्िरे र (SG) आउ पु  पािर 

को सियोंसत्रत करता है। यह SG के करों  और  ॉका  को एडर्स्ट करता है। LSC डीिी सिोंक िोिेर् को र्िाए रखता 

है और उपयोसगता सग्रड की शल्टि के िाथ पिि  रर्ाइि िोंचासित SG द्वारा AC उत्पन्न सर्र्िी को सिोंक्रिाइज़ करता 
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है। गसत और ल्टथथसत अिुमाि के िाथ एन्कोडर-रसहत के्षत्र उनु्मख सियोंत्रण (FOC) का उपयोग SG के सिए सकया र्ाता 

है। आिश्यकता के आधार पर, िोिर पीिी ऐरे को रू्स्ट कन्व ार का उपयोग करते हुए सिोंगि से्टर् या  ू से्टर् 

कॉल्टफ़िगरेशि के रूप में कॉल्टफ़िगर सकया गया है। यह काया सग्रड िे रु्डे मोड या स्टैंडअिोि ऑपरेस ोंग मोड के दौराि 

माइक्रोसग्रड के िफि िोंचािि के सिए असग्रम सियोंत्रण तकिीकोों के सिकाि और कायाान्वयि पर कें सित है। प्रसतकूि 

सग्रड पररल्टथथसतयोों में भी, ये रे्हतर दृसष्टकोण सग्रड चरण िोिेर् के आयाम, आिृसि और चरण का र्ल्दी और ि ीक 

आकिि करते हैं। िभी माइक्रोसग्रड कॉल्टफ़िगरेशि में िोड िाइड कन्व ार के सिए कुशि सियोंत्रण एल्गोररदम होते हैं, 

र्ो यूसि ी पािर फैक्टर को र्िाए रखते हुए PCC में पािर क्वासि ी में िुधार करते हैं, हामोसिक्स एसिसमिेशि, सग्रड 

करों  रै्िेंसिोंग, ररएल्टक्टि पािर, नू्य रि करों  और पािर फैक्टर करेक्शि प्रदाि करते हैं। थथािीय उपभोिा भार की 

आपूसता की सिरोंतरता िुसिसित की र्ाती है। िौर पीिी ऐरे और पिि ऊर्ाा फीड-फॉरिडा, उपयोसगता के सिए सर्र्िी 

िाझाकरण तोंत्र को व्यि करते हैं और गसतशीि ल्टथथसत के तहत तेर्ी िे  र ैसकों ग प्रदाि करते हैं। पिि उत्पादि और 

िौर पीिी ऐरे के सिए असधकतम सर्र्िी सिष्कर्ाण योर्िाएों  प्रसतकूि िौर िूयाातप और हिा की गसत की ल्टथथसत के 

तहत भी इष्टतम शल्टि को  र ैक करती हैं। मुख्य उदे्दश्य सग्रड आउ ेर् पररदृश्योों के तहत भी महत्वपूणा भार को सिरोंतर 

आपूसता प्रदाि करिा है। हािाोंसक, अक्षय उत्पादि हासि और कम चार्ा िािी रै् री भी ऐिी ल्टथथसतयाों हैं सर्न्हें स्टैंडअिोि 

ऑपरेस ोंग मोड के दौराि आपूसता की सिरोंतरता के सिए िोंर्ोसधत करिे की आिश्यकता है। इि कमी को दूर करिे के 

सिए, डीर्ि र्िरे र िे  को थोडे िमय के सिए चािू सकया र्ाता है और आपातकािीि भार की माोंग को पूरा करिे 

के सिए असधकतम ईोंधि दक्षता के्षत्र के तहत िोंचासित सकया र्ाता है। िभी माइक्रोसग्रड कॉल्टफ़िगरेशि को सिोंगि 

फेर्, थ्री फेर् थ्री िायर और थ्री फेर् फोर िायर सडस्टर ीबू्यशि िे िका  के अिुिार िगीकृत सकया गया है। उपभोिा 

की आिश्यकता सिसशष्ट अिुप्रयोगोों के सिए चुिे र्ािे िािे माइक्रोसग्रड के प्रकार को तय करती है। प्रदशाि की र्ाोंच 

के सिए, इि माइक्रोसग्रड को MATLAB® / सिमुसिोंक पे्ल फॉमा का उपयोग करके मॉडसिोंग और सिमु्यिे ेड सकया 

र्ाता है, और सिकसित प्रयोगशािा प्रो ो ाइप का उपयोग करके प्रयोगात्मक ित्यापि सकया र्ाता है। इि अध्ययि 

का उदे्दश्य पीिी-पिि ऊर्ाा आधाररत माइक्रोसग्रड के सडर्ाइि, सिकाि और सियोंत्रण पर मौरू्दा ज्ञाि में महत्वपूणा 

योगदाि देिा है, सर्िमें द्वीपीय और पुि: सिोंक्रिाइजे़शि क्षमताएों  हैं।  
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three phase four wire grid interactive microgrid with BDC controlled battery. 

Fig. 6.32 Matlab model of the double stage solar PV array and wind energy generation 

based three phase four wire grid interactive microgrid with battery. 

Fig. 6.33 Matlab model of the double stage solar PV array and wind energy generation 

based three phase four wire grid interactive microgrid with BDC controlled 

battery. 

Fig. 6.34 Hardware developed prototype of the battery supported microgrid. 

Fig. 6.35 Grid synchronization and islanded operating modes. 

Fig. 6.36 Microgrid performance under (a) wind speed change (b) solar insolation change. 

Fig. 6.37 (a-b) Harmonic spectrum of utility current (ig) (c-d) Harmonic spectrum of Load 

current (iL) (e-f) Harmonic spectrum of load voltage (vL). 

Fig. 6.38 Grid connected microgrid response. 

Fig. 6.39 Grid indices when grid is feeding load (a-b) grid voltage/current waveform and 

grid power; (c-d) harmonic spectrum of grid voltage and current; (e-h) grid indices 

when the excess generation from wind and solar PV array is fed into the grid; (i-

l) load profile indices 
Fig. 6.40 MPPT response of the solar PV array: (a) at 1000 W/m2 (b) at 500 W/m2 
Fig. 6.41 Microgrid response during seamless mode transition. 

Fig. 6.42 Islanded microgrid performance. 

Fig. 6.43 BES indices (a-b) when renewable generation is off; (c-d) PV generation is off; 

(e-f) wind generation is off; (g-h) load is off and rated generation from renewables 

is attained; (i-j) when renewable generation feeds battery and load. 

Fig. 6.44 Grid synchronization and islanded operating modes. 

Fig. 6.45 Microgrid performance under (a) wind speed change; (b) solar insolation change. 

Fig. 6.46 (a-b) Harmonic spectrum of utility current (ig) (c-d) Harmonic spectrum of Load 

current (iL) (e-f) Harmonic spectrum of load voltage (vL). 

Fig. 6.47 Microgrid response during grid connected operating mode. 

Fig. 6.48 Grid indices when grid is feeding load (a-b) grid voltage/current waveform and 

grid power; (c-d) harmonic spectrum of grid voltage and current; (e-h) grid indices 

when the excess generation from wind and solar PV array is fed into the grid; (i-

l) load profile indices. 

Fig. 6.49 MPPT response of the solar PV array: (a) at 1000 W/m2 (b) at 500 W/m2. 



 

LXI 
 

Fig. 6.50 Microgrid response during operating mode transition. 

Fig. 6.51 Microgrid operation during islanded operating mode. 

Fig. 6.52 Battery profile parameters (a-b) at rated generation, (c-d) load disconnected, (e-f) 

wind generation is off, (g-h) solar generation is off, (i-j) only battery feeds the 

load as generation of solar and wind is zero. 

Fig. 6.53 Grid synchronization and islanded operating modes. 

Fig. 6.54 Microgrid performance under (a)wind speed change; (b) solar insolation change. 

Fig. 6.55 (a-b) Harmonic spectrum of utility current (ig) (c-d) Harmonic spectrum of Load 

current (iL) (e-f) Harmonic spectrum of vL. 

Fig. 6.56 Grid connected microgrid and its response during wind speed change, solar 

insolation change and load perturbation. 

Fig. 6.57 Grid indices when grid is feeding load (a-b) grid voltage/current waveform and 

grid power; (c-d) harmonic spectrum of grid voltage and current; (e-h) grid indices 

when the excess generation from wind and solar PV array is fed into the grid; (i-

l) load profile indices. 

Fig. 6.58 MPPT response of the solar PV array: (a) at 1000 W/m2 (b) at 500 W/m2. 

Fig. 6.59 Microgrid operation during mode transition. 

Fig. 6.60 Islanded microgrid operation and response. 

Fig. 6.61 Battery profile parameters (a-b) at rated generation of wind, (c-d) generation from 

wind at 7.2m/s, (e-f) wind generation is off, (g-h) load is off, (i-j) load is reduced. 

Fig. 6.62 Grid synchronization and islanded operating modes. 

Fig. 6.63 Microgrid performance during wind speed change and solar insolation change. 

Fig. 6.64 (a-b) Harmonic spectrum of utility current (iga) (c-d) Harmonic spectrum of Load 

current (iLa) (e-f) Harmonic spectrum of vLa. 

Fig. 6.65 Grid connected microgrid response under wind speed change, solar insolation 

change and load perturbation. 

Fig. 6.66 Grid indices when the excess generation from wind and solar PV array is fed into 

the grid (a-b) grid voltage/current waveform and grid power; (c-d) harmonic 

spectrum of grid voltage and current; (e-h) load profile indices. 

Fig. 6.67 MPPT response of the solar PV array: (a) at 1000 W/m2 (b) at 500 W/m2. 

Fig. 6.68 Microgrid response during mode transition. 

Fig. 6.69 Microgrid response during islanded operating mode. 

Fig. 6.70 (a-b) battery parameters when wind and solar power are at rated values; (c-d) 

when wind power is zero and solar PV array is at rated value. 

Fig. 6.71 (a-c) Grid synchronization and islanded operating modes. 

Fig. 6.72 Microgrid performance during (a) wind speed change (b) solar insolation 

change. 

Fig. 6.73 (a-b) Harmonic spectrum of utility current (iga) (c-d) Harmonic spectrum of Load 

current (iLa) (e-f) Harmonic spectrum of vLa. 

Fig. 6.74 Grid connected response of the microgrid. 
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Fig. 6.75 Grid indices when the excess generation from wind and solar PV array is fed into 

the grid (a-b) grid voltage/current waveform and grid power; (c-d) harmonic 

spectrum of grid voltage and current; (e-h) load profile indices 
Fig. 6.76 MPPT response of the solar PV array: (a) at 1000 W/m2 (b) at 500 W/m2. 

Fig. 6.77 Microgrid response during mode transition. 

Fig. 6.78 Microgrid response during islanded operating mode. 

Fig.6.79 Vbat, Ibat, Pbat (a-b) renewable generation is fed to the battery as load is off, (c-d) 

renewable generation feeds load and rest is fed to the battery, (e-f) Solar 

generation is off and wind generation feeds load and battery, (g-h) generation of 

wind is off, PV array feeds load and battery, (i-j) renewable generation is off, 

battery fulfills the load demand 

Fig. 6.80 Grid synchronization and islanded operating modes. 

Fig. 6.81 Microgrid performance during (a) wind speed variation (b) solar insolation 

change. 

Fig. 6.82 (a-b) Harmonic spectrum of utility current (iga) (c-d) Harmonic spectrum of Load 

current (iLa) (e-f) Harmonic spectrum of vLa. 

Fig. 6.83 Grid connected operating mode response of the microgrid. 

Fig. 6.84 Grid indices when the excess generation from wind and solar PV array is fed into 

the grid (a-b) grid voltage/current waveform and grid power; (c-d) harmonic 

spectrum of grid voltage and current; (e-h) load profile indices. 

Fig. 6.85 MPPT response of the solar PV array: (a) at 1000 W/m2 (b) at 500 W/m2. 

Fig. 6.86 Microgrid response during mode transition. 

Fig. 6.87 Microgrid response during islanded operating mode. 

Fig. 6.88 Battery parameters during islanded operation of the microgrid. 

Fig. 6.89 Grid synchronization and islanded operating modes. 

Fig. 6.90 Microgrid performance during (a) wind speed variation (b) solar insolation 

change. 

Fig. 6.91 (a-b) Harmonic spectrum of utility current (iga) (c-d) Harmonic spectrum of Load 

current (iLa) (e-f) Harmonic spectrum of vLa. 

Fig. 6.92 Microgrid response during grid connected operating mode. 

Fig. 6.93 Grid indices when grid feeds the load (a-b) grid voltage/current waveform and 

grid power; (c-d) harmonic spectrum of grid voltage and current; (e-h) grid indices 

when the excess generation from wind and solar PV array is fed into the grid; (i-

l) load profile indices. 

Fig. 6.94 MPPT response of the solar PV array: (a) at 1000 W/m2 (b) at 500 W/m2. 

Fig. 6.95 Seamless transition of the operating modes. 

Fig. 6.96 Islanded operating mode response of the microgrid. 

Fig. 6.97 (a-b) Battery feeding load; (c-d) Solar and wind feeding load and battery at half 

power. 

Fig. 6.98 Grid synchronization and islanded operating modes. 
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Fig. 6.99 Microgrid performance during (a) wind speed variation (b) solar insolation 

change. 

Fig. 6.100 (a-b) Harmonic spectrum of utility current (iga) (c-d) Harmonic spectrum of Load 

current (iLa) (e-f) Harmonic spectrum of vLa. 

Fig. 6.101 Microgrid response during grid connected operating mode. 

Fig. 6.102 Grid indices when grid feeds the load (a-b) grid voltage/current waveform and 

grid power; (c-d) harmonic spectrum of grid voltage and current; (e-h) grid indices 

when the excess generation from wind and solar PV array is fed into the grid; (i-

l) load profile indices. 

Fig. 6.103 MPPT response of the solar PV array: (a) at 1000 W/m2 (b) at 500 W/m2. 

Fig. 6.104 Seamless transfer of the operating mode. 

Fig. 6.105 Microgrid islanded operating mode response. 

Fig. 6.106 Battery performance during grid isolated mode (a-b) Only battery feeds load (c-

d) WEGU feeds load and battery (e-f) Wind and solar generation feed load and 

battery (g-h) only solar generation feed load and battery (i-j) load disconnected, 

wind and solar generation is fed to the battery. 

Fig. 6.107 Grid synchronization and islanded operating modes. 

Fig. 6.108 Microgrid performance during (a) wind speed variation (b) solar insolation 

change. 

Fig. 6.109 (a-b) Harmonic spectrum of utility current (iga) (c-d) Harmonic spectrum of Load 

current (iLa) (e-f) Harmonic spectrum of vLa. 

Fig. 6.110 Grid connected response of the microgrid. 

Fig. 6.111 Grid indices when grid feeds the load (a-b) grid voltage/current waveform and 

grid power; (c-d) harmonic spectrum of grid voltage and current; (e-h) grid indices 

when the excess generation from wind and solar PV array is fed into the grid; (i-

l) load profile indices. 

Fig. 6.112 MPPT response of the solar PV array: (a) at 1000 W/m2 (b) at 500 W/m2. 

Fig. 6.113 Microgrid response during seamless transition of operating modes. 

Fig. 6.114 Islanded operating mode response of the microgrid. 

Fig. 6.115 Battery response during islanded operating mode (a-b) when only battery feeds 

the load; (c-d) Load is disconnected (wind and solar at half power feeding battery). 

Fig. 7.1 Structure of wind energy generation based single phase grid interactive microgrid 

with diesel generator for islanding and resynchronization. 

Fig. 7.2 Structure of battery supported wind energy generation based single phase grid 

interactive microgrid with diesel generator for islanding and resynchronization 
Fig. 7.3 Structure of BDC controlled battery supported wind energy generation based 

single phase grid interactive microgrid with diesel generator for islanding and 

resynchronization 
Fig. 7.4 Structure of wind energy generation based three phase three wire grid interactive 

microgrid with diesel generator for islanding and resynchronization. 
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Fig. 7.5 Structure of battery supported wind energy generation based three phase three 

wire grid interactive microgrid with diesel generator for islanding and 

resynchronization. 

Fig. 7.6 Structure of BDC controlled battery supported wind energy generation based three 

phase three wire grid interactive microgrid with diesel generator for islanding and 

resynchronization. 

Fig. 7.7 Structure of wind energy generation based three phase four wire grid interactive 

microgrid with diesel generator for islanding and resynchronization. 

Fig. 7.8 Structure of battery supported wind energy generation based three phase four wire 

grid interactive microgrid with diesel generator for islanding and 

resynchronization. 

Fig. 7.9 Structure of BDC controlled battery supported wind energy generation based three 

phase four wire grid interactive microgrid with diesel generator for islanding and 

resynchronization. 

Fig. 7.10 (a) Control architecture of the wind energy generation based single phase grid 

interactive microgrid with diesel generator for islanding and resynchronization; 

(b) DO-PLL control for synchronization phase angle detection 
Fig. 7.11 (a) Control architecture of the battery supported wind energy generation based 

single phase grid interactive microgrid with diesel generator for islanding and 

resynchronization; (b) MSC control. 

Fig. 7.12 Control architecture of the BDC controlled battery supported wind energy 

generation based single phase grid interactive microgrid with diesel generator for 

islanding and resynchronization. 

Fig. 7.13 (a) Control architecture of the wind energy generation based three phase three 

wire grid interactive microgrid with diesel generator for islanding and 

resynchronization; (b) MBAF-PLL structure. 

Fig. 7.14 Control architecture of battery supported wind energy generation based three 

phase three wire grid interactive microgrid with diesel generator for islanding and 

resynchronization. 

Fig. 7.15 Control architecture of BDC controlled battery supported wind energy generation 

based three phase three wire grid interactive microgrid with diesel generator for 

islanding and resynchronization. 

Fig. 7.16 (a) Control architecture of wind energy generation based three phase four wire 

grid interactive microgrid with diesel generator for islanding and 

resynchronization, (b) DMGI-PLL control for synchronization; (c) MSC control. 

Fig. 7.17 Control structure of double stage solar PV array and wind energy generation based 

three phase four wire grid interactive microgrid with battery for islanding and 

resynchronization. 
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Fig. 7.18 Control structure of BDC controlled battery supported wind energy generation 

based three phase four wire grid interactive microgrid with diesel generator for 

islanding and resynchronization. 

Fig. 7.19 MATLAB model of the wind energy generation based single phase grid 

interactive microgrid with diesel generator. 

Fig. 7.20 MATLAB model of the battery supported wind energy generation based single 

phase grid interactive microgrid with diesel generator. 

Fig. 7.21 MATLAB model of the BDC controlled battery supported wind energy generation 

based single phase grid interactive microgrid with diesel generator. 

Fig. 7.22 Matlab model of the wind energy generation based three phase three wire grid 

interactive microgrid with diesel generator. 

Fig. 7.23 Matlab model of the battery supported wind energy generation based three phase 

three wire grid interactive microgrid with diesel generator. 

Fig. 7.24 Matlab model of the BDC controlled battery supported wind energy generation 

based three phase three wire grid interactive microgrid with diesel generator. 

Fig. 7.25 Matlab model of the wind energy generation based three phase four wire grid 

interactive microgrid with diesel generator. 

Fig. 7.26 Matlab model of the battery supported wind energy generation based three phase 

four wire grid interactive microgrid with diesel generator. 

Fig. 7.27 Matlab model of the BDC controlled battery supported wind energy generation 

based three phase four wire grid interactive microgrid with diesel generator. 

Fig. 7.28 Hardware developed prototype of the wind energy generation based grid 

interactive microgrids with diesel generator. 

Fig. 7.29 Grid/DG synchronization and islanded operating modes. 

Fig. 7.30 (a-b) Harmonic spectrum of utility current (ig) (c-d) Harmonic spectrum of Load 

current (iL) (e-f) Harmonic spectrum of load voltage (vL). 

Fig. 7.31 DG connected microgrid response. 

Fig. 7.32 Grid indices when grid/DG is feeding load (a-b) grid voltage/current waveform 

and grid power; (c-d) harmonic spectrum of grid voltage and current; (e-h) load 

profile indices. 

Fig. 7.33 Microgrid response during seamless mode transition. 

Fig. 7.34 Islanded microgrid performance. 

Fig. 7.35 Grid/DG synchronization and islanded operating modes. 

Fig. 7.36 (a-b) Harmonic spectrum of utility current (ig) (c-d) Harmonic spectrum of Load 

current (iL) (e-f) Harmonic spectrum of load voltage (vL). 

Fig. 7.37 Microgrid response during DG connected operating mode. 

Fig. 7.38 Grid indices when grid/DG is feeding load (a-b) grid voltage/current waveform 

and grid power; (c-d) harmonic spectrum of grid voltage and current; (e-h) load 

profile indices. 

Fig. 7.39 Microgrid response during operating mode transition. 
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Fig. 7.40 Microgrid operation during islanded operating mode. 

Fig. 7.41 Battery profile parameters (a-b) When battery feeds load, (c-d) when wind 

generation feeds load and battery. 

Fig. 7.42 Grid/DG synchronization and islanded operating modes. 

Fig. 7.43 (a-b) Harmonic spectrum of utility current (ig) (c-d) Harmonic spectrum of Load 

current (iL) (e-f) Harmonic spectrum of load voltage (vL). 

Fig. 7.44 DG connected microgrid response. 

Fig. 7.45 Grid indices when grid/DG is feeding load (a-b) grid voltage/current waveform 

and grid power; (c-d) harmonic spectrum of grid voltage and current; (e-h) load 

profile indices. 

Fig. 7.46 Microgrid response during mode transition 

Fig. 7.47 Microgrid response during islanded operating mode. 

Fig. 7.48 Battery profile parameters (a-b) When battery feeds load, (c-d) when wind 

generation is half of rated generation and feeds load and battery, (e-f) when wind 

generation is at rated generation and feeds load and battery. 

Fig. 7.49 Grid/DG synchronization and islanded operating modes. 

Fig. 7.50 (a-b) Harmonic spectrum of utility current (iga) (c-d) Harmonic spectrum of Load 

current (iLa) (e-f) Harmonic spectrum of load voltage (vLa). 

Fig. 7.51 DG connected response of the microgrid. 

Fig. 7.52 Grid indices when grid/DG is feeding load (a-b) grid voltage/current waveform 

and grid power; (c-d) harmonic spectrum of grid voltage and current; (e-h) load 

profile indices. 

Fig. 7.53 Microgrid response during mode transition. 

Fig. 7.54 Microgrid response during islanded operating mode. 

Fig. 7.55 Grid/DG synchronization and islanded operating modes. 

Fig. 7.56 (a-b) Harmonic spectrum of utility current (iga) (c-d) Harmonic spectrum of Load 

current (iLa) (e-f) Harmonic spectrum of load voltage (vLa). 

Fig. 7.57 Grid/DG connected operating mode response of the microgrid. 

Fig. 7.58 Grid indices (a-b) grid voltage/current waveform and grid power; (c-d) harmonic 

spectrum of grid voltage and current; (e-h) load profile indices. 

Fig. 7.59 Microgrid response during mode transition. 

Fig. 7.60 Microgrid response during islanded operating mode. 

Fig. 7.61 Battery profile parameters (a-b) When battery feeds load, (c-d) when wind 

generation is half of rated generation and feeds load and battery, (e-f) when wind 

generation is at rated generation and feeds load and battery. 
Fig. 7.62 (a-b) Grid synchronization and islanded operating modes, (c-d) DG 

synchronization and islanded operating modes. 

Fig. 7.63 (a-b) Harmonic spectrum of utility current (iga) (c-d) Harmonic spectrum of Load 

current (iLa) (e-f) Harmonic spectrum of vLa. 

Fig. 7.64 Microgrid response during DG connected operating mode 



 

LXVII 
 

Fig. 7.65 Grid indices (a-b) grid voltage/current waveform and grid power; (c-d) harmonic 

spectrum of grid voltage and current; (e-h) load profile indices. 

Fig. 7.66 Microgrid response during mode transition. 

Fig. 7.67 Islanded operating mode response of the microgrid 
Fig. 7.68 Battery profile parameters (a-b) When battery feeds load, (c-d) when wind 

generation is half of rated generation and feeds load and battery, (e-f) when wind 

generation is at rated generation and feeds load and battery. 

Fig. 7.69 Grid/DG synchronization and islanded operating modes. 

Fig. 7.70 (a-b) Harmonic spectrum of utility current (iga) (c-d) Harmonic spectrum of Load 

current (iLa) (e-f) Harmonic spectrum of vLa. 

Fig. 7.71 Microgrid response during grid/DG connected operating mode. 

Fig. 7.72 Grid indices when grid feeds the load (a-b) grid voltage/current waveform and 

grid power; (c-d) harmonic spectrum of grid voltage and current; (e-h) grid indices 

when the excess generation from wind is fed into the grid; (i-l) load profile indices, 

(m) grid neutral current. 

Fig. 7.73 Seamless transition of the operating modes. 

Fig. 7.74 Islanded operating mode response of the microgrid. 

Fig. 7.75 Grid/DG synchronization and islanded operating modes. 

Fig. 7.76 (a-b) Harmonic spectrum of utility current (iga) (c-d) Harmonic spectrum of Load 

current (iLa) (e-f) Harmonic spectrum of vLa. 

Fig. 7.77 Microgrid response during DG connected operating mode. 

Fig. 7.78 Grid indices when grid feeds the load (a-b) grid voltage/current waveform and 

grid power; (c-d) harmonic spectrum of grid voltage and current; (e-h) grid indices 

when the excess generation from wind is fed into the grid; (i-l) load profile indices, 

(m) grid neutral current. 

Fig. 7.79 Seamless transfer of the operating mode. 

Fig. 7.80 Microgrid islanded operating mode response. 

Fig. 7.81 Battery profile parameters (a-b) When battery feeds load, (c-d) when wind 

generation is half of rated generation and feeds load and battery, (e-f) when wind 

generation is at rated generation and feeds load and battery. 

Fig. 7.82 Grid/DG synchronization and islanded operating modes. 

Fig. 7.83 (a-b) Harmonic spectrum of utility current (iga) (c-d) Harmonic spectrum of Load 

current (iLa) (e-f) Harmonic spectrum of vLa. 

Fig. 7.84 Grid/DG connected response of the microgrid. 

Fig. 7.85 Grid indices when grid feeds the load (a-b) grid voltage/current waveform and 

grid power; (c-d) harmonic spectrum of grid voltage and current; (e-h) grid indices 

when the excess generation from wind is fed into the grid; (i-l) load profile indices, 

(m) grid neutral current. 

Fig. 7.86 Microgrid response during seamless transition of operating modes. 

Fig. 7.87 Islanded operating mode response of the microgrid. 
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Fig. 7.88 Battery profile parameters (a-b) when battery feeds load, (c-d) when wind 

generation is half of rated generation and feeds load and battery, (e-f) when wind 

generation is at rated generation and feeds load and battery. 

Fig. 8.1 Structure of single stage solar PV array and wind energy generation based single 

phase grid interactive microgrid with diesel generator for islanding and 

resynchronization. 

Fig. 8.2 Structure of double stage solar PV array and wind energy generation based single 

phase grid interactive microgrid with diesel generator for islanding and 

resynchronization. 

Fig. 8.3 Structure of single stage solar PV array and wind energy generation based single 

phase grid interactive microgrid with BDC controlled battery and diesel generator 

for islanding and resynchronization. 

Fig.8.4 Structure of double stage solar PV array and wind energy generation based single 

phase grid interactive microgrid with battery and diesel generator for islanding 

and resynchronization. 

Fig. 8.5 Structure of double stage solar PV array and wind energy generation based single 

phase grid interactive microgrid with BDC controlled battery and diesel generator 

for islanding and resynchronization. 

Fig. 8.6 Structure of single stage solar PV array and wind energy generation based three 

phase three wire grid interactive microgrid with diesel generator for islanding and 

resynchronization. 

Fig. 8.7 Structure of double stage solar PV array and wind energy generation based three 

phase three wire grid interactive microgrid with diesel generator for islanding and 

resynchronization. 

Fig. 8.8 Structure of single stage solar PV array and wind energy generation based three 

phase three wire grid interactive microgrid with BDC controlled battery and diesel 

generator for islanding and resynchronization. 
Fig. 8.9 Structure of double stage solar PV array and wind energy generation based three 

phase three wire grid interactive microgrid with battery and diesel generator for 

islanding and resynchronization. 
Fig. 8.10 Structure of double stage solar PV array and wind energy generation based three 

phase three wire grid interactive microgrid with BDC controlled battery and diesel 

generator for islanding and resynchronization. 

Fig. 8.11 Structure of single stage solar PV array and wind energy generation based three 

phase four wire grid interactive microgrid with diesel generator for islanding and 

resynchronization. 

Fig. 8.12 Structure of double stage solar PV array and wind energy generation based three 

phase four wire grid interactive microgrid with diesel generator for islanding and 

resynchronization. 
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Fig. 8.13 Structure of single stage solar PV array and wind energy generation based three 

phase four wire grid interactive microgrid with BDC controlled battery and diesel 

generator for islanding and resynchronization. 

Fig. 8.14 Structure of double stage solar PV array and wind energy generation based three 

phase four wire grid interactive microgrid with battery and diesel generator for 

islanding and resynchronization. 

Fig. 8.15 Structure of double stage solar PV array and wind energy generation based three 

phase four wire grid interactive microgrid with BDC controlled battery and diesel 

generator for islanding and resynchronization. 

Fig. 8.16 Control architecture of the single stage solar PV array and wind energy generation 

based single phase grid interactive microgrid with diesel generator for islanding 

and resynchronization for islanding and resynchronization. 

Fig. 8.17 (a) Control architecture of the double stage solar PV array and wind energy 

generation based single phase grid interactive microgrid with diesel generator for 

islanding and resynchronization;(b) solar P&O MPPT technique. 

Fig. 8.18 Control architecture of the single stage solar PV array and wind energy generation 

based single phase grid interactive microgrid with BDC controlled battery and 

diesel generator for islanding and resynchronization. 
Fig. 8.19 (a) Control architecture of the double stage solar PV array and wind energy 

generation based single phase grid interactive microgrid with battery and diesel 

generator for islanding and resynchronization; (b) Control structure of machine 

side converter. 

Fig. 8.20 Control architecture of the double stage solar PV array and wind energy 

generation based single phase grid interactive microgrid with BDC controlled 

battery and diesel generator for islanding and resynchronization. 

Fig. 8.21 Control architecture of the single stage solar PV array and wind energy generation 

based three phase three wire grid interactive microgrid with diesel generator for 

islanding and resynchronization. 

Fig. 8.22 Control architecture of the double stage solar PV array and wind energy 

generation based three phase three wire grid interactive microgrid with diesel 

generator for islanding and resynchronization. 

Fig. 8.23 Control architecture of the single stage solar PV array and wind energy generation 

based three phase three wire grid interactive microgrid with BDC controlled 

battery and diesel generator for islanding and resynchronization. 

Fig. 8.24 Control architecture of the double stage solar PV array and wind energy 

generation based three phase three wire grid interactive microgrid with battery 

and diesel generator for islanding and resynchronization. 
Fig. 8.25 Control architecture of the double stage solar PV array and wind energy 

generation based three phase three wire grid interactive microgrid with BDC 

controlled battery and diesel generator for islanding and resynchronization. 
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Fig. 8.26 Control architecture of the single stage solar PV array and wind energy generation 

based three phase four wire grid interactive microgrid with diesel generator for 

islanding and resynchronization. 

Fig. 8.27 Control architecture of the double stage solar PV array and wind energy 

generation based three phase four wire grid interactive microgrid with diesel 

generator for islanding and resynchronization. 

Fig. 8.28 Control architecture of the single stage solar PV array and wind energy generation 

based three phase four wire grid interactive microgrid with BDC controlled 

battery and diesel generator for islanding and resynchronization. 

Fig. 8.29 Control architecture of the double stage solar PV array and wind energy 

generation based three phase four wire grid interactive microgrid with battery and 

diesel generator for islanding and resynchronization. 
Fig. 8.30 Control architecture of the double stage solar PV array and wind energy 

generation based three phase four wire grid interactive microgrid with BDC 

controlled battery and diesel generator for islanding and resynchronization. 

Fig. 8.31 MATLAB model of the single stage solar PV array and wind energy generation 

based single phase grid interactive microgrid with diesel generator for islanding 

and resynchronization. 

Fig. 8.32 MATLAB model of the double stage solar PV array and wind energy generation 

based single phase grid interactive microgrid with diesel generator for islanding 

and resynchronization. 

Fig. 8.33 MATLAB model of the single stage solar PV array and wind energy generation 

based single phase grid interactive microgrid with BDC controlled battery and 

diesel generator for islanding and resynchronization. 

Fig. 8.34 MATLAB model of the double stage solar PV array and wind energy generation 

based single phase grid interactive microgrid with battery and diesel generator for 

islanding and resynchronization. 

Fig. 8.35 MATLAB model of the double stage solar PV array and wind energy generation 

based single phase grid interactive microgrid with BDC controlled battery and 

diesel generator for islanding and resynchronization. 

Fig. 8.36 MATLAB model of the single stage solar PV array and wind energy generation 

based three phase three wire grid interactive microgrid with diesel generator for 

islanding and resynchronization. 

Fig. 8.37 MATLAB model of the double stage solar PV array and wind energy generation 

based three phase three wire grid interactive microgrid with diesel generator for 

islanding and resynchronization. 

Fig. 8.38 MATLAB model of the single stage solar PV array and wind energy generation 

based three phase three wire grid interactive microgrid with BDC controlled 

battery and diesel generator for islanding and resynchronization. 
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Fig. 8.39 MATLAB model of the double stage solar PV array and wind energy generation 

based three phase three wire grid interactive microgrid with battery and diesel 

generator for islanding and resynchronization. 

Fig. 8.40 MATLAB model of the double stage solar PV array and wind energy generation 

based three phase three wire grid interactive microgrid with BDC controlled 

battery and diesel generator. 
Fig. 8.41 MATLAB model of the single stage solar PV array and wind energy generation 

based three phase four wire grid interactive microgrid with diesel generator. 
Fig. 8.42 MATLAB model of the double stage solar PV array and wind energy generation 

based three phase four wire grid interactive microgrid with diesel generator. 
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PR Proportional Resonant Regulator 

MTPA Maximum Torque Per Ampere Control 

DSP Digital Signal Processing 

DACs Digital-To-Analog Converters 

IGBT Insulated Gate Bipolar Transistor 

BDC Bidirectional DC–DC Converter 

SOC State Of Charge 

INSR-LMS Improved Normalized Sign Regressor Least Mean Square 

FLL-AVF Frequency Locked Loop Unified Adaptive Vectorial Filter 

MLEF Maximum-Likelihood Estimator Framework 

FADO-FLL Frequency Adaptive Disturbance Observer Based Frequency Locked 

Loop 

PWM Pulse Width Modulated 

LLAD Least Logarithmic Absolute Difference 

SA Sign Algorithm 

EMSE Excess Mean Square Error 

APF-FLL All Pass Filter Based Frequency Locked Loop 

THD Total Harmonic Distortion 

S Synchronization Switches 

SE-LMS Sign-Error Least Mean Square 

FAHO-FLL Frequency Adaptive Harmonic Oscillator Based Frequency Locked Loop 

Filter 

NAAP Normalized Adaptive All Pass Filter 

eSOGI-FLL Extended Second Order Generalized Integrator Based Frequency Locked 

Loop 

M-AAPL M-Approximated Affine Projection Like Adaptive Filter 

AP Affine Projection  

LPF Low Pass Filters 

PI Proportional Integrator 

MNF-SOGI-FLL Modified Notch Filter Based Second Order Generalized Integrator-

Frequency Locked Loop 

BTB Back To Back 
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AVR Automatic Voltage Regulator 

SEIG Self-Excited Induction Generator 

LMMN Least Mean Mixed Norm 

MSE Mean Square Error 

DO-PLL Disturbance Observer Based Phase Locked Loop 

MLMS Momentum Based Least Mean Square 

MBAF-PLL Modified Binate Adaptive Filter Integrated To A Phase Locked Loop 

MANF Modified Adaptive Notch Filter 

RNMN Robust Normalized Mixed Norm Adaptive Algorithm 

SRLMS Stochastic Gradient Sign Error Least Mean Square Algorithm 

DMGI-PLL Dual Modified Generalized Integrator Based Phase Locked Loop 
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LIST OF SYMBOLS 

β, r Wind turbine pitch angle, blade radius 

vwind, , ωrm Wind speed, speed of wind turbine 

Pt, λ, Cp (λ,β) Mechanical power, Tip speed ratio, coefficient of turbine power 
Vdc, Vdcref Cdc Sensed DC link voltage, Reference DC link voltage, DC link 

capacitor 

Rf, Cf Ripple filter 

Lf Interfacing inductor 

up, Vgm Unit template, amplitude of voltage (single phase) 

wLp, ϑ,  Weight component, step size  

wcp VSC DC loss component 

wwff, Pwind Wind feed-forward term, Wind power 

wsp Peak value of net active load weight component 

ig, ig ref* Grid current, reference grid current for single phase microgrid 

vL,iL Load voltage, load current 

S, S2 Grid synchronization switch, DG synchronization switch 

θg, θL, θe Grid voltage phase angle, Load voltage phase angle, phase angle 

error 

θs operating voltage angle for standalone control 

Iq ref, Id ref Reference quadrature axis current of SG, reference direct axis 

current of SG 

ωgen est, ωgen ref Estimated SG speed, reference SG speed 

igena igenb, igenc Sensed SG stator currents 

θ est Estimated rotor position of SG 

igenaref, igenref, igenref Reference SG stator currents 

vga, vgb, vgc Phase voltages of the three phase grid 

vgab, vgbc Sensed line voltages of the grid 

Vt Amplitude of the PCC terminal voltage 

ua, ub, uc In-phase unit templates 

wa,  Weight component of the load current of phase ‘a’ 

wloss DC loss component 

iga, igb, igc Sensed three phase grid currents 

iga ref, igb r ef, igc ref Reference three phase grid currents 

vLa, vLb, vLc Sensed load voltages 

iLa, iLb, iL Sensed load currents 

iLaref, iLbref, iLcref Reference load currents 

Ign, iLn, iLSCn Neutral currents of grid, load and LSC converter 

Pgrid, PLoad Grid power, Load power 
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Vpv, Ipv, Ppv Solar PV array voltage, current and power 

Vb, Ib, Pb Battery voltage, current and power 

D/ δ Duty ratio of bidirectional converter 

Lbdc bidirectional converter inductor 

wLp active weight component of the load current 

wLoad average weight component of the load current 

wnet net weight component of load current  

vsa
*, vsb

*, vsc
* Three phase reference phase voltages of load 

Pmpp, Vmpp, mpp Peak power, MPP voltage, MPP current of solar PV array 

LBC Boost converter inductor 

Ns, Np No. of solar cells in series and parallel 

fsw Switching frequency 

iLafil, iLbfil, iLcfil Filtered load currents 

Vdg, idg SEIG DG set voltage and current 

Vdga, Vdgb, Vdgc, idga idgb idgc SG based DG set voltages and currents 

Pdg Power of DG set  

idga ref, idgb ref, idgc ref Reference DG currents 

  

 


