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ABSTRACT 

This work focuses on the utilization of hybrid distributed energy resources such as solar, wind, 

battery and fuel cell sources based microgrids with applications to the electric vehicles (EVs) 

charging infrastructure. The usage of microgrids addresses the problems related to the 

electrification of remote areas along with the ability to synchronize with the utility grid. Thus, 

with the utilization of renewable energy sources and energy storage devices, the problems to 

feed the remote locations along with reduction in fossil-fuels consumption can be resolved. In 

addition, the EVs connected to the microgrids for charging purposes, act as highly flexible 

loads, with additional storage capacity and offers the advantages of reduction in harmful 

emissions, thereby, guaranteeing environmental friendly transportation. 

The microgrids consisting of renewable energy sources such as solar PV array, wind turbine 

and fuel cell stack are utilized here, which work in synchronicity with the utility grid along 

with power transfer to the local loads and charging of EVs. Moreover, the microgrid reliability 

is dependent upon the capability to operate both in the grid connected and grid disconnected 

modes of operation. Therefore, the smooth transition between the modes of operation is 

achieved here, with the utilization of static transfer switches and appropriate switching of the 

voltage source converter (VSC) during different modes of operation. The VSC works as a 

power conditioner unit for mitigating harmonics and providing the reactive power required by 

the loads. Moreover, power quality problems such as poor power factor, harmonics in the grid 

current, neutral current etc. are also observed in the distribution network, which pollutes the 

grid and causes mal-operation of the appliances, increased losses and deterioration in the power 

factor. Therefore, the control and coordination among various sources are presented here for 

the integrated system, thereby, complementing the variability of each, along with 

multifunctional and multimode operating capabilities for the charging of EVs. 
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This research work aims at the design, control and implementation of various renewable energy 

sources based microgrids with applications to EVs charging system. The microgrids structures 

and control algorithms are simulated in MATLAB platform and the simulation results are 

verified with the test results to be in compliance with the IEEE standards. In order to deal with 

the power quality issues along with charging of EVs, various configurations are developed, 

which are classified based on the type of distribution networks i.e. number of power stages, the 

functionalities of the microgrids and connection of the battery storage to the DC link along 

with DC/ AC charging capabilities of EVs. Moreover, the three-phase microgrids are further 

classified into the three-phase three-wire and three-phase four-wire configurations, where the 

three-phase four-wire microgrids are also capable of providing neutral current compensation 

abilities. Therefore, the selection of the type of microgrid, depends on the requirements of the 

consumers. Thus, the control techniques are developed for the renewable energy sources based 

microgrids with satisfactory operation under the grid connected and grid outage modes of 

operation along with the uninterrupted power supply to the critical local loads. Moreover, the 

participation of EVs in the microgrids, has the potential to enhance the system resilience along 

with the improvement in environmental conditions. Thus, the proficiency in the charging of 

EVs with the off-board and on-board chargers are tested during various conditions of grid 

disconnection, load perturbation, varying solar insolation and changing wind speed conditions. 
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साराांश 

यह काम हाइब्रिड ब्रितरित ऊर्ाा संसाधन  ंरै्से सौि, पिन, बैटिी औि ईंधन सेल स्र त  ंपि आधारित 

माइक्र ब्रिड के उपय ग पि कें ब्रित है, ब्रर्समें इलेक्ट्रि क िाहन ं  ( ईिी )चाब्रर्िंग बुब्रनयादी ढांचे के अनुप्रय ग 

हैं। माइक्र ब्रिड का उपय ग उपय ब्रगता ब्रिड के साथ तालमेल ब्रबठाने की क्षमता के साथ-साथ दूिस्थ के्षत्  ं

के ब्रिद्युतीकिण से संबंब्रधत समस्याओ ंका समाधान किता है। इस प्रकाि, अक्षय ऊर्ाा स्र त  ंऔि ऊर्ाा 

भंडािण उपकिण  ं के उपय ग से, र्ीिाश्म-ईंधन की खपत में कमी के साथ-साथ दूिस्थ स्थान  ं क  

क्ट्खलाने की समस्याओ ं का समाधान ब्रकया र्ा सकता है। इसके अलािा, चाब्रर्िंग उदे्दश्  ं के ब्रलए 

माइक्र ब्रिड से रु्डे ईिी, अब्रतरिक्त भंडािण क्षमता के साथ अत्यब्रधक लचीले भाि के रूप में काया किते 

हैं औि हाब्रनकािक उत्सर्ान में कमी के लाभ प्रदान किते हैं, ब्रर्ससे पयााििण के अनुकूल परििहन की 

गािंटी ब्रमलती है। सौि पीिी सिणी, पिन टिबाइन औि ईंधन सेल सै्टक रै्से निीकिणीय ऊर्ाा स्र त  ंसे 

युक्त माइक्र ब्रिड का उपय ग यहां ब्रकया र्ाता है, र्  स्थानीय भाि में ब्रबर्ली हस्ांतिण औि ईिी की 

चाब्रर्िंग के साथ-साथ उपय ब्रगता ब्रिड के साथ तालमेल में काम किते हैं। इसके अलािा, माइक्र ब्रिड 

ब्रिश्वसनीयता ब्रिड से रु्डे औि ब्रिड ब्रडस्कनेरेड म ड द न  ंमें संचाब्रलत किने की क्षमता पि ब्रनभाि है। 

इसब्रलए, संचालन के ब्रिब्रभन्न तिीक  ं के दौिान क्ट्स्थि हस्ांतिण क्ट्िच औि ि ले्टर् स्र त कनिटाि 

(िीएससी )के उपयुक्त क्ट्िब्रचंग के उपय ग के साथ, संचालन के तिीक  ंके बीच सुचारू संक्रमण यहां 

प्राप्त ब्रकया र्ाता है। िीएससी हामोब्रनक्स क  कम किने औि भाि के ब्रलए आिश्क प्रब्रतब्रक्रयाशील 

शक्ट्क्त प्रदान किने के ब्रलए एक पािि कंडीशनि इकाई के रूप में काम किता है। इसके अलािा, ब्रबर्ली 

की गुणित्ता की समस्याएं रै्से ब्रक खिाब पािि फैरि, ब्रिड किंट में हामोब्रनक्स, नू्यटि ल किंट आब्रद भी 

ब्रितिण नेटिका  में देखे र्ाते हैं, र्  ब्रिड क  प्रदूब्रित किते हैं औि उपकिण  ंके खिाब संचालन का कािण 

बनते हैं, नुकसान में िृक्ट्ि औि पािि फैरि में ब्रगिािट का कािण बनते हैं।   . इसब्रलए, एकीकृत प्रणाली 

के ब्रलए ब्रिब्रभन्न स्र त  ंके बीच ब्रनयंत्ण औि समन्वय यहां प्रसु्त ब्रकया गया है, ब्रर्ससे ईिीएस की चाब्रर्िंग 
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के ब्रलए बहुआयामी औि मल्टीम ड ऑपिेब्रटंग क्षमताओ ंके साथ-साथ प्रते्यक की परिितानशीलता का 

पूिक है। इस श ध काया का उदे्दश् ईिीएस चाब्रर्िंग ब्रसस्टम के अनुप्रय ग  ंके साथ ब्रिब्रभन्न अक्षय ऊर्ाा 

स्र त  ंपि आधारित माइक्र ब्रिड का ब्रडर्ाइन, ब्रनयंत्ण औि कायाान्वयन किना है। माइक्र ब्रिड संिचनाएं 

औि ब्रनयंत्ण एल्ग रिदम MATLAB पे्लटफॉमा में ब्रसमु्यलेटेड हैं औि ब्रसमुलेशन परिणाम IEEE मानक  ं

के अनुपालन में पिीक्षण परिणाम  ंके साथ सत्याब्रपत ब्रकए र्ाते हैं। ईिी की चाब्रर्िंग के साथ-साथ ब्रबर्ली 

की गुणित्ता के मुद्द  ंसे ब्रनपटने के ब्रलए, ब्रिब्रभन्न ब्रिन्यास ब्रिकब्रसत ब्रकए र्ाते हैं, ब्रर्न्हें ब्रितिण नेटिका  के 

प्रकाि के आधाि पि िगीकृत ब्रकया र्ाता है, रै्से ब्रक ब्रबर्ली के चिण  ंकी संख्या, माइक्र ब्रिड की 

कायाक्षमता औि डीसी से बैटिी भंडािण का कनेक्शन। ईिीएस की डीसी/एसी चाब्रर्िंग क्षमताओ ंके साथ 

ब्रलंक। इसके अलािा, तीन-चिण माइक्र ब्रिड क  आगे तीन-चिण तीन-ताि औि तीन-चिण चाि-ताि 

कॉक्ट्फ़िगिेशन में िगीकृत ब्रकया र्ाता है, र्हां तीन-चिण चाि-ताि माइक्र ब्रिड भी तटस्थ ितामान 

मुआिर्ा क्षमता प्रदान किने में सक्षम हैं। इसब्रलए, माइक्र ब्रिड के प्रकाि का चयन उपभ क्ताओ ंकी 

आिश्कताओ ंपि ब्रनभाि किता है। इस प्रकाि, महत्वपूणा स्थानीय भाि के ब्रलए ब्रनबााध ब्रबर्ली आपूब्रता 

के साथ-साथ ब्रिड से रु्डे औि ब्रिड आउटेर् म ड के संचालन के तहत संत िर्नक संचालन के साथ 

अक्षय ऊर्ाा स्र त  ंपि आधारित माइक्र ब्रिड के ब्रलए ब्रनयंत्ण तकनीक ब्रिकब्रसत की र्ाती है। इसके 

अलािा, माइक्र ब्रिड में इलेक्ट्रि क िाहन  ंकी भागीदािी में पयााििणीय परिक्ट्स्थब्रतय  ंमें सुधाि के साथ-साथ 

ब्रसस्टम के लचीलेपन क  बढाने की क्षमता है। इस प्रकाि, ऑफ-ब डा  औि ऑन-ब डा  चार्ासा के साथ 

इलेक्ट्रि क िाहन  ंक  चार्ा किने में दक्षता का पिीक्षण ब्रिड ब्रडस्कनेक्शन, ल ड गडबडी, अलग-अलग 

सौि सूयाातप औि बदलती हिा की गब्रत की क्ट्स्थब्रतय  ंकी ब्रिब्रभन्न क्ट्स्थब्रतय  ंके दौिान ब्रकया र्ाता है। 
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Fig. 4.15 (a)-(b) Experimental performance of single-stage PV system interfaced to the 

three-phase four-wire grid during (a) grid connected and (b) grid disconnected 

modes of operation 

Fig. 4.16 (a)-(h) Experimental performance of single-stage PV system interfaced to the 

three-phase four-wire grid during steady-state condition 

Fig. 4.17 (a)-(c) Experimental performance of grid disconnected three-phase four-wire 

single-stage PV system during steady-state condition 

Fig. 4.18 (a)-(d) Experimental performance of single-stage PV system interfaced to the 

three-phase four-wire grid during mode change from grid connected to 

disconnected modes of operation 

Fig. 4.19 (a)-(d) Experimental performance of single-stage PV system interfaced to the 

three-phase four-wire grid during mode change from grid disconnected to 

connected modes of operation 

Fig. 4.20 (a)-(d) Experimental performance of single-stage PV system interfaced to the 

three-phase four-wire grid during load unbalancing condition 

Fig. 4.21 (a)-(d) Experimental performance of single-stage PV system interfaced to the 

three-phase four-wire grid during variable solar irradiation condition  

Fig. 4.22 (a)-(d) Simulated performance of double-stage PV system interfaced to the three-

phase four-wire grid during mode transition from grid connected to disconnected 

modes of operation  

Fig. 4.23 (a)-(b) Simulated performance of double-stage PV system interfaced to the three-

phase four-wire grid during mode transition from grid disconnected to connected 

modes of operation 

Fig. 4.24 (a)-(b) Simulated performance of double-stage PV system interfaced to the three-

phase four-wire grid during dynamic loading condition 

Fig. 4.25 (a)-(b) Simulated performance of double-stage PV system interfaced to the three-

phase four-wire grid during variable insolation condition  

Fig. 4.26 (a)-(c) Enhancement of PQ of double-stage PV system interfaced to the three-phase 

four-wire grid 

Fig. 4.27 (a)-(b) MPPT performance during solar insolation of 1000 W/m2 of double-stage 

PV system interfaced to the three-phase four-wire grid 

Fig. 4.28 (a)-(h) Experimental performance of double-stage PV system interfaced to the 

three-phase four-wire grid at steady-state condition 

Fig. 4.29 (a)-(c) Experimental performance of standalone three-phase four-wire double-

stage PV system at steady-state condition 

Fig. 4.30 (a)-(d) Experimental performance of double-stage PV system interfaced to the 

three-phase four-wire grid during mode change from grid connected to 

disconnected modes of operation  

Fig. 4.31 (a)-(d) Experimental performance of double-stage PV system interfaced to the 

three-phase four-wire grid during mode change from grid disconnected to 

connected modes of operation 

Fig. 4.32 (a)-(c) Experimental performance of double-stage PV system interfaced to the 

three-phase four-wire grid during dynamic loading condition 

Fig. 4.33 (a)-(b) Experimental performance of double-stage PV system interfaced to the 

three-phase four-wire grid during variable solar insolation condition  
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Fig. 5.1 Double-stage PV-BES system integrated to three-phase grid feeding critical loads 

Fig. 5.2 Double-stage PV-BES system integrated to three-phase grid with bidirectional 

converter feeding local loads  

Fig. 5.3 Single-stage PV-BES system integrated to three-phase grid with bidirectional 

converter feeding local loads  

Fig. 5.4 Control Structure during grid connection/disconnection of double stage PV-BES 

system integrated to three-phase grid 

Fig. 5.5 Control Structure during grid connection of double-stage PV-BES system with 

bidirectional converter controlled BES 

Fig. 5.6 Control Structure during grid outage mode of operation of double-stage PV-BES 

system with bidirectional converter controlled BES 

Fig. 5.7 Control Structure during grid connection of single-stage PV-BES system with 

bidirectional converter controlled BES 

Fig. 5.8 Control Structure during grid outage mode of operation of single-stage PV-BES 

system with bidirectional converter controlled BES 

Fig. 5.9 Control structure of bidirectional converter controlled BES of single-stage PV-

BES system  

Fig. 5.10 MATLAB model for grid interfaced double-stage PV-BES system 

Fig. 5.11 MATLAB model for grid interfaced double-stage PV-BES system with 

bidirectional converter controlled BES 

Fig. 5.12 MATLAB model for grid interfaced single-stage PV-BES system with 

bidirectional converter controlled BES 

Fig. 5.13 (a)-(b) Simulated performance of double-stage PV-BES system integrated to three-

phase grid during transition from grid interconnected to grid outage mode of 

operation 

Fig. 5.14 (a)-(b) Simulated performance of double-stage PV-BES system integrated to three-

phase grid during transition from grid outage to grid interconnected mode of 

operation 

Fig. 5.15 (a)-(b) Simulated performance of double-stage PV-BES system integrated to three-

phase grid during dynamic loading condition 

Fig. 5.16 (a)-(b) Simulated performance of double-stage PV-BES system integrated to three-

phase grid during variable solar insolation condition 

Fig. 5.17 (a)-(c) Harmonic spectra of load current (iLa), grid current (iLa) and load voltage 

(vLa) of double-stage PV-BES system integrated to three-phase grid 

Fig. 5.18 (a)-(b) Performance of MPPT for solar insolation of (a) 1000 W/m2 (b) 700 W/m2 

of double-stage PV-BES system integrated to three-phase grid 

Fig. 5.19 (a)-(j) Experimental performance of double-stage PV-BES system integrated to 

three-phase grid during constant power feeding mode of operation 

Fig. 5.20 (a)-(e) Experimental performance of of double-stage PV-BES system during 

standalone mode of operation 

Fig. 5.21 (a)-(d) Experimental performance of double-stage PV-BES system integrated to 

three-phase grid during transition from grid interconnected to grid outage mode of 

operation 

Fig. 5.22 (a)-(d) Experimental performance of double-stage PV-BES system integrated to 

three-phase grid during transition from grid outage to grid interconnected mode of 

operation 

Fig. 5.23 (a)-(c) Experimental performance of double-stage PV-BES system integrated to 

three-phase grid during variable solar insolation condition 

Fig. 5.24 (a)-(c) Experimental performance of double-stage PV-BES system integrated to 

three-phase grid during dynamic loading condition 
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Fig. 5.25 (a)-(b) Simulated performance of double-stage PV-BES system integrated to three-

phase grid with bidirectional converter controlled BES at intermittent solar 

insolation 

Fig. 5.26 (a)-(b) Simulated performance of double-stage PV-BES system integrated to three-

phase grid with bidirectional converter controlled BES during dynamic loading 

condition 

Fig. 5.27 (a)-(b) Simulated performance of double-stage PV-BES system integrated to three-

phase grid with bidirectional converter controlled BES during transition to grid 

outage mode 

Fig. 5.28 (a)-(b) Simulated performance of double-stage PV-BES system integrated to three-

phase grid with bidirectional converter controlled BES during transition to grid 

connected mode 

Fig. 5.29 (a)-(c) Harmonic analysis of double-stage PV-BES system integrated to three-

phase grid with bidirectional converter controlled BES 

Fig. 5.30 (a)-(b) Performance of MPPT for solar insolation of (a) 1000 W/m2 (b) 800 W/m2 

of double-stage PV-BES system integrated to three-phase grid with bidirectional 

converter controlled BES 

Fig. 5.31 (a)-(c) Experimental Performance of double-stage PV-BES system integrated to 

three-phase grid with bidirectional converter controlled BES during mode change 

from grid connected to disconnected modes of operation 

Fig. 5.32 (a)-(c) Experimental performance of double-stage PV-BES system integrated to 

three-phase grid with bidirectional converter controlled BES during mode change 

from grid connected to disconnected mode of operation 

Fig. 5.33 (a)-(b) Experimental performance of double-stage PV-BES system integrated to 

three-phase grid with bidirectional converter controlled BES during variable solar 

insolation condition 

Fig. 5.34 (a)-(c) Experimental performance of double-stage PV-BES system integrated to 

three-phase grid with bidirectional converter controlled BES at load removal 

condition 

Fig. 5.35 (a)-(j) Experimental performance of double-stage PV-BES system integrated to 

three-phase grid at constant power feeding mode 

Fig. 5.36 (a)-(e) Experimental performance of standalone mode of operation of double-stage 

PV-BES system integrated to three-phase grid with bidirectional converter 

controlled BES 

Fig. 5.37 (a)-(b) Simulated performance of single-stage PV-BES system integrated to three-

phase grid with bidirectional converter controlled BES during mode change from 

grid connected to disconnected mode of operation 

Fig. 5.38 (a)-(b) Simulated performance of single-stage PV-BES system integrated to three-

phase grid with bidirectional converter controlled BES during mode change from 

grid disconnected to connected mode of operation 

Fig. 5.39 (a)-(b) Simulated performance of single-stage PV-BES system integrated to three-

phase grid with bidirectional converter controlled BES at variable solar insolation 

condition 

Fig. 5.40 (a)-(b) Simulated performance of single-stage PV-BES system integrated to three-

phase grid with bidirectional converter controlled BES during load unbalancing 

condition 

Fig. 5.41 (a)-(c) Harmonic analysis of single-stage PV-BES system integrated to three-phase 

grid with bidirectional converter controlled BES 
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Fig. 5.42 (a)-(b) Experimental performance of MPPT for solar insolation of (a) 1000 W/m2 

(b) 800 W/m2 of single-stage PV-BES system integrated to three-phase grid with 

bidirectional converter controlled BES 

Fig. 5.43 (a)-(d) Experimental performance of single-stage PV-BES system integrated to 

three-phase grid with bidirectional converter controlled BES during mode change 

from grid connected to disconnected mode of operation 

Fig. 5.44 (a)-(d) Experimental performance of single-stage PV-BES system integrated to 

three-phase grid with bidirectional converter controlled BES during mode change 

from grid disconnected to connected mode of operation 

Fig. 5.45 (a)-(c) Experimental performance of single-stage PV-BES system integrated to 

three-phase grid with bidirectional converter controlled BES during load removal 

condition 

Fig. 5.46 (a)-(c) Experimental performance of single-stage PV-BES system integrated to 

three-phase grid with bidirectional converter controlled BES during variable solar 

insolation condition 

Fig. 5.47 (a)-(j) Experimental performance of single-stage PV-BES system integrated to 

three-phase grid with bidirectional converter controlled BES during constant power 

feeding mode of operation 

Fig. 5.48 (a)-(e) Experimental performance of single-stage PV-BES system integrated to 

three-phase grid with bidirectional converter controlled BES during standalone 

mode of operation 

Fig. 6.1 Double-stage PV-BES system integrated to three-phase four-wire grid feeding 

critical loads 

Fig. 6.2 Double-stage PV-BES system integrated to three-phase four-wire grid with 

bidirectional converter controlled BES grid feeding local loads 

Fig. 6.3 Single-stage PV-BES system integrated to three-phase four-wire grid with 

bidirectional converter controlled BES grid feeding local loads 

Fig. 6.4 Control Structure of double stage PV-BES system integrated to three-phase four-

wire grid during grid connection mode of operation 

Fig. 6.5 Control Structure of double stage PV-BES system integrated to three-phase four-

wire grid during standalone mode of operation 

Fig. 6.6 Control structure of double-stage PV-BES system with bidirectional converter 

controlled BES during grid connection and grid outage mode of operation 

Fig. 6.7 Control structure of single-stage PV-BES system with bidirectional converter 

controlled BES during grid connection mode of operation 

Fig. 6.8 Control structure of single-stage PV-BES system with bidirectional converter 

controlled BES during grid outage mode of operation 

Fig. 6.9 Control mechanism of a bidirectional converter controlled BES of single-stage PV-

BES system integrated to three-phase four-wire grid 

Fig.6.10 MATLAB model for three-phase four-wire grid interfaced double-stage PV-BES 

system 

Fig.6.11 MATLAB model for three-phase four-wire grid interfaced double-stage PV-BES 

system with bidirectional converter controlled BES 

Fig.6.12 MATLAB model for three-phase four-wire grid interfaced single-stage PV-BES 

system with bidirectional converter controlled BES 

Fig. 6.13 (a)-(b) Simulated performance of double-stage PV-BES system integrated to three-

phase four-wire grid during transition from grid connected to grid outage modes of 

operation 
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Fig. 6.14 (a)-(b) Simulated performance of double-stage PV-BES system integrated to three-

phase four-wire grid during transition from grid outage to grid connected modes of 

operation 

Fig. 6.15 (a)-(b) Simulated performance of double-stage PV-BES system integrated to three-

phase four-wire grid at dynamic loading condition 

Fig. 6.16 (a)-(b) Simulated performance of double-stage PV-BES system integrated to three-

phase four-wire grid at variable solar insolation condition 

Fig. 6.17 (a)-(c) Harmonic spectra of load current (iLa), grid current (iLa) and load voltage 

(vLa) of double-stage PV-BES system integrated to three-phase four-wire grid 

Fig. 6.18 (a)-(b) Performance of MPPT of double-stage PV-BES system integrated to three-

phase four-wire grid at solar insolation level of (a) 1000 W/m2 (b) 800 W/m2 

Fig. 6.19 (a)-(d) Experimental performance of double-stage PV-BES system integrated to 

three-phase four-wire grid during transition from grid connected to grid outage 

modes of operation 

Fig. 6.20 (a)-(d) Experimental performance of double-stage PV-BES system integrated to 

three-phase four-wire grid during transition from grid outage to grid connected 

modes of operation 

Fig. 6.21 (a)-(c) Experimental performance of double-stage PV-BES system integrated to 

three-phase four-wire grid at load removal condition 

Fig. 6.22 (a)-(c) Experimental performance of double-stage PV-BES system integrated to 

three-phase four-wire grid at variable solar insolation condition 

Fig. 6.23 (a)-(i) Experimental performance of double-stage PV-BES system integrated to 

three-phase four-wire grid during constant power feeding mode of operation 

Fig. 6.24 (a)-(d) Experimental Performance of three-phase four-wire double-stage PV-BES 

system during standalone mode of operation 

Fig. 6.25 (a)-(b) Simulated performance of double-stage PV-BES system with bidirectional 

converter controlled BES integrated to three-phase four-wire grid during transition 

from grid connected to grid outage mode of operation 

Fig. 6.26 (a)-(b) Simulated performance of double-stage PV-BES system with bidirectional 

converter controlled BES integrated to three-phase four-wire grid during transition 

from grid outage to grid connected modes of operation 

Fig. 6.27 (a)-(c) Harmonic spectra of load current, grid current and load voltage of double-

stage PV-BES system with bidirectional converter controlled BES integrated to 

three-phase four-wire grid 

Fig. 6.28 (a)-(b) Simulated performance of double-stage PV-BES system with bidirectional 

converter controlled BES integrated to three-phase four-wire grid at variable solar 

insolation condition 

Fig. 6.29 (a)-(b) Simulated performance of double-stage PV-BES system with bidirectional 

converter controlled BES integrated to three-phase four-wire grid at dynamic 

loading condition 

Fig. 6.30 (a)-(b) Performance of double-stage PV-BES system integrated to three-phase grid 

with bidirectional converter controlled BES for MPPT with solar insolation of (a) 

1000 W/m2 (b) 800 W/m2 

Fig. 6.31 (a)-(i) Experimental performance of double-stage PV-BES system with 

bidirectional converter controlled BES integrated to three-phase four-wire grid 

during constant power feeding mode of operation 

Fig. 6.32 (a)-(d) Experimental performance of double-stage PV-BES system with 

bidirectional converter controlled BES integrated to three-phase four-wire grid 

during standalone mode of operation 
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Fig. 6.33 (a)-(d) Experimental performance of double-stage PV-BES system with 

bidirectional converter controlled BES integrated to three-phase four-wire grid 

during transition from grid connected to grid disconnected modes of operation 

Fig. 6.34 (a)-(d) Experimental performance of double-stage PV-BES system with 

bidirectional converter controlled BES integrated to three-phase four-wire grid 

during transition from grid disconnected to grid connected modes of operation 

Fig. 6.35 (a)-(c) Experimental performance of double-stage PV-BES system with 

bidirectional converter controlled BES integrated to three-phase four-wire at load 

unbalancing condition 

Fig. 6.36 (a)-(c) Experimental performance of double-stage PV-BES system with 

bidirectional converter controlled BES integrated to three-phase four-wire at 

variable solar insolation condition 

Fig. 6.37 (a)-(b) Simulated performance of single-stage PV-BES system with bidirectional 

converter controlled BES integrated to three-phase four-wire grid during transition 

from grid connected to grid outage modes of operation 

Fig. 6.38 (a)-(b) Simulated performance of single-stage PV-BES system with bidirectional 

converter controlled BES integrated to three-phase four-wire grid during transition 

from grid outage to grid connected modes of operation 

Fig. 6.39 (a)-(b) Simulated performance of single-stage PV-BES system with bidirectional 

converter controlled BES integrated to three-phase four-wire grid at dynamic 

loading condition 

Fig. 6.40 (a)-(b) Simulated performance of single-stage PV-BES system with bidirectional 

converter controlled BES integrated to three-phase four-wire grid at variable solar 

insolation condition 

Fig. 6.41 (a)-(c) Harmonic spectra of load current (iLa), grid current (iLa) and load voltage 

(vLa) of of single-stage PV-BES system with bidirectional converter controlled 

BES integrated to three-phase four-wire grid 

Fig. 6.42 (a)-(b) Performance of single-stage PV-BES system integrated to three-phase grid 

with bidirectional converter controlled BES for MPPT at solar insolation level of 

(a) 1000 W/m2 (b) 800 W/m2 

Fig. 6.43 (a)-(d) Experimental performance of single-stage PV-BES system with 

bidirectional converter controlled BES integrated to three-phase four-wire grid 

during transition from grid connected to grid outage modes of operation 

Fig. 6.44 (a)-(d) Experimental performance of single-stage PV-BES system with 

bidirectional converter controlled BES integrated to three-phase four-wire grid 

during transition from grid outage to grid connected modes of operation 

Fig. 6.45 (a)-(b) Experimental Performance of single-stage PV-BES system with 

bidirectional converter controlled BES integrated to three-phase four-wire grid 

during transition at load unbalancing condition 

Fig. 6.46 (a)-(c) Experimental Performance of single-stage PV-BES system with 

bidirectional converter controlled BES integrated to three-phase four-wire grid 

during transition at variable solar insolation condition 

Fig. 6.47 (a)-(i) Experimental Performance of single-stage PV-BES system with 

bidirectional converter controlled BES integrated to three-phase four-wire grid at 

constant power feeding mode of operation 

Fig. 6.48 (a)-(d) Experimental performance of single-stage PV-BES system with 

bidirectional converter controlled BES integrated to three-phase four-wire grid 

during standalone mode of operation 

Fig. 7.1 Multiple PVs based DC charging of EVs interfaced with three-phase grid. 

Fig. 7.2 Multiple PVs based AC charging of EVs interfaced with three-phase grid. 
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Fig. 7.3 Control Structure during grid connection of multiple PVs for DC charging of EVs 

Fig. 7.4 Control Structure during grid outage mode of multiple PVs for DC charging of EVs  

Fig. 7.5 EVs control algorithm during outage mode of operation 

Fig. 7.6 Control Structure of VSC1 for AC charging of EVs interfaced with multiple PVs 

Fig. 7.7 Control Structure of VSC2 for AC charging of EVs interfaced with multiple PVs 

Fig. 7.8 MATLAB model of multiple PVs interfaced with three-phase grid for DC charging 

of EVs 

Fig. 7.9 MATLAB model of multiple PVs interfaced with three-phase grid for AC charging 

of EVs 

Fig. 7.10 (a)-(c) Simulated performance of multiple PVs for DC charging of EVs during 

mode Transition between grid connected/ disconnected operation 

Fig. 7.11 (a)-(c) Harmonic Analysis of EVs DC charging interfaced with multiple PV arrays 

Fig. 7.12 (a)-(b) Simulated performance of multiple PVs for DC charging of EVs during load 

unbalancing condition 

Fig. 7.13 (a)-(b) Simulated performance of multiple PVs for DC charging of EVs during 

variable solar insolation condition  

Fig. 7.14 Real-time test bench with OPAL-RT controller for hardware in loop 

implementation of multiple PVs interfaced with three-phase grid for DC/ AC 

charging of electric vehicles 

Fig. 7.15 (a)-(c) Harmonic Analysis of grid-tied DC charging of EVs interfaced with 

multiple PV arrays 

Fig. 7.16 (a)-(b) Harmonic Analysis of standalone DC charging of EVs interfaced with 

multiple PV arrays 

Fig. 7.17 (a)-(g) Performance of multiple PVs interfaced with three-phase grid for DC 

charging of electric vehicles during mode transition from grid connected to 

disconnected modes of operation 

Fig. 7.18 (a)-(g) Performance of multiple PVs interfaced with three-phase grid for DC 

charging of electric vehicles during mode transition from grid disconnected to 

connected 

Fig. 7.19 (a)-(e) Performance of multiple PVs interfaced with three-phase grid for DC 

charging of electric vehicles during load unbalancing condition 

Fig. 7.20 (a)-(d) Performance of multiple PVs interfaced with three-phase grid for DC 

charging of electric vehicles during variable solar insolation condition 

Fig. 7.21 (a)-(b) Simulated performance of multiple PVs interfaced with three-phase grid for 

AC charging of electric vehicles during mode transition from grid connected to 

disconnected modes of operation 

Fig. 7.22 (a)-(c) Harmonic Analysis of grid interfaced AC charging of EVs interfaced with 

multiple PV arrays 

Fig. 7.23 (a)-(b) Simulated performance of multiple PVs interfaced with three-phase grid for 

AC charging of electric vehicles Mode transition from grid connected to 

disconnected modes of operation 

Fig. 7.24 (a)-(b) Simulated performance of multiple PVs interfaced with three-phase grid for 

AC charging of electric vehicles during load unbalancing condition 

Fig. 7.25 (a)-(b) Simulated performance of multiple PVs for AC charging of EVs during 

variable solar insolation condition 

Fig. 7.26 (a)-(e) Performance of multiple PVs interfaced with three-phase grid for AC 

charging of electric vehicles during mode transition from grid connected to 

disconnected modes of operation 

Fig. 7.27 (a)-(c) Harmonic Analysis of grid connected AC charging of EVs interfaced with 

multiple PV arrays 
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Fig. 7.28 (a)-(b) Harmonic Analysis of grid connected AC charging of EVs interfaced with 

multiple PV arrays 

Fig. 7.29 (a)-(e) Performance of multiple PVs interfaced with three-phase grid for AC 

charging of electric vehicles during mode transition from grid disconnected to 

connected modes of operation 

Fig. 7.30 (a)-(g) Performance of multiple PVs interfaced with three-phase grid for AC 

charging of electric vehicles during load unbalancing condition 

Fig. 7.31 (a)-(e) Performance of multiple PVs interfaced with three-phase grid for AC 

charging of electric vehicles during variable solar insolation condition 

Fig. 8.1 Distributed microgrid consisting of solar, battery and fuel cell sources based 

common DC bus charging system for EVs 

Fig. 8.2 Distributed microgrid consisting of solar, wind, battery and fuel cell sources based 

common DC bus charging system for EVs 

Fig. 8.3 Control structure of common DC bus charging of EVs with grid-tied distributed 

microgrid consisting of solar, battery and fuel cell sources during grid connected 

mode of operation 

Fig. 8.4 Control structure of common DC bus charging of EVs during standalone mode of 

operation with distributed microgrid consisting of solar, battery and fuel cell 

sources 

Fig. 8.5 Control structure of common DC bus charging of EVs during grid-tied and 

standalone modes of operation with distributed microgrid consisting of solar, wind, 

battery and fuel cell sources 

Fig. 8.6  MATLAB model of distributed microgrid consisting of solar, battery and fuel cell 

sources for DC charging of EVs 

Fig. 8.7 MATLAB model of distributed microgrid consisting of solar, wind, battery and 

fuel cell sources for DC charging of EVs 

Fig. 8.8 (a)-(b) Simulated performance of common DC bus EVs charging with distributed 

microgrid consisting of solar, battery and fuel cell sources during mode change 

between grid connection to disconnection modes of operation 

Fig. 8.9 (a)-(b) Simulated performance of common DC bus EVs charging with distributed 

microgrid consisting of solar, battery and fuel cell sources during mode change 

between grid disconnection to connection modes of operation 

Fig. 8.10 (a)-(d) Simulated performance of common DC bus EVs charging with distributed 

microgrid consisting of solar, battery and fuel cell sources for EV power variation 

during grid connection/disconnection modes of operation 

Fig. 8.11 (a)-(b) Performance of common DC bus EVs charging with distributed microgrid 

consisting of solar, battery and fuel cell sources during load unbalancing condition 

Fig. 8.12 (a)-(b) Performance of common DC bus EVs charging with distributed microgrid 

consisting of solar, battery and fuel cell sources during variable solar insolation 

condition 

Fig. 8.13 (a)-(c) Harmonic analysis of grid current, load current and load voltage with 

distributed microgrid consisting of solar, battery and fuel cell sources for common 

DC bus charging of EVs 

Fig. 8.14 (a)-(g) Performance of common DC bus EVs charging with distributed microgrid 

consisting of solar, battery and fuel cell sources during mode change between grid 

connection to disconnection modes of operation 

Fig. 8.15 (a)-(h) Performance of common DC bus EVs charging with distributed microgrid 

consisting of solar, battery and fuel cell sources during mode change between grid 

disconnection to connection modes of operation 
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Fig. 8.16 (a)-(d) Performance of common DC bus EVs charging with distributed microgrid 

consisting of solar, battery and fuel cell sources for EV power variation during grid 

connection/disconnection modes of operation 

Fig. 8.17 (a)-(c) Harmonic Analysis of grid-tied DC charging of EVs with distributed 

microgrid consisting of solar, battery and fuel cell sources 

Fig. 8.18 (a)-(b) Harmonic Analysis of standalone DC charging of EVs with distributed 

microgrid consisting of solar, battery and fuel cell sources 

Fig. 8.19 (a)-(e) Performance of common DC bus EVs charging with distributed microgrid 

consisting of solar, battery and fuel cell sources during variable solar insolation 

condition 

Fig. 8.20 (a)-(e) Performance of common DC bus EVs charging with distributed microgrid 

consisting of solar, battery and fuel cell sources during load unbalancing condition 

Fig. 8.21 (a)-(d) Performance of common DC bus EVs charging with distributed microgrid 

consisting of solar, battery and fuel cell sources during constant grid power feeding 

mode of operation 

Fig. 8.22 (a)-(b) Simulated performance of common DC bus EVs charging with distributed 

microgrid consisting of solar, wind, battery and fuel cell sources during mode 

change between grid connection to disconnection 

Fig. 8.23 (a)-(c) Harmonic Analysis of grid current, load current and load voltage for 

common DC bus charging of EVs with distributed microgrid consisting of solar, 

wind, battery and fuel cell sources 

Fig. 8.24 (a)-(b) Simulated performance of common DC bus EVs charging with distributed 

microgrid consisting of solar, wind, battery and fuel cell sources during mode 

change between grid disconnection to connection 

Fig. 8.25 (a)-(b) Simulated performance of common DC bus EVs charging with distributed 

microgrid consisting of solar, wind, battery and fuel cell sources during load 

unbalancing condition 

Fig. 8.26 (a)-(b) Simulated performance of common DC bus EVs charging with distributed 

microgrid consisting of solar, wind, battery and fuel cell sources during constant 

grid power feeding with wind speed variation condition 

Fig. 8.27 (a)-(b) Simulated performance of common DC bus EVs charging with distributed 

microgrid consisting of solar, wind, battery and fuel cell sources during variable 

solar insolation condition 

Fig. 8.28 (a)-(h) Performance of common DC bus EVs charging with distributed microgrid 

consisting of solar, wind, battery and fuel cell sources during mode change between 

grid connection to disconnection 

Fig. 8.29 (a)-(c) Harmonic Analysis of grid current, load current and load voltage during grid 

tied mode for common DC bus charging of EVs with distributed microgrid 

consisting of solar, wind, battery and fuel cell sources 

Fig. 8.30 (a)-(b) Harmonic Analysis of load current and load voltage during standalone mode 

for common DC bus charging of EVs with distributed microgrid consisting of solar, 

wind, battery and fuel cell sources 

Fig. 8.31 (a)-(h) Performance of common DC bus EVs charging with distributed microgrid 

consisting of solar, wind, battery and fuel cell sources during mode change between 

grid disconnection to connection modes of operation 

Fig. 8.32 (a)-(e) Performance of common DC bus EVs charging with distributed microgrid 

consisting of solar, wind, battery and fuel cell sources during load unbalancing 

condition 
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Fig. 8.33 (a)-(e) Performance of common DC bus EVs charging with distributed microgrid 

consisting of solar, wind, battery and fuel cell sources during variable solar 

insolation condition 

Fig. 8.34 (a)-(e) Performance of common DC bus EVs charging with distributed microgrid 

consisting of solar, wind, battery and fuel cell sources during constant power 

feeding wind speed variation condition 

Fig. 9.1 Distributed microgrids consisting of solar, battery and fuel cell sources based 

common AC bus charging system for EVs 

Fig. 9.2 Distributed microgrids consisting of solar, wind, battery and fuel cell sources based 

common AC bus charging system for EVs 

Fig. 9.3 Control Structure of VSC1 for common AC bus charging of EVs consisting of solar 

PV array interfaced with three-phase grid 

Fig. 9.4 Control structure of VSC2 for common AC bus charging of EVs consisting of fuel 

cell stack interfaced with three-phase grid 

Fig. 9.5 Control structure of VSC3 for common AC bus charging of EVs consisting of 

PMSG driven wind turbine interfaced with three-phase grid 

Fig. 9.6 MATLAB model of distributed microgrids consisting of solar and fuel cell sources 

for AC charging of EVs 

Fig. 9.7 MATLAB model of distributed microgrids consisting of solar, wind and fuel cell 

sources for AC charging of EVs 

Fig. 9.8 (a)-(b) Simulated performance of common AC bus EVs charging with distributed 

microgrids consisting of solar, battery and fuel cell sources during mode change 

between grid connection to disconnection modes of operation 
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