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ABSTRACT 

Due to worldwide acceptance of net zero carbon emission policy and the subsequent necessity 

to minimize carbon footprints of energy infrastructure, there is an accelerated growth of solar 

photovoltaic (PV) array fed systems for several crucial applications like solar water pumping. 

The domains like irrigation, residential/commercial buildings, forest conservation, livestock, 

aquaculture and others are the potential beneficiary of solar water pumping systems. Besides, 

the declining cost of PV technology and the availability of low-cost digital signal processors 

have increased the number of installations of PV array fed water pumping systems. Meanwhile, 

permanent magnet synchronous motor (PMSM) has emerged as a potential candidate for 

driving solar water pumping systems due to its advantages like higher efficiency, higher torque 

density and unity power factor operation over induction motors. In this research work, various 

configurations of PMSM drive suitable for solar water pumping system.  

In developed configurations of PMSM, the reverse-saliency is realized through introduction of 

flux barriers along q-axis in rotor to minimize permanent magnet demagnetization risk. While 

the developed topologies of PMSM operated solar water pumping system are broadly classified 

into standalone and grid interfaced systems. The PV array and battery energy storage (BES) 

are the two energy sources for standalone system. For such systems, a bidirectional power flow 

controller is developed for controlling battery power based on weather conditions. This enables 

delivery of constant water discharge for intermittent irradiation, thereby increasing utilization 

of the system. Whereas, the grid is available as another energy source in addition to PV array 

and BES for grid-interfaced system. Such a configuration facilitates on-demand water pumping 

irrespective of availability of irradiation. For this system, the fundamental component of grid 

voltage is extracted by using presented frequency locked loop (FLL). This enables the smooth 

operation of system even under abnormal grid conditions as the power quality at grid terminals 

is maintained in accordance to the IEEE-519 standard. Besides, a synchronization unit is added 

to the grid interfaced system for seamless synchronization of water pumping system with grid. 

For this purpose, the presented FLL based synchronizing controls are developed. Such a unit 

facilitates interconnection and interoperability between water pumping system and grid so that 

these two units work effectively, which thereby satisfies the IEEE 1547-2018 updated standard. 

Besides, mechanical position sensor is eliminated from PMSM drive by using presented rotor 

flux observer, which estimates speed and rotor position. The estimated speed and rotor position 

are then used for implementing field-oriented control of PMSM drive. The elimination of 

position sensor reduces cost and increases reliability of the solar water pumping system. Even 
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a provision to supply power to local-loads of the system such as pressure boosters, cooling 

fans, lighting load, fan-load and others is included into the system. Such a load is necessary 

and unavoidable as it represents the auxiliary components of solar water pumping system, 

which are necessary for smooth operation of the system. 

The performance of the presented configurations of solar water pumping system and the 

associated control techniques is analyzed by performing simulation on MATLAB/Simulink 

platform. Several simulation results are acquired and reported for each topology during 

starting, steady-state and dynamics under practical operating scenarios. Besides, an 

experimental validation of all the presented topologies is carried out on the laboratory prototype 

of the system, and the associated test results are reported.  



सं�ेप 

शू� काब�न उ�ज�न नीित की िव��ापी �ीकृित और ऊजा� अवसंरचना के काब�न फुटिपं्रट्स को कम 

करने की आव�कता के कारण, सौर जल पंिपंग जैसे कई मह�पूण� अनुप्रयोगो ं के िलए सौर 

फोटोवो��क (पीवी) सरणी फेड िस�म की ��रत वृ�� �ई है। िसंचाई, आवासीय/वािण��क भवनो,ं 

वन संर�ण, पशुधन, जलीय कृिष और अ� जैसे डोमेन सौर जल प��ंग प्रणािलयो ंके संभािवत लाभाथ� 

ह�। इसके अलावा, पीवी तकनीक की घटती लागत और कम लागत वाले िडिजटल िस�ल प्रोसेसर की 

उपल�ता ने पीवी ऐरे फेड वॉटर पंिपंग िस�म की स्थापनाओ ंकी सं�ा म� वृ�� की है। इस बीच, स्थायी 

चंुबक तु�कािलक मोटर (PMSM) उ� द�ता, उ� टोक़ घन� और पे्ररण मोटस� पर एकता श�� 

कारक संचालन जैसे लाभो ंके कारण सौर जल पंिपंग िस�म को चलाने के िलए एक संभािवत उ�ीदवार 

के �प म� उभरा है। इस शोध काय� म� पीएमएसएम ड� ाइव के िविभ� िव�ास सौर जल प��ंग प्रणाली के 

िलए उपयु� ह�। 

पीएमएसएम के िवकिसत िव�ास म�, स्थायी चंुबक िवचंुबकीकरण जो�खम को कम करने के िलए रोटर 

म� �ू-अ� के साथ �� बै�रयर की शु�आत के मा�म से �रवस�-सिलये�ी को महसूस िकया जाता 

है। जबिक पीएमएसएम संचािलत सौर जल प��ंग प्रणाली की िवकिसत टोपोलॉजी को मोटे तौर पर 

��डअलोन और िग्रड इंटरफेस्ड िस�म म� वग�कृत िकया गया है। पीवी सरणी और बैटरी ऊजा� भंडारण 

(बीईएस) ��डअलोन िस�म के िलए दो ऊजा� स्रोत ह�। ऐसी प्रणािलयो ंके िलए, मौसम की �स्थित के 

आधार पर बैटरी पावर को िनयंित्रत करने के िलए एक ि�िदश श�� प्रवाह िनयंत्रक िवकिसत िकया जाता 

है। यह आंतराियक िविकरण के िलए िनरंतर जल िनव�हन को स�म बनाता है, िजससे िस�म का उपयोग 

बढ़ता है। जबिक, िग्रड-इंटरफेस िस�म के िलए पीवी सरणी और बीईएस के अित�र� िग्रड एक अ� 

ऊजा� स्रोत के �प म� उपल� है। इस तरह का िव�ास िविकरण की उपल�ता के बावजूद ऑन-िडमांड 

पानी पंिपंग की सुिवधा देता है। इस प्रणाली के िलए, प्र�ुत फ्री�� सी लॉक लूप (FLL) का उपयोग करके 

िग्रड वो�ेज के मूलभूत घटक को िनकाला जाता है। यह असामा� िग्रड प�र�स्थितयो ंम� भी िस�म के 

सुचा� संचालन को स�म बनाता है �ोिंक िग्रड टिम�नलो ंपर िबजली की गुणव�ा IEEE-519 मानक के 

अनुसार बनाए रखी जाती है। इसके अलावा, िग्रड के साथ जल प��ंग प्रणाली के िनबा�ध तु�कालन के 

िलए िग्रड इंटरफेस प्रणाली म� एक तु�कालन इकाई जोड़ी जाती है। इस प्रयोजन के िलए, प्र�ुत FLL 

आधा�रत तु�कालन िनयंत्रण िवकिसत िकए गए ह�। ऐसी इकाई जल प��ंग प्रणाली और िग्रड के बीच 

अंतस�बंध और अंतस�चालनीयता की सुिवधा प्रदान करती है तािक ये दोनो ंइकाइयाँ प्रभावी ढंग से काम 

कर� , िजससे IEEE 1547-2018 अ�तन मानक को पूरा िकया जा सके। 



 
 

इसके अलावा, प्र�ुत रोटर �� ऑ�व�र का उपयोग करके पीएमएसएम ड� ाइव से मैकेिनकल 

पोजीशन स�सर को हटा िदया जाता है, जो गित और रोटर की �स्थित का अनुमान लगाता है। अनुमािनत 

गित और रोटर की �स्थित का उपयोग तब PMSM ड� ाइव के �ेत्र-उ�ुख िनयंत्रण को लागू करने के िलए 

िकया जाता है। �स्थित संवेदक के उ�ूलन से लागत कम हो जाती है और सौर जल प��ंग प्रणाली की 

िव�सनीयता बढ़ जाती है। यहां तक िक िस�म के लोकल-लोड जैसे पे्रशर बू�र, कूिलंग फैन, लाइिटंग 

लोड, फैन-लोड और अ� को िबजली की आपूित� करने का प्रावधान भी िस�म म� शािमल है। ऐसा भार 

आव�क और अप�रहाय� है �ोिंक यह सौर जल प��ंग िस�म के सहायक घटको ंका प्रितिनिध� 

करता है, जो िस�म के सुचा� संचालन के िलए आव�क ह�। 

MATLAB / Simulink �ेटफॉम� पर िसमुलेशन प्रदश�न करके सौर जल पंिपंग िस�म और संबंिधत 

िनयंत्रण तकनीको ंकी प्र�ुत कॉ�न्फ़गरेशन का प्रदश�न िव�ेषण िकया जाता है। �ावहा�रक ऑपरेिटंग 

प�र��ो ंके तहत प्रारंिभक, �स्थर-अवस्था और गितशीलता के दौरान प्र�ेक टोपोलॉजी के िलए कई 

िसमुलेशन प�रणाम प्रा� और �रपोट� िकए जाते ह�। इसके अलावा, सभी प्र�ुत टोपोलॉजी का प्रायोिगक 

स�ापन िस�म के प्रयोगशाला प्रोटोटाइप पर िकया जाता है, और संबंिधत परी�ण के प�रणाम �रपोट� 

िकए जाते ह�। 
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Fig. 6.45 Illustration of MPPT performance on IPV-vs-VPV curve for presented single-stage PV 
array and BES with BDC fed water pumping system at (a) 1kW/m2, and (b) 0.5kW/m2 

Fig. 7.1 Single-phase grid-interfaced double-stage solar PV array fed PMSM drive with local-
loads for water pumping system 

Fig. 7.2 Single-phase grid-synchronized single-stage solar PV array fed PMSM drive with 
local-loads for water pumping system 

Fig. 7.3 Control scheme based on presented AMNF-FLL for generation of switching pulses 
for grid-side VSC 
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Fig. 7.4 Block diagram of ANF-FLL 

Fig. 7.5 Frequency response of ANF structure 

Fig. 7.6 Frequency response of Ge(s) at ωct=314rad/s, 5ωct, and 7ωct  

Fig. 7.7 Block diagram of presented AMNF-FLL structure 

Fig. 7.8 Frequency response of (a) GAMNFp(s), and (b) GAMNFq(s) 

Fig. 7.9 Control for generation of switching pulses for motor-side VSI  

Fig. 7.10 AMNF-FLL based voltage control scheme for generation of switching pulses for grid-
side VSC during islanded-mode 

Fig. 7.11  (a) AMNF-FLL based seamless control to synchronize water pumping system with 
grid, and (b) Control for matching phase-angle and frequency of load voltage with the 
phase-angle and frequency of grid-voltage  

Fig. 7.12 MATLAB/Simulink based model of single-phase grid-interfaced double-stage solar 
PV array fed PMSM drive with local loads for water pumping system  

Fig. 7.13 MATLAB/Simulink based model of single-phase grid-synchronized single-stage 
solar PV array fed PMSM drive with local-loads for water pumping system  

Fig. 7.14 Experimental setup 

Fig. 7.15 Starting and steady-state performances of (a) G, IPV, VPV, PPV, VDC, and (b) iabcm, ωm, 
θe, vL, iL when PV array alone feeding the system 

Fig. 7.16 Steady-state performances of (a) vg, ig, iL, up, wT, (b) Pg, VDC, iabcm, ωm, θe, and (c) 
THD of ig when grid alone feeding the system  

Fig. 7.17 Steady-state performances of (a) G, IPV, VPV, vg, ig, (b) wT, iL, iabcm, ωm, θe, and (c) 
THD of ig when both the PV array and grid feeding the system  

Fig. 7.18 Steady-state performances of (a) G, IPV, VPV, vg, ig, (b) wT, up, iL, VDC, ωm, and (c) THD 
of ig when PV array feeding the utility grid 

Fig. 7.19 Dynamic performances of (a) G, IPV, VPV, vg, ig, (b) wT, iL, iabcm, ωm, θe, and (c) THD 
of ig for transition from PV array alone feeding the system to grid alone feeding the 
system 

Fig. 7.20 Dynamic performances of (a) G, IPV, VPV, vg, ig, (b) wT, iL, iabcm, ωm, θe, and (c) THD 
of ig for transition from PV array alone feeding to both the PV array and grid feeding 
the system  

Fig. 7.21 Dynamic performances of (a) G, IPV, VPV, vg, ig, (b) wT, up, iL, VDC, ωm, and (c) THD 
of ig when PV array feeding the utility grid for change in irradiation from (1.0-to-0.5) 
kW/m2   

Fig. 7.22 Performance curves of vg, ig, wT, up, ωm, during (a) voltage sag, and (b) recovery from 
voltage sag when grid alone feeding the system along with (c) THD in ig  

Fig. 7.23 Performance curves of vg, ig, wT, up, ωm, during (a) voltage swell, and (b) recovery 
from voltage swell when grid alone feeding the system along with (c) THD in ig  
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Fig. 7.24 Starting and steady-state performances when solar PV array alone feeding the system 
(irradiation is 1.0kW/m2). Profiles of (a) ωme, ima, IPV, wtg, (b) PPV, Pg, θme, iL (c) vg, 
IPV, ig, iL, (d) ig, IPV, ima, iL, and (e) ωme, IPV, θme, ima  

Fig. 7.25 Starting and steady-state performances when both utility grid and PV array feeding 
the system (irradiation is 0.5kW/m2). Profiles of (a) ωme, ima, IPV, wtg, (b) PPV, Pg, θme, 
iL, (c) vg, IPV, ig, iL, (d) ig, IPV, ima, iL, and (e) ωme, IPV, θme, ima  

Fig. 7.26 Steady-state performances when grid alone feeding the system (irradiation is 
0kW/m2). Profiles of (a) vg, IPV, ig, iL, and (b) ig, IPV, ima, iL   

Fig. 7.27 Steady-state behavior when PV array feeding grid at (a) 1kW/m2, and (b) 0.5kW/m2  

Fig. 7.28 MPPT performances of PV array at (a) 1.0kW/m2, and (b) 0.5kW/m2   

Fig. 7.29 Dynamic performances of system for transition from (a-b) PV alone feeding the 
system to grid alone feeding the system, and (c-d) vice-versa 

Fig. 7.30 Dynamic performances of system for change in irradiation from (a-d) {1.0-to-
0.5}kW/m2, and (e-h) vice-versa 

Fig. 7.31 Dynamic performances when PV array feeding grid for change in irradiation from (a) 
{1.0-to-0.5} kW/m2, and (b) vice-versa 

Fig. 7.32 Performance of grid parameters under (a,c) voltage sag, and (b,d) recovery from 
voltage sag at (a-b) 0.5kW/m2, and (c-d) 0kW/m2  

Fig. 7.33 Performance of grid parameters under (a,c) voltage swell, and (b,d) recovery from 
voltage swell at (a-b) 0.5kW/m2, and (c-d) 0.0kW/m2  

Fig. 7.34 Performance of grid parameters under voltage distortion. Profiles of (a) vg, vgα, ig, ωme, 
and (b) vgα-vs-vgβ  

Fig. 7.35 Power quality performances when grid alone feeding the system under (a-d) normal 
operation, (e-h) voltage sag and (i-l) voltage swell  

Fig. 7.36 Power quality performances when grid alone feeding system under voltage distortion. 
(a) vg, ig, (b) Pg, (c) fundamental component of vg, (d) 3rd harmonic of vg, (e) 5th 
harmonic of vg, (f) 7th harmonic of vg, (g) fundamental component of ig, (h) 3rd 
harmonic of ig, (i) 5th harmonic of ig, and (j) 7th harmonic of ig  

Fig. 7.37 Starting and steady-state performances of (a,c) G, IPV, VPV, vg, ig, wT, and (b,d) iabcm, 
ωm, θe, vL, iL, up under GCM at constant irradiation of (a-b) 1 kW/m2, and (c-d) 0.5 
kW/m2 

Fig. 7.38 Dynamic performances of (a,c) G, IPV, VPV, vg, ig, wT, and (b,d) iabcm, ωm, θe, vL, iL, up 
under GCM for change in irradiation from (a-b) 1.0kW/m2-to-0.5kW/m2, and (c-d) 
vice-versa 

Fig. 7.39 Starting and steady-state performances of (a,c) G, IPV, VPV, vg, ig, wT, and (b,d) iabcm, 
ωm, θe, vL, iL, up under IDM at constant irradiation of (a-b) 1 kW/m2, and (c-d) 0.5 
kW/m2 

Fig. 7.40 Dynamic performances of (a,c) G, IPV, VPV, vg, ig, wT, and (b,d) iabcm, ωm, θe, vL, iL, up 
under IDM for change in irradiation from (a-b) 1.0kW/m2-to-0.5kW/ m2, and (c-d) 
vice-versa   
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Fig. 7.41 Performances of (a,c) vg, ig, Tsyn, θe, Vpv, and (b,d) vL, iL, vgp, eθ, up for changeover 
from (a-b) grid connected mode to islanded mode, and (c-d) vice-versa 

Fig. 7.42 Starting performances of system under GCM at (a,c) 1.0kW/m2, and (b,d) 0.5 
kW/m2 

Fig. 7.43 Steady-state performances under GCM at (a-c) 1kW/m2, and (d-f) 0.5kW/m2  

Fig. 7.44 MPPT performances of PV array at (a) 1kW/m2, and (b) 0.5kW/m2  

Fig. 7.45 Power quality performances under GCM at (a-g) 0kW/m2, and (h-n) 0.5kW/m2  

Fig. 7.46 Dynamic performances of system under GCM for change in irradiation from (a-d) 
{1.0-to-0.5} kW/m2, and (e-h) vice-versa 

Fig. 7.47 Starting performances of system under IDM at (a,c) 1.0kW/m2, and (b,d) 0.5kW/m2 

Fig. 7.48 Steady-state performances under IDM at (a-b) 1kW/m2, and (c-d) 0.5kW/m2  

Fig. 7.49 Dynamic performances of system under IDM for change in irradiation from (a-b) 
{1.0-to-0.5} kW/m2, and (c-d) vice-versa 

Fig. 7.50 Performances of system for seamless mode transition from (a-d) GCM-to-IDM, and 
(e-h) IDM-to-GCM.  

Fig. 8.1 Single-phase grid-interfaced double-stage solar PV array and BES fed PMSM drive 
for water pumping system 

Fig. 8.2 Single-phase grid-interfaced double-stage solar PV array and BES with bidirectional 
converter fed PMSM drive for water pumping system 

Fig. 8.3 Single-phase grid-interfaced single-stage solar PV array and BES with bidirectional 
converter fed PMSM drive for water pumping system 

Fig. 8.4 Single-phase grid-interfaced double-stage solar PV array and BES fed PMSM drive 
with local-loads for water pumping system 

Fig. 8.5 Single-phase grid-interfaced double-stage solar PV array and BES with bidirectional 
converter fed PMSM drive with local loads for water pumping system 

Fig. 8.6 Single-phase grid-synchronized single-stage solar PV array and BES with 
bidirectional converter fed PMSM drive with local-loads for water pumping system 

Fig. 8.7 MATLAB/Simulink based model of single-phase grid-interfaced double-stage solar 
PV array and BES fed PMSM drive for water pumping system 

Fig. 8.8 MATLAB/Simulink based model of single-phase grid-interfaced double-stage solar 
PV array and BES with bidirectional converter fed PMSM drive for water pumping 
system 

Fig. 8.9 MATLAB/Simulink based model of single-phase grid-interfaced single-stage solar 
PV array and BES with bidirectional converter fed PMSM drive for water pumping 
system 

Fig. 8.10 MATLAB/Simulink based model of single-phase grid-interfaced double-stage solar 
PV array and BES fed PMSM drive with local-loads for water pumping system 
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Fig. 8.11 MATLAB/Simulink based model of single-phase grid-interfaced double-stage solar 
PV array and BES with BDC fed PMSM drive with local loads for water pumping 
system 

Fig. 8.12 MATLAB/Simulink based model of single-phase grid-synchronized single-stage 
solar PV array and BES with BDC fed PMSM drive with local-loads for water 
pumping system 

Fig. 8.13 Experimental setup 

Fig. 8.14 Starting and steady-state performances of G, VPV, IPV, ig, vg, iabcm, ωm, θe at (a) 
1kW/m2, and (b) 0.5kW/m2 when grid is available along with (c) THD in ig at 
0.5kW/m2 

Fig. 8.15 Dynamic performances of (a) G, VPV, IPV, PPV, VDC, vg, ig, and (b) up, wT, iabcm, ωm, θe, 
Ppmsm, Iq for change in irradiation from 1kW/m2 to 0.5kW/m2 when grid is available  

Fig. 8.16 Performance curves of vg, ig, up, wT, ωm, during (a) voltage sag, and (b) voltage swell 
at solar irradiation of 0.0kW/m2 along with (c) THD in ig  

Fig. 8.17 Starting and steady-state performances of G, VPV, IPV, VBES, IBES, iabcm, ωm, θe at (a) 
1kW/m2, and (b) 0.5kW/m2 when grid is not available 

Fig. 8.18 Dynamic performances of (a) G, VPV, IPV, PPV, VDC, vg, PBES, and (b) VBES, IBES, iabcm, 
ωm, θe, Ppmsm, Iq for change in irradiation from 1kW/m2 to 0.5kW/m2 when grid is not 
available 

Fig. 8.19 Starting [(a),(d)] and steady-state [(b)-(c), (e)-(f)] performances of system at (a-c) 
1kW/m2, and (d-f) 0.5kW/m2 when water pumping is required in the presence of 
utility grid 

Fig. 8.20 Steady-state performance of system at (a) 1kW/m2, and (b) 0.5kW/m2 when water 
pumping is not required in the presence of utility grid 

Fig. 8.21 MPPT performances of PV array at (a) 1.0kW/m2, and (b) 0.5kW/m2   

Fig. 8.22 Performance of (a) IPV, vg, ig, ima, (b) VDC, PPV, Pg, Pinv, and (c) VPV, IPV, PPV, ig during 
dynamics of solar irradiation when water pumping is required in the presence of utility 
grid 

Fig. 8.23 Performance of (a) VDC, PPV, Pg, Pinv, and (c-d) IPV, vg, ig, ima, during dynamics of solar 
irradiation when water pumping is not required in the presence of utility grid 

Fig. 8.24 Performance of ωme, vg, ig, wtg under (a-b) voltage sag, and (c-d) voltage swell at solar 
irradiation of (a,c) 0kW/m2 and (b,d) 0.5kW/m2  

Fig. 8.25 Performance of grid parameters under voltage distortion. Profiles of (a) vg, vgα, ig, 
ωme, and (b) vgα-vs-vgβ 

Fig. 8.26 Power quality performances under (a-d) normal operation, (e-h) voltage sag and (i-l) 
voltage swell  

Fig. 8.27 Power quality performances under voltage distortion. (a) vg, ig, (b) Pg, (c) fundamental 
component of vg, (d) vg: 3rd harmonic (e) vg: 5th harmonic, (f) vg: 7th harmonic, (g) 
fundamental component of ig, (h) 3rd harmonic of ig, (i) 5th harmonic of ig, and (j) 7th 
harmonic of ig  
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Fig. 8.28 Starting [(a),(d)] and steady-state [(b)-(c), (e)-(f)] performances of system at (a-c) 
1kW/m2, and (d-f) 0.5kW/m2 when water pumping is required in the absence of utility 
grid 

Fig. 8.29 Performance of (a) IPV, VBES, IBES, ima, and (b) VDC, PPV, VPV, IPV during dynamics of 
solar irradiation when water pumping is required in the absence of utility grid 

Fig. 8.30 Performance of (a) IPV, VBES, IBES, ima, and (b) VDC, PPV, Pinv, Pg during dynamics of 
solar irradiation when water pumping is not required in the absence of utility grid 

Fig. 8.31 Starting and steady-state performances of IPV, VPV, IBES, VBES, vg, ig, iabcm, ωm, at (a) 
1kW/m2, and (b) 0.5kW/m2 when grid is available along with (c) THD in ig    

Fig. 8.32 Dynamic performances of (a) G, VPV, IPV, PPV, VDC, VBES, IBES, PBES, and (b) vg, ig, up, 
wT, iabcm, ωm, θe, Ppmsm for change in irradiation from (1.0-to-0.5) kW/m2 when grid is 
available  

Fig. 8.33 Performance curves of vg, ig, up, wT, ωm, during (a) voltage sag, and (b) voltage swell 
at solar irradiation of 0.0kW/m2 along with (c) THD in ig  

Fig. 8.34 Starting and steady-state performances of G, VPV, IPV, VBES, IBES, vg, iabcm, ωm, at (a) 
1kW/m2, and (b) 0.5kW/m2 when grid is not available 

Fig. 8.35 Dynamic performances of (a) G, VPV, IPV, PPV, VDC, VBES, IBES, PBES, and (b) vg, ig, wT, 
iabcm, ωm, θe, Ppmsm, Iq for change in irradiation from (1-to-0.5) kW/m2 when grid is 
not available 

Fig. 8.36 Starting [(a),(d)] and steady-state [(b)-(c), (e)-(f)] performances of system at (a-c) 
1kW/m2, and (d-f) 0.5kW/m2 when water pumping is required in the presence of 
utility grid 

Fig. 8.37 Steady-state performance of system at (a) 1kW/m2, and (b) 0.5kW/m2 when water 
pumping is not required in the presence of utility grid 

Fig. 8.38 MPPT performances of PV array at (a) 1.0kW/m2, and (b) 0.5kW/m2   

Fig. 8.39 Performance of (a,c) ig, PBES, VBES, IBES, and (b,d) VPV, IPV, PPV, ig during dynamics of 
solar irradiation when water pumping is required in the presence of utility grid 

Fig. 8.40 Performance of IPV, vg, ig, ima, during dynamics of solar irradiation from (a) (1-to-
0.5)kW/m2 and (b) vice-versa, when water pumping is not required in the presence of 
grid 

Fig. 8.41 Performance of ωme, wtg, ig, vg under (a) voltage sag, (b) recovery from voltage sag, 
(c) voltage swell and (d) recovery from voltage swell  

Fig. 8.42 Performance of grid parameters under voltage distortion. Profiles of (a) vg, vgα, ig, 
ωme, and (b) vgα-vs-vgβ 

Fig. 8.43 Power quality performances under (a-d) normal operation, (e-h) voltage sag and (i-l) 
voltage swell  

Fig. 8.44 Power quality performances under voltage distortion. (a) vg, ig, (b) Pg, (c) fundamental 
component of vg, (d) vg: 3rd harmonic, (e) vg: 5th harmonic, (f) vg: 7th harmonic, (g) 
fundamental component of ig, (h) 3rd harmonic of ig, (i) 5th harmonic of ig, and (j) 7th 
harmonic of ig  
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Fig. 8.45 Starting [(a),(c)] and steady-state [(b), (d)] performances of system at (a-b) 1kW/m2, 
and (c-d) 0.5kW/m2 when water pumping is required in the absence of utility grid 

Fig. 8.46 Performance of (a,c) PBES, VDC, IPV, VBES, and (b) VDC, PPV, VPV, IPV during dynamics 
of solar irradiation when water pumping is required in the absence of utility grid 

Fig. 8.47 Performance of PBES, VDC, IBES, VBES during dynamics of solar irradiation from (a) (1-
to-0.5) kW/m2 and (b) vice-versa when water pumping is not required in the absence 
of grid 

Fig. 8.48 Starting and steady-state performances of IPV, VPV, IBES, VBES, vg, ig, iabcm, ωm, at (a) 
1kW/m2, and (b) 0.5kW/m2 when grid is available along with (c) THD in ig 

Fig. 8.49 Dynamic performances of (a) G, VPV, IPV, PPV, VDC, VBES, IBES, PBES, and (b) vg, ig, up, 
wT, iabcm, ωm, θe, Ppmsm for change in irradiation from (1.0-to-0.5) kW/m2 when grid is 
available  

Fig. 8.50 Performance curves of vg, ig, up, wT, ωm, during (a) voltage sag, and (b) voltage swell 
at solar irradiation of 0.0kW/m2 along with (c) THD in ig  

Fig. 8.51 Starting and steady-state performances of G, VPV, IPV, VBES, IBES, vg, iabcm, ωm, at (a) 
1kW/m2, and (b) 0.5kW/m2 when grid is not available 

Fig. 8.52 Dynamic performances of (a) G, VPV, IPV, PPV, VDC, VBES, IBES, PBES, and (b) vg, ig, wT, 
iabcm, ωm, θe, Ppmsm, Iq for change in irradiation from (1-to-0.5) kW/m2 when grid is 
not available 

Fig. 8.53 Starting [(a),(d)] and steady-state [(b)-(c), (e)-(f)] performances of system at (a-c) 
1kW/m2, and (d-f) 0.5kW/m2 when water pumping is required in the presence of 
utility grid 

Fig. 8.54 Steady-state performance of system at (a) 1kW/m2, and (b) 0.5kW/m2 when water 
pumping is not required in the presence of utility grid 

Fig. 8.55 MPPT performances of PV array at (a) 1.0kW/m2, and (b) 0.5kW/m2   

Fig. 8.56 Dynamic performance of system for change in irradiation from (a-c) {1.0-to-
0.5}kW/m2, and (d-f) vice-vera, when water pumping is required in the presence of 
utility grid 

Fig. 8.57 Performance of VDC, IPV, vg, ig during dynamics of solar irradiation from (a) (1-to-
0.5)kW/m2 and (b) vice-versa when water pumping is not required in the presence of 
grid 

Fig. 8.58 Performance of ωme, wtg, ig, vg under (a-b) voltage sag, and (c-d) voltage swell at 
solar irradiation of (a,c) 0kW/m2, and (b,d) 0.5kW/m2   

Fig. 8.59 Performance of grid parameters under voltage distortion. Profiles of (a) vg, vgα, ig, 
ωme, and (b) vgα-vs-vgβ 

Fig. 8.60 Power quality performances under (a-d) normal operation, (e-h) voltage sag and (i-l) 
voltage swell  

Fig. 8.61 Power quality performances under voltage distortion. (a) vg, ig, (b) Pg, (c) fundamental 
component of vg, (d) 3rd harmonic of vg, (e) 5th harmonic of vg, (f) 7th harmonic of vg, 
(g) fundamental component of ig, (h) 3rd harmonic of ig, (i) 5th harmonic of ig, and (j) 
7th harmonic of ig  
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Fig. 8.62 Starting [(a),(d)] and steady-state [(b)-(c), (e)-(f)] performances of system at (a-c) 
1kW/m2, and (d-f) 0.5kW/m2 when water pumping is required in the absence of grid 

Fig. 8.63 Performance of (a) ima, IBES, IPV, VPV, and (b) PBES, VPV, IBES, VBES during dynamics of 
solar irradiation when water pumping is required in the absence of utility grid 

Fig. 8.64 Performance of PPV, IPV, IBES, PBES during dynamics of solar irradiation from (a) (1-
to-0.5)kW/m2 and (b) vice-versa when water pumping is not required in the absence 
of grid 

Fig. 8.65 Starting and steady-state performances of G, VPV, IPV, vg, ig, iL, iabcm, ωm, at (a) 
1kW/m2, and (b) 0.5kW/m2 when grid is available along with (c) THD in ig at 
0.5kW/m2 

Fig. 8.66 Dynamic performances of (a) G, VPV, IPV, PPV, VDC, up, wT, and (b) vg, ig, iL, iabcm, ωm, 
θe, Iq for change in irradiation from 1kW/m2 to 0.5kW/m2 when grid is available 

Fig. 8.67 Performance curves of vg, ig, up, wT, ωm, during (a) voltage sag, and (b) voltage swell 
at solar irradiation of 0.0kW/m2 along with (c) THD in ig  

Fig. 8.68 Starting and steady-state performances of VPV, IPV, VBES, IBES, vL, iL, iabcm, ωm, at (a) 
1kW/m2, and (b) 0.5kW/m2 when grid is not available 

Fig. 8.69 Dynamic performances of (a) G, VPV, IPV, PPV, VDC, vL, iL, and (b) VBES, IBES, PBES, 
iabcm, ωm, θe, Iq for change in irradiation from 1kW/m2 to 0.5kW/m2 when grid is not 
available 

Fig. 8.70 Starting [(a),(d)] and steady-state [(b)-(c), (e)-(f)] performances of system at (a-c) 
1kW/m2, and (d-f) 0.5kW/m2 when water pumping is required in the presence of 
utility grid 

Fig. 8.71 Steady-state performance of system at (a) 1kW/m2, and (b) 0.5kW/m2 when water 
pumping is not required in the presence of utility grid 

Fig. 8.72 MPPT performances of PV array at (a) 1.0kW/m2, and (b) 0.5kW/m2   

Fig. 8.73 Performance of (a,c) vg, IPV, ig, iL, and (b,d) VPV, PPV, VDC, IPV during dynamics of 
solar irradiation when water pumping is required in the presence of utility grid 

Fig. 8.74 Performance of vg, IPV, ig, iL, during dynamics of solar irradiation from (a) (1-to-
0.5)kW/m2 and (b) vice-versa when water pumping is not required in the presence of 
grid 

Fig. 8.75 Performance of vg, ig, wtg, ωme under (a) voltage sag, and (b) voltage swell  

Fig. 8.76 Performance of grid parameters under voltage distortion. Profiles of (a) vg, vgα, ig, 
ωme, and (b) vgα-vs-vgβ 

Fig. 8.77 Power quality performances under (a-d) normal operation, (e-h) voltage sag and (i-l) 
voltage swell  

Fig. 8.78 Power quality performances under voltage distortion. (a) vg, ig, (b) Pg, (c) fundamental 
component of vg, (d) 3rd harmonic of vg, (e) 5th harmonic of vg, (f) 7th harmonic of vg, 
(g) fundamental component of ig, (h) 3rd harmonic of ig, (i) 5th harmonic of ig, and (j) 
7th harmonic of ig  
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Fig. 8.79 Starting [(a),(d)] and steady-state [(b)-(c), (e)-(f)] performances of system at (a-c) 
1kW/m2, and (d-f) 0.5kW/m2 when water pumping is required in the absence of grid 

Fig. 8.80 Performance of (a,c) VDC, IPV, vL, iL, (b) ωme, IBES, ima, θme, and (c) PPV, VDC, IPV VPV, 
during dynamics of solar irradiation when water pumping is required in the absence 
of grid 

Fig. 8.81 Performance of IBES, IPV, ima, iL during dynamics of solar irradiation from (a) (1-to-
0.5) kW/m2 and (b) vice-versa when water pumping is not required in the absence of 
grid 

Fig. 8.82 Starting and steady-state performances of IPV, VPV, IBES, VBES, vg, ig, iL, ωm, at (a) 
1kW/m2, and (b) 0.5kW/m2 when grid is available along with (c) THD in ig    

Fig. 8.83 Dynamic performances of (a) G, VPV, IPV, PPV, VDC, VBES, IBES, PBES, and (b) vg, ig, iL, 
up, wT, iabcm, ωm, θe, for change in irradiation from (1.0-to-0.5) kW/m2 when grid is 
available  

Fig. 8.84 Performance curves of vg, ig, up, wT, ωm, during (a) voltage sag, and (b) voltage swell 
at solar irradiation of 0.0kW/m2 along with (c) THD in ig  

Fig. 8.85 Starting and steady-state performances of VPV, IPV, VBES, IBES, vL, iL, iabcm, ωm, at (a) 
1kW/m2, and (b) 0.5kW/m2 when grid is not available 

Fig. 8.86 Dynamic performances of (a) G, VPV, IPV, PPV, VDC, vL, iL, and (b) VBES, IBES, PBES, 
iabcm, ωm, θe, Iq for change in irradiation from (1-to-0.5) kW/m2 when grid is not 
available 

Fig. 8.87 Starting [(a),(e)] and steady-state [(b)-(d), (f)-(h)] performances of system at (a-c) 
1kW/m2, and (d-f) 0.5kW/m2 when utility grid is available 

Fig. 8.88 MPPT performances of PV array at (a) 1.0kW/m2, and (b) 0.5kW/m2   

Fig. 8.89 Dynamic performance of system for change in irradiation from (a)-(c) {1.0-to-0.5} 
kW/m2, and (d-f) vice-versa, when utility grid is available 

Fig. 8.90 Performance of ωme, wtg, ig, vg under (a) voltage sag, (b) voltage swell 

Fig. 8.91 Performance of grid parameters under voltage distortion. Profiles of (a) vg, vgα, ig, 
ωme, and (b) vgα-vs-vgβ 

Fig. 8.92 Power quality performances under (a-d) normal operation, (e-h) voltage sag and (i-l) 
voltage swell  

Fig. 8.93 Power quality performances under voltage distortion. (a) vg, ig, (b) Pg, (c) fundamental 
component of vg, (d) vg: 3rd harmonic, (e) vg: 5th harmonic, (f) vg: 7th harmonic, (g) 
fundamental component of ig, (h) 3rd harmonic of ig, (i) 5th harmonic of ig, and (j) 7th 
harmonic of ig  

Fig. 8.94 Starting [(a),(d)] and steady-state [(b)-(c), (e)-(f)] performances of system at (a-c) 
1kW/m2, and (d-f) 0.5kW/m2 when utility grid is not available 

Fig. 8.95 Performance of (a) VDC, IPV, IBES, VBES, (b) PPV, VDC, IPV VPV, and (c) PPV, ima, imb, imc 
during dynamics of solar irradiation when utility grid is not available 

Fig. 8.96 Starting and steady-state performances of IPV, VPV, IBES, VBES, vg, ig, iL, ωm under GCM 
at (a) 1kW/m2, and (b) 0.5kW/m2 
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Fig. 8.97 Dynamic performances of (a) G, IPV, VPV, PPV, IBES, VBES, PBES, and (b) vg, ig, iL, up, 
wT, iabcm, ωm, θe under GCM for change in irradiation from {1.0-to-0.5} kW/m2  

Fig. 8.98 Starting and steady-state performances of IPV, VPV, IBES, VBES, vg, ig, vL, iL, ωm under 
IDM at (a) 1kW/m2, and (b) 0.5kW/m2 

Fig. 8.99 Dynamic performances of (a) G, VPV, IPV, PPV, VBES, IBES, PBES, and (b) vg, ig, vL, iL, 
iabcm, ωm, θe under IDM for change in irradiation from {1.0-to-0.5} kW/m2 

Fig. 8.100 Performances of (a) Tsyn, θg, θL eθ, Vpv, up, and (b) vg, ig, vL, iL, vgp for changeover from 
grid connected mode to islanded mode 

Fig. 8.101 Performances of (a) Tsyn, θg, θL eθ, Vpv, up, and (b) vg, ig, vL, iL, vgp for changeover 
from islanded mode to grid connected mode 

Fig. 8.102 MPPT performances of PV array at (a) 1.0kW/m2, and (b) 0.5kW/m2   

Fig. 8.103 Steady-state performances under GCM at (a-c) 1kW/m2, and (d-f) 0.5kW/m2 

Fig. 8.104 Dynamic performances of system under GCM for change in irradiation from (a-c) 
{1.0-to-0.5} kW/m2, and (d-f) vice-versa  

Fig. 8.105 Steady-state performances under IDM at (a-c) 1kW/m2, and (d-f) 0.5kW/m2 

Fig. 8.106 Dynamic performances of system under IDM for change in irradiation from (a-c) 
{1.0-to-0.5} kW/m2, and (d-f) vice-versa 

Fig. 8.107 Performances of system for seamless mode transition from (a-d) GCM-to-IDM, and 
(e-h) IDM-to-GCM.   

Fig. 9.1 Three-phase grid-interfaced double-stage solar PV array fed PMSM drive with local-
loads for water pumping system 

Fig. 9.2 Three-phase grid-synchronized single-stage solar PV array fed PMSM drive with 
local-loads for water pumping system 

Fig. 9.3 Control scheme based on AMNF-FLL for generation of switching pulses for grid VSC 

Fig. 9.4 Voltage control scheme for generation of switching pulses for grid-side VSC under 
islanded-mode 

Fig. 9.5 Presented AMNF-FLL based synchronization scheme 

Fig. 9.6 Angle and frequency matching controller 

Fig. 9.7 MATLAB/Simulink based model of three-phase grid-interfaced double-stage solar 
PV array fed PMSM drive with local loads for water pumping system 

Fig. 9.8 MATLAB/Simulink based model of three-phase grid-synchronized single-stage solar 
PV array fed PMSM drive with local-loads for water pumping system 

Fig. 9.9 Starting and steady-state performances of (a) G, IPV, VPV, PPV, VDC, and (b) iabcm, ωm, 
θe, vLabc, iLabc when PV array alone feeding the system 

Fig. 9.10 Steady-state performances of (a) vgabc, igabc, iLabc, upa, wT, (b) Pg, VDC, iabcm, ωm, θe, and 
(c) THD of iga when grid alone feeding the system  

Fig. 9.11 Steady-state performances of (a) G, IPV, VPV, vgabc, igabc, (b) wT, iLabc, iabcm, ωm, θe, and 
(c) THD of iga when both the PV array and grid feeding the system  
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Fig. 9.12 Steady-state performances of (a) G, IPV, VPV, vgabc, igabc, (b) wT, upa, iLabc, VDC, ωm, and 
(c) THD of iga when PV array feeding the utility grid 

Fig. 9.13 Dynamic performances of (a) G, IPV, VPV, vgabc, igabc, (b) wT, iLabc, iabcm, ωm, θe, and (c) 
THD of iga for transition from PV array alone feeding system to grid alone feeding 
the system 

Fig. 9.14 Dynamic performances of (a) G, IPV, VPV, vgabc, igabc, (b) wT, iLabc, iabcm, ωm, θe, and (c) 
THD of iga for transition from PV array alone feeding to both PV array and grid 
feeding system  

Fig. 9.15 Dynamic performances of (a) G, IPV, VPV, vgabc, igabc, (b) wT, upa, iLabc, VDC, ωm, and (c) 
THD of iga when PV array feeding grid for change in irradiation from (1.0-to-0.5) 
kW/m2   

Fig. 9.16 Performance curves of (a-b) vgabc, igabc, wT, upa, ωm, during (a) voltage sag, and (b) 
voltage swell when grid alone feeding the system along with (c) THD in ig under 
voltage sag, and (d) THD in ig under voltage swell  

Fig. 9.17 Starting performance of the system when solar PV array alone feeding the system 
(irradiation is 1.0kW/m2). Profiles of (a) ωme, IPV, θme, ima, and (b) ima, θme, wtg, iL 

Fig. 9.18 Steady-state performance of system when solar PV array alone feeding the system 
(irradiation is 1.0kW/m2). Profiles of (a) vga, vgb, vgc, iga, (b) vga, iga, igb, igc, (c) IPV, ig, 
ima, iLa, (d) ima, vg, ig, iLa, and (e) ωme, IPV, θme, ima 

Fig. 9.19 Starting performance of the system when both PV array and grid feeding the system 
(irradiation is 0.5kW/m2). Profiles of (a) ωme, IPV, θme, ima, and (b) ima, θme, wtg, iLa 

Fig. 9.20 Steady-state performance of system when solar PV array alone feeding the system 
(irradiation is 1.0kW/m2). Profiles of (a) vga, vgb, vgc, iga, (b) vga, iga, igb, igc, (c) IPV, ig, 
ima, iLa, (d) ima, vg, ig, iLa, and (e) ωme, IPV, θme, ima 

Fig. 9.21 Steady-state performance of system when grid alone feeding the system (irradiation 
is 0.0kW/m2). Profiles of (a) vga, vgb, vgc, iga, (b) vga, iga, igb, igc, (c) vga, iLa, iLb, iLc, 
(d) IPV, ig, ima, iLa, (e) ima, vg, ig, iLa, and (f) ωme, IPV, θme, ima 

Fig. 9.22 Steady-state performances when solar PV array feeding the utility grid at (a-b) 
1kW/m2, and (c-d) 0.5kW/m2  

Fig. 9.23 MPPT performances of PV array (a) 1.0kW/m2, and (b) 0.5kW/m2   

Fig. 9.24 Dynamic performances of system for transition from (a-c) PV alone feeding the 
system to grid alone feeding the system, and (d-f) vice-versa 

Fig. 9.25 Dynamic performances of system for change in irradiation from (a-d) {1.0-to-
0.5}kW/m2, and (e-h) vice-versa 

Fig. 9.26 Dynamic performances when PV array feeding grid for change in irradiation from (a-
b) {1.0-to-0.5} kW/m2, and (c-d) vice-versa 

Fig. 9.27 Performances under (a,c) voltage sag, and (b,d) recovery from voltage sag  

Fig. 9.28 Performances under (a,c) voltage swell, and (b,d) recovery from voltage swell 

Fig. 9.29 Power quality performances when grid alone feeding the system under (a-d) normal 
operation, (e-h) voltage sag and (i-l) voltage swell 
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Fig. 9.30 Power quality performances at 500 W/m2 under (a-d) normal operation, (e-h) voltage 
sag and (i-l) voltage swell  

Fig. 9.31 Starting and steady-state performances of (a,c) G, IPV, VPV, vgabc, igabc, wT, and (b,d) 
iabcm, ωm, θe, vLabc, iLabc, upa under GCM at irradiation of (a-b) 1 kW/m2, and (c-d) 0.5 
kW/m2 

Fig. 9.32 Dynamic performances of (a,c) G, IPV, VPV, vgabc, igabc, wT, and (b,d) iabcm, ωm, θe, vLabc, 
iLabc, upa under GCM for irradiation change from (a-b) {1-to-0.5}kW/m2, and (c-d) 
vice-versa 

Fig. 9.33 Starting and steady-state performances of (a,c) G, IPV, VPV, vgabc, igabc, wT, and (b,d) 
iabcm, ωm, θe, vLabc, iLabc, upa for IDM at steady irradiation of (a-b) 1kW/m2, and (c-d) 
0.5 kW/m2 

Fig. 9.34 Dynamic performances of (a,c) G, IPV, VPV, vgabc, igabc, wT, and (b,d) iabcm, ωm, θe, vLabc, 
iLabc, upa for IDM for irradiation change from (a-b) 1kW/m2-to-0.5kW/ m2, and (c-d) 
vice-versa   

Fig. 9.35 Performances of (a,c) vga, iga, Tsyn, θe, Vpv, and (b,d) vLa, iLa, vgp, eθ, upa for changeover 
from (a-b) grid connected mode to islanded mode, and (c-d) vice-versa 

Fig. 9.36 Starting performances of system under GCM at (a-b) 1.0kW/m2, and (c-d) 0.5 kW/m2  

Fig. 9.37 Steady-state performances under GCM at 1kW/m2 

Fig. 9.38 Steady-state performances under GCM at 0.5kW/m2  

Fig. 9.39 MPPT performances of PV array at (a) 1kW/m2, and (b) 0.5kW/m2  

Fig. 9.40 Power quality performances under GCM at (a-d) 0kW/m2, and (e-h) 0.5kW/m2  

Fig. 9.41 Dynamic performances under GCM for change in irradiation from {1-to-0.5} kW/m2  

Fig. 9.42 Dynamic performances under GCM for change in irradiation from {0.5-to-1} kW/m2  

Fig. 9.43 Starting performances of system under IDM at (a,c) 1.0kW/m2, and (b,d) 0.5kW/m2 

Fig. 9.44 Steady-state performances under IDM at (a-d) 1kW/m2, and (e-h) 0.5kW/m2  

Fig. 9.45 Dynamic performances of system under IDM for change in irradiation from (a-d) 
{1.0-to-0.5} kW/m2, and (e-h) vice-versa 

Fig. 9.46 Performances of system for seamless mode transition from (a-d) GCM-to-IDM, and 
(e-h) IDM-to-GCM.  

Fig. 10.1 Three-phase grid-interfaced double-stage solar PV array and BES fed PMSM drive 
for water pumping system 

Fig. 10.2 Three-phase grid-interfaced double-stage solar PV array and BES with bidirectional 
converter fed PMSM drive for water pumping system 

Fig. 10.3 Three-phase grid-interfaced single-stage solar PV array and BES with bidirectional 
converter fed PMSM drive for water pumping system 

Fig. 10.4 Three-phase grid-interfaced double-stage solar PV array and BES fed PMSM drive 
with local-loads for water pumping system 
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Fig. 10.5 Three-phase grid-interfaced double-stage solar PV array and BES with bidirectional 
converter fed PMSM drive with local loads for water pumping system 

Fig. 10.6 Three-phase grid-synchronized single-stage PV array and BES with bidirectional 
converter fed PMSM drive with local-loads for water pumping system 

Fig. 10.7 MATLAB/Simulink based model of three-phase grid-interfaced double-stage solar 
PV array and BES fed PMSM drive for water pumping system 

Fig. 10.8 MATLAB/Simulink based model of three-phase grid-interfaced double-stage solar 
PV array and BES with BDC fed PMSM drive for water pumping system 

Fig. 10.9 MATLAB/Simulink based model of three-phase grid-interfaced single-stage solar 
PV array and BES with BDC fed PMSM drive for water pumping system 

Fig. 10.10 MATLAB/Simulink based model of three-phase grid-interfaced double-stage solar 
PV array and BES fed PMSM drive with local-loads for water pumping system 

Fig. 10.11 MATLAB/Simulink based model of three-phase grid-interfaced double-stage solar 
PV array and BES with BDC fed PMSM drive with local loads for water pumping 
system 

Fig. 10.12 MATLAB/Simulink based model of three-phase grid-synchronized single-stage 
solar PV array and BES with BDC fed PMSM drive with local-loads for water 
pumping system 

Fig. 10.13 Experimental setup 

Fig. 10.14 Starting and steady-state performances of G, VPV, IPV, ig, vg, iabcm, ωm, θe at (a) 
1kW/m2, and (b) 0.5kW/m2 when grid is available along with (c) THD in ig at 
0.5kW/m2  

Fig. 10.15 Dynamic performances of (a) G, VPV, IPV, PPV, VDC, vg, ig, and (b) up, wT, iabcm, ωm, θe, 
Ppmsm, Iq for change in irradiation from 1kW/m2 to 0.5kW/m2 when grid is available  

Fig. 10.16 Performance curves of vg, ig, up, wT, ωm, during (a) voltage sag, and (b) voltage swell 
at solar irradiation of 0.0kW/m2 along with (c) THD in ig  

Fig. 10.17 Starting and steady-state performances of G, VPV, IPV, VBES, IBES, iabcm, ωm, θe at (a) 
1kW/m2, and (b) 0.5kW/m2 when grid is not available 

Fig. 10.18 Dynamic performances of (a) G, VPV, IPV, PPV, VDC, vg, PBES, and (b) VBES, IBES, iabcm, 
ωm, θe, Ppmsm, Iq for change in irradiation from 1kW/m2 to 0.5kW/m2 when grid is not 
available 

Fig. 10.19 Starting [(a),(d)] and steady-state [(b)-(c), (e)-(h)] performances of system at (a-c) 
1kW/m2, and (d-h) 0.5kW/m2 when water pumping is required in the presence of 
utility grid 

Fig. 10.20 Steady-state performance of system at (a) 1kW/m2, and (b) 0.5kW/m2 when water 
pumping is not required in the presence of utility grid 

Fig. 10.21 MPPT performances of PV array at (a) 1.0kW/m2, and (b) 0.5kW/m2   

Fig. 10.22 Performance of (a) PPV, VPV, IPV, iga , and (b) IPV, vg, ig, ima, during dynamics of solar 
irradiation when water pumping is required in the presence of utility grid 
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Fig. 10.23 Performance of (a-b) PPV, VDC, Pg, Pinv, and (c-d) IPV, vga, iga, ima, during dynamics of 
solar irradiation when water pumping is not required in the presence of utility grid 

Fig. 10.24 Performance of vga, iga, wtg, ωme under (a-b) voltage sag, and (c-d) voltage swell at 
solar irradiation of (a,c) 0kW/m2 and (b,d) 0.5kW/m2  

Fig. 10.25 Power quality performances of system under (a-d) normal operation, (e-h) voltage sag 
and (i-l) voltage swell  

Fig. 10.26 Starting [(a-b),(c-d)] and steady-state [(c), (f)] performances of system at (a-c) 
1kW/m2, and (d-f) 0.5kW/m2 when water pumping is required in the absence of grid 

Fig. 10.27 Performance of (a) PPV, VDC, IPV, VPV, and (b-c) VBES, IBES, IPV, ima during dynamics  

of solar irradiation when water pumping is required in the absence of utility grid 

Fig. 10.28 Performance of (a) VDC, PPV, Pg, Pinv, and (a) VBES, IBES, IPV, ima during dynamics of 
solar irradiation when water pumping is not required in the absence of utility grid 

Fig. 10.29 Starting and steady-state performances of IPV, VPV, IBES, VBES, vg, ig, iabcm, ωm, at (a) 
1kW/m2, and (b) 0.5kW/m2 when grid is available along with (c) THD in ig    

Fig. 10.30 Dynamic performances of (a) G, VPV, IPV, PPV, VDC, VBES, IBES, PBES, and (b) vg, ig, up, 
wT, iabcm, ωm, θe, Ppmsm for change in irradiation from (1.0-to-0.5) kW/m2 when grid is 
available  

Fig. 10.31 Performance curves of vg, ig, up, wT, ωm, during (a) voltage sag, and (b) voltage swell 
at solar irradiation of 0.0kW/m2 along with (c) THD in ig  

Fig. 10.32 Starting and steady-state performances of G, VPV, IPV, VBES, IBES, vg, iabcm, ωm, at (a) 
1kW/m2, and (b) 0.5kW/m2 when grid is not available 

Fig. 10.33 Dynamic performances of (a) G, VPV, IPV, PPV, VDC, VBES, IBES, PBES, and (b) vg, ig, wT, 
iabcm, ωm, θe, Ppmsm, Iq for change in irradiation from (1-to-0.5) kW/m2 when grid is 
not available 

Fig. 10.34 Starting [(a),(e)] and steady-state [(b)-(d), (f)-(h)] performances of system at (a-c) 
1kW/m2, and (d-f) 0.5kW/m2 when water pumping is required in the presence of 
utility grid 

Fig. 10.35 Steady-state performance of system at (a) 1kW/m2, and (b) 0.5kW/m2 when water 
pumping is not required in the presence of utility grid 

Fig. 10.36 MPPT performances of PV array at (a) 1.0kW/m2, and (b) 0.5kW/m2   

Fig. 10.37 Performance of (a,c) PPV, VPV, IPV, iga and (b,d) ima, IPV, vga, iga during dynamics of 
solar irradiation when water pumping is required in the presence of utility grid 

Fig. 10.38 Performance of ima, IPV, vga, iga, during dynamics of solar irradiation from (a) (1-to-
0.5)kW/m2 and (b) vice-versa, when water pumping is not required in the presence of 
utility grid 

Fig. 10.39 Performance of ωme, wtg, iga, vga under (a) voltage sag, (b) recovery from voltage 
sag, (c) voltage swell and (d) recovery from voltage swell  

Fig. 10.40 Power quality performances of system under (a-d) normal operation, (e-h) voltage sag 
and (i-l) voltage swell  
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Fig. 10.41 Starting [(a),(c)] and steady-state [(b), (d)] performances of system at (a-b) 1kW/m2, 
and (c-d) 0.5kW/m2 when water pumping is required in the absence of utility grid 

Fig. 10.42 Performance of (a,d) PBES, VDC, VBES, IBES, (b,e) PPV, VDC, IPV,VPV and (c,f) ωme, θme, 
IPV, ima during dynamics of irradiation when water pumping is required in the absence 
of grid 

Fig. 10.43 Performance of PPV, IPV, PBES, IBES during dynamics of solar irradiation from (a) (1-
to-0.5) kW/m2 and (b) vice-versa when water pumping is not required in the absence 
of grid 

Fig. 10.44 Starting and steady-state performances of IPV, VPV, IBES, VBES, vg, ig, iabcm, ωm, at (a) 
1kW/m2, and (b) 0.5kW/m2 when grid is available along with (c) THD in ig 

Fig. 10.45 Dynamic performances of (a) G, VPV, IPV, PPV, VDC, VBES, IBES, PBES, and (b) vg, ig, up, 
wT, iabcm, ωm, θe, Ppmsm for change in irradiation from (1-to-0.5)kW/m2 when grid is 
available  

Fig. 10.46 Performance curves of vg, ig, up, wT, ωm, during (a) voltage sag, and (b) voltage swell 
at solar irradiation of 0.0kW/m2 along with (c) THD in ig  

Fig. 10.47 Starting and steady-state performances of G, VPV, IPV, VBES, IBES, vg, iabcm, ωm, at (a) 
1kW/m2, and (b) 0.5kW/m2 when grid is not available 

Fig. 10.48 Dynamic performances of (a) G, VPV, IPV, PPV, VDC, VBES, IBES, PBES, and (b) vg, ig, wT, 
iabcm, ωm, θe, Ppmsm, Iq for change in irradiation from (1-to-0.5) kW/m2 when grid is 
not available 

Fig. 10.49 Starting [(a),(d)] and steady-state [(b)-(c), (e)-(h)] performances of system at (a-d) 
1kW/m2, and (e-h) 0.5kW/m2 when water pumping is required in the presence of 
utility grid 

Fig. 10.50 Steady-state performance of system at (a) 1kW/m2, and (b) 0.5kW/m2 when water 
pumping is not required in the presence of utility grid 

Fig. 10.51 MPPT performances of PV array at (a) 1.0kW/m2, and (b) 0.5kW/m2 

Fig. 10.52 Performance of (a) ima, IPV, vga, iga, and (b) VDC, IPV, IBES, iga during dynamics of solar 
irradiation when water pumping is required in the presence of utility grid 

Fig. 10.53 Performance of (a,c) ima, IPV, vga, iga, and (b,d) wtg, IPV, IBES, ima during dynamics of 
solar irradiation from (a-b) {1-to-0.5}kW/m2 and (c-d) vice-versa when water 
pumping is not required in the presence of grid 

Fig. 10.54 Performance of ωme, wtg, iga, vga under (a-b) voltage sag, and (c-d) voltage swell at 
solar irradiation of (a,c) 0kW/m2, and (b,d) 0.5kW/m2   

Fig. 10.55 Power quality performances of system under (a-d) normal operation, (e-h) voltage sag 
and (i-l) voltage swell  

Fig. 10.56 Starting [(a),(d)] and steady-state [(b)-(c), (e)-(f)] performances of system at (a-c) 
1kW/m2, and (d-f) 0.5kW/m2 when water pumping is required in the absence of grid 

Fig. 10.57 Performance of (a-b) VPV, IPV, IBES, ima, and (c) PPV, IPV, PBES, IBES during dynamics of 
solar irradiation when water pumping is required in the absence of utility grid 

Fig. 10.58 Performance of (a-b) PPV, IPV, PBES, IBES, and (c) VPV, IPV, IBES, ima during dynamics of 
solar irradiation from when water pumping is not required in the absence of grid 
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Fig. 10.59 Starting and steady-state performances of G, VPV, IPV, vg, ig, iL, iabcm, ωm, at (a) 
1kW/m2, and (b) 0.5kW/m2 when grid is available along with (c) THD in ig at 
0.5kW/m2 

Fig. 10.60 Dynamic performances of (a) G, VPV, IPV, PPV, VDC, up, wT, and (b) vg, ig, iL, iabcm, ωm, 
θe, Iq for change in irradiation from 1kW/m2 to 0.5kW/m2 when grid is available 

Fig. 10.61 Performance curves of vg, ig, up, wT, ωm, during (a) voltage sag, and (b) voltage swell 
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Fig. 10.62 Starting and steady-state performances of VPV, IPV, VBES, IBES, vL, iL, iabcm, ωm, at (a) 
1kW/m2, and (b) 0.5kW/m2 when grid is not available 
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iabcm, ωm, θe, Iq for change in irradiation from 1kW/m2 to 0.5kW/m2 when grid is not 
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Fig. 10.64 Starting [(a),(e)] and steady-state [(b)-(d), (f)-(i)] performances of system at (a-d) 
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grid 
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grid 
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Fig. 10.75 Dynamic performances of (a) G, VPV, IPV, PPV, VDC, VBES, IBES, PBES, and (b) vg, ig, iL, 
up, wT, iabcm, ωm, θe, for change in irradiation from (1.0-to-0.5) kW/m2 when grid is 
available  
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Fig. 10.84 Performance of (a,d) iLa, vLa, VBES, IBES, (b,e) VDC, IPV, IBES, ima, and (c,f) VPV, IPV, VDC, 
PPV during dynamics of solar irradiation when utility grid is not available 

Fig. 10.85 Starting and steady-state performances of IPV, VPV, IBES, VBES, vg, ig, iL, ωm under GCM 
at (a) 1kW/m2, and (b) 0.5kW/m2 

Fig. 10.86 Dynamic performances of (a) G, IPV, VPV, PPV, IBES, VBES, PBES, and (b) vg, ig, iL, up, 
wT, iabcm, ωm, θe under GCM for change in irradiation from {1.0-to-0.5} kW/m2  
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