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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.



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.

Vi
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The average output torque of different rotors as a function of design variables:
width of steel carrier and width of the tangential rib

The power factor of different rotors as a function of design variables: steel carrier
width and width of the tangential rib

3D representation of synchronous reluctance motor

Dimensions of the design prototyped, (a) stator lamination (b) stator slot design,
(c) rotor lamination (d) rotor barrier dimensions

Fabricated motor parts (a) stator stamping (b) rotor stamping (c) motor winding
(d) stator stack (e) rotor stack (f) rotor assembly with stator (g) rotor with
bearings (h) developed prototype.

Experimental laboratory setup

Fixed losses at variable speed

Efficiency of motor at variable speed

Achieved Output Power of SyRM

Experimental Te result of 2.2kW SYRM (a) At 3000rpm (b) At 2500rpm (c) At
2000rpm

Steady state performance of motor (a) 2000rpm (b) 1000rpm

Dynamic performance of motor with varying speed (a) speed reduces from
1500rpm to 1000rpm (b) speed reduces from 2000rpm to 1500rpm

Double stage sensor less SyRM drive for solar water pumping system

Single stage sensor less SyRM drive for solar water pumping system

P & O MPPT for double stage system

Stator flux linkage-based rotor position and speed estimation

Phasor representation of SyRM

SyRM Speed Control

Control of single-phase H bridge inverter

Flow Chart of P &0 MPPT Algorithm

MATLAB model of standalone double stage solar water pumping system
MATLAB model of standalone single stage solar water pumping system
Laboratory Prototype of SyRM Drive

Signal conditioning circuit for voltage sensor (a) Schematic diagram (b) PCB of
voltage sensor

Signal conditioning circuit for current sensor (a) schematic circuit diagram (b)
Current sensor PCB

Isolation and amplification circuit for gate drivers (a) (a) Schematic diagram (b)
PCB for gating signal optical isolation and its signal conditioning

DSPACE 1202 architecture (a) control algorithm execution (b) DSPACE image
Starting and steady state performance of (a) solar PV array (b) SyRM drive (c)
estimated motor parameters at solar insolation of 1000W/m?
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4.16

4.17

4.18

4.19

4.20
4.21

4.22

4.23
4.24
4.25
4.26
4.27
4.28

4.29

4.30

Dynamic Performance of system for solar radiation varying from 1000W/m? to
500W/m? (a) SPV array and load parameters (b) SyRM parameters (c) motor
internal signals

Response of INC MPPT (a) 500W/m? (b) 1000W/m?

Starting performance of drive at 100% of solar radiation (a) Vpv, lpy, ia, I (b) Vpv,
lov, VL, 1L (€) VL, IL, ia, @est

Steady state performance of system at solar radiation of 1000W/m? (a) Vpv, Vac,
VL, (West (b) va, |pv, va, Ve (C) Te, va, eest, I (d) Wsd, Ysq, isd, isq (9) ia, ib, |L, |pv (f)
Vi, ia, IL, west

load parameters (a) Vi, I. (b) load power (c) load voltage THD

Dynamic response of the drive at solar radiation varied from 1000W/m? to
600W/m? and vice versa (@) Vc, ia, ib, ic at solar radiation 1000W/m? to 600W/m?,
(b) Ve, ia, ib, ic at solar radiation 600W/m? to 1000W/m?. (c) Vv, lpv, Ppv, Vec at
solar radiation 1000W/m? to 600W/m?2. (d) Vv, lpv, Ppv, Ve at solar radiation
600W/m? to 1000W/m?. (€) Vpv, lpv, Vi, IL at solar radiation 1000W/m? to
600W/m?. (f) Vpy, lov, Vi, I at solar radiation 600W/m? to 1000W/m?. (g) wsd,
wsa, Oest, west at solar radiation 1000W/m? to 600W/m?. (h) wsd, Wsq, Gest, west at
solar radiation 600W/m? to 1000w/m?. (i) Te, s, Oest, west at solar radiation
1000W/m? to 600w/m?. (j) Te, ws, Oest, west at solar radiation 600W/m? to
1000W/m?. (K) VL, ia, IL, west at solar radiation 1000W/m? to 600W/m?. (1) VL, ia,
I, west at solar radiation 600W/m?to 1000w/m?.

Response of the drive during load change at a solar radiation of 800W/m? (a) VL,
la, IL, west When the load demand is reduced (b) Vpv, lpv, Vi, I when the load is
turned OFF.

Starting performance of the drive at 1000W/m? solar insolation (a) PV array and
load parameters (b) SyRM parameters (c) estimated signals of machine

Steady state performance of the drive at 500W/m? solar insolation (a) PV array
and load parameters (b) SyRM parameters (c) estimated signals of machine
Dynamic performance of the drive when solar insolation changes from
1000W/m? to 500 W/m? (a) PV array and load parameters (b) SyRM parameters
(c) estimated signals of machine

Performance of MPPT and curves of PV array (a) 500W/m? (b) 1000W/m?
Starting performance of SyRM drive

Steady state performance of drive at solar insolation of 1000W/m? (a) Vpy, lpy, I,
(est (b) isd, isq, Wsd, Wsd (C) va, |pv, Vi, (d) |pv, ia, ib, I

load parameters (a) Vi, I. (b) load power (c) load voltage THD (d) Load current
THD

Dynamic performance of drive (a) Vpy, Ia, b, Ic When solar insolation changes
from 1000W/m? to 500W/m? (b) Vpy, ia, ib, ic When solar insolation changes from
500W/m? to 1000W/m? (c) Vpv, lpv, Vi, I when solar insolation changes from
1000W/m? to 500W/m? (d) Vi, lpv, Vi, I when solar insolation changes from
500W/m? to 1000W/m? (€) lpv, ia, IL, west When solar insolation changes from
1000W/m? to 500W/m? (f) lpy, ia, I, west When solar insolation changes from
500W/m? to 1000W/m?

Single stage battery supported sensor less SyRM drive for solar water pumping
system employing bidirectional DC-DC converter
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Double stage battery supported sensor less SyRM drive for solar water pumping
system employing bidirectional DC-DC converter

Double stage battery supported sensor less SyRM drive for solar water pumping
system

Single stage battery supported solar water pumping system feeding local loads
using single-phase inverter

Bidirectional DC- DC converter control

Field oriented control technique of SyRM

Multiple-SOGI flux estimator (a) complete schematic representation of multiple-
SOGI (b) SOGI inner block

Bidirectional DC-DC converter control scheme

Flow chart of modified incremental conductance based MPPT

MATLAB model of battery supported single stage solar water pumping system
employing BDDC

MATLAB model of battery supported double stage solar water pumping system
employing BDDC

MATLAB model of battery supported double stage solar water pumping system
without BDDC

MATLAB model of battery supported single stage solar water pumping system
feeding local loads.

Experimental prototype

Starting performance of system at rated solar insolation (a) S, Vpv, lpv, Ppv, Vs, I8,
Ps (b) iabc, West, Te, TL, isd, isq, Oest

Steady state performance of system at 1000W/m? of solar insolation (a) S, Vv,
|pv, va, VB, |B, Ps (b) iabc, West, Te, TL, isd, isq, Oest

Dynamic performance of system when solar insolation changed from 1000W/m?
tO 300W/m2 (a) S, va, Ipv, va, VB, IB, PB (b) iabc, West, Te, TL, isd, isq, eest
Characteristics curve of SPV array at different solar irradiance (a) 500W/m? (b)
1000W/m?

Starting behavior of the drive.

Steady state drive performance at 700W/m? (a) Vv, lpy, ig, ia (D) Test, Ppy, ig, Gest
(C) Test, Ppv, iB, west (d) isd, Ppv, i, Isq

Dynamic performance of the system with solar PV insolation changed from
700W/m? to 400 W/m? and reverse (@) Vac, lpy, is, ia at insolation 700W/m? to
400W/m? (b) Ve, lpy, is, ia at insolation 400W/m? to 700W/m? () Ve, lpy, is, west
at insolation 700W/m? to 400W/m? (d) Ve, lpv, i, west at insolation 400W/m? to
700W/m? (&) Te, Ppy, is, west at insolation 700W/m? to 400W/m? (f) Te, Ppy, is,
west at insolation 400W/m? to 700W/m?(g) Te, Ppy, is, fest at insolation 700W/m?
to 400W/m? (h) Te, Ppy, is, Gest at insolation 400W/m? to 7000W/m?

Starting performance of system at 1000W/m? (a) S, Vv, lpv, Ppv, Vs, is (D) iabc,
West, Vdc, Te, TL, Oest

Steady state performance of system at 1000W/m? (a) S, Vv, lpv, Ppv, Vs, is, Ps ()
iabc, West, Vdc, Te, TL, Oest

Dynamic response of system when solar insolation changed from 1000W/m? to
500W/m2 (a) S, va, Ipv, va, VB, iB, PB (b) iabc, West, Vdc, Te, TL, Gest

Performance of P&O MPPT (a) 1000W/m? (b) 500 W/m?
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5.27

5.28

5.29

5.30
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5.32

5.33
5.34

5.35

5.36

5.37

5.38

5.39

5.40

541
5.42

5.43
5.44

Starting performance of the system at 1000W/m? (@) Vo, lpv, Vac, ia (D) Vv, lpv,
IB, west (C)Te, Ppv, PB, Oest

Steady state performance of hybrid water pumping system at 1000W/m? (a) Vpy,
|pv, iB, la (b) va, |pv, iB, (est (C) va, |pv, Vdc, i (d) Te, va, PB, Oest (e) ia, ib, ic, is
(f) isd, isq, Wsd, Wsq

Dynamic performance of the drive with solar radiation varying from 1000W/m?
to 500W/m? and vice versa. (a) Vpy, lpy, is, ia at 2000W/m? to 500W/m? (b) Vpy,
v, i, ia @t 500W/m? to 1000 W/m?. () Vpv, lpv, Vac, is at 2000W/m? to 500W/m?
(d) va, Ipv, Vdc, iB at 500W/m2 tO 1000 W/m2 (e) va, ia, ib, iB at lOOOW/m2 tO
500W/m?. () Vpy, ia, ib, iz at 500W/m? to 1000 W/m?2. (g) Te, Ppv, west, Ps at
1000W/m? to 500W/m? (h) Te, Ppv, west, P at 500W/m? to 1000 W/m?. (i) Te, Ppy,
P, Gest at 2000W/m? to 500W/m?. (j) Te, Ppv, P, Gest at 500W/m? to 1000 W/m?2,
(K) ia, ib, ic, iz at 2000W/m? to 500W/m? (1) ia, ib, ic, is at at 500W/m? to 1000
W/m2,

Dynamic performance of drive when pump fully fed by battery storage and fully
fed by solar PV array. (a) Te, Ppy, west, Ps at radiation changeover from 1000W/m?
to 0 W/m?. (b) Te, Ppv, Ps, Gest at radiation changeover from 1000W/m? to OW/m?2.
(¢) Vv, lpv, is, ia at radiation changeover from 1000W/m? to OW/m?,

Starting performance of system at 1000W/m?2.

Steady state performance of SyRM drive (a) S, Vpv, lpv, Ppv, VB, i, PB (D) lanc, Ve,
West, Te, TL, Gest

Dynamic behaviour of system when solar insolation changed from 1000W/m? to
400W/m2(a) S, va, Ipv, va, VB, iB, PB (b) iabc, Vdc, West, Te, TL, eest

Performance of solar PV array (a) 300W/m? (b) 1000W/m?

Starting Performance of the system at 1000W/m? (&) Vo, lpv, ®est, is (0) Vov, lpv,
Vdc, ia

Steady state performance of battery supported proposed water pumping system
at 1000W/m2 (a) va, Ipv, iB, West (b) Vdc, ia, ib, ic (C) isd, isq, l//sd, l//sq

Dynamic performance of BES supported water pumping system when solar
insolation varied from 1000W/m? to 500W/m? and vice versa (a) Vpy, lpy, ia, is (D)
va, |pv, ia, iB (C) Te, va, iB, (West (d) Te, va, iB, (West

Dynamic performance of system when on SPV array feed power to the drive or
only BES provides power to drive (a) Vpv, lpv, Ia, is (8) Vpv, lpv, Vdc, is

Starting performance of system at 2000W/m? (a) S, Vv, lpv, Ppv, Ps (D) fabe, west,
Te. TL, VL, |L, (9est

Steady state performance of system when solar radiation is 1000W/m? (a) S, Vpy,
|pv, va, Ve, iB, Ps (b) iabc, West, Te, TL, VL, IL, Oest

Dynamic performance of system when solar radiation is varied from 1000W/m?
to 300W/m? (a) S, Vv, lpv, Ppv, Ve, ig, Ps (D) iavc, west, Te, TL, VL, IL, Gest
Efficiency curve of MPPT at 1000W/m?

Steady state performance of system when solar isolation is1000W/m? (a) VL, I,
ia, (est (b) Ve, iB, (est, va (C) Wsd, Wsq, Oest, West

Performance of load parameters (a) Vi, I. (b) P. (c) I. THD (d) VL. THD
Dynamic performance of the system when solar insolation changed from
1000W/m? to 500W/m? and vice versa (a) I, ia, lpv, is at insolation decreased (b)
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IL, ia, lpy, i at insolation increased (C) Vpy, I, ia, iz at insolation decreased (d) Vpy,
IL, 1a, Iz at insolation increased.

Single phase single stage grid connected sensor less SyRM drive for solar water
pumping system feeding local loads using single-phase inverter

Double stage single phase grid connected sensor less SyRM drive for solar water
pumping system feeding local loads using single-phase inverter

Control of H-bridge inverter

Control of PFC boost converter

Control of SyRM drive

S-SOGI structure

SyRM state space vector diagram

MATLAB/Simulink model of single stage single-phase grid-connected solar
water pumping systems

MATLAB/Simulink model of double stage single-phase grid-connected solar
water pumping systems

Laboratory test setup

Steady state response of the drive when photovoltaic array feeding power to
pump (a) S, va, Ipv, va, Vdc, VL, IL (b) Vg, ig, iabc, West, eest, Te, Tl_

Steady state response of the system when only grid feeding power to pump (a) S,
va, Ipv, va, Vdc, VL, IL (b) Vg, ig, iabc, (West, eest, Te, TL (C) THD Of g”d Current ig
Dynamic response of system when solar radiation reduced 1000W/m? to
200W/m2 (a) S, va, Ipv, va, Vdc, VL, IL (b) Vg, ig, iabc, West, eest f Te, Tl_ (C) THD Of
Ig

Dynamic response of system when solar radiation reduced 0W/m? to 1000W/m?
@) S, Vpv, lpv, Ppv, Ve, VL, IL (b) Vg, ig, labe, West, Gest, Te, TL

MPPT performance of the drive (a) 1000W/m? (b) 600 W/m?

Starting performance of drive (a) lpy, ia, I, west (D) lpy, Ia, ig, West

Drive steady state performance when only grid feeds power (a) Vg, ig, Gest, west (b)
Vg, ig, VL, IL

Grid parameters (a) vg, ig (b) grid power (c) ig THD (d) vy THD

Load Parameters (a) Vi, I (b) load power (c) VL THD (d) I. THD

Drive steady state performance when only solar PV array feeds power (a)Vpv, lpv,
va, West (b) va, Vi, I, west (C) West, Wsd, Wsa, Oest

Drive steady state performance when both sources feeds power (a) Vpy, lpy, Vg, ig
(b) Ipv, Vg, ig, est (C) va, Ipv, ig, est

Drive transient performance when solar PV array feeds power at 1000W/m? to
600W/m2 and reverse (a.) Ipv, IL, ia, West (b) Ipv, IL, ia, (West (C) va, Ipv, va, (West (d)
va, |pv, va, West (E) West, YWsd, Wsd, Oest (f) West, Wsd, Wsd, Oest

Drive dynamic performance when both solar PV array and grid feeds power to
loads at 800W/m? to 200W/m? and 200W/m? to 800W/m? (@) lpy, IL, ig, west (D)
|pv, I, ig, (est (C) va, |pv, ig, (est (d) va, |pv, ig, West

Grid parameters when both sources are available (a) vg, ig (b) grid power(c) ig
THD (d) vg THD

Load Parameters when both sources are available (a) Vi, I (b) load power (c) VL
THD (d) I. THD
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7.1

7.2

7.3

7.4

7.5

Steady state performance of the system when only SPV array feeds power to the
load () S, Vpv, Ipv, Ppv, Vdc, VL, IL (D) Vg, g, Tabe, @est, Gest, Te, TL

Steady state performance of the system when only grid feeds power to the load
@) S, Vpv, lpv, Ppv, Ve, VL, I (D) Vg, g, labc, west, Gest, Te, TL (C) Harmonic spectrum
of ig

Dynamic response of system when solar radiation reduced 1000W/m? to
200W/m2 (a.) S, va, Ipv, va, Vdc, VL, IL (b) Vg, ig, iabc, (West, Hest y Te, TL (C) HarmoniC
spectrum of ig

Dynamic response of system when solar radiation reduced 1000W/m? to 0W/m?
(a) S, va, |pv, va, Vdc, VL, I (b) Vg, ig, iabc, West, eest y Te, TL

MPPT behaviour of system (a) 0.5kW/m? (b) 1kW/m?

Starting behaviour of system (a) PV radiation is 1kW/m? and the grid is
unavailable (b) Both Grid and PV array available

Steady state response of Drive when only grid provide power (@) Vg, ig, est, west
(b) ) Vg, ig, Vdc, est (C) Vg, ig, VL, IL

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

Load Parameters when only grid feeding power (a)Vi, 1. (b) Load Power (c) I.
THD (d)VL THD

Steady state behaviour of system when solar insolation is 1000W/m? (a) Vo, lpv,
Vdc, est (b) VL, |L, va, (est (C) Wsd , Wsq, Oest, West

Drive steady state behaviour when solar PV array is 500W/m? & grid is present
(a) va, Ipv, Vg, ig (b) Ipv, Vg, ig, est (C) VL, IL, Vdc, (est

Dynamic behaviour of drive when solar insolation changes from 1kW/m?-
O6kW/m2 & vice versa (a) Ipv, IL, ia, (West (b) Ipv, IL, ia, (est (C) va, Ipv, Vdc, est
(d) va, |pv, Ve, West (e) Qest, YWsd, Wsq, Oest (f) West , Ysd, Ysq, Oest

Dynamic response of drive under grid-interfaced mode and when PV array is
changes from 0.5kW/m? to 0.8kW/m? and vice versa (a) Vi, li, Ppy, west at
05kW/m2- 08kW/m2 (b) VL, IL, va, West at 08kW/m2' 05kW/m2 (C)ig, Ipv, IL, ia
at OSkW/mZ' O8kW/m2 (d) ig, Ipv, IL, ia at 08kW/m2' 05W/m2 (e)va, Ipv, (West, ig
at 0.5kW/m?2- 0.8kW/m? (f) Vi, lov, west, ig at 0.8KW/m?2- 0.5kW/m?

Grid parameters when both grid and solar PV array at 400W/m? feeding
power(a)vg, ig (b) Grid Power (c) ig THD (d)vg THD

Load parameter when both solar photovoltaic array and grid feeding power (a)VL,
I (b) Load power (c) I THD (d) VL THD

Single stage battery supported single phase grid connected sensor less SyRM
drive for solar water pumping system employing bidirectional DC-DC converter
Double stage battery supported single phase grid connected sensor less SyRM
drive for solar water pumping system employing bidirectional DC-DC converter
Single stage battery supported single phase grid connected sensor less SyRM
drive for solar water pumping system feeding local loads using single-phase
inverter

Double stage battery supported single phase grid connected sensor less SyRM
drive for solar water pumping system feeding local loads using single phase
inverter

PV voltage estimations
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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

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

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.

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

Developed hardware prototype of single-phase grid interfaced battery supported
solar water pumping system.

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

Steady state performance of system at 1000W/m? (a) SPV array, BES parameters
(b) machine parameters

Dynamic performance of system (a) performance of SPV array, BES parameter
at insolation decreased from 1000W/m?2- 200W/m? (b) performance of SPV
array, BES parameter at insolation decreased from 300W/m?2- 1000W/m?

MPPT Performance of system at 1000W/m?

Starting performance of drive.

Steady state performance of drive when only grid provide power to pump (a) vg,
ig, Ve, west (D) Vg, ig, iLs, West

Steady state performance of grid parameters

Steady state performance of drive when only SPV array feeds power (a) vy, ig,
Vv, lpv (D) lpv, Ig, Best, west (C) Vpv, lpy, I8, Ia

Steady state performance of system when only BES feeds power (a) Vdc, lpy, is,
ia (0) lpv, i, wsd, ysq

Dynamic performance of system when both SPV array and grid feed power (a)
Vg, ig, Vv, lpv at insolation changed from 1000W/m? to 400W/m?2(b) vy, ig, Vpv, lov
at insolation changed from 400W/m? to 1000W/m? (C) lpy, ig, isd, isq at insolation
changed from 1000W/m?to 400W/m? (d) lpy, ig, isd, isq at insolation changed from
400W/m?to 1000W/m?

Dynamic performance of system when both SPV array and grid feed power (a)
Vg, ig, lpv, west at insolation changed from 1000W/m?to OW/m2(b) lpy, ig, isd, isq at
insolation changed from 00W/m?to 1000W/m?

Dynamic performance of system when both SPV array and BES feed power (a)
Vo, loy, I8, westat insolation changed from 1000W/m? to 500W/m?2(b) Vi, lpy, is,
ia at insolation changed from 1000W/m? to 500W/m? (C) lpy, is, Oest, west at
insolation changed from 500W/m?to 1000W/m?

Steady state performance of system at 400W/m? (a) SPV array, battery
parameters (b) SyRM parameters

Dynamic performance of system when solar insolation increased from 400W/m?
to 1000W/m?
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7.46
7.47

Dynamic performance of system at solar insolation decreased from 1000W/m? to
300W/m?

Dynamic performance of system at solar insolation decreased from 1000W/m? to
0W/m?

MPPT performance of system (a) 500W/m? (b) 1000W/m?

Starting Performance of system when both SPV array and grid feed power
Steady state performance of drive when only grid provides power (a) Vg, ig, ia, Vdc
(b) Vg, ig1 Oest, west (C) Vg, ig, ILs, West.

Steady state performance of grid parameters
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Starting performance of system (a) solar PV array, battery parameters (b) local
loads and motor parameters

Steady state performance of system at 1000W/m? (a) solar PV array, battery
parameters (b) local load and motor parameters

Dynamic performance of system when solar insolation varied from 1000W/m?to
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MPPT Performance of System

Starting performance of system

Steady state performance of load parameters

Steady state performance of drive at 1000W/m? () Te, lpy, i, is (B) ia, ib, ic, west
(©) Wsd, Wsq, Oest, West

Dynamic performance of the system at solar insolation changed from 1000W/m?
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Starting and steady performance of system at 1000W/m? (a) SPV, battery
parameters (b) SyRM and local load parameters
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Comparison between actual and estimated PV voltage

Single stage grid connected sensor less SyRM drive for solar water pumping
system with grid synchronization.

Double stage grid connected sensor less SyRM drive for solar water pumping
system with grid synchronization.

VSC control in grid integrated mode

Structure of MOGI

Schematic diagram of MOGI -PLL

Control VSC in grid outage mode

MOGI-PLL based mode transition control to synchronize SyRM drivee with grid
Field oriented control of SyRM

Grid side VSC control in different modes of operation

SOGI- FLL structure

MATLAB model of single stage grid connected sensor less SyRM drive for solar
water pumping system with grid synchronization.

MATLAB model of double stage grid connected sensor less SyRM drive for solar
water pumping system with grid synchronization.

Experimental Lab based test setup.

Steady state performance of system when only SPV array provides power (a) PV
array, load parameters (b) SyRM, grid parameters (c) grid current THD.

Steady state performance of system when only grid provides power (a) PV array,
load parameters (b) SyRM, grid parameters (c) grid current THD.

Dynamic performance of the system at insolation changed from 1000W/m? to
400W/m? (a)SPV array, load parameters (b) SyRM, grid parameters (c)
harmonic spectrum of grid current

Dynamic performance of the system at insolation changed from 400W/m? to
OW/m? (a)SPV array, load parameters (b) SyRM, grid parameters

Dynamic performance of the system with increase in load demand (a) SPV array,
load parameters (b) SyRM, grid parameters

Mode transition of a system from grid integrated to grid outage condition
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500W/m?

Drives starting performance

Steady state performance under grid integrated mode (a) Vi, I (b) load power (c)
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Steady state performance under grid integrated mode at rated SPV array (a) ig,
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harmonic spectrum of ig.

Dynamic performance of the system with decreased in local load demand (a)SPV
array, load parameters (b) SyRM, grid parameters.

Dynamic performance of the system with increased local load demand (a) SPV
array, load parameters (b) SyRM, grid parameters.

MPPT characteristics

Steady-state response of system under grid integrated operation (a) Vi, I. (b) load
power (c) I. THD (d) VL THD (e) vg, ig () grid power (g) ig THD (h) vg THD
Steady-state analysis of drive under grid integrated operation at 1000W/m? (a) vg,
ig, |pv, West (b) Ve, |pv, ig, West

Dynamic analysis of drive at S changed to 1000W/m? to OW/m? (a) lpy, ig, I, ia
(b) Vg, ig, lpv, west

Dynamic analysis of system (a) Vg, ig, lpv, west at 1000W/m? to 400W/m? (b) v,
ig, Ipv, MWest at 400W/m2 to 1000W/m2 (C) Vdc, va, Ipv, (West at 1000W/m2 to
400W/m? (d) Ve, Vpv, lpv, mest at 400W/m? to 1000W/m?

Seamless transition from grid connected operation to standalone operation
Seamless transition from standalone to grid connected operation

Single stage battery supported single phase grid connected sensor less SyRM
drive for solar water pumping system employing bidirectional DC-DC converter.
Double stage battery supported single phase grid connected sensor less SyRM
drive for solar water pumping system employing bidirectional DC-DC converter.
Double stage battery supported single phase grid connected sensor less SyRM
drive for solar water pumping system.

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.

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.

MATLAB model of double stage battery supported single phase grid connected
sensor less SyRM drive for solar water pumping system

Laboratory setup of developed drive system

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

Steady state performance of proposed system at 1000W/m? solar radiation (a)
solar PV array and battery parameters (b) SyRM and load parameters

Dynamic performance of system when solar insolation is varied from 1000W/m?
to 500W/m? (a) solar PV array and battery parameters (b) SyRM and local load
parameters.

Starting performance of system.

Steady state performance of local load (a) Vi, IL (b) load power (c) I. THD (d)
VL. THD
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Starting performance of system (a) solar PV array and battery parameters (b)local
load and machine parameters.

Steady state performance of system at 1000W/m? solar insolation (a) SPV array,
BES parameters (b) load, SyRM parameters

Dynamic performance of system when solar insolation changed from 1000W/m?
to 300W/m? (a) PV array, battery parameters (b) SyRM, load parameters.
Performance of solar PV array (a) 600W/m? (b) 1000W/m?

Steady state performance of system at 1000W/m? () wsd, Wsd, isd, isq (D) wsd, Wsd,
BOest, west (C) Ve, lpv, 1B, west

Steady performance of the load parameters (a) Vi, I (b) load power (c) load
voltage THD (d) IL THD

Dynamic performance of system when solar insolation varied from 1000W/m? to
O0W/m? and vice versa (a) Vpv, lpy, is, IL (D) Vpy, is, Vi, I

Dynamic performance of system when solar insolation varied from 1000W/m? to
500W/m? and vice versa (a) Ppy, is, It, VL (D) Ppy, is, IL, VL

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

Steady state performance of system (a) SPV array, BES parameters (b) SyRM,
load parameters

Dynamic performance of drive when solar insolation reduced 1000W/m? to
400W/m? (a) SPV array, BES parameters (b) SyRM, load parameters

MPPT performance at an insolation of (a) 700W/m? (b) 1000W/m?

Starting Performance of system.

Steady state performance of load and BES parameters at solar insolation of
1000W/m? (a) Vi, 1. (b) load power () I THD (d) VL THD () Vs, is (f) battery
power

Steady state performance of drive at 1000W/m? of solar insolation (a) is, lpy, I,
(est (b) va, |pv, Ve, iB (C) Wsd, Wsq, West, |a(d) iB, |pv, Vi, I

Dynamic performance of the system at solar insolation changed from 1000W/m?
to 500W/m?and vice versa (a) is, lpv, IL, west at 1000W/m? to 500W/m? (b) is, lpv,
I, west at 500W/m? to 1000W/m? (c) ig, Ve, Vi, I at 2000W/m? to 500W/m? (d)
is, Ve, Vi, I at 500W/m? to 1000W/m?

Dynamic performance of the system when solar insolation changed from
1000W/m? to OW/m? and vice versa (a) lpy, I, Gest, is (0) Vpv, lpv, Vec, is

Single stage grid connected sensor less SyRM drive for solar water pumping
system with grid synchronization

Double stage grid connected sensor less SyRM drive for solar water pumping
system with grid synchronization

Control scheme of the system

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

Dual SOGI for flux estimation of SyRM
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Field oriented control of motor

MATLAB model of single stage grid connected sensor less SyRM drive for
solar water pumping system with grid synchronization.

MATLAB model of double stage grid connected sensor less SyRM drive for
solar water pumping system with grid synchronization

Experimental lab prototype

Starting performance of system (a) solar PV array, local load parameters (b)
SyRM, and grid parameters.

Steady state performance of system (a) solar PV array, local load parameters (b)
SyRM, grid parameters (c) harmonic spectrum of grid current

Dynamic performance of system when solar insolation varied from 1000W/m?
to 200W/m? (a) solar PV array, local load parameters (b) SyRM, grid
parameters

Dynamic performance of system when solar insolation varied from 200W/m? to
OW/m? (a) solar PV array, local load parameters (b) SyRM, grid parameters
Mode transition control from grid connected to standalone mode

System MPPT response (a) at 1000W/m? (b) at 500W/m?

Starting response of the system

Steady-state response of system in on- grid mode of operation (a) Vi, I, (b) load
power (c) I. THD (d) VL THD (e) vg, ig (f) grid power (g) ig THD (h) vg THD
Steady-state response in on-grid mode (2)Vdc, Vg, ig, @est (0) Ve, IL, Vg, ig (C) wsd,
Wsq, Oest, West

System dynamic response at 1000W/m?to 400W/m? and vice versa (a) lpy, ig, I,
est. (b) Ipv, ig, IL, (West. (C) Vdc, Ipv, ig, |a(d) Vdc, Ipv, ig, ia. (e) Vdc, ||_, Vg, ig. (f) Vdc,
IL, Vg, ig. (g)Vdc, Ipv, ig, IL at 1000W/m2 tO OW/m2 (h) Vdc, Ipv, ig, IL at 0W/m2 tO
1000W/m?.

System dynamic response under load change

Response of the system under grid recover

Response of the system under grid outage condition (a) vg, VL, g, 6L (b) Vdc, Vg,
lg, West

Starting performance of system (a) solar PV array, local load parameters (b)
SyRM, grid parameters

Steady state performance of system (a) solar PV array, local load parameters (b)
SyRM, grid parameters

Dynamic performance of system when solar insolation changed from
1000W/m?to 200W/m? (a) solar PV array, local load parameters (b) SyRM,
grid parameters (c) harmonic spectra of ig

Dynamic performance of system when solar insolation changed from 200W/m?
to OW/m? (a) solar PV array, local load parameters (b) SyRM, grid parameters
SPV array characteristics curve at varying solar radiations (a) 12000W/m? (b)
400W/m?

Steady-state behavior of water pumping system under grid coupled-mode (a)VL,
IL (b) load Power (c) I. THD (d) VL THD (&) vgw-v), ig (f) Pg (9) Vge-r) THD (h)
ig THD

Transient behavior of the water pumping system when SPV array changes from
1kW/m? to OkW/m? and vice versa
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Performance of system during standalone

Behaviour of system during grid recovery

Single stage grid connected sensor less SyRM drive for solar water pumping
system with battery and grid synchronization

Double stage grid connected sensor less SyRM drive for solar water pumping
system with battery and grid synchronization

Proposed system modes of operation

Bidirectional DC- DC converter control

Single stage grid connected sensorless SyRM drive for solar water pumping
system with BES and grid synchronization

Double stage grid connected sensorless SyRM drive for solar water pumping
system with BES and grid synchronization

Hardware prototype of the developed system

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

Steady state performance of system (a) SPV array, BES parameters (b) SyRM,
load parameters

Dynamic performance of system when solar insolation is changed
from1000W/m?-200W/m? (a) SPV array, BES parameters (b) SyRM, load
parameters

Dynamic performance of system when solar insolation is changed from
300W/m?-1000W/m?

Performance of solar PV array at 1000W/m? of solar insolation

Starting Performance of system.

Steady state performance of system at solar insolation of 600W/m? (a) lpy, is, I,
est (D) Ipy, 1B, VL, west (C) Vpy, I8, IL, west

Steady state performance of battery energy storage and local load

Dynamic performance of the system when solar insolation is varied from
1000W/m? to 600W/m?and vice versa (a) Vi, I, is, ia at insolation decreased (b)
VL, I, ig, Ia at insolation increased (C) lpy, ig, IL, west at insolation decreased (d)
lov, I8, IL, westat insolation increased.

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

Steady state performance of system at 1000W/m? (a) SPV array, BES parameters
(b) SyRM, load parameters

Dynamic performance of system when solar insolation varied from 1000W/m?-
400W/m? (a) SPV array, BES parameters (b) SyRM, load parameters

Dynamic performance of system when solar insolation varied from 1000W/m?-
0W/m?

PV array performance at 800W/m? solar insolation

Steady state performance of system at 1000W/m? (a) Vi, I, is, ia (b) lpy, is, IL, ia
(©) lpv, iB, L, west

Dynamic performance of the system at varying insolation (a) lpy, is, VL, west at
insolation changed from 1000W/m? to 600W/m? (b) lpy, is, VL, west at insolation
changed from 600W/m? to 1000W/m? (c) lpy, is, IL, west at insolation changed
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from 1000W/m? to 600W/m? (d) lpy, is, I, west at insolation changed from
600W/m? to 1000W/m?
Fig. 12.1 Efficiency estimation of SyRM with respect to solar insolation
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Solar PV array current (A)

Solar PV array power (W)

PV array capacitance (F)

Open circuit voltage (V)

Short circuit current (A)

Solar PV array voltage at MPP (V)
Solar PV array current at MPP (A)
Solar PV array power at MPP (W)
DC link capacitor (uF)

Boost Inductor (mH)

Switching pulses for three phase VSI
Switching pulses for single phase VSC
DC link capacitor (uF)

Three phase current of SyRM (A)
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Ve

Vier

Lo

Db

Ds

Ls

\':

s

iBr

L

Rr Ct

Vi

I

ig

Vg

Up, Uq

iga, igb, igc
Vga, ng, Vgc
igar, igbr. igcr
ILa, Iib, lic
fg, fL

99, HL

m

(44

Vims, Irms
Wref, West
Oest

Te

Teref

isd, isq, isdr, isqr
Ysd, Ysq
P

Ps

A

t

Sg1, Se2
Kvt, Kit

a

Rs

Sg

Sw

DC link voltage (V)

Reference DC link voltage (V)

Boost converter inductor (mH)

Duty ratio of boost convert

Duty ratio of battery energy storage
Bidirectional DC-DC converter inductor (mH)
Battery energy storage voltage (V)
Battery current (A)

Reference battery current (A)
Interfacing Inductor (mH)

Ripple filter (Q, uF)

Local load voltage (V)

Local load current (A)

Sensed grid current (A)

Sensed grid voltage (V)

Unit template

Sensed three phase grid currents (A)
Sensed three phase grid voltages (V)
Reference three phase grid current (A)
Sensed three phase load current (A)
Grid and load frequency (Hz)

Phase angle of grid and load
Modulation index

Overloading factor

Rms voltage (V)

Reference and estimated speed (rpm)
Estimated rotor position (rad)
Electromagnetic torque (Nm)
Reference electromagnetic torque (Nm)
Actual and reference dq axis current (A)
dg axes flux linkages (Wb)

Number of pole pairs

Angle between stator flux with direct axis of rotor
Angle between stator flux linkage vector and direct axis of rotor.

Dynamics time period.

Switching pulse of bidirectional DC-DC converter

Voltage and current safety factor
Overloading factor

Stator resistance (€2)

Switching pulse of PFC boost converter
Switching pulse of DC-DC boost converter
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