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ABSTRACT 

This research work deals with the analysis, design, development and control of synchronous 

reluctance motor (SyRM) drive for solar PV based water pumping systems. Compared to 

conventional three-phase induction motor, which exhibits a three-phase stator winding and either 

a wound rotor or a squirrel cage on the rotor, a synchronous reluctance motor has flux-barriers and 

flux-carriers, the presence of which produces torque, exhibit no rotor winding losses, thereby 

making them relatively more energy-efficient. In this work, a SyRM is designed using analytical 

and finite element analysis-based solution for improved performance and control for solar PV 

based water pumping systems. Designed SyRM is fabricated and simulated results are verified on 

the fabricated prototype. A reduced sensor-based simple, efficient and cost-effective SyRM drive 

is investigated. The estimation of rotor speed and position, is made stator flux linkage-based field 

oriented control.  

The system possesses a maximum power point tracking (MPPT) of the PV array by introducing a 

DC-DC converter between the PV array and VSI, feeding the motor. The work is extended towards 

an elimination of DC-DC converter and a single-stage PV array SyRM drive is also investigated 

for water pumping. Standalone solar PV based systems have serious constraints of power 

intermittency, which results in unreliability of overall system. Moreover, the installed water pump 

is underutilized in bad atmosphere conditions and is completely shut down at night. This problem 

is resolved through the introduction of auxiliary power source in the form of battery storage. In 

addition to it, an attempt is made for integrating unidirectional and bidirectional converters to the 

utility grid. The auxiliary power source, i.e., the battery integrated into the system, helps fulfill the 

power requirement to the load (pump, domestic loads) when the PV power is insufficient to obtain 

rated water discharge.  
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Moreover, both the unidirectional and bidirectional power flow controls are implemented for a 

grid-interfaced PV array based SyRM driven water pumping system. In addition, the single-stage, 

grid-connected configurations are also developed and tested successfully. The bidirectional power 

flow control based topologies offer additional advantage of feeding power to the grid from the 

installed PV array, in conditions when water pumping is not required, which acts as a secondary 

source of earning, by the seller. This practice leads to the full utilization of installed resources. The 

power quality standards, such as power factor and total harmonic distortion (THD) of grid currents 

as per IEEE-519 standards are met by these configurations. 

All these configurations are simulated in MATLAB/Simulink platform and the laboratory 

prototypes of them are developed to validate the topology, control algorithm and the developed 

simulated model. The applicability of commercial potential of these systems are justified by their 

in-depth analysis based on efficiency, cost, simplicity and performance. 
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अमूर्त 

यह शोध कायय सोलर फोटोवोल्टिक आधाररत जल पंपपंग प्रणापलयो ंके पलए पसंक्रोनस ररलक्टेंस मोटर 

(SyRM) ड्र ाइव के पवशे्लषण, पड्जाइन, पवकास और पनयंत्रण से संबंपधत है। पारंपररक तीन-चरण पे्ररण 

मोटर की तुलना में, जो तीन-चरण से्टटर वाइंपडं्ग और या तो एक घाव रोटर या रोटर पर एक पगलहरी 

पपंजरे को प्रदपशयत करता है, एक तुल्यकापलक अपनच्छा मोटर में फ्लक्स-अवरोधक और फ्लक्स-वाहक 

होते हैं, पजनकी उपल्टिपत टोक़ उत्पन्न करती है, रोटर वाइंपडं्ग में कोई हापन नही ंहोती है, पजससे वे 

अपेक्षाकृत अपधक ऊजाय-कुशल बन जाते हैं। इस कायय में, सोलर फोटोवोल्टिक आधाररत जल पंपपंग 

प्रणापलयो ंके बेहतर प्रदशयन और पनयंत्रण के पलए पवशे्लषणात्मक और पररपमत तत्व पवशे्लषण-आधाररत 

समाधान का उपयोग करके एक SyRM पड्जाइन पकया गया है। पड्जाइन पकया गया SyRM गढा गया 

है और पसमु्यलेटेड् पररणाम गढे गए प्रोटोटाइप पर सत्यापपत पकए गए हैं। एक कम सेंसर-आधाररत सरल, 

कुशल और लागत प्रभावी SyRM ड्र ाइव की जांच की जाती है। रोटर की गपत और ल्टिपत का अनुमान, 

से्टटर फ्लक्स पलंकेज-आधाररत के्षत्र उनु्मख पनयंत्रण से बनाया गया है। 

पसस्टम सोलर फोटोवोल्टिक सरणी और वीएसआई के बीच एक DC-DC कनवटयर शुरू करके मोटर 

को ल्टखलाकर पीवी सरणी की अपधकतम पावर पॉइंट टर ैपकंग (MPPT) रखता है। DC-DC कनवटयर को 

खत्म करने की पदशा में काम बढाया गया है और पानी पंपपंग के पलए पसंगल-से्टज सोलर फोटोवोल्टिक 

सरणी SyRM ड्र ाइव की भी जांच की जा रही है। स्टैंड्अलोन सोलर फोटोवोल्टिक आधाररत प्रणापलयो ंमें 

पबजली की रुक-रुक कर होने वाली गंभीर बाधाएँ होती हैं, पजसके पररणामस्वरूप समग्र प्रणाली 

अपवश्वसनीय हो जाती है। इसके अलावा, खराब वातावरण की ल्टिपत में िापपत जल पंप का कम उपयोग 

पकया जाता है और रात में पूरी तरह से बंद कर पदया जाता है। बैटरी भंड्ारण के रूप में सहायक ऊजाय 

स्रोत की शुरूआत के माध्यम से इस समस्या का समाधान पकया जाता है। इसके अपतररक्त, 

यूनीड्ायरेक्शनल और पिपदशात्मक पबजली कन्वटयसय को उपयोपगता पग्रड् में एकीकृत करने का प्रयास 



viii 
 

पकया गया है। सहायक पबजली स्रोत, यानी, पसस्टम में एकीकृत बैटरी, लोड् (पंप, घरेलू भार) के पलए 

पबजली की आवश्यकता को पूरा करने में मदद करती है जब पीवी पबजली रेटेड् जल पनवयहन प्राप्त करने 

के पलए अपयायप्त होती है। 

इसके अलावा, पग्रड्-इंटरफेस्ड् सोलर फोटोवोल्टिक सरणी आधाररत SyRM संचापलत जल पंपपंग प्रणाली 

के पलए यूपनड्ायरेक्शनल और पिपदशात्मक पबजली प्रवाह पनयंत्रण दोनो ंलागू पकए जाते हैं। इसके अलावा, 

पसंगल-से्टज, पग्रड्-कनेके्टड् कॉल्टफफगरेशन भी सफलतापूवयक पवकपसत और परीक्षण पकए गए हैं। पि-

पदशात्मक पवद्युत प्रवाह पनयंत्रण आधाररत टोपोलॉजी िापपत सोलर फोटोवोल्टिक सरणी से पग्रड् को 

पबजली ल्टखलाने का अपतररक्त लाभ प्रदान करती है, उन ल्टिपतयो ंमें जब पानी पंपपंग की आवश्यकता 

नही ंहोती है, जो पवके्रता िारा कमाई के पितीयक स्रोत के रूप में कायय करता है। इस अभ्यास से िापपत 

संसाधनो ंका पूणय उपयोग होता है। आई.ई.ई.ई-519 मानको ंके अनुसार पबजली गुणवत्ता मानको,ं जैसे 

पावर फैक्टर और पग्रड् धाराओ ंके कुल हामोपनक पवरूपण (THD) को इन कॉल्टफफगरेशन से पूरा पकया 

जाता है। 

इन सभी कॉल्टफफगरेशन को MATLAB/Simulink पे्लटफॉमय में पसमुलेशन पकया गया है और टोपोलॉजी, 

पनयंत्रण एल्गोररदम और पवकपसत पसमुलेशन मॉड्ल को मान्य करने के पलए उनके प्रयोगशाला प्रोटोटाइप 

पवकपसत पकए गए हैं। इन प्रणापलयो ंकी व्यावसापयक क्षमता की प्रयोज्यता को दक्षता, लागत, सरलता 

और प्रदशयन के आधार पर उनके गहन पवशे्लषण िारा उपचत ठहराया जाता है।s 
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200W/m2 (a) S, Vpv, Ipv, Ppv, Vdc, VL, IL (b) vg, ig, iabc, ωest, θest , Te, TL (c) Harmonic 

spectrum of ig  

Fig. 6.29 Dynamic response of system when solar radiation reduced 1000W/m2 to 0W/m2 

(a) S, Vpv, Ipv, Ppv, Vdc, VL, IL (b) vg, ig, iabc, ωest, θest , Te, TL  

Fig. 6.30 MPPT behaviour of system (a) 0.5kW/m2 (b) 1kW/m2 

Fig. 6.31 Starting behaviour of system (a) PV radiation is 1kW/m2 and the grid is 

unavailable (b) Both Grid and PV array available  

Fig. 6.32 Steady state response of Drive when only grid provide power (a) vg, ig, θest, ωest 

(b) ) vg, ig, Vdc, ωest (c) vg, ig, VL, IL 

Fig. 6.33 Grid parameters when only grid feeding power(a) vg, ig (b) Grid Power (c) ig THD 

(d) vg THD 

Fig. 6.34   Load Parameters when only grid feeding power (a)VL, IL (b) Load Power (c) IL 

THD (d)VL THD 

Fig. 6.35 Steady state behaviour of system when solar insolation is 1000W/m2 (a) Vpv, Ipv, 

Vdc, ωest (b) VL, IL, Ppv, ωest (c) ѱsd , ѱsq, θest, ωest  

Fig. 6.36 Drive steady state behaviour when solar PV array is 500W/m2 & grid is present 

(a) Vpv, Ipv, vg, ig (b) Ipv, vg, ig, ωest (c) VL, IL, Vdc, ωest 

Fig. 6.37 Dynamic behaviour of drive when solar insolation changes from 1kW/m2-

0.6kW/m2 & vice versa (a) Ipv, IL, ia, ωest  (b) Ipv, IL, ia, ωest  (c) Vpv, Ipv, Vdc, ωest  

(d) Vpv, Ipv, Vdc, ωest (e) ωest, ψsd, ψsq, θest (f) ωest , ψsd, ψsq, θest  

Fig. 6.38 Dynamic response of drive under grid-interfaced mode and when PV array is 

changes from 0.5kW/m2 to 0.8kW/m2 and vice versa (a) VL, IL, Ppv, ωest at 

0.5kW/m2- 0.8kW/m2 (b) VL, IL, Ppv, ωest at 0.8kW/m2- 0.5kW/m2 (c)ig, Ipv, IL, ia 

at 0.5kW/m2- 0.8kW/m2 (d) ig, Ipv, IL, ia at 0.8kW/m2- 0.5W/m2 (e)Vpv, Ipv, ωest, ig 

at 0.5kW/m2- 0.8kW/m2 (f) Vpv, Ipv, ωest, ig at 0.8kW/m2- 0.5kW/m2 

Fig. 6.39 Grid parameters when both grid and solar PV array at 400W/m2  feeding 

power(a)vg, ig (b) Grid Power (c) ig THD (d)vg THD 

Fig. 6.40 Load parameter when both solar photovoltaic array and grid feeding power (a)VL, 

IL (b) Load power (c) IL THD (d) VL THD 

Fig. 7.1 Single stage battery supported single phase grid connected sensor less SyRM 

drive for solar water pumping system employing bidirectional DC-DC converter 

Fig. 7.2 Double stage battery supported single phase grid connected sensor less SyRM 

drive for solar water pumping system employing bidirectional DC-DC converter 

Fig. 7.3 Single stage battery supported single phase grid connected sensor less SyRM 

drive for solar water pumping system feeding local loads using single-phase 

inverter 

Fig. 7.4 Double stage battery supported single phase grid connected sensor less SyRM 

drive for solar water pumping system feeding local loads using single phase 

inverter 

Fig. 7.5 PV voltage estimations 
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Fig. 7.6 MATLAB model of single stage battery supported single phase grid connected 

sensor less SyRM drive for solar water pumping system employing bidirectional 

DC-DC converter 

Fig. 7.7 MATLAB model of double stage battery supported single phase grid connected 

sensor less SyRM drive for solar water pumping system employing bidirectional 

DC-DC converter 

Fig. 7.8 MATLAB model of single stage battery supported single phase grid connected 

sensor less SyRM drive for solar water pumping system feeding local loads using 

single-phase inverter. 

Fig. 7.9 MATLAB model of double stage battery supported single phase grid connected 

sensor less SyRM drive for solar water pumping system feeding local loads using 

single phase inverter 

Fig. 7.10 Developed hardware prototype of single-phase grid interfaced battery supported 

solar water pumping system. 

Fig. 7.11 Starting performance of system (a) SPV array, BES parameters (b) SyRM 

parameters 

Fig. 7.12 Steady state performance of system at 1000W/m2 (a) SPV array, BES parameters 

(b) machine parameters 

Fig. 7.13 Dynamic performance of system (a) performance of SPV array, BES parameter 

at insolation decreased from 1000W/m2- 200W/m2 (b) performance of SPV 

array, BES parameter at insolation decreased from 300W/m2- 1000W/m2 

Fig. 7.14 MPPT Performance of system at 1000W/m2 

Fig. 7.15 Starting performance of drive.  

Fig. 7.16 Steady state performance of drive when only grid provide power to pump (a) vg, 

ig, Vdc, ωest (b) vg, ig, iLs, ωest 

Fig. 7.17 Steady state performance of grid parameters 

Fig. 7.18 Steady state performance of drive when only SPV array feeds power (a) vg, ig, 

Vpv, Ipv (b) Ipv, ig, θest, ωest (c) Vpv, Ipv, iB, ia 

Fig. 7.19 Steady state performance of system when only BES feeds power (a) Vdc, Ipv, iB, 

ia (b) Ipv, iB, ψsd, ψsq 

Fig. 7.20 Dynamic performance of system when both SPV array and grid feed power (a) 

vg, ig, Vpv, Ipv at insolation changed from 1000W/m2 to 400W/m2(b) vg, ig, Vpv, Ipv 

at insolation changed from 400W/m2 to 1000W/m2 (c) Ipv, ig, isd, isq at insolation 

changed from 1000W/m2 to 400W/m2 (d) Ipv, ig, isd, isq at insolation changed from 

400W/m2 to 1000W/m2 

Fig. 7.21 Dynamic performance of system when both SPV array and grid feed power (a) 

vg, ig, Ipv, ωest at insolation changed from 1000W/m2 to 0W/m2(b) Ipv, ig, isd, isq at 

insolation changed from 00W/m2 to 1000W/m2 

Fig. 7.22 Dynamic performance of system when both SPV array and BES feed power (a) 

Vpv, Ipv, iB, ωest at insolation changed from 1000W/m2 to 500W/m2(b) Vpv, Ipv, iB, 

ia at insolation changed from 1000W/m2 to 500W/m2 (c) Ipv, iB, θest, ωest at 

insolation changed from 500W/m2 to 1000W/m2 

Fig. 7.23 Steady state performance of system at 400W/m2 (a) SPV array, battery 

parameters (b) SyRM parameters 

Fig. 7.24 Dynamic performance of system when solar insolation increased from 400W/m2 

to 1000W/m2 
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Fig. 7.25 Dynamic performance of system at solar insolation decreased from 1000W/m2 to 

300W/m2 

Fig. 7.26 Dynamic performance of system at solar insolation decreased from 1000W/m2 to 

0W/m2 

Fig. 7.27 MPPT performance of system (a) 500W/m2 (b) 1000W/m2 

Fig. 7.28 Starting Performance of system when both SPV array and grid feed power 

Fig. 7.29 Steady state performance of drive when only grid provides power (a) vg, ig, ia, Vdc 

(b) vg, ig, θest, ωest (c) vg, ig, iLs, ωest. 

Fig. 7.30  Steady state performance of grid parameters 

Fig. 7.31 Steady state performance of drive when only SPV array feeds power (a) Vpv, Ipv, 

Vdc, ia, (b) Vpv, ia, ib, ωest (c) Vpv, Ipv, Vdc iB (d) vg, ig, Ppv, ωest 

Fig. 7.32 Steady state performance of drive when only BES feeds power (a) Vpv, ωest, Ipv, 

iB (b) isd, isq, Ipv, iB 

Fig. 7.33 Dynamic performance of system when both SPV array and grid feed power (a) 

vg, ig, Ppv,  ωest at insolation changed from 900W/m2 to 500W/m2(b) vg, ig, Ppv,  

ωest at insolation changed from 500W/m2 to 900W/m2 (c) Ipv, ig, Vdc, ωest at 

insolation changed from 900W/m2 to 500W/m2 (d) Ipv, ig, Vdc, ωest at insolation 

changed from 500W/m2 to 900W/m2 

Fig. 7.34 Dynamic performance of system when both SPV array and grid feed power (a) 

Ipv, ig, isd, isq at insolation changed from 900W/m2 to 0W/m2(b) vg, ig, Ipv,  ωest at 

insolation changed from 0W/m2 to 900W/m2  

Fig. 7.35 Dynamic performance of system when both SPV array and BES feed power (a) 

isd, isq, Ipv, iB at insolation changed from 1000W/m2 to 400W/m2(b) ) ψsd, ψsq, Ipv, 

iB at insolation changed from 400W/m2 to 1000W/m2 

Fig. 7.36 Starting performance of system (a) solar PV array, battery parameters (b) local 

loads and motor parameters 

Fig. 7.37 Steady state performance of system at 1000W/m2 (a) solar PV array, battery 

parameters (b) local load and motor parameters 

Fig. 7.38 Dynamic performance of system when solar insolation varied from 1000W/m2 to 

500W/m2 (a) solar PV array, BES parameters (b) SyRM, local load parameters. 

Fig. 7.39 MPPT Performance of System 

Fig. 7.40 Starting performance of system 

Fig. 7.41 Steady state performance of load parameters  

Fig. 7.42 Steady state performance of drive at 1000W/m2 (a) Te, Ipv, IL, iB (b) ia, ib, ic, ωest 

(c) ψsd, ψsq, θest, ωest 

Fig. 7.43 Dynamic performance of the system at solar insolation changed from 1000W/m2 

to 500W/m2 and 500W/m2 to 1000W/m2(a) Te, Ipv, IL, iB (b) Ipv, iB, VL, IL (c) Ipv, 

iB, IL, ωest 

Fig. 7.44 Starting and steady performance of system at 1000W/m2 (a) SPV, battery 

parameters (b) SyRM and local load parameters 

Fig. 7.45 Dynamic performance of system when solar insolation decreased 

from1000W/m2 to 300W/m2 (a) SPV array, battery performance (b) SyRM, load 

performance.   

Fig. 7.46 MPPT performance of system at 1000W/m2 

Fig. 7.47 Steady state performance of system at 1000W/m2 (a) Vpv, Ipv, iB, ωest (b) Ipv, iB, IL, 

ia 
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Fig. 7.48 Steady state performance of load parameters 

Fig. 7.49 Dynamic performance of system when solar insolation is varied from 1000W/m2 

to 500W/m2 and vice versa (a) Vpv, Ipv, iB, IL (b)(c) Ipv, iB, VL, IL (d) Ipv, iB, VL, IL 

Fig. 7.50 Comparison between actual and estimated PV voltage  

Fig. 8.1 Single stage grid connected sensor less SyRM drive for solar water pumping 

system with grid synchronization. 

Fig. 8.2 Double stage grid connected sensor less SyRM drive for solar water pumping 

system with grid synchronization. 

Fig. 8.3 VSC control in grid integrated mode 

Fig. 8.4 Structure of MOGI   

Fig. 8.5 Schematic diagram of MOGI -PLL 

Fig. 8.6 Control VSC in grid outage mode 

Fig. 8.7 MOGI-PLL based mode transition control to synchronize SyRM drivee with grid 

Fig. 8.8 Field oriented control of SyRM 

Fig. 8.9 Grid side VSC control in different modes of operation 

Fig. 8.10 SOGI- FLL structure 

Fig. 8.11 MATLAB model of single stage grid connected sensor less SyRM drive for solar 

water pumping system with grid synchronization. 

Fig. 8.12 MATLAB model of double stage grid connected sensor less SyRM drive for solar 

water pumping system with grid synchronization. 

Fig. 8.13 Experimental Lab based test setup. 

Fig. 8.14 Steady state performance of system when only SPV array provides power (a) PV 

array, load parameters (b) SyRM, grid parameters (c) grid current THD.  

Fig. 8.15 Steady state performance of system when only grid provides power (a) PV array, 

load parameters (b) SyRM, grid parameters (c) grid current THD. 

Fig. 8.16 Dynamic performance of the system at insolation changed from 1000W/m2 to 

400W/m2. (a)SPV array, load parameters (b) SyRM, grid parameters (c) 

harmonic spectrum of grid current 

Fig. 8.17 Dynamic performance of the system at insolation changed from 400W/m2 to 

0W/m2. (a)SPV array, load parameters (b) SyRM, grid parameters 

Fig. 8.18 Dynamic performance of the system with increase in load demand (a) SPV array, 

load parameters (b) SyRM, grid parameters 

Fig. 8.19 Mode transition of a system from grid integrated to grid outage condition 

Fig. 8.20 SPV array characteristics at various values of solar insolation (a) 1000W/m2 (b) 

500W/m2 

Fig. 8.21 Drives starting performance 

Fig. 8.22 Steady state performance under grid integrated mode (a) VL, IL (b) load power (c) 

IL THD (d) VL THD (e) vg, ig (f) grid power (g) vg THD (h) ig THD 

Fig. 8.23 Steady state performance under grid integrated mode at rated SPV array (a) ig, 

Ipv, IL, ia (b) vg, ig, Ipv, ωest (c) ig, Vpv, Ipv, ωest 

Fig. 8.24 Dynamic performance at 1kW/m2 to 0.4kW/m2 & reverse  (a) vg, ig, Ipv, ωest (b) 

vg, ig, Ipv, ωest (c) ig, Vdc, Ipv, ωest (d) ig, Vdc, Ipv, ωest (e) ig, Ipv, IL, ia (f) ig, Ipv, IL, ia 

Fig. 8.25 Mode transition of a system from grid integrated to grid outage condition (a) vg, 

VL, ig, IL (b) ig, IL, STS 

Fig. 8.26 Mode transition of a system from grid outage to grid integrated condition (a) vg, 

VL, ig, IL (b) θg, θL, , ig, IL 
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Fig. 8.27 Steady state performance of the system at insolation of 1000W/m2. (a)SPV array, 

load parameters (b) SyRM, grid parameters 

Fig. 8.28 Dynamic performance of the system when insolation is varied from 1000W/m2 

to 500W/m2 (a) SPV array, load parameters (b) SyRM, grid parameters (c) 

harmonic spectrum of ig. 

Fig. 8.29 Dynamic performance of the system with decreased in local load demand (a)SPV 

array, load parameters (b) SyRM, grid parameters. 

Fig. 8.30 Dynamic performance of the system with increased local load demand (a) SPV 

array, load parameters (b) SyRM, grid parameters. 

Fig. 8.31 MPPT characteristics 

Fig. 8.32 Steady-state response of system under grid integrated operation (a) VL, IL (b) load 

power (c) IL THD (d) VL THD (e) vg, ig (f) grid power (g) ig THD (h) vg THD 

Fig. 8.33 Steady-state analysis of drive under grid integrated operation at 1000W/m2 (a) vg, 

ig, Ipv, ωest (b) Vdc, Ipv, ig, ωest 

Fig. 8.34 Dynamic analysis of drive at S changed to 1000W/m2 to 0W/m2 (a) Ipv, ig, IL, ia 

(b) vg, ig, Ipv, ωest 

Fig. 8.35 Dynamic analysis of system (a) vg, ig, Ipv, ωest at 1000W/m2 to 400W/m2 (b) vg, 

ig, Ipv, ωest at 400W/m2 to 1000W/m2 (c) Vdc, Vpv, Ipv, ωest at 1000W/m2 to 

400W/m2 (d) Vdc, Vpv, Ipv, ωest at 400W/m2 to 1000W/m2 

Fig. 8.36 Seamless transition from grid connected operation to standalone operation 

Fig. 8.37 Seamless transition from standalone to grid connected operation 

Fig. 9.1 Single stage battery supported single phase grid connected sensor less SyRM 

drive for solar water pumping system employing bidirectional DC-DC converter. 

Fig. 9.2 Double stage battery supported single phase grid connected sensor less SyRM 

drive for solar water pumping system employing bidirectional DC-DC converter. 

Fig. 9.3 Double stage battery supported single phase grid connected sensor less SyRM 

drive for solar water pumping system. 

Fig. 9.4 MATLAB Model of single stage battery supported single phase grid connected 

sensor less SyRM drive for solar water pumping system employing bidirectional 

DC-DC converter. 

Fig. 9.5 MATLAB model of double stage battery supported single phase grid connected 

sensor less SyRM drive for solar water pumping system employing bidirectional 

DC-DC converter. 

Fig. 9.6 MATLAB model of double stage battery supported single phase grid connected 

sensor less SyRM drive for solar water pumping system 

Fig. 9.7 Laboratory setup of developed drive system 

Fig. 9.8 Starting performance of system (a) SPV and BES parameters (b) SyRM and load 

parameters 

Fig. 9.9 Steady state performance of proposed system at 1000W/m2 solar radiation (a) 

solar PV array and battery parameters (b) SyRM and load parameters 

Fig. 9.10 Dynamic performance of system when solar insolation is varied from 1000W/m2 

to 500W/m2 (a) solar PV array and battery parameters (b) SyRM and local load 

parameters. 

Fig. 9.12 Starting performance of system.  

Fig. 9.13 Steady state performance of local load (a) VL, IL (b) load power (c) IL THD (d) 

VL THD 
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Fig. 9.14 Steady state performance of drive (a) Ipv, iB, VL, IL (b) VL, IL, iB, ωest (c) Vpv, Ipv, 

IL, VL 

Fig. 9.15 Dynamic performance of the system at solar insolation changed from 1000W/m2 

to 500W/m2 and 500W/m2 to 1000W/m2(a) Te, Ipv, IL, iB (b) Ipv, iB, VL, IL (c) Ipv, 

iB, IL, ωest. 

Fig. 9.16 Starting performance of system (a) solar PV array and battery parameters (b)local 

load and machine parameters.  

Fig. 9.17 Steady state performance of system at 1000W/m2 solar insolation (a) SPV array, 

BES parameters (b) load, SyRM parameters 

Fig. 9.18 Dynamic performance of system when solar insolation changed from 1000W/m2 

to 300W/m2 (a) PV array, battery parameters (b) SyRM, load parameters. 

Fig. 9.19 Performance of solar PV array (a) 600W/m2 (b) 1000W/m2 

Fig. 9.20 Steady state performance of system at 1000W/m2 (a) ѱsd, ѱsd, isd, isq (b) ѱsd, ѱsd, 

θest, ωest (c) Vdc, Ipv, iB, ωest 

Fig. 9.21 Steady performance of the load parameters (a) VL, IL (b) load power (c) load 

voltage THD (d) IL THD  

Fig. 9.22 Dynamic performance of system when solar insolation varied from 1000W/m2 to 

0W/m2 and vice versa (a) Vpv, Ipv, iB, IL (b) Vpv, iB, VL, IL 

Fig. 9.23 Dynamic performance of system when solar insolation varied from 1000W/m2 to 

500W/m2 and vice versa (a) Ppv, iB, IL, VL (b) Ppv, iB, IL, VL 

Fig. 9.24 Starting performance of system (a) SPV, BES parameters (b) SyRM, load 

parameters 

Fig. 9.25 Steady state performance of system (a) SPV array, BES parameters (b) SyRM, 

load parameters   

Fig. 9.26 Dynamic performance of drive when solar insolation reduced 1000W/m2 to 

400W/m2 (a) SPV array, BES parameters (b) SyRM, load parameters 

Fig. 9.27 MPPT performance at an insolation of (a) 700W/m2 (b) 1000W/m2 

Fig. 9.28 Starting Performance of system. 

Fig. 9.29 Steady state performance of load and BES parameters at solar insolation of 

1000W/m2 (a) VL, IL (b) load power (c) IL THD (d) VL THD (e) VB, iB (f) battery 

power 

Fig. 9.30 Steady state performance of drive at 1000W/m2 of solar insolation (a) iB, Ipv, IL, 

ωest (b) Vpv, Ipv, Vdc, iB (c) ѱsd, ѱsq, ωest, ia (d) iB, Ipv, VL, IL 

Fig. 9.31 Dynamic performance of the system at solar insolation changed from 1000W/m2 

to 500W/m2 and vice versa (a) iB, Ipv, IL, ωest at 1000W/m2 to 500W/m2 (b) iB, Ipv, 

IL, ωest at 500W/m2 to 1000W/m2 (c) iB, Vdc, VL, IL at 1000W/m2 to 500W/m2 (d) 

iB, Vdc, VL, IL at 500W/m2 to 1000W/m2. 

Fig. 9.32 Dynamic performance of the system when solar insolation changed from 

1000W/m2 to 0W/m2 and vice versa (a) Ipv, IL, θest, iB (b) Vpv, Ipv, Vdc, iB 

Fig. 10.1 Single stage grid connected sensor less SyRM drive for solar water pumping 

system with grid synchronization 

Fig. 10.2 Double stage grid connected sensor less SyRM drive for solar water pumping 

system with grid synchronization 

Fig. 10.3 Control scheme of the system 

Fig. 10.4 D-SOGI based signal extraction of ‘a’ phase. 

Fig. 10.5 Dual SOGI for flux estimation of SyRM 
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Fig. 10.6 Field oriented control of motor 

Fig. 10.7 MATLAB model of single stage grid connected sensor less SyRM drive for 

solar water pumping system with grid synchronization. 

Fig. 10.8 MATLAB model of double stage grid connected sensor less SyRM drive for 

solar water pumping system with grid synchronization 

Fig. 10.9 Experimental lab prototype 

Fig. 10.10 Starting performance of system (a) solar PV array, local load parameters (b) 

SyRM, and grid parameters. 

Fig. 10.11 Steady state performance of system (a) solar PV array, local load parameters (b) 

SyRM, grid parameters (c) harmonic spectrum of grid current 

Fig. 10.12 Dynamic performance of system when solar insolation varied from 1000W/m2 

to 200W/m2 (a) solar PV array, local load parameters (b) SyRM, grid 

parameters 

Fig. 10.13 Dynamic performance of system when solar insolation varied from 200W/m2 to 

0W/m2 (a) solar PV array, local load parameters (b) SyRM, grid parameters 

Fig. 10.14 Mode transition control from grid connected to standalone mode 

Fig. 10.15 System MPPT response (a) at 1000W/m2 (b) at 500W/m2 

Fig. 10.16 Starting response of the system 

Fig. 10.17 Steady-state response of system in on- grid mode of operation (a) VL, IL (b) load 

power (c) IL THD (d) VL THD (e) vg, ig (f) grid power (g) ig THD (h)  vg THD 

Fig. 10.18 Steady-state response in on-grid mode (a)Vdc, vg, ig, ωest (b) Vdc, IL, vg, ig (c) ѱsd, 

ѱsq, θest, ωest 

Fig. 10.19 System dynamic response at 1000W/m2 to 400W/m2 and vice versa (a) Ipv, ig, IL, 

ωest. (b) Ipv, ig, IL, ωest. (c) Vdc, Ipv, ig, ia (d) Vdc, Ipv, ig, ia. (e) Vdc, IL, vg, ig. (f) Vdc, 

IL, vg, ig. (g)Vdc, Ipv, ig, IL at 1000W/m2 to 0W/m2. (h) Vdc, Ipv, ig, IL at 0W/m2 to 

1000W/m2. 

Fig. 10.20 System dynamic response under load change 

Fig. 10.21 Response of the system under grid recover 

Fig. 10.22 Response of the system under grid outage condition (a) vg, VL, θg, θL (b) Vdc, vg, 

ig, ωest 

Fig. 10.23 Starting performance of system (a) solar PV array, local load parameters (b) 

SyRM, grid parameters 

Fig. 10.24 Steady state performance of system (a) solar PV array, local load parameters (b) 

SyRM, grid parameters 

Fig. 10.25 Dynamic performance of system when solar insolation changed from 

1000W/m2 to 200W/m2 (a) solar PV array, local load parameters (b) SyRM, 

grid parameters (c) harmonic spectra of ig 

Fig. 10.26 Dynamic performance of system when solar insolation changed from 200W/m2 

to 0W/m2 (a) solar PV array, local load parameters (b) SyRM, grid parameters 

Fig. 10.27 SPV array characteristics curve at varying solar radiations (a) 1000W/m2 (b) 

400W/m2 

Fig. 10.28 Steady-state behavior of water pumping system under grid coupled-mode (a)VL, 

IL (b) load Power (c) IL THD (d) VL THD (e) vg(L-L), ig (f) Pg (g) vg(L-L) THD (h) 

ig THD 

Fig. 10.30 Transient behavior of the water pumping system when SPV array changes from 

1kW/m2 to 0kW/m2 and vice versa 
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Fig. 10.31 Performance of system during standalone 

Fig. 10.32 Behaviour of system during grid recovery 

Fig. 11.1 Single stage grid connected sensor less SyRM drive for solar water pumping 

system with battery and grid synchronization 

Fig. 11.2 Double stage grid connected sensor less SyRM drive for solar water pumping 

system with battery and grid synchronization 

Fig. 11.3 Proposed system modes of operation 

Fig. 11.4 Bidirectional DC- DC converter control 

Fig. 11.5 Single stage grid connected sensorless SyRM drive for solar water pumping 

system with BES and grid synchronization 

Fig. 11.6 Double stage grid connected sensorless SyRM drive for solar water pumping 

system with BES and grid synchronization 

Fig. 11.7 Hardware prototype of the developed system 

Fig. 11.8 Starting performance of system (a) SPV array, BES parameters (b) SyRM, load 

parameters. 

Fig. 11.9 Steady state performance of system (a) SPV array, BES parameters (b) SyRM, 

load parameters 

Fig. 11.10 Dynamic performance of system when solar insolation is changed 

from1000W/m2-200W/m2 (a) SPV array, BES parameters (b) SyRM, load 

parameters 

Fig. 11.11 Dynamic performance of system when solar insolation is changed from 

300W/m2-1000W/m2 

Fig. 11.12 Performance of solar PV array at 1000W/m2 of solar insolation 

Fig. 11.13 Starting Performance of system. 

Fig. 11.14 Steady state performance of system at solar insolation of 600W/m2 (a) Ipv, iB, IL, 

ωest (b) Ipv, iB, VL, ωest (c) Vpv, iB, IL, ωest 

Fig. 11.15 Steady state performance of battery energy storage and local load 

Fig. 11.16 Dynamic performance of the system when solar insolation is varied from 

1000W/m2 to 600W/m2 and vice versa (a) VL, IL, iB, ia at insolation decreased (b) 

VL, IL, iB, ia at insolation increased (c) Ipv, iB, IL, ωest at insolation decreased (d) 

Ipv, iB, IL, ωest at insolation increased. 

Fig. 11.17 Starting performance of system (a) SPV array, BES parameters (b) SyRM, load 

parameters. 

Fig. 11.18 Steady state performance of system at 1000W/m2 (a) SPV array, BES parameters 

(b) SyRM, load parameters 

Fig. 11.19 Dynamic performance of system when solar insolation varied from 1000W/m2-

400W/m2 (a) SPV array, BES parameters (b) SyRM, load parameters 

Fig. 11.20 Dynamic performance of system when solar insolation varied from 1000W/m2-

0W/m2 

Fig. 11.21 PV array performance at 800W/m2 solar insolation 

Fig. 11.22 Steady state performance of system at 1000W/m2 (a) VL, IL, iB, ia (b) Ipv, iB, IL, ia 

(c) Ipv, iB, IL, ωest 

Fig. 11.23 Dynamic performance of the system at varying insolation (a) Ipv, iB, VL, ωest at 
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