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ABSTRACT 

This work presents the PV-BES-small hydro-wind hybrid system with synchronization to the weak 

grid, which operates in three mode like the grid synchronized mode, an islanded mode, and hydro 

generator mode. This system ensures reliable and uninterrupted power to the critical loads in rural, 

hilly, and coastal areas, where the grid is weak. The conventional grid tied solar inverters are shut 

down compulsorily at the outage of the grid due to safety concerns. The grid in the remote, hilly, 

and coastal areas are subjected to the grid voltage amplitude variations, grid voltage frequency 

variations, and frequent outage of the grid occurs. Thus, the electricity to the dedicated loads is 

ensured by diesel generators. The environmental and economic concerns of diesel generator set, 

its high cost installation, operation, diesel transport to remote locations, emissions cause climate 

change due to global warming and other environmental issues because of release of the high 

amount of carbon dioxide and other toxic gases, have led to think on cost effective and pollution 

free energy. Moreover, fossil fuels are exhaustible and depleting, resulting in increased costs. 

These problems are mitigated by integrating the various renewable energy resources, and the 

battery energy storage (BES) accompanied to the efficient, accurate, and fast control strategy. The 

PV array generator is incompetent to ensure continuous electricity, while the PV array generation 

is low due to low irradiance than the load requirement at the outage of the utility grid. The BES 

stores energy at surplus generation from the PV array generator, and discharges to meet the load 

requirement, while deficient generation from the PV array at an islanded mode of operation. 

Moreover, the PV-BES system is controlled to function at variable grid power mode and preset 

grid power mode to ensure efficient utilization of the resources. The BES capacity required is 

large, moreover, BES needs replacement and frequent maintenance, thus, increases the cost of the 

installation and decreases reliability, especially, in remote hilly areas. The self excited induction 

generator functions at single point of the saturation region of its magnetization characteristics is 

utilized to realize the hydro generator. The hydro generator accompanied to PV array generator 

feeds the load and charges the BES at the utility grid outage. This decreases the BES capacity 

requirement and BES loading. Wind power is abundant in coastal areas. The wind generator, 

realized from the permanent magnet synchronous generator is integrated at the DC link to reduce 

the dependency of the emergency load on the weak utility grid. The PV array generator, wind 

generator, BES, and hydro generator are integrated to efficiently utilize the available renewable 
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resources. This PV-BES-small hydro-wind system is synchronized to the utility grid for the 

exchange of powers. The utility grid tied mode control, an islanded mode control, and transition 

mode control algorithms are adopted for the reliable control of the PV-BES-small hydro-wind 

system.  The PV-BES-small hydro-wind system is integrated to the utility grid near the local loads 

rather than using a long transmission line for providing power to the loads.  

The increased concentration of the power converters in the residential load causes a serious power 

quality concern. The nonlinear load injects harmonics current to the utility grid, which leads to 

voltage distortion, causes mal-operation of appliances, increased losses, and reactive power burden 

on the distribution network. The fast and accurate control algorithms are utilized to mitigate these 

harmonics current in the utility network current.  

This investigation is focused on the design, development, and implementation of various single 

phase and three phase configurations of PV-small hydro hybrid systems with synchronization to 

the utility grid. All the topologies are simulated in MATLAB/ Simulink environment and validated 

on a developed laboratory prototype. These topologies ensure electricity to dedicated load with 

distribution grid power quality concern. The simulated and test results are utilized to analyse the 

utility grid synchronized mode, an islanded mode, and transition mode functions of various 

implemented configurations. The PV-BES-small hydro hybrid system configurations are classified 

based on their type of battery connection, type of utility grid (single-phase or three-phase), number 

of power conversion stages (single-stage or two-stage), and the renewable energy sources used.  In 

the case of two stage power conversion stages, the first stage, which is a boost converter extracts 

the maximum power from the renewable sources. The remaining functions of power injection to 

the utility grid, harmonics current compensation, reactive power compensation of the non-linear 

load besides feeding the load are performed by the second stage, which is a utility grid interactive 

VSC. The bidirectional converter charges/ discharges the BES.  In single stage conversion, all the 

function is performed by the VSC in the utility grid tied mode except BES charging and 

discharging, which is controlled by buck-boost converter. Whereas, in an islanded mode of single 

stage conversion, the bidirectional converter also tracks the MPPT. The VSC regulates the PCC 

voltage in an islanded mode in both the two stage conversion and single stage conversion. The 

utility grid outage is common in rural, hilly, and coastal areas. Therefore, simple, accurate, 

autonomous, and intelligent control techniques for utility grid synchronized PV-BES-small hydro 

hybrid system, are developed such that the PV-small hydro-hybrid system is capable of operating 
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under outage and recovery of the utility grid and at the outage and restoration of power generation 

from the renewable sources to ensure reliable and uninterrupted power to the end users. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



सार 

 

यह काम पीवी-बीईएस-छोटे हाइड्र ो-वविंड् हाइविड् वसस्टम को कमजोर विड् के साथ वसिंक्रोनाइजेशन के साथ प्रसु्तत 

करता है, जो विड् वसिंक्रोनाइज़्ड् मोड्, एक आइलैंडे्ड् मोड् और हाइड्र ो जनरेटर मोड् जैसे तीन मोड् में सिंचावलत होता 

है। यह प्रणाली िामीण, पहाडी और तटीय के्षत्ोिं में महत्वपूणण भार के वलए ववश्वसनीय और वनबाणध वबजली सुवनवित करती 

है, जहािं विड् कमजोर है। पारिंपररक विड् से जुडे सोलर इनवटणर सुरक्षा कारणोिं से विड् के बिंद होने पर अवनवायण रूप से 

बिंद हो जाते हैं। दूरस्थ, पहाडी और तटीय के्षत्ोिं में विड् वोले्टज आयाम वभन्नताओिं, विड् वोले्टज आवृवि वभन्नताओिं के 

अधीन होते हैं, और विड् का बार-बार आउटेज होता है। इस प्रकार, ड्ीजल जनरेटर द्वारा समवपणत भार की वबजली 

सुवनवित की जाती है। ड्ीजल जनरेटर सेट की पयाणवरण और आवथणक वचिंताओिं, इसकी उच्च लागत स्थापना, सिंचालन, 

दूरदराज के स्थानोिं में ड्ीजल पररवहन, उत्सजणन ग्लोबल वावमिंग के कारण जलवायु पररवतणन और अन्य पयाणवरणीय मुद्ोिं 

के कारण काबणन ड्ाइऑक्साइड् और अन्य जहरीली गैसोिं की उच्च मात्ा की ररहाई के कारण, लागत प्रभावी और प्रदूषण 

मुक्त ऊजाण पर ववचार करने के वलए पे्रररत वकया है। इसके अलावा, जीवाश्म ईिंधन घट रहे हैं, वजसके पररणामस्वरूप 

लागत में वृद्धि हुई है। वववभन्न अक्षय ऊजाण सिंसाधनोिं, और बैटरी ऊजाण भिंड्ारण (बीईएस) को कुशल, सटीक और तेज 

वनयिंत्ण रणनीवत के साथ एकीकृत करके इन समस्याओिं को कम वकया जाता है। पीवी सरणी जनरेटर वनरिंतर वबजली 

सुवनवित करने के वलए अक्षम है, जबवक यूवटवलटी विड् के आउटेज पर लोड् आवश्यकता से कम वववकरण के कारण 

पीवी सरणी उत्पादन कम है।। बीईएस पीवी सरणी जनरेटर से अवधशेष उत्पादन पर ऊजाण सिंिहीत करता है, और लोड् 

की आवश्यकता को पूरा करने के वलए वनवणहन करता है, जबवक पीवी सरणी से कम उत्पादन ऑपरेशन के एक पृथक  

मोड् में होता है। इसके अलावा, पीवी-बीईएस प्रणाली को सिंसाधनोिं के कुशल उपयोग को सुवनवित करने के वलए 

पररवतणनीय विड् पावर मोड् और प्रीसेट विड् पावर मोड् पर कायण करने के वलए वनयिंवत्त वकया जाता है। 

आवश्यक बीईएस क्षमता बडी है, इसके अलावा, बीईएस को प्रवतस्थापन और लगातार रखरखाव की आवश्यकता है, 

इस प्रकार, स्थापना की लागत बढ़ जाती है और ववश्वसनीयता कम हो जाती है, खासकर दूरदराज के पहाडी के्षत्ोिं में। 

अपने चुिंबकीयकरण ववशेषताओिं के सिंतृद्धि के्षत् के एक वबिंदु पर स्व-उिेवजत पे्ररण जनरेटर का उपयोग हाइड्र ो जनरेटर 

का एहसास करने के वलए वकया जाता है। पीवी सरणी जनरेटर के साथ हाइड्र ो जनरेटर लोड् को फीड् करता है और 

उपयोवगता विड् आउटेज पर बीईएस को चाजण करता है। यह बीईएस क्षमता की आवश्यकता और बीईएस लोवड्िंग को 

कम करता है। तटीय के्षत्ोिं में पवन ऊजाण प्रचुर मात्ा में है। स्थायी चुिंबक तुल्यकावलक जनरेटर से प्राि पवन जनरेटर को 

कमजोर उपयोवगता विड् पर आपातकालीन भार की वनभणरता को कम करने के वलए ड्ीसी वलिंक पर एकीकृत वकया गया 

है। उपलब्ध अक्षय सिंसाधनोिं का कुशलतापूवणक उपयोग करने के वलए पीवी सरणी जनरेटर, पवन जनरेटर, बीईएस और 

हाइड्र ो जनरेटर एकीकृत हैं। यह पीवी-बीईएस-छोटा हाइड्र ो-वविंड् वसस्टम शद्धक्तयोिं के आदान-प्रदान के वलए उपयोवगता 



विड् के साथ वसिंक्रनाइज है। पीवी-बीईएस-छोटे हाइड्र ो-वविंड् वसस्टम के ववश्वसनीय वनयिंत्ण के वलए उपयोवगता विड् 

एकीकृत मोड् वनयिंत्ण, एक पृथक मोड् वनयिंत्ण, और सिंक्रमण मोड् वनयिंत्ण एल्गोररदम को अपनाया जाता है। पीवी-

बीईएस-छोटे हाइड्र ो-वविंड् वसस्टम को लोड् को वबजली प्रदान करने के वलए एक लिंबी टर ािंसवमशन लाइन का उपयोग 

करने के बजाय स्थानीय भार के पास उपयोवगता विड् में एकीकृत वकया गया है। 

आवासीय भार में पावर कन्वटणसण की बढ़ी हुई एकािता वबजली की गुणविा की गिंभीर वचिंता का कारण बनती है। 

नॉनलाइवनयर लोड् यूवटवलटी विड् में हामोवनक्स करिंट को इिंजेक्ट करता है, जो वोले्टज ववरूपण की ओर जाता है, 

उपकरणोिं के खराब सिंचालन, नुकसान में वृद्धि, और ववतरण नेटवकण  पर प्रवतवक्रयाशील वबजली के बोझ का कारण 

बनता है। यूवटवलटी नेटवकण  करिंट में इन मौजूदा हामोवनक्स को कम करने के वलए तेज और सटीक वनयिंत्ण एल्गोररदम 

का उपयोग वकया जाता है। 

यह जािंच यूवटवलटी विड् के साथ वसिंक्रोनाइजेशन के साथ पीवी-स्मॉल हाइड्र ो हाइविड् वसस्टम के वववभन्न वसिंगल फेज 

और थ्री फेज कॉद्धिगरेशन के वड्जाइन, ववकास और कायाणन्वयन पर कें वित है। सभी टोपोलॉजी MATLAB/वसमुवलिंक 

वातावरण में वसमु्यलेटेड् हैं और एक ववकवसत प्रयोगशाला प्रोटोटाइप पर मान्य हैं। ये टोपोलॉजी ववतरण विड् वबजली 

गुणविा वचिंता के साथ समवपणत लोड् के वलए वबजली सुवनवित करते हैं। वसमु्यलेटेड् और परीक्षण के पररणामोिं का उपयोग 

यूवटवलटी विड् वसिंक्रोनाइज़्ड् मोड्, एक आईलैंडे्ड् मोड् और वववभन्न कायाणद्धन्वत कॉद्धफ़िगरेशन के टर ािंवजशन मोड् ़ििं क्शिंस 

का ववशे्लषण करने के वलए वकया जाता है। पीवी-बीईएस-छोटे हाइड्र ो हाइविड् वसस्टम कॉद्धफ़िगरेशन को उनके प्रकार 

के बैटरी कनेक्शन, उपयोवगता विड् के प्रकार (एकल-चरण या तीन-चरण), वबजली रूपािंतरण चरणोिं की सिंख्या (एकल-

चरण या दो-चरण) के आधार पर वगीकृत वकया जाता है, और नवीकरणीय ऊजाण स्रोतोिं का उपयोग वकया जाता है। दो 

चरण वबजली रूपािंतरण चरणोिं के मामले में, पहला चरण, जो एक बढ़ावा कनवटणर है, अक्षय स्रोतोिं से अवधकतम शद्धक्त 

वनकालता है। शेष कायण,यूवटवलटी विड् में वबजली इिंजेक्शन, हामोवनक्स धारा मुआवजा, लोड् को द्धखलाने के अलावा गैर-

रेखीय लोड् की प्रवतवक्रयाशील वबजली क्षवतपूवतण दूसरे चरण द्वारा की जाती है, जो एक उपयोवगता विड् इिंटरैद्धक्टव 

वीएससी है। वद्ववदश कनवटणर बीईएस को चाजण/वड्स्चाजण करता है। वसिंगल से्टज कन्वजणन में, बीईएस चावजिंग और 

वड्स्चावजिंग को छोडकर यूवटवलटी विड् टाईड् मोड् में वीएससी द्वारा सभी कायण वकए जाते हैं, वजसे वहरन-बूस्ट कन्वटणर 

द्वारा वनयिंवत्त वकया जाता है। जबवक, एकल चरण रूपािंतरण के एक द्वीपीय मोड् में, वद्ववदश कनवटणर एमपीपीटी को भी 

टर ैक करता है। वीएससी पीसीसी वोले्टज को दो चरण रूपािंतरण और एकल चरण रूपािंतरण दोनोिं में एक पृथक मोड् में 

वनयिंवत्त करता है। यूवटवलटी विड् आउटेज िामीण, पहाडी और तटीय के्षत्ोिं में आम है। इसवलए, यूवटवलटी विड् 

वसिंक्रोनाइज्ड पीवी-बीईएस-स्मॉल हाइड्र ो हाइविड् वसस्टम के वलए सरल, सटीक, स्वायि और बुद्धिमान वनयिंत्ण 

तकनीकोिं को इस तरह ववकवसत वकया गया है वक पीवी-स्मॉल हाइड्र ो-हाइविड् वसस्टम आउटेज और यूवटवलटी विड् की 



ररकवरी के तहत काम करने में सक्षम है। अिंवतम उपयोगकताणओिं को ववश्वसनीय और अबावधत वबजली सुवनवित करने 

के वलए अक्षय स्रोतोिं से वबजली उत्पादन की कमी और बहाली पर। 
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Fig. 5.1 Single phase double stage BES supported PV system with synchronization to weak 

grid 

Fig.5.2 Single phase single stage PV-BES system with synchronization to weak grid 

Fig. 5.3 Single phase Double stage PV-BES system with synchronization to weak grid 

Fig.5.4 Single phase two stage BES supported PV system control strategy 

Fig.5.5 Center Frequency Digital Band Pass Filter 

Fig.5.6 Single phase single stage PV-BES control strategy 

Fig.5.7  Load current fundamental component extraction 

Fig.5.8  Bidirectional converter control 

Fig.5.9  Single phase two stage PV-BES system control strategy 
Fig.5.10 LQR based CC-CVF control algorithm 

Fig.5.11 Developed MATLAB model of single phase two stage BES supported PV system 

with synchronization to weak grid 

Fig.5.12 Developed MATLAB model of Single Phase Single Stage PV-BES System with 

Synchronization to Weak Grid 

Fig.5.13 Developed MATLAB model of Single Phase Two Stage PV-BES System with 

Synchronization to Weak Grid 

Fig.5.14 Simulated response of CFDBPF algorithm 
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Fig.5.15 Response of single phase two stage BES supported PV system at (a) steady state 

condition (b) variable utility power mode, and DSTATCOM mode at dynamic load 

Fig.5.16 Response of single phase two stage BES supported PV system (a) dynamic 

irradiance and dynamic load (b) prespecified power mode and DSTATCOM mode 

at steady load 

Fig.5.17 Response of single phase two stage BES supported PV system at (a) transition mode 

(b) Synchronization/ desynchronization 

Fig.5.18 Simulated harmonics response of Single Phase Two Stage BES Supported PV 

System at grid tied mode (a) utility grid voltage (b) utility grid current at 

prespecified utility grid power mode, (c) utility network current at variable utility 

grid power mode, and (d) load current 

Fig.5.19 Simulated harmonics response of Single Phase Two Stage BES Supported PV 

System at islanded mode (a) PCC voltage (b) load current 

Fig.5.20 Simulated response of MFOF based algorithm 

Fig.5.21 Simulated response of single phase single stage PV-BES system at (a) steady state 

(b) dynamic irradiance 

Fig.5.22 Simulated response of single phase single stage PV-BES system at dynamic load 

(a) preset utility grid power mode (b) variable utility grid power mode with BES 

disconnected 

Fig.5.23 Simulated response of single phase single stage PV-BES system at (a) Grid tied 

mode to islanded mode, and Vice-versa (b) synchronization/desynchronization 

Fig.5.24 Simulated harmonic responses of single phase single stage PV-BES system at grid 

synchronized mode 

Fig.5.25 Simulated harmonics response of single phase single stage PV-BES system at islanded 

mode 

Fig.5.26 Simulated response of LQR based CC-CVF control algorithm 

Fig.5.27 Simulated response of single phase two stage PV-BES system at (a) steady state 

condition (b) dynamic irradiance and disconnection-connection of load 

Fig.5.28 Simulated dynamic response of PV-BES system at (a) at dynamic irradiance and 

disconnection-connection of BES (b) voltage swell and voltage sag at dynamic 

irradiance 

Fig.5.29 Simulated response of single phase two stage PV-BES system at (a) islanded mode 

(b) synchronization/desynchronization 

Fig.5.30 Single phase two stage PV-BES grid tied system harmonic spectra at grid integrated 

mode (a) utility voltage harmonic spectra (b) utility grid current harmonic spectra 

(c) load current harmonic spectra 

Fig.5.31 Single phase two stage PV-BES grid tied system harmonics spectra at islanded 

mode (a) PCC voltage harmonic spectra (b) load current harmonics spectra 

Fig.5.32 IC MPPT response 

Fig.5.33 Steady state response at grid integrated mode (a)-(d) utility grid voltage-current, 

power and harmonic spectrums (e)-(h) load voltage-current, power and harmonic 

spectrums (i)-(j) VSC voltage-current, power and (k)-(l) BES voltage, BES current, 

and BES power 

Fig.5.34 Dynamic response at pre-specified power mode (a) dynamic irradiance (b) dynamic 

load 

Fig. 5.35  Dynamic response at variable utility grid power mode (a) dynamic load (b)-(c) 

dynamic irradiance 
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Fig. 5.36  Dynamic response at transition mode 

Fig.5.37  Dynamic response at islanded mode (a)-(b) dynamic load (c) dynamic irradiance 

Fig.5.38  Steady state response at grid tied mode (a) utility grid voltage-current, (b) utility 

grid power (c) utility grid current harmonic spectra, and (d) utility grid voltage 

harmonic spectra 

Fig.5.39  Steady state response at grid tied mode (a) load voltage-current, (b) load power 

(c) load current harmonic spectra (d) load voltage harmonic spectra 

Fig.5.40  Steady state response at grid tied mode (a)-(b) VSC voltage, VSC current and 

VSC power (c)-(d) BES voltage-current and BES power 

Fig. 5.41  Load dynamics response at grid tied mode 

Fig. 5.42  Dynamic irradiance response at grid tied mode  

Fig 5.43  Transient state response at islanded mode (a) dynamic load at only BES connected 

(b) dynamic irradiance (c) dynamic load at minimum generation from PV array 

Fig. 5.44  Steady state response of single phase two stage PV-BES system at grid tied mode 

(a) utility grid voltage, utility grid current, (b)utility grid power, (c)utility grid 

voltge THD, and utility grid current THD 

Fig. 5.45  Steady state response of single phase two stage PV-BES system at grid tied mode  

(a) load voltage, load current, (b) load power, and (c) load current THD 

Fig. 5.46  Steady state response of single phase two stage PV-BES system at grid tied mode 

(a) VSC voltage-VSC current (b) VSC powers 

Fig. 5.47  Steady  state  response  of  single  phase  two  stage  PV-BES  system  at  grid tied 

mode (a) BES voltage-current, and (b) BES power. 

Fig. 5.48  Steady state response of single phase two stage PV-BES system at islanded mode 

(a) load voltage-current, (b) load power, (c) load current THD, and (d) load voltage 

THD 

Fig. 5.49  Steady  state  response  of  single  phase  two  stage  PV-BES  system  at  islanded  

mode (a) BES voltage-current, and (b) BES power 

Fig. 5.50  Single phase two stage PV-BES response at steady BES current and dynamic 

irradiance 

Fig. 5.51  Single phase two stage PV-BES system response at steady load (a) preset utility 

grid power mode and steady irradiance (b) variable utility grid power mode and 

dynamic irradiance 

Fig. 5.52  Single phase two stage PV-BES system response at (a) variable utility grid power 

mode at dynamic load (b) transition mode 

Fig. 5.53  Single phase two stage PV-BES system islanded mode response at dynamic load 

Fig.5.54  Single phase two stage PV-BES system islanded mode response at steady load      

Fig.6.1 Three phase single stage PV system with synchronization to weak grid 

Fig.6.2 Three phase Double stage PV system with synchronization to weak grid 

Fig.6.3 Control strategy for grid synchronization mode 

Fig.6.4 Islanded mode control of three phase three wire single stage PV System 

Fig.6.5 Control approach (a) complex coefficient based control strategy, (b) complex 

coefficient filter for HFPS components extraction 

Fig.6.6 MATLAB model of three phase single stage PV system with synchronization to a 

weak grid 

Fig.6.7 MATLAB model of three phase three wire two stage PV system with 

synchronization to weak grid  
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Fig.6.8 Simulated performance of grid synchronized mode controller of three phase three 

Wire single stage PV System (a) intermediates signals :I’
Ld, I

’
Lq, ILd, ILq, phase angle 

jump (D’), estimated angular frequency (west), and estimated angle (D) (b) Ipvff, Inet, 

ua, ub,uc, is, and vs 

Fig.6.9 Simulated response of three phase PV system at (a) steady state (b) dynamic load 

Fig.6.10 Simulated response of three phase single stage PV system at (a) dynamic irradiance 

(b) load unbalancing 

Fig.6.11 Simulated performance of PV array system at islanded mode (a) removal-injection 

of load, (b) phase “c” load removed 

Fig.6.12 (a)-(b) Simulated performance at synchronization/desynchronization 

Fig.6.13 Simulated harmonics response of three Phase single stage PV System at grid tied 

mode (a) grid voltage (b) grid current, and (c) load current 

Fig.6.14 Simulated harmonics response of three phase single stage PV system at islanded 

mode (a) PCC voltage (b) load current 

Fig. 6.15 Simulated response of frequency adaptive complex coefficient filter based control 

Fig.6.16 Simulated response of three phase two stage PV system at (a) steady state (b) 

unbalanced load 

Fig.6.17 Simulated transient response of three phase two stage PV system at (a) dynamic 

load (b) dynamic irradiance (c) grid voltage sag and swell 

Fig.6.18 Simulated response of three phase two stage PV system at islanded mode (a) 

removal-injection of load (b) unbalanced load 

Fig.6.19 Simulated performance at synchronization/desynchronization 

Fig.6.20 Harmonic performance of three phase two stage PV system at grid synchronized 

mode (a) grid voltage (b) grid current (c) load current 

Fig.6.21 Harmonic performance of three phase two stage PV system at islanded mode (a) 

PCC voltage, (b) load current 

Fig.6.22 MPPT performance (a) G=1000W/m2
, (b) G=500W/m2 

Fig. 6.23  Steady state responset at grid connected mode (a) grid voltages(vsa, vsb,vsc), and 

grid currents(isa,isb,isc)(b)vsa THD, and isa THD (c) grid voltages-currents phasor 

diagram (d) grid currents THD and crest factor (e) grid voltages THD and crest 

factor (f) grid power and power factor  

Fig. 6.24  Individual phase grid power and grid power factor at steady state. 

Fig. 6.25  Steady state response at grid connected mode (a) load voltages(vLa, vLb,vLc), and 

grid currents(iLa,iLb,iLc)(b)vLa THD, and iLa THD (c) load voltages-currents phasor 

diagram (d) load currents THD and crest factor (e) load voltages THD and crest 

factor (f) grid per phase power and power factor 

Fig. 6.26  Steady state response at grid connected mode (a) VSC voltages(vvsca, vvscb,vvscc), 

and VSC currents(ivsca,ivscb,ivscc)(b)vvsca THD, and ivsca THD (c) VSC voltages-

currents phasor diagram (d) VSC currents THD and crest factor (e) VSC voltages 

THD and crest factor (f) VSC per phase power and power factor 

Fig. 6.27  Individual phase VSC power and power factor at steady state 

Fig. 6.28  Steady state response at islanded mode (a) load voltages(vLa, vLb,vLc), and load 

currents(iLa,iLb,iLc) (b) load voltages-currents phasor diagram (c) load currents THD 

and crest factor (d) load voltages THD and crest factor (e) load power and power 

factor (f)load per phase power and power factor 

Fig. 6.29  Dynamic response at grid tied mode balanced load currents load removal-injection 
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Fig. 6.30  Dynamic irradiance response at grid tied mode  

Fig. 6.31  Dynamic response at grid tied mode and unbalanced load current (a) VSC currents 

(ivsca, ivscb, and ivscc) at phase “c” load removed, (b) phase “c” VSC current (ivscc), 

phase “c” grid current (isc), PV array current (Ipv), and Phase “c” load current (iLc), 

(c) PV array voltage-current, estimated PCC voltage (Vt), and phase “c” load 

current 

Fig. 6.32  Islanded mode dynamic performance 

Fig.6.33  Performance at synchronization/desynchronization 

Fig 6.34.  Intermediate signals (a)-(b)iLa, iLα, iLβ, and ILp, (c)-(d) iLa, iαhp, iβhp, ωg at disconnection- 

    connection of load current 

Fig6.35.  Intermediate signals (a)-(b) iLa, i+
Lα1, i

+
Lβ1 at disconnection-connection of load 

current 

Fig 6.36.  Intermediate signals iLa, Ipn, isa, i
*
sa at disconnection-connection of load current 

Fig. 6.37  Steady state performance at unbalanced load current (a)vsa-isa, (b) vsb-isb, (c) vsc-isc, 

and (d) grid current harmonic performance 

Fig. 6.38  Steady state performance at unbalanced load current (a) vvsca-ivsca, (b) vvscb-ivscb, (c) 

vvscc-ivscc, and (d) PCC voltage harmonic performance 

Figs. 6.39  Steady state performance at unbalanced load current (a) vLa-iLa, (b) vLb-iLb, (c) vLc-

iLc, and (d) load current harmoinc performance 

Fig.6.40  Steady state performance at balanced load currents(a) vsa-isa, (b) Pga, (c)isa 

harmonics performance, and (d) vsa harmonic performance 

Fig.6.42  Steady state performance at balanced load currents (a) vLa-iLa, (b) PLa, (c) iLa 

harmonic performance 

Fig. 6.43  Steady state response of three phase two stage PV system at islanded mode 

Figs. 6.44  Dynamic performance under unbalanced load current(a)-(b)iLa, iLb, iLc, VDC at 

connection-disconnection of load current, (c)-(d)iLa, Ipv, ivsca, isa at connection-

disconnection of load current 

Figs. 6.45  Dynamic performance under varying irradiance(a)-(b) Ipv, iLa, Ipvd, and isa at 

increased-decreased irradiance (c)-(d) Ipv, ivsca, Ipvd, VDC at increased-decreased 

irradiance 

Figs 6.46  Dynamic performance at sudden step change of grid voltage (a)-(b) vsa, isa, Ipv, VDC 

at voltage swell-sag(c)-(d) vsa, isa, iLa, VDC at voltage swell-sag 

Fig. 6.47  Synchronization of three phase three wire two stage PV VSC system to the grid 

Fig.7.1 Double stage BES supported three phase PV system with synchronization to weak 

grid 

Fig.7.2 Single stage three phase PV-BES system with synchronization to weak grid 

Fig.7.3 Double stage three phase PV-BES system with synchronization to weak grid 

Fig.7.4 Overall control strategy 

Fig.7.5 Boost converter control 

Fig.7.6 Frequency adaptive self-tuning filter algorithm to estimate fundamental frequency 

load current 

Fig.7.7 Islanded mode control 

Fig.7.8 Overall control strategy of three phase single stage PV-BES system 
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Fig.7.9 Frequency adaptive ROGI control algorithm to estimate fundamental frequency 

load current amplitude 

Fig.7.10 Control strategy of three phase double stage grid synchronized SPV-BES system 

Fig.7.11 Frequency adaptive DTOGI control algorithm 

Fig.7.12 MATLAB  model  of three  phase  double  stage  BES  supported  PV  system  with  

synchronization to weak grid 

Fig.7.13 MATLAB    model    of    three    phase    single    stage    PV-BES   system   with  

synchronization to weak grid 

Fig.7.14 MATLAB    model    of    three    phase    double    stage   PV-BES   system   with  

synchronization to weak grid 

Fig.7.15 Intermediate signals (a) i’La, i’Lb, dω, ωest, ia, ib, and ILd and (b) Ipvd, ILoss, Ipn, ua, ub, 

uc, i*sa, and vsa 

Fig.7.16 Steady   state   response   of   BES   supported   PV   system  at (a) preset power mode 

(b) variable power mode 

Fig.7.17 Dynamic response of BES supported PV system (a) dynamic irradiance (b) 

DSTATCOM (c) dynamic load at preset grid power mode (d) dynamic load at 

variable grid power mode 

Fig.7.18 Islanded mode response (a) dynamic irradiance (b) BES disconnected 

Fig.7.19 Response at mode transition 

Fig.7.20 Response of three phase BES supported PV system at (a) desynchronization (b) 

synchronization 

Fig.7.21 Harmonic response at preset grid power mode (a) phase “a” grid voltage (b) phase 

“a” grid current (c) phase “a” load current 

Fig.7.22 Harmonic response at variable grid power mode (a) phase “a” grid voltage (b) phase 

“a” grid current (c) phase “a” load current 

Fig.7.23 Harmonic response at islanded mode (a) phase “a” PCC voltage (b) load current 

Fig.7.24 Intermediate signals (a) ia, ib, ie, iL1h, iL2h, orthogonal load current fundamental 

components (iLab, iLba), extracted active load current amplitude (ILd) (b) ωest, D, 

ILoss, Ipn, unit templates(ua,ub,uc), phase “a” reference grid current (i*
sa), and phase 

“a” grid voltage (vsa) 

Fig.7.25 Three phase single stage PV-BES system steady state response at (a) preset grid 

power mode (b) variable grid power mode 

Fig.7.26 Dynamic response of three phase single stage PV-BES system (a) dynamic 

irradiance (b) DSTATCOM (c) balanced dynamic load (d) unbalanced dynamic 

load 

Fig.7.27 Three phase single stage PV-BES system response at islanded mode (a) battery 

connected (b) battery disconnected 

Fig.7.28 Three phase single stage PV-BES system response at mode transition 

Fig.7.29 Three phase single stage PV-BES system response at (a) desynchronization (b) 

synchronization 

Fig.7.30 Single stage PV-BES system harmonic response at preset grid power mode (a) 

phase “a” grid voltage (b) phase “a” grid current (c) phase “a” load current 

Fig.7.31 Single stage PV-BES system harmonic response at variable grid power mode (a) 

phase “a” grid voltage (b) phase “a” grid current (c) phase “a” load current 

Fig.7.32 Single stage PV-BES system harmonic response at islanded mode (a) PCC voltage 

(b) load current 
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Fig.7.33 Intermediate signals of frequency adaptive DTOGI control algorithm (a) iL, ia,ib, 

xLa, xLb, qi’a, qi’b, fundamental frequency orthogonal load current components (i’a, 

i’b), and active load current component (ILd) (b) estimated angular frequency (ωest), 

DC link loss current component (ILoss), PV feed forward term (Ipvd), net active grid 

current (In), unit templates (ua,ub,uc), synthesized reference grid current (i*
sa), and 

reference grid voltage (vsa) 

Fig.7.34 Three phase two stage PV-BES system steady state response (a) variable grid power 

mode (b) preset grid power mode 

Fig.7.35 Three phase two stage PV-BES system dynamic response (a) balanced dynamic 

load (b) unbalanced dynamic load 

Fig.7.36 Three phase two stage PV-BES system dynamic response (a) dynamic irradiance 

(b) DSTATCOM 

Fig.7.37 Three phase two stage PV-BES system islanded mode response (a) BES connected 

(b) BES disconnected 

Fig.7.38 Three phase two stage PV-BES system response at mode transition 

Fig.7.39 Desynchronization/ synchronization of three phase two stage PV-BES system (a) 

desynchronization (b) synchronization 

Fig.7.40 Three phase two stage PV-BES system harmonic response at preset grid power 

mode (a) phase “a” grid voltage (b) phase “a” grid current (c) phase “a” load current 

Fig.7.41 Three phase two stage PV-BES system harmonic response at variable grid power 

mode (a) phase “a” grid voltage (b) phase “a” grid current (c) phase “a” load current 

Fig.7.42 Three phase two stage PV-BES system harmonic response at islanded mode (a) 

PCC voltage (b) load current 

Fig.7.43 IC MPPT performance at 859W/m2 

Fig. 7.44  Dynamic response of two stage BES supported PV system at load dynamics 

Fig. 7.45  Dynamic response of two stage BES supported PV system at dynamic irradiance  

Fig. 7.46  Steady state response at grid synchronized mode (a) grid voltages (vsa, vsb,vsc), and 

grid currents(isa,isb,isc) (b) vsa THD, and isa THD (c) grid voltages-currents phasor 

diagram (d) grid voltage THD and crest factor (e) grid current THD and crest factor 

(f) grid power and power factor 

Fig. 7.47  Steady state response at grid synchronized mode (a) grid per phase power and 

power factor, and (b)-(c) BES voltage, current, and power 

Fig. 7.48  Steady state response at grid tied mode (a) load voltages(vLa, vLb,vLc), and load 

currents(iLa,iLb,iLc)(b)vLa THD, and iLa THD (c) load voltages-currents phasor 

diagram (d) load currents THD and crest factor (e) load voltages THD and crest 

factor (f) Load power and power factor 

Fig. 7.49  grid tied mode load per phase power and power factor at steady state response 

Fig. 7.50  Steady state response of BES supported PV system at grid synchronized mode (a) 

VSC voltages (vvsca, vvscb,vvscc), and VSC currents(ivsca,ivscb,ivscc)(b) vvsca THD, and 

ivsca THD (c) VSC voltages-currents phasor diagram (d) VSC currents THD and 

crest factor (e) VSC voltages THD and crest factor (f) VSC  power and power factor 
Fig. 7.51  Steady state response of VSC per phase power and power factor BES supported PV 

system at grid synchronized mode  

Fig. 7.52  Response at islanded mode (a)-(b) dynamic irradiance (c) connection-

disconnection of load 
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Fig. 7.53  Steady state response at islanded mode (a) PCC voltages(vLa, vLb,vLc), and load 

currents (iLa,iLb,iLc)(b)vLa THD, and iLa THD (c) load voltages-currents phasor 

diagram (d) load currents THD and crest factor (e) PCC voltages THD and crest 

factor (f) load power and power factor 

Fig. 7.54  Steady state response at islanded mode (a) PCC voltages(vLa, vLb,vLc), and load 

currents (iLa,iLb,iLc)(b)vLa THD, and iLa THD (c) load voltages-currents phasor 

diagram (d) load currents THD and crest factor (e) PCC voltages THD and crest 

factor (f) load power and power factor (g) load per phase power and power factor 

(h)-(i) BES voltage-current, and BES power 

Fig. 7.55  Load dynamics response of three phase single stage PV-BES system at grid 

synchronized mode  
Fig. 7.56  Dynamic irradiance response of three phase single stage PV-BES system at grid 

synchronized mode   

Fig. 7.57  Steady state response of three phase single stage PV-BES system at grid tied mode 

(a) grid voltages (vsab, vsbc, vsca) and grid currents (isa, isb, isc) (b) grid voltage-current 

harmonic spectrum (c) grid voltages and grid currents phasor diagram (d) grid 

voltage THD and crest factor (e) grid current THD and crest factor (f) grid powers 

and power factor 

Fig. 7.58  Steady state response of three phase single stage PV-BES system at grid tied mode 

(a)   grid individual phase power and power factor, and (b)-(c) BES voltage-current, 

and BES power  

Fig. 7.59  Steady state response of single stage PV-BES system at grid synchronized mode 

(a)PCC voltage (vLab, vLbc, vLca) and load currents (iLa. iLb, iLc) (b) PCC voltages and 

load currents phasor diagram (c) load currents THD and crest factor (d) PCC 

voltage THD and crest factor (e) load powers and power factor (f) individual phase 

load powers and individual phase power factor 

Fig. 7.60  Steady state response of single stage PV-BES system at grid tied mode (a) VSC 

voltages (vvscab, vvscbc, vvscca) and currents (ivsca, ivscb, ivscc) (b) PCC voltage THD and 

crest factor (c) VSC powers and power factor (d) individual phase load powers and 

individual phase power factors 

Fig. 7.61  Dynamic irradiance response of single stage PV-BES system at islanded mode 

Fig. 7.62  Load dynamics response of single stage PV-BES system at islanded mode 

Fig. 7.63  Steady state response of single stage PV-BES system at islanded mode (a) PCC 

voltages (vLab, vLbc, vLca) and load currents (iLa, iLb, iLc) (b) PCC voltage and load 

current harmonic spectrum (c) PCC voltages and load currents phasor diagram (d) 

load currents THD and crest factor (e) load voltage THD and crest factor (f) load 

powers and power factor 

Fig. 7.64  Steady state response of single stage PV-BES system at islanded mode (a) 

individual phase load powers and individual phase power factors (b)BES voltage-

current (c) BES powers 

Fig. 7.65  BES dynamic response of two stage PV-BES system at grid synchronized mode 
Fig. 7.66  Dynamic irradiance response of two stage PV-BES system at grid synchronized 

mode  

Fig. 7.67  Dynamic load response of two stage PV-BES system at grid synchronized mode 

dynamic irradiance  
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Fig.7.68  Steady state response of two stage PV-BES system at grid synchronized mode (a) 

grid voltages (vsab, vsbc, vsca)-grid currents (isa, isb, isc) (b) grid voltage harmonic 

spectrum and grid current harmonic spectrum (c) grid voltages and grid currents 

phasor diagram (d) grid currents THD and grid currents crest factor (e) grid line 

voltages THD and grid line voltages crest factor (f) grid powers and power factor 

Fig.7.69  Steady state response of two stage PV-BES system at grid synchronized mode (a) 

individual phase grid power, and (b)-(c) BES parameters 

Fig. 7.70  Steady state response of three phase two stage PV-BES system at grid tied mode 

(a) PCC voltages (vsab, vsbc, vsca) and load currents (iLa, iLb, iLc) (b) load currents 

THD and load currents crest factor (c) load voltages THD and load voltages crest 

factor (d) load powers and load power factor (e) load individual phase power and 

individual phase power factor 

Fig. 7.71  Steady state response of two stage PV-BES system at grid tied mode (a) VSC 

voltages (vLab, vLbc, vLca) and VSC currents (isa, isb, isc) (b) VSC voltage harmonic 

spectrum and VSC current harmonic spectrum (c) VSC line voltages and VSC 

currents phasor diagram (d) VSC currents THD and VSC currents crest factor (e) 

VSC voltages THD and VSC voltage crest factor (f) VSC powers and VSC power 

factors   

Fig. 7.72  Dynamic irradiance response of the two stage PV-BES system at islanded mode 

Fig. 7.73  Load dynamics response of the two stage PV-BES system at islanded mode 

Fig. 7.74  Steady state response of three phase two stage PV-BES system at islanded mode 

(a) PCC voltages (vLab, vLbc, vLca) and load currents (iLa, iLb, iLc) (b) PCC voltage 

harmonic spectrum and load current harmonic spectrum (c) PCC voltages and load 

currents phasor diagram (d) load currents THD and load currents crest factor (e) 

PCC voltages THD and PCC voltages crest factor (f) load powers and load power 

factor 
Fig. 7.75  Steady state response of three phase two stage PV-BES system at islanded mode 

(a) individual phase load power and individual phase load power factor, and (b)-(c) 

Vb. Ib, and Pb 

Fig.8.1 Single     phase    double    stage    BES    supported    PV-Small hydro   system   

with synchronization to weak grid 

Fig.8.2 Single phase single stage PV-BES-Small hydro system with synchronization to 

weak grid 

Fig.8.3 Single phase double stage PV-BES-Small hydro system with synchronization to 

weak grid 

Fig.8.4 Overall control strategy 

Fig.8.5 Fundamental frequency load current component extraction 

Fig.8.6 Control strategy of single stage PV-BES-small hydro system 

Fig.8.7 Control strategy of single phase double stage PV-BES-small hydro system 

Fig. 8.8 MATLAB model of single phase two stage PV-BES-small hydro system with 

BES connected directly to DC link  

Fig.8.9  MATLAB model of single phase single stage PV-BES-small hydro system with 

bidirectional converter 
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Fig.8.10  MATLAB model of single phase two stage PV-BES-small hydro system with 

boost and bidirectional converter 

Fig.8.11 (a)-(b) Intermediate signals of proposed control algorithm 
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