
CONTROL AND IMPLEMENTATION OF THREE 

PHASE SOLAR-PICO-HYDRO-BATTERY BASED 

MICROGRID WITH GRID SYNCHRONIZATION 

 

 

 

KANWAR PAL 

 

 

 

 

 

 

 

 

 

DEPARTMENT OF ENERGY SCIENCE AND ENGINEERING 

INDIAN INSTITUTE OF TECHNOLOGY DELHI 

JANUARY  2022  



  

  

  

  

  

  

  

  

  

  

  

 © Indian Institute of Technology Delhi (IITD), New Delhi, 2022
 

  



CONTROL AND IMPLEMENTATION OF THREE 

PHASE SOLAR-PICO-HYDRO-BATTERY BASED 

MICROGRID WITH GRID SYNCHRONIZATION 

 

by 

 

KANWAR PAL 

 

Department of Energy Science and Engineering 

 

 

Submitted 

in fulfilment of the requirements of the degree of Doctor of Philosophy 

to the 

 

 

 

 

 

 

 

INDIAN INSTITUTE OF TECHNOLOGY DELHI 

JANUARY  2022 



i 
 

CERTIFICATE 

It is certified that the thesis entitled “Control and Implementation of Three Phase Solar-

Pico-Hydro-Battery Based Microgrid with Grid Synchronization,” being submitted by Mr. 

Kanwar Pal for award of the degree of Doctor of Philosophy in the Department of Energy 

Science and Engineering, Indian Institute of Technology Delhi, is a record of the student work 

carried out by him under our supervision and guidance. The matter embodied in this thesis has 

not been submitted for award of any other degree or diploma. 

 
 
 
Dated: Jan. 17, 2022
                                                                                                                       
 
 
 
        
 
 
       (Prof. Tara C. Kandpal)                                                (Prof. Bhim Singh) 
Department of Energy Science and                             Electrical Engineering Department 
                   Engineering                                                Indian Institute of Technology Delhi 
Indian Institute of Technology Delhi                            Hauz Khas, New Delhi-110016, India               
Hauz Khas, New Delhi-110016, India                         
  



ii 
 

ACKNOWLEDGEMENTS 

I wish to express my cordial gratitude and appreciation to Prof. Bhim Singh and Prof. Tara 

C. Kandpal for providing me an opportunity to carry out the Ph.D. work under their 

supervision. Their foresightedness and visionary plan have played a vital role in guiding me 

throughout of completion of this study. Working under their guidance have been an excellent 

experience, which has provided a thorough insight to the world of research. Their firm 

determination, dedication, creativeness, resourcefulness, supportive and disciplinary attitude 

have been a great inspiration for me in completion of this planed work. I am very thankful to 

Prof. Bhim Singh and Prof. Tara C. Kandpal. 

My sincere thanks and deep indebtedness are to Prof. Vamsi K. Komarala, Prof. G. 

Bhuvaneshwari and Prof. Ashu Verma, all SRC members for their appreciable guidance and 

consistently valuable support during the research work. 

I wish to express my honest thanks to Prof. Bhim Singh and Prof. Tara C. Kandpal for their 

valuable learning during the course work, which originated the basis for my research work. I 

am very thankful to the IIT Delhi for providing me entry and facilities to pursue my research. 

Thanks are due to Sh. Puran Singh, Mr. Anurag Kumar Singh and Mr. Jitendra Kumar of PG 

Machines Lab, Electrical Engineering Department, IIT Delhi for allowing me to use the 

facilities and help during the research work. 

I would like to wish my sincere thanks to thank Dr. Shailendra Kumar, Dr. Seema Kevat, Mr. 

Anshul Varshney, Dr. Shaurabh Shukla, Dr. Shadab Murshid, Dr. Anjanee Kumar Mishra, Dr. 

Piyush Kant, Dr. Nishant Kumar and Mr. Syed Bilal Qaiser Naqvi, who have helped me on 

conceptive and technical issues. I would like to convey my sincere thanks to Ms. Kirpa, Ms. 

Rohini Sharma, Ms. Fareen Chisti, Mr. Gaurav Modi, Dr. Priyank Shah, Dr. Sachin Devassy, 

Mr. Vineet P Chandran, Mr. Amarnath, Dr. Sai Pranith Girimji, Dr. Deepu Vijay, Mr. Rohit 

Kumar, Mr. Sunil Kumar Pandey, Mr. Khusro Khan, Mr. Utkarsh Sharma, Dr. Subarni 



iii 
 

Pradhan, Dr. Radha Kushwaha, Ms. Vandana Jain, Dr. Nidhi Mishra, Ms. Yashi Singh, Dr. V. 

L. Srinivas, Dr. Aniket Anand, Ms. Rashmi Ray, Ms. Salvi, Ms. Hina Parveen, Dr. T. N. Gupta 

and all research scholars group in the PG machine lab for their appreciable support. I am 

equally express my gratitude to those who have indirectly and directly assisted me in finishing 

my dissertation and research work. 

I would like to express my deep gratitude to my late parents, Smt. Mansa Devi and Sh. Satyapal 

Tomar for their blessings to my dream. Moreover, I thank to my wife, Mrs. Anuradha Tomar, 

My Son, Mr. Sunny Tomar and my daughter, Ms. Oshika Tomar and Dr. Yogendra Arya for 

their continued motivation, strengthening me and unhindered wholehearted support.  

I would like my due thank to all my other family’s member and friends for their continuous 

support and encouragement. In the end, I thank to almighty for blessing me a good health 

support and a favourable environment for doing hard work and keep on me, on my family, on 

my gurus, and on their beloved their tender sight during this work.  

 
 
 
 
 
Date: Jan. 17, 2022 
 

                                                                      

Kanwar Pal



iv 
 

ABSTRACT 

This research work deals with the multi-objective solar PV array based generating systems with 

grid synchronization, solar PV array-battery based microgrids (MGs), and solar-pico-hydro-

battery based microgrids with grid synchronization. These electricity generating systems and 

microgrids address the solutions of power demand at remote areas, environment problems at 

industrial sites and at thicky populated commercial locations, and the locations out of the reach 

of the grid.  It facilitates the availability of energy and supports the conservation of the stocks 

of fossil fuels. A solar-pico-hydro-battery based microgrid maintains load power continuously 

at outage of the grid or under deficit of power generation in a standalone system. Moreover, 

fossil fuel-based generation systems are finding difficult to maintain load power at outage of 

the grid. However, exhibited microgrids have power support to loads for 24x7hours. A 

converter is used in the grid synchronized mode and in an islanded mode, which enhances the 

operation of the developed system. These multi-functional aspects of MGs result in substantial 

saving of capital spending, and maintenance cost of the system. However, in an islanded mode, 

the battery and RESs supply power to loads at PCC and the loads connected at the DC-port 

uninterruptedly. The objectives of RESs based microgrids are contributed to local loads and 

relaxing the load burden on utility network, by this means reduce the energy losses through 

curtailing in power transmission and power distribution. Therefore, it improves the efficiency 

and decreases the cost of overall system. It has state transfer ability from the grid synchronized 

mode to an islanded mode and vice-versa, without interruption in the loads power. A current 

control approach is utilized to control the switching of the PCC interfaced voltage source 

converter (VSC) in the grid synchronized mode. However, the switching of the VSC is 

controlled through a voltage control approach in an islanded mode. The PCC interfaced VSC 

performs multi-functions, such as, it feeds the harmonics mitigated currents to the grid, 

compensates the reactive power drawn by the loads and improves power factor of the grid to 
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unity. In an islanded mode, the VSC controls the magnitude and frequency of the load voltages. 

However, the voltage at the DC-link is supported by the battery. The battery through absorption 

of excess power at an excess power generation and discharging deficit power under short of 

power generation in an islanded mode assures power supply to the loads without interruption. 

The prime aims of this research work are control and implementation of several three-phase 

solar PV array based generating systems, solar PV array-battery and solar-pico-hydro-battery 

based microgrids. These generating systems and microgrids are categorized further based on 

connection of solar PV array at the DC-port of the VSC (single-stage and double-stage) and 

connection of the battery at the DC-port (with and without a bidirectional DC-DC converter). 

In double-stage solar PV array based generating system, the peak power of solar PV array at 

MPP is tracked through controlled switching of the boost converter. However, in a single-stage 

solar PV array based generating system, the bidirectional DC-DC converter is used to harness 

the peak power of the PV array with control of charging and discharging of the battery. The 

feedforward terms of the solar PV array and pico-hydro generator are used in current control 

loop, which injects the active power to the grid and improves the dynamic performance of the 

microgrids. Simulated performance of exhibited microgrids is studied. Their Simulink models 

are developed to implement various control techniques. Experimental prototypes are developed 

to validate simulated results of models of microgrids. No availability and outage of the grid are 

a common issue at remote location and rural areas. Therefore, the simple and multi-functional 

intelligent control approaches in the exhibited microgrids, are developed to control them in the 

grid synchronized mode and in an islanded mode, and transition of modes without interruption 

in the loads.  
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  सार 

यह शोध काय� ि�ड िसं�ोनाइज़शेन के साथ म�टी-ऑ�जेि�टव सोलर पीवी एरे आधा�रत जनरेिटंग िस�टम, ि�ड िसं�ोनाइज़ेशन 

के साथ सोलर पीवी एरे-बैटरी आधा�रत माइ�ोि�ड (एमजी) िस�टम और ि�ड िसं�ोनाइज़ेशन के साथ सोलर-िपको-हाइ�ो-बैटरी 

आधा�रत माइ�ोि�ड िस�टम पर आधा�रत ह।ै ये िबजली उ�पादन �णािलयां और माइ�ोि�ड दरूदराज के �े�� म� िबजली क� मांग 

के समाधान, औ�ोिगक �थल� पर और घनी आबादी वाले �यावसाियक �थान� पर पया�वरण क� सम�याओ ंऔर ि�ड क� पह�चं से 

बाहर के �थान� को संबोिधत करते ह�। यह ऊजा� क� उपल�धता को सगुम बनाता ह ैऔर जीवा�म ईधंन के भंडार के संर�ण म� 

सहयोग करता ह।ै सोलर-िपको-हाइ�ो-बैटरी आधा�रत माइ�ोि�ड ि�ड के बािधत होने क� अव�था म� या �ट�डअलोन िस�टम म� 

िबजली उ�पादन क� कमी के तहत लोड को िनरबािधत �प से पावर दतेा रहता ह।ै इसके अलावा, जीवा�म ईधंन आधा�रत उ�पादन 

�णािलयां ि�ड के बंद होने पर लोड पावर को बनाए रखने म� िवफल रही ह�। हालांिक, �दिश�त माइ�ोि�ड 24x7 घंटे लोड को 

िनबा�िधत पावर स�लाय करता ह।ै एक ही कनवट�र का उपयोग ि�ड िसं�ोनाइ�ड मोड और �ट�डअलोन मोड म� िकया जाता ह,ै जो 

िवकिसत िस�टम के काय��मता को बढ़ता ह।ै एमजी के इस बह�-काया��मक पहल ूके प�रणाम�व�प पूंजीगत �यय और िस�टम के 

रखरखाव क� लागत म� पया�� बचत होती ह।ै हालांिक, �ट�डअलोन मोड म�, बैटरी और आरईएस पीसीसी पर उपल�ध लोड के िलए 

आव�यक िबजली क� आपिूत� करते ह� और  साथ ही साथ डीसी-पोट� पर जड़ेु लोड को भी िनबा�ध �प से िबजली क� आपिूत� करते 

ह�।  

आरईएस आधा�रत माइ�ोि�ड का उ��ेय �थानीय लोड को िबजली क� आपिूत� करना ह ैऔर ि�ड नेटवक�  पर लोड के बोझ को 

कम करता ह,ै इस तरह से िबजली पारेषण और िबजली िवतरण म� कटौती के मा�यम से ऊजा� के नकुसान को कम करता ह।ै अतः, 

यह द�ता म� सधुार करता ह ैऔर सम� �णाली क� लागत को कम करता ह।ै इसम� ि�ड िसं�ोनाइ�ड मोड से आईल�डेड मोड म� व 

इसके िवपरीत लोड पावर म� िबना िकसी �कावट के �टेट �ांसफर क� �मता होती ह।ै ि�ड िसं�ोनाइ�ड मोड म� पीसीसी इटंरफे�ड 

वो�टेज सोस� क�वट�र (वीएससी) के ि�विचगं को िनयंि�त करने के िलए एक कर�ट कं�ोल �क�म का उपयोग िकया जाता ह।ै हालांिक, 

वीएससी के ि�विचगं को आईल�डेड मोड म� वो�टेज कं�ोल �क�म के मा�यम से िनयंि�त िकया जाता ह।ै पीसीसी इटंरफेरेड वीएससी 

म�टीपल-काय� करता ह,ै जैसे, यह ि�ड कर�ट क� हाम�िन�स का शमन करता ह,ै लोड �ारा आव�यक �रयि�टव शि� क� भरपाई 

करता ह,ै और ि�ड के पावर फै�टर को सधुारता ह।ै आईल�डेड मोड म�, वीएससी लोड वो�टेज के प�रमाण और आविृ� को िनयंि�त 

करता ह।ै हालांिक, डीसी-िलंक पर वो�टेज बैटरी �ारा समिथ�त ह।ै आईल�डेड मोड म� अित�र� िबजली उ�पादन पर बैटरी अित�र� 

िबजली का अवशोषण करता ह ैतथा िबजली उ�पादन क� कमी के समय पर लोड को िबजली क� आपिूत� िनबा�ध �प से िबना 

िकसी �कावट के करता ह।ै इस शोध काय� का म�ुय उ��ेय कई �ी-फेज सौर पीवी एरे आधा�रत जनरेिटंग िस�टम, सौर पीवी एरे -

बैटरी, और सौर-िपको-हाइ�ो-बैटरी आधा�रत माइ�ोि�ड का िनयं�ण और काया��वयन ह।ै इन जनरेिटंग िस�टम और माइ�ोि�ड 

को वीएससी के डीसी-पोट� पर सोलर पीवी एरे (िसंगल-�टेज और डबल-�टेज) के कने�शन और डीसी-पोट� पर बैटरी के कने�शन 

(बाइ-डायरे�शनल डीसी- डीसी कनवट�र के साथ और िबना) के आधार पर वग�कृत िकया गया ह।ै डबल-�टेज सोलर पीवी एरे 
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आधा�रत जनरेिटंग िस�टम म�, एमपीपी पर सोलर पीवी एरे क� पीक पावर को ब�ूट क�वट�र के िनयंि�त ि�विचगं के मा�यम से �ैक 

िकया जाता ह।ै हालांिक, िसंगल-�टेज सौर पीवी एरे आधा�रत जनरेिटंग िस�टम म�, बाइ-डायरे�शनल डीसी- डीसी कनवट�र का 

उपयोग बैटरी के चािज�ग और िड�चािज�ग के िनयं�ण के साथ पीवी एरे क� उ�चतम शि� का दोहन करने के िलए िकया जाता ह।ै 

सौर पीवी एरे और िपको-हाइ�ो जनरेटर क� फ�डफॉरवड� ट�स� का उपयोग कर�ट कं�ोल लपू म� िकया जाता ह,ै जो ि�ड म� एि�टव 

पावर को इजंे�ट करता ह ैऔर माइ�ोि�ड के डायनािमक �दश�न म� सधुार करता ह।ै �दिश�त माइ�ोि�ड के िसमलुेटेड �दश�न का 

अ�ययन िकया गया ह।ै उनके िसमिुलंक मॉडल िविभ�न िनयं�ण तकनीक� को लाग ूकरने के िलए िवकिसत िकए गए ह�। माइ�ोि�ड 

के मॉडल के िसमलुेटेड प�रणाम� को मा�य करने के िलए �योगा�मक �ोटोटाइप िवकिसत िकए गए ह�। दरू�थ �थान और �ामीण 

�े�� म� ि�ड क� उपल�धता और आउटेज एक आम सम�या ह।ै इसिलए, �दिश�त माइ�ोि�ड म� सरल और बह�-काया��मक इटेंिलज�ट 

कं�ोल अ�ोच जो माइ�ोि�ड को ि�ड िसं�नाइज़ मोड म� और आईल�डेड मोड म� िनयंि�त करने के िलए िवकिसत िकए गए ह�।
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upa, upb, upc, and ILp under change of solar insolation  
 
Fig. 5.13   Internal performance of control (a) ILp, ILoss, Ipvf, and Ipnet  (b) vsa, vsb, and vsc with 

v*sa, v*sb, and v*sc under change of solar insolation 
  
Fig. 5.14   Mode transition performance (a) STS signal with θs and θL, vsa and vLa, vsb and 

vLb, and vsc and vLc (b) vabc, vLabc, Vdc, Ipv, and Ibatt under mode transition  
 
Fig. 5.15   Mode transition performance (a) STS with θs and θL, isa, isb, and isc (b) STS with 

θs and θL, iLa, iLb, and iLc  
 
Fig. 5.16   Mode transition performance (a) STS signal with θs and θL, vsa and vLa, vsb and 

vLb, and vsc and vLc (b) microgrid vsabc, vLabc, Vdc, Ipv, and Ibatt  
 
Fig. 5.17   Mode transition performance (a) STS with θs and θL, isa, isb, and isc (b) STS with 

θs and θL, iLa, iLb, and iLc  
 
Fig.5.18   Characteristics of experimental solar simulator at a solar insolation of 1000 

W/m2  

 
Fig. 5.19  Steady state response (a)-(b)-(c) grid voltages with grid currents, VSC currents, 

and load currents (d)-(e)-(f) active and reactive powers of grid, VSC, and load  
(g) harmonics spectra of vsab and isc (h) harmonics spectra of vvscab and ivscc (i) 
harmonics spectra of vLab and iLc (j)-(k) harmonics spectra of grid voltages and 
currents (l) phasor spectrum of the grid (m-(n) harmonics spectra of load 
voltages and currents (o) phasor spectrum of the loads 
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Fig. 5.20  Steady state response (a) load voltages and currents (b) THD of vLab and iLc (c) 
active and reactive power of three phase loads (d) THD of three phase load 
voltages (e) THD of three phase load currents (f) phasor spectrum of load 
voltages and currents in islanded mode 

 
Fig. 5.21  Load perturbation response (a) iLc, Ib, isc, and Ipv (b) Ipv, isc, Ib, and iLc, (c)-(d) iLc 

isc, ivscc, and Ipv in grid synchronization mode 

 

Fig.5.22   Dynamic performance (a) Ipv, isc, Vdc, and iLc (b) Ipv, isc, Ib, and iLc (c) Ib, isc, Ipv, 
and iLc (d) iLc, isc, ivscc, and Ipv   under solar photovoltaic change in islanding 
mode 

 
Fig. 5.23   Dynamic performance (a) vLab, Ib, Ipv, and iLc (b) iLc, Ib, Vdc, and Ipv under change 

of solar insolation in islanded mode 
 
Fig. 5.24   Dynamic response (a)-(b) iLc, Ib, Vdc, and Ipv (c)-(d) vLab, Ib, Ipv, and iLc, under 

load perturbation in islanded mode 
 
Fig. 5.25   Dynamic performance (a) vsab, vLab, iLc, and isc from grid synchronized mode to 

an islanded mode (b) vsab, vLab, iLc, and isc from an islanded mode to the grid 
synchronized mode (c) iLc, Vdc, STS, vsab, and vLab under mode transition 

 
Fig. 6.1   Configuration of three phase four wire solar photovoltaic array-battery based 

microgrid with grid synchronization 
 
Fig. 6.2   P & O based MPPT algorithm 
 
Fig. 6.3   Comb-MOGI-IFLL based controller 
 
Fig. 6.4   Control algorithm for generating switching sequences 
 
Figs.6.5   (a) ROGI-FLL for parameters estimation (b) mode transition controller 
 

Fig. 6.6  Developed MATLAB model of three phase four wire solar PV array-battery 
based microgrid  

Fig. 6.7  Simulated results (a) vabc, vLabc, iabc, iLabc, Ivsc, and isn (b) Vdc, Vpv, Vbatt, Ipv, Ibatt, 
and G signals of microgrid at balanced and unbalanced loads 

 
Fig. 6.8  FFT analysis (a) Harmonics spectrum of isc at balanced loads (b) Harmonics 

spectrum of isc at unbalanced loads 

Fig. 6.9  FFT analysis (a) vsc under balanced loads (b) vsc under unbalanced loads (c) iLc 

at unbalanced loads and (d) vLc at unbalanced loads 
 
Fig. 6.10  Intermediate signals of controller as iLabc, ie0, ie1, ie2, ie1, ie2, and iLfp at balanced 

and unbalanced loads 
 
Fig. 6.11  Intermediate signals of control approach as iLfpa, iLfpb, iLfpc, upa, upb, upc, and ILp 

at balanced and unbalanced loads 
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Fig. 6.12  Internal signals of control (a) ILp, ILoss, Ipvf, and Ipnet  (b) vsa, vsb, and vsc with v*sa, 
v*sb, and v*sc at balanced and unbalanced loads 

 
Fig. 6.13  Simulated performance (a) vsabc, vLabc, isabc, iLabc, Ivsc, and isn (b) Vdc, Vpv, Vbatt, 

Ipv, Ibatt, and G under change in solar insolation 
 

Fig. 6.14  FFT analysis (a) harmonic spectrum of isc at 500W/m2 (b) harmonic spectrum 
of isc at 1000W/m2 

 
Fig. 6.15  FFT analysis (a) THD of vsc at 1000W/m2 (b) THD of vsc at 500W/m2 (c) THD 

of iLc at 1000W/m2 (d) THD of vLc at 1000W/m2  
 

Fig. 6.16  Intermediate signals of control (a) iLabc, ie0, ie1, ie2, ie3, ie4, and iLfp (b) iLfpa, iLfpb, 
iLfpc, upa, upb, upc, and ILp under change of solar insolation  

 
Fig. 6.17  Internal performance of control (a) ILp, ILoss, Ipvf, Ibattf, and Ipnet  (b) vsa, vsb, and 

vsc with v*sa, v*sb, and v*sc under change of solar insolation 
 

Fig. 6.18  Mode transition performance (a) STS signal with θs and θL, vsa and vLa, vsb and 
vLb, and vsc and vLc (b) vabc, vLabc, iabc, Vdc, Ipv, and Ibatt under mode transition  

 
Fig. 6.19  Mode transition performance (a) STS with θs and θL, isa, isb, and isc (b) STS with 

θs and θL, iLa, iLb, and iLc  
 
Fig. 6.20  Mode transition performance (a) STS signal with θs and θL, vsa and vLa, vsb and 

vLb, and vsc and vLc (b) STS, vsabc, vLabc, Vdc, Ipv, and Ibatt  
 
Fig. 6.21  Mode transition performance (a) STS with θs and θL, isa, isb, and isc (b) STS with 

θs and θL, iLa, iLb, and iLc  
 
Fig. 6.22   Characteristics of solar simulator at a solar insolation of 666W/m2 

 
Fig. 6.23  Steady state response (a)-(b)-(c) grid voltages with grid currents, VSC currents, 

and load currents (d)-(e)-(f) active and reactive powers of grid, VSC, and load  
(g) THD of vsab and isc (h) THD of vvscc and ivscc (i) THD of vLc and iLc (j)-(k) 
THD of grid voltages and currents (l) phasor spectrum of the grid (m-(n) THD 
of load voltages and currents (o) phasor spectrum of the loads in the grid 
synchronized mode 

Fig. 6.24  Steady state response (a) load voltages and currents (b) THD of vLab and iLc (c) 
active and reactive power of three phase loads (d) THD of three phase load 
voltages (e) THD of three phase load currents (f) phasor spectrum of load 
voltages and currents in an islanded mode 

 
Fig. 6.25  Dynamic response (a) Ipv, isc,Vdc, and iLc  (b) Ipv, isc, Ib, and iLc  (c) Ib, Ipv, isc, and 

iLc  (d) iLc isc, ivscc, and Ipv under change in solar insolation in grid synchronization 
mode 

 
Fig.6.26  Dynamic response (a) iLc, Ib, isc, and Ipv (b) Ipv, isc, Ib, and iLc  (c) and (d) iLc, isc, 

ivscc, and Ipv  in grid synchronization mode 
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Fig. 6.27  Dynamic performance (a) vLab, Ib, Ipv, and iLc (b) iLc, Ib, Vdc, and Ipv under change 
of solar insolation in an islanded mode 

 
Fig. 6.28  Dynamic performance (a) and (b) vLab, Ib, Ipv, and iLc (c) and (d) iLc, Ib, Vdc, and 

Ipv under load perturbation in islanded mode 
 
Fig. 6.29  Dynamic performance (a) and (b) vsab, vLab, iLc, and isc (c) iLc, Vdc, STS, vsab, and 

vLab under mode transition 
 
Fig. 7.1  Configuration of three phase solar-pico-hydro-battery based microgrid with grid 

synchronization 
 
Fig. 7.2   CLO-TOGI-IFLL controller 
 
Fig. 7.3  Control algorithm for generating switching sequences in the grid 

synchronization mode 
 
Fig. 7.4   Control algorithm for generating switching sequences in islanded mode 
 
Fig. 7.5   MATLAB model of three phase solar-pico-hydro-battery based microgrid 
 
Fig. 7.6  Simulated performance (a) vg, ig, vhy, ihy, iL, ivsc, Vdc, and STS (b) Iev, Ib, Vpv, Ipv, 

f, Vtm, and θg under balanced and unbalanced loads in the grid synchronization 
mode 

 
Fig. 7.7  FFT analysis (a) harmonics spectrum of the grid current of phase ‘c’ at balanced 

load (b) harmonics spectrum of the grid current of phase ‘c’ at unbalanced load 
 
Figs. 7.8  Simulated performance (a) Iev, Ib, Vpv, Ipv, f, Vtm, and θg (b) vg, ig, vhy, ihy, iL, ivsc, 

Vdc, and STS under change in solar insolation 
 
Figs. 7.9  Simulated performance (a) vhy, ihy, iL, ivsc, Vdc, and STS (b) Iev, Ib, Vpv, Ipv, f, Vtm, 

and θg under balanced and unbalanced loads in an islanded mode 
 
Fig. 7.10  FFT analysis (a) harmonics spectrum of pico-hydro-based generator voltage, 

vhyc (b) harmonics spectrum of pico-hydro based generator current, ihyc at 
unbalanced load 

 
Figs. 7.11  Simulated performance (a) Iev, Ib, Vpv, Ipv, f, Vtm, and θg (b) vhy, ihy, iL, ivsc, Vdc, 

and STS under change in solar insolation 
 
Figs. 7.12  Simulated performance (a) vg, ig, vhy, ihy, iL, ivsc, Vdc, and STS (b) Iev, Ib, Vpv, Ipv, 

f, Vtm, and θg under mode transition 
 
Fig. 7.13   Characteristics of solar simulator at a solar insolation of 692W/m2 
 
Fig. 7.14  Steady state response (a)-(b)-(c) voltages at PCC with grid currents, VSC 

currents, and load currents (d)-(e)-(f) active and reactive powers of the grid, 
VSC, and load  (g) THD of vsc and isc (h) THD of vvscc and ivscc (i) THD of vLc 
and iLc (j)-(k) THD of the grid voltages and currents (l) phasor spectrum of the 
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grid (m-(n) THD of the load voltages and currents (o) phasor spectrum of the 
loads in the grid synchronized mode 

 
Fig. 7.15  Steady state test results (a) pico-hydro-generator voltages with currents (b) THD 

of pico-hydro-generator phase ‘c’ voltage and current (c) phasor spectrum of 
pico-hydro-generator voltages and currents (d) THD of pico-hydro-generator 
voltages (e) THD of pico-hydro-generator currents (f) active and reactive power 
of pico-hydro-generator with their power factors  

 
Fig. 7.16  Steady state test results of microgrid in islanding mode (a)-(b)-(c) vha, vhb, and 

vhc with iha, ihb, and ihc, ivsca, ivscb, and ivscc, and iLa, iLb, and iLc (d)-(e)-(f) active 
and reactive powers of pico-hydro-generator, VSC, and load  (g) THDs of vhc 
and ihc (h) THDs of vvscc and ivscc (i) THDs of vLc and iLc (j)-(k)-(l) THDs of pico-
hydro-generator voltages, currents, and their phasor spectrum (m-(n)-(o) THDs 
of load voltages, currents, and their phasor spectrum 

 
Fig. 7.17  Performance of microgrid (a) isa, isb, isc, and iLc (b) iLc, isc, Ib, and ivscc (c) iLc, isc, 

Ib, and ivscc (d) isc, Ipv, Ib, and iLc under load perturbation in the grid synchronized 
mode 

 
Fig. 7.18  Dynamic performance (a) Ipv, ihc, Ib, and iLc (b) Ipv, isc, Iev, and Ib (c) Ipv, Ib, iLc, 

and isc (d) ivscc, Ib, iLc, and isc in the grid synchronized mode 
 
Fig. 7.19  Dynamic performance (a) iha, ihb, ihc, and iLc (b) ihc, Ipv, Ib, and iLc (c) Iev, ihc, Ib, 

and iLc (d) iLc, ihc, Iev, and Ib in an islanded mode 
 
Fig. 7.20  Dynamic performance in an islanded mode (a) Ipv, ihc, Iev, and Ib (b) Ipv, Ib, Vbatt, 

and Vdc (c) Ipv, ihc, Ib, and iLc under change of solar insolation 
 
Fig. 7.21  Mode transition performance (a) vsc, vhc, isc, and iLc from an islanded mode to 

the grid synchronized mode (b) vsc, vhc, isc, and iLc from the grid synchronized 
mode to an islanded mode (c) Ib, isc, iLc, and ihc from an islanded mode to the 
grid synchronized mode (d) Ib, isc, iLc, and ihc from the grid connected mode to 
an islanded mode (e) vsc, θs, θh, and isc under transition from an islanded mode 
to the grid synchronized mode (f) vsc, θs, θh, and isc under transition from the grid 
synchronized mode to an islanded mode 

 
Fig. 8.1  Configuration of three phase solar-pico-hydro-battery with bidirectional   

converter based microgrid  
 
Fig. 8.2  (a) Comb-TOGI-IFLL controller (b) Control algorithm for generating switching 

sequences in the grid synchronization mode (c) bidirectional converter (d) 
Control algorithm for generating switching sequences in an islanded mode 

 
Fig. 8.3  (a) flow chart of mode transition controller  (b) Block diagram presentation of 

SOGI-FLL 
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Fig. 8.4  Developed MATLAB model of three phase solar-pico-hydro-battery with 
bidirectional converter based microgrid with grid synchronization 

 
Fig. 8.5  Simulated performance (a) vg, ig, vhy, ihy, iL, ivsc, Vdc, and STS (b) Iev, Ib, Vpv, Ipv, 

f, Vtm, and θg under balanced and unbalanced loads in the grid synchronization 
mode 

 
Fig. 8.6  FFT analysis (a) harmonics spectrum of the grid current of phase ‘c’ at balanced 

nonlinear load (b) harmonics spectrum of the grid current of phase ‘c’ at 
unbalanced nonlinear load 

 
Figs. 8.7  Simulated performance under change in solar insolation (a) vg, ig, vhy, ihy, iL, ivsc, 

Vdc, and STS (b) Iev, Ib, Vpv, Ipv, f, Vtm, and θg  
 
Figs. 8.8  Simulated performance in an islanded mode (a) vhy, ihy, iL, ivsc, Vdc, and STS (b) 

Iev, Ib, Vpv, Ipv, f, Vtm, and θg under balanced and unbalanced loads 
 
Fig. 8.9  FFT analysis (a) harmonics spectrum of pico-hydro generator voltage, vhyc (b) 

harmonics spectrum of pico-hydro generator current, ihyc at unbalanced load 
 
Figs. 8.10  Simulated performance (a) vhy, ihy, iL, ivsc, Vdc, and STS (b) Iev, Ib, Vpv, Ipv, f, Vtm, 

and θg under change in solar insolation 
 
Figs. 8.11  Simulated performance (a) vhy, ihy, iL, ivsc, Vdc, and STS (b) Iev, Ib, Vpv, Ipv, f, Vtm, 

and θg under change in charging port power 
 
Figs. 8.12  Simulated performance (a) vg, ig, vhy, ihy, iL, ivsc, Vdc, and STS (b) Iev, Ib, Vpv, Ipv, 

f, Vtm, and θg under mode transition 
 
Fig. 8.13   Characteristics of solar simulator at a solar insolation of 692W/m2 
 
Fig. 8.14  Steady state performance in the grid synchronized mode (a)-(b)-(c) voltages at 

PCC with grid currents, VSC currents, and load currents (d)-(e)-(f) active and 
reactive powers of the grid, VSC, and the load (g) THD of vsa and isa (h) THD 
of vvsca and ivsca (i) THD of vLa and iLa (j)-(k) THD of the grid voltages and 
currents (l) phasor spectrum of the grid (m-(n) THD of the load voltages and 
currents (o) phasor spectrum of the load 

 
Fig. 8.15  Steady state performance of pico-hydro generator (a) voltages with currents (b) 

THD of iha and vha (c) phasor spectrum of hydro-generator (d) THD of hydro-
generator voltages (e) THD hydro-generator currents (f) active and reactive 
power with its power factor 

 
Fig. 8.16  Steady state performance in an islanded mode (a) vha, vhb, and vhc with iha, ihb, 

and ihc (b) vvsca, vvscb, and vvscc  with ivsca, ivscb, and ivscc (c) vLa, vLb, and vLc  with 
iLa, iLb, and iLc (d-e-f) active and reactive components of three phase hydro, VSC, 
and load power with power factor (g-h-i) THD of iha, ivsca, and iLa (j-k) THD of 
vha, vhb, vhc and iha, ihb, ihc (l) phase spectrum of hydro generator (m-n) THD of 
vLa, vLb, vLc and iLa, iLb, iLc (o) phase spectrum of the load 
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Fig. 8.17  Dynamic response (a) Ib, ihc, Ipv, and Vdc (b) iLc, Ib, ihc, and Vdc (c) Ib, iLc, igc, and 

Ipv (d) Ipv, iLc, Ib, and igc in the grid synchronized mode. 
 
Fig. 8.18  Dynamic performance in the grid synchronization mode (a) iLc, Ipv, igc, and Ib (b) 

iLc, ihc, igc, and Ib (c) vhc, vgc, igc, and iLc (d) vhc, vgc, igc, and iLc  
 
Fig. 8.19  Dynamic performance in islanded mode (a) Ib, ihc, Ipv, and Vdc (b) iLc, Ipv, Ib, and 

ihc (c) iLc, Ib, ihc, and Vdc (d) iLc, ihc, ivscc, and Ib  
 
Fig. 8.20  Mode transition performance (a) vgab, vhab, igc, and iLc from an islanded mode to 

the grid synchronized mode (b) vgab, vhab, igc, and iLc from the grid synchronized 
mode to an islanded mode (c) Ib, igc, iLc, and ihc from an islanded mode to the 
grid synchronized mode (d) Ib, igc, iLc, and ihc from the grid connected mode to 
an islanded mode (e) iLc, vgab, vhab, and igc under transition from the grid 
synchronized mode to an islanded mode (f) iLc, vgab, vhab, and igc under transition 
from an islanded mode to the grid synchronized mode 

  
Fig. 9.1  Configuration of three phase four wire solar-pico-hydro-battery based microgrid 

with grid synchronization 
 
Fig. 9.2   Comb-CLO-TOGI-FLL controller 
 
Fig. 9.3  Control algorithm for generating switching sequences in the grid 

synchronization mode 
 
Fig. 9.4   Control algorithm for generating switching sequences in islanded mode 
 
Figs.9.5   Block diag. presentation of (a) LTI-EPLL (b) mode transition controller 
 
Fig. 9.6  Developed Simulink model in the MATLAB of a three phase four wire solar-

pico-hydro-battery based microgrid  
 
Fig. 9.7  Simulated performance (a) vg, ig, vhy, ihy, iL, ivsc, Vdc, and STS (b) Iev, Ib, Vpv, Ipv, 

f, Vtm, and θg under balanced and unbalanced loads in the grid synchronization 
mode 

Fig. 9.8  FFT analysis (a)-(b) harmonics spectrum of phase ‘a’ of the grid voltage and 
current at balanced load (c)-(d) harmonics spectrum of phase ‘a’ of the grid 
voltage and current at unbalanced load 

 
Figs. 9.9  Simulated performance (a) vg, ig, vhy, ihy, iL, ivsc, Vdc, and STS (b) Ipv, Ib, Iev, Vpv, 

f, Vtm, and θg under change in solar insolation and change in charging port 
current 

 
Figs. 9.10  Simulated performance (a) vhy, ihy, iL, ivsc, Vdc, and STS (b) Iev, Ib, Vpv, Ipv, f, Vtm, 

and θg under balanced and unbalanced loads in an islanded mode 
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Fig. 9.11  FFT analysis (a) harmonics spectrum of pico-hydro-based generator voltage, 
vhya (b) harmonics spectrum of pico-hydro-based generator current, ihya at 
unbalanced load 

Figs. 9.12   Simulated performance (a) Iev, Ib, Vpv, Ipv, f, Vtm, and θg (b) vhy, ihy, iL, ivsc, Vdc, 
and STS under change in solar insolation 

 
Figs. 9.13   Simulated performance under Mode transition (a) vg, ig, vhy, ihy, iL, ivsc, Vdc, and 

STS (b) Ipv, Ib, Iev, Vpv, f, Vtm, and θg 
 
Fig. 9.14   Characteristics of a solar simulator 
 
Fig.9.15  Test results (a)-(b)-(c) PCC voltages with iga, igb, and igc,  ivsca, ivscb, and ivscc, and 

iLa, iLb, and iLc (d)-(e)-(f) active and reactive components of power of hydro-
generator, VSC, and load with power factor (g)-(h)-(i) THD of hydro-generator 
voltages and currents, and its phasor spectrum (j)-(k)-(l) THD of load voltages 
and currents and its phasor spectrum (m)-(n)-(0) THD of VSC voltages and 
currents and its phasor spectrum in an islanded mode 

 
Fig. 9.16  Dynamic performance of three-phase four wire solar-pico-hydro-battery based 

microgrid with grid synchronization in an islanded mode (a) Ib, Iev, Vbatt, and iLc 
(b) iLc, ihc, f, and Ipv (c)-(d) ihc, Vbatt, iLc, and Iev (e)-(f) Ib, Vdc, iLc, and vhab (g)-(h) 
Ib, ivscc, iLc, and ihc under disconnection and connection of phase ‘c’ load 

 
Fig. 9.17  Dynamic test results (a)-(b) ihc, Ipv, iLc, and Ib (c) Ipv, Ib, Vbatt, and iLc (d) ihc, Ipv, 

iLc, and Ib under change in solar insolation in an islanded mode 
 
Fig. 10.1  Configuration of three phase four wire solar-pico-hydro-battery with 

bidirectional converter based microgrid  
 
Fig. 10.2  Block diagram presentation (a) CLO-FOGI-IFLL controller (b) CLO-FOGI-

IFLL based current Control algorithm for generating gating pulses in the grid 
synchronization mode (c) bidirectional converter for battery charging and 
discharging 

 
Fig. 10.3   Control algorithm for generating switching sequences in islanded mode 
 
Fig. 10.4  Developed MATLAB model of three phase four wire solar-pico-hydro-battery 

with bidirectional converter based microgrid with grid synchronization  
 
Fig. 10.5  Simulated results (a) vg, ig, vhy, ihy, iL, ivsc, Vdc, and STS (b) Iev, Ib, Vpv, Ipv, f, Vtm, 

and θg under balanced and unbalanced loads in the grid synchronization mode 
 
Fig. 10.6  FFT analysis (a) harmonics spectrum of the grid voltage of phase ‘c’ at balanced 

load (b) harmonics spectrum of the grid current of phase ‘c’ at balanced load (c) 
harmonics spectrum of the grid voltage of phase ‘c’ at unbalanced load (d) 
harmonics spectrum of the grid current of phase ‘c’ at unbalanced load 

 
Figs. 10.7  Simulated results (a) vg, ig, vhy, ihy, iL, ivsc, Vdc, and STS (b) Iev, Ib, Vpv, Ipv, f, Vtm, 

and θg under change in solar insolation 
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Figs. 10.8  Simulated results in an islanded mode (a) vhy, ihy, iL, ivsc, Vdc, and STS (b) Iev, Ib, 

Vpv, Ipv, f, Vtm, and θg under balanced and unbalanced loads  
Fig. 10.9  FFT analysis (a) harmonics spectrum of pico-hydro driven generator voltage, 

vhya of phase ‘a’ at unbalanced load (b) harmonics spectrum of pico-hydro 
driven generator current, ihya of phase ‘a’ at unbalanced load 

 
Figs.10.10  Simulated results (a) vhy, ihy, iL, ivsc, Vdc, and STS (b) Iev, Ib, Vpv, Ipv, f, Vtm, and θg 

under change in solar insolation 
 
Figs.10.11  Simulated results (a) vhy, ihy, iL, ivsc, Vdc, and STS (b) Iev, Ib, Vpv, Ipv, f, Vtm, and θg 

under change in charging port power 
 
Figs.10.12  Simulated results(a) vg, ig, vhy, ihy, iL, ivsc, Vdc, and STS (b) Iev, Ib, Vpv, Ipv, f, Vtm, 

and θg under mode transition 
 
Fig.10.13   Characteristics of solar simulator  
 
Fig.10.14  Steady state test results (a) vha, vhb, and vhc with iha, ihb, and ihc (b) vvsca, vvscb, and 

vvscc with ivsca, ivscb, ivscc (c) vLa, vLb, and vLc with iLa, iLb, and iLc (d-e-f) active and 
reactive powers of hydro generator, VSC, and load with power factor (g-h-i) 
THD of vha with iha, vvsca with ivscc, and vLa with iLa (j-k-l) THD of vha, vhb, and 
vhc and  iha, ihb, and ihc with their phasor spectrum (m-n-o) THD of vLa, vLb, and 
vLc and iLa, iLb, and iLc with their phasor spectrum in islanded mode 

 
Fig.10.15  Dynamic test results (a) ihc, Ib, iLc, and ivscc  at disconnection of phase ‘c’ load 

(b) ihc, Ib, iLc, and ivscc  at connection of phase ‘c’ load (c) ihc, Ipv, iLc, and Iev at 
disconnection of phase ‘c’ load (d) ihc, Ipv, iLc, and Ib2 at connection of phase ‘c’ 
load (e) ihc, Ib, iLc, and ivscc at disconnection of phase ‘c’ load and without PV 
array power (f) ihc, Ib, iLc, and ivscc  at connection of phase ‘c’ load and without 
PV array power 

 
Fig.10.16  Dynamic test results (a) ihc, Ipv, iLc, and Ib at decrease of solar insolation (b) ihc, 

Ipv, iLc, and Ib at increase of solar insolation (c) Ipv, ihc, Ib, and Vdc at increase of 
solar insolation (d) Ipv, Ib, iLc, and Vbatt under decrease of solar insolation in an 
islanded mode 
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