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Abstract

With the growing population, the need for water and energy is compelled

to increase. Employing conventional sources like fossil fuels for water

pumping increases Green House Gas (GHG) emissions and the pump’s

Life Cycle Cost (LCC). For a sustainable future, it is inevitable to replace

these conventional energy sources with renewable energy. Furthermore,

with the recent advancement in power electronics and drives, renewables

like solar PV and wind energy are becoming readily available for water

pumping application, reducing GHG emissions and pump’s LCC. Hence,

considering the tremendous acceptance of renewable sources, especially so-

lar photovoltaic (PV) and wind energy for Water Pumping System (WPS)

using AC motor. This research work’s primary objective is focused on

e↵ective operation and control of standalone hybrid Wind-PV WPS em-

ploying Induction Motor (IM) pump with reduced part count for better

utilization of renewable energy sources.

The aforementioned problem statement is decomposed into solar PV fed

boost converter and bidirectional Voltage Source Converter (VSC) as-

sisted SEIG based Wind Energy Conversion System (WECS) to deliber-

ate four notable contributions of this thesis. Firstly, a solar PV fed boost

converter is investigated to examine the e↵ect of input capacitor, digital

filter cut-o↵ frequency, system time constant and sampling time on imple-

menting a perturbation-based Maximum Power Point Tracking (MPPT)

algorithm. Based on two simple step tests, comprehensive guidelines to

accomplish optimal performance of perturbation-based MPPT technique

are suggested.

Secondly, two algorithms are proposed for bidirectional VSC assisted SEIG

feeding IM pump, one for DC-link voltage regulation (DC-link voltage

regulation scheme) and another for MPPT (speed sensorless hill-climbing

MPPT algorithm). The advantage of the proposed DC-link voltage reg-

ulation scheme is that it senses only DC-link voltage for algorithm pro-

cessing. The merit of the proposed speed sensorless hill-climbing MPPT

algorithm is that it requires only dc-link voltage and two SEIG line cur-

rents information and is independent of other system parameters making

i



the algorithm easy to implement, generic and cost-e↵ective. Additionally,

these developed algorithms ensure a constant ‘V/F’ ratio of the supply at

the Point of Common Coupling (PCC) for the entire operating range to

prevent saturation issues concerning the SEIG and the IM pump. Deci-

sively active and reactive power balance is investigated for both algorithms

to demonstrate power balance at the PCC.

Lastly, a stand-alone hybrid Wind-PV Water Pumping System (WPS)

with minimal power electronics interface, low-complex composite controls

and optimal Energy Management Strategy (EMS) for e↵ective utilization

of both renewable sources is proposed. The system consists of Perturb and

Observe (P&O) algorithm applied to the boost converter of the Solar PV

system and voltage regulation algorithm/hill-climbing MPPT algorithm

with Zero Steady-State Oscillation (ZSSO) applied to bidirectional VSC

of WECS for optimal power extraction at all times. Besides optimal power

extraction from the renewables, the proposed composite controller frame-

work ensures a constant ‘V/F’ ratio at the PCC for the entire operating

range against variations in wind velocity, solar irradiation and load.

The solar PV system, WECS, the hybrid Wind-PV system and all the

developed control schemes are modeled in MATLAB/Simulink and the

operability of these control algorithms are experimentally verified using

a low-cost TMS320F28069M controller. Extensive simulation and test

results are presented to prove the viability of the proposed control schemes.
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tural applications (Traoré et al., 2018) . . . . . . . . . . . . . . . . . 14

1.5 HybridWind-PV based AC and DCmicro-grid implementation (Parida

et al., 2018) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

1.6 Proposed system description . . . . . . . . . . . . . . . . . . . . . . . 20

2.1 Circuit diagram of solar photovoltaic (PV) fed boost converter and

system controller . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.2 Equivalent circuit of single diode model of solar PV cell and boost

converter using switching function . . . . . . . . . . . . . . . . . . . . 27

2.3 Experimental results: Step response of PV voltage and current for

di↵erent values of input capacitance (Cpv) . . . . . . . . . . . . . . . 29

2.4 Experimental results: Step response of PV voltage (in p.u) for di↵erent

cut-o↵ frequencies of first order digital filter . . . . . . . . . . . . . . 31

2.5 Simulation results: (a) Duty ratio, (b) PV current, (c) PV voltage and

(d) PV power with sampling time of 0.4 s . . . . . . . . . . . . . . . . 34

2.6 Simulation results: (a) Duty ratio, (b) PV current, (c) PV voltage and

(d) PV power with sampling time of 0.1 s . . . . . . . . . . . . . . . . 34

2.7 Experimental results: (a) Duty ratio, (b) PV current, (c) PV voltage

and (d) PV power with sample time of 0.4 s . . . . . . . . . . . . . . 35

2.8 Experimental results: (a) Duty ratio, (b) PV current, (c) PV voltage

and (d) PV power with sample time of 0.3 s . . . . . . . . . . . . . . 35

vii



2.9 PV power for di↵erent sampling times (Power read back accuracy of

±0.28% recorded using Magna Solar Emulator SL300-5/85-265) . . . 37

3.1 Circuit diagram of the wind turbine driven, VSC assisted SEIG feeding

IM pump with DC-link voltage regulation algorithm . . . . . . . . . . 40

3.2 Plot of line current versus frequency for Variable Frequency Drive

(VFD) feeding 0.75 HP induction motor with and without constant

‘V/F’ control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.3 Structure of DC-link voltage regulation scheme with constant ‘V/F’ ratio 47

3.4 Simulation results: (a) Wind velocity profile, (b) Wind power coe�-

cient, (c) DC-link voltage, (d) Frequency, (e) Amplitude modulation

index, (f) Shaft speed of the SEIG . . . . . . . . . . . . . . . . . . . . 49

3.5 (a) Fundamental RMS Line voltage and Frequency (b) ‘V/F’ ratio for

entire operating range . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.6 Active power flow at PCC . . . . . . . . . . . . . . . . . . . . . . . . 51

3.7 Reactive power flow at PCC . . . . . . . . . . . . . . . . . . . . . . . 51

3.8 Starting performance of the SEIG . . . . . . . . . . . . . . . . . . . . 52

3.9 DC-link Voltage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

3.10 Frequency and amplitude modulation index . . . . . . . . . . . . . . 53

3.11 Dynamic behavior of system currents and voltages for DC-link Volt-

age Regulation (VR) algorithm: (a) VSC currents, (c) SEIG currents,

(e) IM pump currents and (g) Line voltages at PCC for entire operat-

ing range (t = 0 - 20 s); Steady-state behavior of system currents and

voltages for vw = 9 m/s : (b) VSC currents, (d) SEIG currents, (f) IM

pump currents and (h) Line voltages at PCC . . . . . . . . . . . . . . 54

4.1 Circuit diagram of wind-turbine driven, VSC assisted SEIG feeding IM

pump with speed sensorless hill-climbing MPPT algorithm . . . . . . 58

4.2 (a) Power coe�cient curve (b) Mechanical power developed by wind

turbine for varying wind velocity . . . . . . . . . . . . . . . . . . . . 59

4.3 Hill-Climbing Algorithm for VSC assisted SEIG based WECS with

frequency (F ) as control variable . . . . . . . . . . . . . . . . . . . . 61

viii



4.4 Simulation results: (a)Wind velocity profile, (b) Wind power coef-

ficient, (c) Mechanical shaft speed of the SEIG, (d) Active power de-

veloped by the wind-turbine, (e) Operating frequency of the VSC, (f)

Active power generated by the SEIG, (g) Amplitude modulation in-

dex, (h) Active power consumed by the IM pump, (i) DC-link voltage,

(j) Active power dissipated in dump load . . . . . . . . . . . . . . . . 63

4.5 (a) Fundamental RMS Line voltage and Frequency of the supply at the

PCC, (b) ‘V/F’ ratio of the supply at the PCC for entire operating range 64

4.6 Starting performance of the SEIG . . . . . . . . . . . . . . . . . . . . 65

4.7 DC link Voltage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.8 Frequency and amplitude modulation index . . . . . . . . . . . . . . 66

4.9 Dynamic behavior of system currents and voltages for speed sensorless

hill-climbing MPPT algorithm: (a) VSC currents, (c) SEIG currents,

(e) IM pump currents and (g) Line voltages at PCC for entire operat-

ing range (t = 0 - 2 0 s); Steady-state behavior of system currents and

voltages for vw = 10 m/s : (b) VSC currents,(d) SEIG currents, (f) IM

pump currents and (h) Line voltages at PCC . . . . . . . . . . . . . . 67

5.1 Circuit diagram of proposed stand-alone hybrid Wind-PV based water

pumping system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

5.2 Mathematical model of the hybrid Wind-PV WPS . . . . . . . . . . . 74

5.3 Structure of proposed composite controller implementation for the hy-

brid Wind-PV WPS . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

5.4 Proposed hill-climbing MPPT algorithm with ZSSO for SEIG based

WECS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

5.5 Flowchart of Energy management strategy . . . . . . . . . . . . . . . 81

5.6 Simulation Results: (a) Solar irradiance and wind velocity profile, (b)

Duty ratio of boost converter, (c) DC-link voltage, (d) Solar PV power,

(e) Operating frequency of the VSC, (f) SEIG active power, (g) Am-

plitude modulation index of the VSC, (h) IM pump active power, (i)

Wind power coe�cient, (j) Dump load active power . . . . . . . . . . 84

5.7 DC link Voltage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5.8 Frequency and amplitude modulation index . . . . . . . . . . . . . . 87

5.9 Duty ratio of the boost converter . . . . . . . . . . . . . . . . . . . . 87

ix



5.10 Dynamic behavior of system currents and voltages for proposed com-

posite controller: (a) VSC currents, (c) SEIG currents, (e) IM pump

currents and (g) Line voltages at PCC for entire operating range

(t = 0 - 40 s); Steady-state behavior of system currents and voltages

for F = 40 Hz : (b) VSC currents, (d) SEIG currents, (f) IM pump

currents and (h) Line voltages at PCC . . . . . . . . . . . . . . . . . 88

B.1 Experimental setup of solar PV system . . . . . . . . . . . . . . . . . 101

B.2 Experimental setup of SEIG based WECS . . . . . . . . . . . . . . . 102

B.3 Experimental setup of hybrid Wind-PV WPS . . . . . . . . . . . . . 103

B.4 Model Based Design Framework using Altair Embed and

TMS320F28069M for Rapid Control Prototyping and Interactive

HIL simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

x



List of Tables

1.1 Summary of multi-stage SPWPS . . . . . . . . . . . . . . . . . . . . 7

1.2 Summary of single-stage SPWPS . . . . . . . . . . . . . . . . . . . . 10

1.3 Summary of Wind WPS . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.4 Summary of Hybrid Wind-PV WPS . . . . . . . . . . . . . . . . . . . 18

2.1 Steady state values of system variables . . . . . . . . . . . . . . . . . 33

2.2 Steady-state e�ciency of P&O algorithm recorded for di↵erent sam-

pling times (Power read back accuracy of ±0.28% recorded using

Magna Solar Emulator SL300-5/85-265) . . . . . . . . . . . . . . . . 36

2.3 Steady state values of system variables for theoretical, simulation and

experimental studies (Ts = 0.4 s) . . . . . . . . . . . . . . . . . . . . 37

2.4 Comparison of methods for choice of sampling time in solar photo-

voltaic systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.1 Qualitative comparison of MPPT techniques for WECS . . . . . . . . 69

5.1 Steady-state active and reactive power recorded at every interval for

entire operating range (t = 0-40 s) . . . . . . . . . . . . . . . . . . . 89

5.2 Comparison of available controllers with proposed composite controller

for hybrid Wind-PV water pumping system . . . . . . . . . . . . . . 91

A.1 Solar PV array specifications . . . . . . . . . . . . . . . . . . . . . . . 97

A.2 Electrical Machine specifications . . . . . . . . . . . . . . . . . . . . . 98

A.3 Co-e�cients of Magnetization Curve of 1.5 HP SEIG . . . . . . . . . 98

A.4 Wind-Turbine Specifications . . . . . . . . . . . . . . . . . . . . . . . 99

B.1 Particulars of components used to develop laboratory prototype of solar

PV fed boost converter . . . . . . . . . . . . . . . . . . . . . . . . . . 102

xi



B.2 Particulars of components used to develop laboratory prototype of

SEIG based WECS . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

xii



Nomenclature

AC Alternating current

ADC Analog to Digital Converter

APC Active Power Control

AWPRC Anti-Windup Proportional Resonant Controller

BLDCM Brushless DC Motor

CSC Canonical Switching Cell

CVC Constant Voltage Control

DC Direct current

DCD-RLS Dichotomous Coordinate Descent-Recursive Least Squares

DFIG Doubly Fed Induction Generator

DTC Direct Torque Control

ELC Electronic Load Control

EMS Energy Management Strategy

FLS Fuzzy logic systems

FOC Field Oriented Control

GHG Green House Gas

GR Gear Ratio

IFOC Indirect Field Oriented Control

IM Induction Motor

INC Incremental Conductance

LCC Life Cycle Cost

MLUT Modified Look Up Table

MPP Maximum power point

MPPT Maximum power point tracking

MRAS Model Reference Adaptive System

PCC Point of Common Coupling

PMSM Permanent Magnet Synchronous Motor

PMSG Permanent Magnet Synchronous Generator

PSO Particle Swarm Optimization

PTO Predictive torque control

PV Photovoltaic

PWM Pulse Width Modulation

xiii



P&O Perturb and Observe

REWPS Renewable Energy based Water Pumping System

SEIG Self Excited Induction Generator

SIDO Single Input Dual Output

SPWM Sinusoidal Pulse Width Modulation

SPWPS Solar Photovoltaic Water Pumping System

SRM Switched Reluctance Motor

SVC Static Voltage Compensator

SVPWM Space Vector Pulse Width Modulation

TCR Thyristor Controlled Reactor

TIBO Two Inductor Boost Converter

TLBO Teaching Learning Based Optimization

VFD Variable Frequency Drive

VSI Voltage Source Inverter

VSC Voltage Source Converter

VVVF Variable Voltage Variable Frequency

V/F Voltage / Frequency ratio

WECS Wind Energy Conversion System

WPS Water Pumping System

ZSSO Zero Steady-State Oscillation

a Diode ideality factor

a0 � a6 Coe�cients of magnetization curve of 1.5 HP SEIG

Cdc DC link capacitance (output capacitance of boost converter)

Cf Filter capacitance

Cpv Input capacitance

C1 � C6 Coe�cients of wind-turbine model

D Duty cycle

Eg Bandgap energy of the semiconductor (1.12 eV for polycrystalline Si at 25 0 C)

F Stator frequency of the SEIG

Fsb Switching frequency of the boost converter

Fs Switching frequency of the VSC

Frated Rated frequency of the motor

G Solar irradiation incident on solar PV module

Gn Solar irradiation incident on solar PV module at STC

xiv



H1, H2, H3 Hall sensor signals from BLDCM

id Current through bypass diode

idr Rotor direct axis current of SEIG

ids Stator direct axis current of SEIG

iL Inductor current of the boost converter

im SEIG magnetizing current

i0 Saturation current of the parallel diode

iph Photo current

iph,n Nominal photo current

iav, ibv, icv VSC phase currents

ias, ibs, ics SEIG phase currents

iai, ibi, ici IM pump phase currents

idc DC-link current

ipv PV output current

iqr Rotor quadrature axis current of SEIG

iqs Stator quadrature axis current of SEIG

iSC Short circuit current of the panel

iSC,n Short circuit current of the panel at STC

J Moment of inertia of SEIG

k Boltzman constant

Kp Pump constant

KI Short circuit current/temperature coe�cient of the solar PV module

L Boost converter inductance

Lf Filter inductance

Lr Rotor inductance of SEIG

Ls Stator inductance of SEIG

Llr Rotor leakage inductance of SEIG

Lls Stator leakage inductance of SEIG

Lm Magnetising inductance of SEIG

ma Amplitude modulation index

Nr Motor speed in revolutions per minute

P Number of poles in SEIG

Pmp Power at maximum power point of solar PV array

Pt Wind-turbine power

xv



Ps SEIG active power

q Charge of the electron (1.60217646X10�19
C)

Q Charge of input capacitor

Qs SEIG reactive power

r Radius of the wind-turbine

Rr Rotor resistance of SEIG

Rs Stator resistance of SEIG

Rse Series resistance of the PV panel

Rp Shunt resistance of the PV panel

Rmp Equivalent resistance o↵ered by PV array at maximum power point

Rf Filter inductance

R0 Boost converter load resistance

S Switching function

S1 � S6 PWM pulses applied to VSC

Ts Sampling time

Tes Electromagnetic torque of the SEIG

Tm Load torque of the SEIG

Tt Mechanical torque developed by Wind-turbine

TL Load torque of induction motor pump

Tc Actual temperature of PV cell

Tn Nominal temperature of PV cell

t Time in seconds

vdc DC link voltage

vdcref Reference DC link voltage

VLrms Line-line RMS voltage

vab, vbc, vca Line voltages at PCC

vdr Rotor direct axis voltage of SEIG

vds Stator direct axis voltage of SEIG

vpv PV output voltage

vqr Rotor quadrature axis voltage of SEIG

vqs Stator quadrature axis voltage of SEIG

vT Thermal voltage of the diode

vOC Open circuit voltage of the PV panel

vmp PV array voltage at maximum power point

xvi



vOC,n Open circuit voltage of the PV panel at STC

�D Perturbation step size.

!r Rotor speed of the SEIG in electrical rad/s

!c Cut-o↵ frequency of digital filter

!m Induction motor speed

�T Di↵erence of nominal and actual temperature (Tc � Tn)

⌧1 Approximate system time constant of solar PV system

⌧2 E↵ective system time constant of solar PV system

� Tip speed ratio

!t Wind-turbine shaft speed

!sh SEIG shaft speed in mechanical rad/s

vw Wind velocity

� Pitch factor

xvii





Chapter 1

Introduction

This chapter presents a brief overview of Renewable Energy based Water Pumping

System (REWPS). Further, a critical review of solar PhotoVoltaic (PV), wind and

hybrid Wind-PV water pumping systems are presented in particular to understand

prevailing trends. The formulated problem statement and research objectives that

the thesis answers are explained in the final sections of this chapter.

1.1 Context

Water is one of the crucial resources for the sustenance of life, and its scarcity is

realized in many places. To cater to the need of water, over 30 million water pumps

are installed in the country, consuming approximately 110 billion units of energy

per annum (20% of the country’s electricity consumption) (IEEFA, 2018). With the

growing population, the need for water and energy is compelled to increase. Approx-

imately 16.5% of the country’s electricity used to pump the water is from fossil fuels

contributing to global warming (Katherine, 2014). According to the Global Energy

Assessment, there should be negative Global Greenhouse Gas (GHG) emissions af-

ter 2070 for a sustainable future (Olho↵ and Christensen, 2020). This demands a

significant transformation in the energy ecosystem of the country. Water Pumping

System (WPS) driven by conventional energy result in increased GHG emission, lead-

ing to global warming. Additionally, they su↵er other drawbacks like motor burnouts,

maintenance due to grid voltage variations, frequent power cuts/outages, transmis-

sion, distribution losses and poor power quality of the grid. One solution to this

problem is to explore the possibility of using renewable sources e�ciently to meet
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energy demands for water pumping. The advancement in power electronics and com-

puting technologies has attracted many researchers to innovate and provide e�cient

REWPSs. Solar PV, solar thermal, wind energy, and biomass are the renewable

sources used to pump water across the globe (Gopal et al., 2013). Solar PV and

wind energy are the most widely used renewables due to their omnipresence, matured

technology, and optimized cost. Besides GHG reductions, literature suggests that

adapting renewable energy for water pumping leads to reduction in the Life Cycle

Cost (LCC) of the WPS.

The LCC of a typical pumping system includes the cost of the motor pump,

maintenance cost and the cost incurred for energy spent on pumping. The majority

of the pumping LCC is due to the energy utilized for pumping (Tutterow et al., 2002).

Thus, if the conventional energy is used for pumping, it will increase the LCC of the

pump, carbon footprint, and GHG emissions. To overcome these limitations, use of

renewable energy for pumping applications is strongly recommended. Furthermore,

renewable energy sources like solar PV and wind energy are stochastic and non-linear.

Hence, an appropriate power conditioning circuit and control schemes are needed to

extract maximum power from the chosen renewable source/s yielding optimal LCC

of REWPS. This firmly builds the motivation to investigate control strategies, power

conditioning circuits, and motors used in REWPS to utilize renewable energy sources

e↵ectively.

1.2 Literature Review

This section presents a detailed review of the research in REWPS. So far, numerous re-

view articles on REWPSs are published in the literature. Authors (Gopal et al., 2013)

have identified solar PV, solar thermal, biomass, wind and hybrid wind-PV sources as

five possible renewable energy sources that can be used to pump water. The solar PV,

wind energy, and hybrid wind-PV systems are reported to be potential sources that

will evolve with time for e�cient and clean water pumping. Subsequently, (Periasamy

et al., 2015) have studied classification of Solar PhotoVoltaic Water Pumping System

(SPWPS) based on DC motor and AC Induction Motor (IM) driven systems. The

article focuses on electrical and control Engineering perspectives like power converter

stages, Maximum Power Point Tracking (MPPT) algorithms and microcontroller used

for implementation of DC motor and AC IM pumps.
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Authors (Chandel et al., 2015) have investigated several parameters like eco-

nomic viability, pumping technology, performance analysis of installed SPWPS, sizing,

degradation study, and e�ciency improvement of SPWPS. The research articles in-

vestigated for e�ciency improvement in this paper are minimal. Next, (Rawat et al.,

2016) have presented the detailed design procedure for standalone and grid-connected

SPWPS. Besides, methods for size optimization and modeling techniques for a solar

PV system are also presented. Following this, (Sontake and Kalamkar, 2016) have

framed SPWPS to be an interdisciplinary problem discussing challenges in fields like

Mechanical, Electrical, Electronics, Computer, Control and Civil Engineering. Since

the broad spectrum of challenges are being addressed, the topics concerning types of

motors and control algorithms are discussed in brief.

Lately, (Muhsen et al., 2017) studied design procedures, SPWPS modeling, field

performance, reliability, system sizing, and control strategies. In addition, some re-

search articles based on control strategies concerning only DC motor based water

pumps are discussed. Similarly, (Chandel et al., 2017) have studied directly coupled

SPWPS and also presented a case study of 0.5 HP mono-block directly coupled dc

motor pump in western Himalayan region of India. It is reported that directly coupled

SPWPS su↵er under-utilization and need MPPT algorithm for e↵ective utilization of

solar PV power. Recently, (Li et al., 2017) have investigated SPWPS with factors

concerning system e�ciency and optimization. In addition, the performance of sev-

eral installed SPWPS have been assessed. Decisively the article strongly recommends

integration of solar PV with other green technologies like wind energy for sustainable

water pumping.

It is apparent from the reported reviews that the overall system e�ciency is de-

pendent on numerous factors, namely system sizing, pumping technology, economic

viability and performance assessment spanning various branches of Engineering. How-

ever, the focus of this research lies in the electrical engineering aspects of REWPS.

Hence, in subsequent sections, the di↵erent research avenues like the type of the mo-

tor pump, power electronic interface, and control strategies will be critically reviewed

on the following topics in REWPS.

Multi-stage AC motor based SPWPS.

Single-stage AC motor based SPWPS.

Wind energy based WPS.
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Hybrid Wind-PV based WPS.

1.2.1 Multi-stage SPWPS

The generic block diagram of multi-stage SPWPSs is shown in Figure 1.1, which

encapsulates research avenues namely DC-DC converter (A), motor driver (B), motor

(C), control strategy for A (D), control strategy for B (E), sensor inputs for D (F)

and sensor inputs for E (G). Multi-stage SPWPSs consists of two power conditioning

units between solar PV source and the motor pump. The first stage is meant for

tracking maximum power from the solar PV source and typically a high gain DC-DC

converter is used to step up the PV voltage. The second stage is employed for motor

control and is specific to the motor used for pumping. Numerous motors are used for

pumping namely Induction Motor (IM), Brushless DC Motor (BLDCM), Permanent

Magnet Synchronous Motor (PMSM) and Switched Reluctance Motor (SRM). In this

section, the literature for each of the motor pump is presented in particular.

idc

vdc

Figure 1.1: Block level representation of Multi-stage SPWPS

1.2.1.1 Research on WPS with IM drive

This section presents the research on IM based pump. Firstly the scalar control meth-

ods are discussed followed by vector control methods. Erstwhile, (Yao et al., 1994)

have implemented square wave drive mode with frequency control to improve the

performance of SPWPS. A simple MPPT algorithm using Constant Voltage Control

(CVC) is employed using boost converter. The system is compared with conventional

fixed frequency motor drive for e�ciency improvement. Next, (Caracas et al., 2013)

have proposed a Two-Inductor Boost Converter(TIBO) for high voltage gain and

low input current ripple. Standard ‘V/F’ based Sinusoidal Pulse Width Modulation
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(SPWM) is implemented for VSI fed IM pump. This system is reported to be tested

for the commercial water pump and is reported to exhibit satisfactory performance.

Further, (Singh et al., 2018) have discussed a simple control strategy for IM pump

with a reduced number of sensors employing pump a�nity laws for improved stability.

The boost converter is used to track MPP using INC algorithm. Recently, consider-

able e↵ect of partial shading on SPWPS is studied by (Mudlapur et al., 2019). The

consequences of e↵ects like high varying panel voltage and transients in the DC-DC

converter on the overall system is investigated.

With the advancement in power semiconductor technology and availability of high-

speed microcontrollers, few researchers have explored the vector control algorithms

for IM based pumps. (Vitorino et al., 2011) have made vital contributions like the

design of high gain Push-Pull DC-DC converter and e�cient optimization algorithms

for IM pump. Extensive investigations concerning vector control algorithms in ad-

dition to e�ciency optimization of IMs have been carried out and Indirect Field

Oriented Control (IFOC) with power factor optimization is reported to yield optimal

results. A multimachine irrigation system is proposed by (Bhende and Malla, 2012)

employing conventional Perturb and Observe (P&O) algorithm for MPPT and vector

control algorithm for DC-link voltage regulation, demonstrating e↵ective pumping

with battery less operation. Next, (Singh and Singh, 2015) have proposed pump

a�nity laws to derive the reference speed for each irradiation. Further, the error in

speed is processed by forcing appropriate currents hence optimizing the pump flow

rate. A P&O algorithm is used to generate pulses for boost converter to extract

maximum power. A satisfactory steady state and dynamic performance for varying

irradiations is reported using pump a�nity laws. Later on, (Talbi et al., 2018) have

presented battery-less SPWPS employing P&O algorithm with variable step-size for

MPPT and Predictive torque control (PTC), flux control and a fuzzy logic controller

(Takagi-Sugeno type) for DC-link voltage regulation of the IM drive. The overall

control strategy is reported to provide reduced torque ripple and improved torque

response. Subsequently, (Singh and Shukla, 2018) have proposed Direct Torque Con-

trol (DTC) for IM pump with a novel Model Reference Adaptive System (MRAS)

technique. The proposed MRAS technique eliminates the speed, voltage and current

sensors. Adaptive parameter estimation is incorporated to overcome the changes in

motor parameters due to temperature variation. Recently, (Errouha et al., 2019) have

proposed IFOC with loss minimization and MPPT algorithm leading to enhanced
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energy utilization. Lastly, Active Power Control (APC) with the Anti-Windup Pro-

portional Resonant Controller (AWPRC) for AC voltage regulation is proposed by

(Rezkallah et al., 2019). The overall strategy though complicated results in enhanced

energy extraction, improved power quality, and better transient response for SPWPS.

1.2.1.2 Research on WPS with BLDCM/PMSM drive

Permanent magnet motors although expensive, o↵er merits like high e�ciency, power

density and superior power factor of operation. Hence few researchers have ventured

in exploring the capabilities of BLDCM and PMSM for water pumping. (Kumar and

Singh, 2016) have carried out investigations on BLDCM based water pump for im-

proved results under low irradiations. The speed of the motor pump is controlled by

varying the DC-link voltage based on changes in solar irradiations. Only hall sensor

signals are read as feedback signals, no information regarding DC-link voltage or line

currents are captured for control. Eventually, (Kumar and Singh, 2019) proposed

further improvisation by replacing hall sensors with voltage sensors making the sys-

tem simple, compact and cost e↵ective. Next, (Maissa et al., 2017) have proposed an

algorithm for maximum power extraction by employing sliding mode control to boost

converter to demonstrate superior performance of the proposed sliding mode con-

troller against conventional P&O algorithm interms of e�ciency and faster transient

response.

1.2.1.3 Research on WPS with SRM drive

In comparison to asynchronous and permanent magnet motors, the SRM o↵ers high

e�ciency, high torque at a lower cost due to its core construction. Hence, it qualifies

as a potential alternative for water pumping application. Authors (Narayana et al.,

2017) have studied the Canonical Switching Cell (CSC) converter to reduce the cost

of the SRM based pump system. The continuous conduction mode of operation of the

CSC converter is reported to reduce the stress on system components. Furthermore,

the fundamental switching scheme of a mid-point converter results in reduced losses

increasing the system e�ciency. Next, (Mishra and Singh, 2017) have proposed a

Single Input Dual Output (SIDO) converter for SRM based SPWPS with optimal

energy extraction and soft starting feature and mid-point converter for driving motor

pump.
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1.2.1.4 Observations

Multi-stage SPWPS encapsulates a wide range of research avenues (with columns

A to G) as summarized in Table 1.1. The research in multi-stage SPWPS can

be broadly classified into MPPT algorithms and motor control algorithms. The

variety is observed in MPPT tracker (A), motor used for water pumping (C),

MPPT algorithms (D), motor control strategy (E) and sensors used for motor control

strategy (G).

Table 1.1: Summary of multi-stage SPWPS

Ref. MPPT
Tracker
(A)

Motor
Driver
(B)

Motor
(C)

MPPT Algorithm
(D)

Control Strategy (E) Sensors for
D (F)

Sensors for E (G)

1 Boost C. VSI IM P&O Frequency control ipv, vpv iam, ibm,vab, vbc
2 TIBO VSI IM Hill Climbing algo-

rithm
SVPWM ipv, vpv vdc

3 Boost C. VSI IM INC SPWM ipv, vpv vdc

4 Boost C. VSI IM P&O for partial
shading

SVPWM ipv, vpv vdc

5 Push-pull C. VSI IM P&O IFOC Combined with balancing current ipv, vpv iam, ibm, vdc

6 Boost C. VSI IM P&O Power & Voltage based vector control ipv, vpv iam, ibm, vab, vbc, vdc, N

7 Boost C. VSI IM P&O Reference current control ipv, vpv iam, ibm, N

8 Boost C. VSI IM Current based P&O Predictive torque & Flux controller ipv, is iam, ibm

9 Boost C. VSI IM Modified P&O IFOC (speed, voltages and current estima-
tion)

ipv, vpv vdc, idc

10 Boost C. VSI IM P&O IFOC with loss minimization ipv, vpv iam, ibm, N

11 Boost C. VSI IM Power ratio variable
step algorithm

Active power based AWPRC controller ipv, vpv iam, ibm,vab, vbc

12 Zeta C. VSI BLDCM INC vdc Control ipv, vpv H1, H2, H3

13 Boost C. VSI BLDCM INC Sensorless Line-voltage Control ipv, vpv vab, vbc

14 BoostC. VSI PMSM P&O SMC ipv, vpv iam, ibm

15 CSC C. MPC SRM P&O Commutation angle control algorithm ipv, vpv H1, H2, H3

16 Buck-Boost
C.

MPC SRM INC dwell angle self starting algorithm ipv, vpv H1, H2, H3

Note: A-MPPT Tracker, B-Motor Driver,C-Motor, D-MPPT Algorithm, E-Control strategy, F-Sensors for MPPT algorithm, G-Sensors for control strategy,
C.-Converter, MPC - Mid point converter

1. (Yao et al., 1994)

2. (Caracas et al., 2013)

3. (Singh et al., 2018)

4. (Mudlapur et al., 2019)

5. (Vitorino et al., 2011)

6. (Bhende and Malla, 2012)

7. (Singh and Singh, 2015)

8. (Talbi et al., 2018)

9. (Singh and Shukla, 2018)

10. (Errouha et al., 2019)

11. (Rezkallah et al., 2019)

12. (Kumar and Singh, 2016)

13. (Kumar and Singh, 2019)

14. (Maissa et al., 2017)

15. (Narayana et al., 2017)

16. (Mishra and Singh, 2017)

A high gain DC-DC converter is chosen as MPPT tracker to match the PV voltage

to the DC-link voltage. Referring to Table 1.1, it is evident that the motor driver

chosen is VSI for all the motors except SRM. Perturbation based MPPT algorithms

like P&O and INC have been popular among researchers; however, few intelligent
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algorithms based on fuzzy logic are also implemented for improved e�ciency. The

motor control algorithms can be broadly classified into scalar and vector control

algorithms. Scalar control is simple to implement and involves PWM techniques

like SPWM and SVPWM. Vector control algorithms are classified into direct and

indirect control based on the presence and absence of the speed sensor. Furthermore,

vector control involves intensive computation, knowledge of machine parameters, and

additional sensors and hence are not a preferred choice for commercial use in remotely

located stand-alone applications. The sensors used for the MPPT algorithm are PV

voltage and current (vpv & ipv) in most of the research. However, the sensors used for

the motor control algorithm depends on the type of the algorithm (scalar or vector

control) and the motor used for water pumping.

1.2.2 Single-stage SPWPS

The WPS with minimal (only one) stage of power processing unit between solar PV

and AC motor pump is classified as single-stage SPWPS. Figure 1.2 shows the generic

block diagram of single-stage SPWPS. It is evident from the Figure 1.2 that MPPT

tracker (A) and the associated algorithm (D) are eliminated in single-stage SPWPS.

Hence, the research avenues in single-stage SPWPS includes the motor driver (B),

motor (C), the control strategy for B (E) and sensor inputs for E (G).

idc

Figure 1.2: Block level representation of Single-stage SPWPS
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1.2.2.1 Research on WPS with IM drive

Erstwhile, (Muljadi, 1997) attempted MPPT algorithm with ACmotor based systems,

A system of VSI along with IM is modeled as frequency dependent variable resistor.

Frequency is suitably controlled to track MPP to utilize available energy from PV

source e�ciently. Later on, a novel six element circuit is proposed by (Driemeier and

Zilles, 2010). The circuit proposed can be embedded into the conventional Variable

Frequency Drive (VFD) fed IM system to extract maximum power from the PV

source. Down the line, (Packiam et al., 2015) have conducted experiments using

three Volts/Hertz based control strategies namely square wave drive, SPWM, and

SVPWM with P&O as standard MPPT algorithm. It is concluded in the study that,

SVPWM with P&O algorithm gives best results with fast transient response, less

noise and a high lifetime of the system.

Authors (Moulay-Idriss and Mohamed, 2013) have implemented INC method to

select an optimal speed for a given irradiation and temperature. The speed of the

motor is regulated to the optimal speed by employing the DTC algorithm. The

algorithm is reported to result in fast response, reduced steady-state oscillations and

increased system e�ciency. Further, a detailed investigations on the reduction of

the number of sensors in single-stage IM based pump is conducted by (Shukla and

Singh, 2018). The reduction in the number of sensors is reported to increase system

stability and reduce the cost of the system. Lately, (Elkholy and Fathy, 2016) have

presented a Teaching-Learning-Based Optimization (TLBO) algorithm to generate

an optimal reference voltage corresponding to maximum power from the PV source.

Further, DC-link voltage regulation is achieved using three level VSI to reduce filtering

requirements of the system.

1.2.2.2 Research on WPS with BLDCM/PMSM drive

Authors (Sashidhar et al., 2018) have proposed the position sensor-less control algo-

rithm for BLDCM pump. The proposed single-stage sensorless WPS is reported to

result in increased reliability for use in the rural application, with an e�ciency of 87%

for the BLDC motor and 92% for the VSI at rated power.

Authors (Antonello et al., 2017) have proposed a single stage PMSM based SP-

WPS to reduce cost and complexity without compromising on the utilization of avail-

able solar energy. Perturbation based extremum seeking controller sets speed reference
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with a change in solar irradiation. VSI with conventional FOC regulates the speed

to the desired value for maximum system e�ciency. Recently, (Murshid and Singh,

2019) have developed an energy e�cient PMSM drive for water pumping with least

number of sensors for MPPT and motor control. System variables like speed, position,

flux and voltages are estimated using only DC-link voltage for vector control of the

motor. Modified P&O algorithm is employed using only DC-link voltage eliminating

the use of current sensor.

1.2.2.3 Research on WPS with SRM drive

A simplified PWM based Modified Lookup Table (MLUT) approach for driving SRM

motor and extracting maximum power from solar PV source is proposed by (Kore-

boina et al., 2017). The proposed algorithm is reported to o↵er reduced phase peak,

torque ripple and noise of the system.

1.2.2.4 Observations

The research carried out in single stage SPWPS is summarized in Table 1.2. The

crucial research avenue of single-stage SPWPS is the control strategy because it com-

bines MPPT algorithm and motor control algorithm. The MPPT is formulated to

generate the reference frequency (for scalar control) or speed (for vector control) for

given irradiation using pump a�nity laws. In the case of a scalar control algorithm,

the frequency is used to generate SPWM or SVPWM pulses for VSI to extract max-

imum power from the solar PV source and drive the motor pump simultaneously. In

vector control algorithm, the reference speed generated is used to implement sensored

or sensorless algorithms to drive the VSI fed motor pump while extracting maximum

power from the source. The discussions for the choice of motor, sensors and motor

driver are same as discussions presented for multi-stage SPWPS in section 1.2.1.

1.2.3 Wind WPS

The performance of small aerogenerators, namely Self Excited Induction Generator

(SEIG) and Permanent Magnet Synchronous Generators (PMSG) feeding di↵erent

motors/loads employing power electronics interface used in stand-alone applications,

are reviewed in this section.

10



Table 1.2: Summary of single-stage SPWPS

Ref. Motor
Driver (B)

Motor (C) Control Strategy (E) for MPPT & motor control Sensors for E (G)

1 VSI IM P&O + Feed forward control for variable frequency op-
eration

ipv, vpv

2 VSI IM A Novel six element circuit + variable frequency control vpv

4 VSI IM INC+ Sensorless DTC vpv, iam, ibm, vab, vbc

3 VSI IM P&O + Square wave drive, SPWM and SVPWM based
Variable Voltage Variable frequency Control

ipv, vpv

5 VSI IM INC + Indirect FOC(Speed adaptive estimation using
generalized integrator approach + Phase voltages esti-
mation + phase current estimation)

ipv, vpv, vdc

6 VSI IM ANN based MPPT + TLBO based motor control ipv, vpv

7 VSI PMSM Novel MPPT + Conventional FOC ipv, vpv, iam, ibm, vab, vbc, N

8 VSI PMSM Modified P&O + sensorless FOC vpv, iam, ibm

9 VSI BLDCM INC+ Sensorless electronic commutation algorithm ipv, vpv

10 Mid-point
Converter

SRM MLUT based MPPT + Simplified PWM algorithm vpv, N

Note: B-Motor Driver, C-Motor, E-Control strategy, G-Sensors for control strategy

1. (Muljadi, 1997)

2. (Driemeier and Zilles, 2010)

3. (Packiam et al., 2015)

4. (Moulay-Idriss and Mo-

hamed, 2013)

5. (Shukla and Singh, 2018)

6. (Elkholy and Fathy, 2016)

7. (Antonello et al., 2017)

8. (Murshid and Singh, 2019)

9. (Sashidhar et al., 2018)

10. (Koreboina et al., 2017)

1.2.3.1 Stand-alone Wind WPS

Erstwhile, (Shaltout and Abdel-Halim, 1995) have analysed stand-alone induction

generator directly feeding an IM pump without intermediate DC-link. Maximum

power extraction is demonstrated by adjusting the exciting current using static VAR

compensator. Later, (Miranda et al., 1999) have studied IM based pump fed by

wind-driven SEIG. PWM converter (VSI) with vector control is employed to control

active and reactive power flow to the load while maintaining the terminal voltage

constant. Next, (Ouchbel et al., 2014) have proposed an MPPT algorithm for wind-

driven SEIG fed IM pump. A thyristor-based Static Voltage Compensator (SVC) is

used to optimize the quantity of the pumped water. Additionally, a comparison of

wind power utilized with and without MPPT algorithm is presented showing better

energy utilization for system with the proposed MPPT algorithm.

A single phase IM pump fed by wind-driven PMSG is studied by (Lara et al.,

2015). Operating e�ciency of 70% to 95% is reported with proposed MPPT based

‘V/F’ algorithm.
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Authors (Zeddini et al., 2016) have presented Particle Swarm Optimization (PSO)

for a standalone, variable speed, wind-driven SEIG feeding IM pump with maximum

power tracking. The proposed algorithm uses only power input and does not require

knowledge of wind speed, air density, and turbine parameters to extract maximum

power.

1.2.3.2 Stand-alone WECS feeding test loads

Lately, a trend of converting AC power generated by PMSG (Koutroulis and Kalaitza-

kis, 2006, Kazmi et al., 2010, Chen et al., 2016, Hussain and Mishra, 2016, Fathabadi,

2017) and SEIG (Mishra et al., 2019) to DC power and employing DC-DC convert-

ers for speed sensorless MPPT is fast emerging. DC-DC converters namely boost

converter (Koutroulis and Kalaitzakis, 2006, Chen et al., 2016, Fathabadi, 2017),

Sepic Converter (Hussain and Mishra, 2016) and buck converter (Mishra et al.,

2019) are reported in the literature. Such systems primarily use perturbation-based

techniques like hill-climbing algorithm (Koutroulis and Kalaitzakis, 2006, Fathabadi,

2017), adaptive MPPT (Kazmi et al., 2010, Hussain and Mishra, 2016), power control

algorithm (Chen et al., 2016) and drift-free P&O (Mishra et al., 2019) for MPPT.

It is to be noted that, although the part count and sensed variables in aforemen-

tioned speed sensorless systems are minimal, the extracted power is fed into DC-bus

or battery. Hence an additional converter is inevitable to transfer power to the real

world application as witnessed in (Boopathi et al., 2020). As an exception, an in-

vestigation is carried out on maximum power extraction using SEIG employing a

single VSC feeding generated power to the battery (Bašić et al., 2021). However, this

algorithm uses machine parameters and complex optimization techniques for power

processing which are di�cult to implement using commercial microcontrollers/DSP’s.

Also, such systems require frequent tuning/maintenance and are not recommended

for stand-alone systems deployed in remote locations.

1.2.3.3 Observations

The details of the research in wind WPS are summarized in Table 1.3. In the wind

WPSs, the choice of the generator and the motor pump decides the power electronic

interface and hence the control strategy. It is evident from Table 1.3 that the SEIG

and the PMSG are the popular choices for power generation using wind-turbine. Fur-
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Table 1.3: Summary of Wind WPS

Ref. Generator Load PE. Interface Control Strategy

(Shaltout and Abdel-Halim, 1995) SEIG IM pump SVC MPPT algorithm
(Miranda et al., 1999) SEIG IM pump VSI Voltage regulation
(Ouchbel et al., 2014) SEIG IM pump SVC MPPT algorithm
(Lara et al., 2015) PMSG SPIM pump SVC MPPT algorithms
(Zeddini et al., 2016) SEIG IM pump TCR MPPT using PSO
(Koutroulis and Kalaitzakis, 2006) PMSG Battery Rectifier+Boost C. Hill-climbing
(Kazmi et al., 2010) PMSG DC bus Rectifier+Boost C. Adaptive MPPT
(Chen et al., 2016) PMSG DC bus Rectifier+Boost C. Power control
(Hussain and Mishra, 2016) PMSG R-load Rectifier+SEPIC C. Adaptive MPPT
(Fathabadi, 2017) PMSG R-load Rectifier+Boost C. Hill-climbing
(Mishra et al., 2019) SEIG R-load Rectifier+Buck C. drift-free P&O
(Boopathi et al., 2020) PMSG IM pump Rectifier+SEPIC+VSI P&O
(Bašić et al., 2021) SEIG Battery VSI IRFO

thermore, it is observed that often PMSG is employed along with a diode rectifier and

DC-DC converter feeding generic loads. Contrarily, the SEIG is used with minimal

power electronics interface feeding IM pumps. Additionally, three phase induction

machine o↵ers merits like reduced cost, low maintenance and rugged construction.

The power electronic interfaces for SEIG include thyristor-based circuits (SVC and

TCR) and VSI to control the active and reactive power at the Point of Common

Coupling (PCC). Decisively, it is observed that MPPT algorithms are fast emerging

in Wind WPSs due to increased system e�ciency.

1.2.4 Hybrid Wind-PV WPS

Renewable energy is very often seen as a clean and attractive choice for powering

standalone applications in remote locations which are isolated from the grid. How-

ever solar or wind energy alone cannot be relied upon due to seasonal and daylight

variations. Nevertheless, wind and solar PV sources exhibit complementary profiles.

Hence hybrid Wind-PV systems for standalone applications can be seen as a reliable

and feasible alternative to wind-diesel and battery coupled solar systems (Daniel and

AmmasaiGounden, 2004). On this account, the hybrid Wind-PV based water pump-

ing systems are reviewed in this section. Several researchers have investigated hybrid

Wind-PV systems for standalone applications considering generic load (R/RL/non-

linear loads). However, with little or no change in control strategy, the motor pump

can be used in place of the generic load to study water pumping application. Hence,

a few selected standalone hybrid Wind-PV systems are also discussed which can be
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easily adopted for water pumping.

1.2.4.1 Stand-alone hybrid Wind-PV WPS

Authors (Vick and Neal, 2012) have presented an analysis of the following systems

with DC motor pump: i)Solar PV water pumping system, ii) Wind-driven water

pumping system and iii) Combined hybrid Wind-PV water pumping system for the

same location. The topology configured for the hybrid Wind-PV WPS is shown in

the Figure 1.3 . The performance of the hybrid system is reported to be superior to

solar PV or wind energy system alone, subject to geographical location of the site.

Recently, a multi-input DC-DC converter is proposed to extract maximum power

from solar PV and wind turbine for water pumping using DC-motor (de Oliveira Fer-

reira et al., 2020). Though the proposition uses a minimal power electronics interface,

it employs irradiance and wind velocity sensors for its operation making the overall

system expensive. Next, a pumped hydro storage for the hybrid Wind-PV system is

Small Wind
turbine

Uncontrolled
rectifier

Buck/Boost
Converter

Grundles 
SQFlex
Pump

Microprocessor
Based Controller

Solar PV Array

Figure 1.3: Block diagram of hybrid Wind-PV system for DC motor pump (Vick and
Neal, 2012)

investigated by (Ma et al., 2014) to overcome limitations posed by intermittency of

renewable sources. Several case studies are carried out on real-time data to report

that hybrid Wind-PV with pumped hydro storage attains 100% energy autonomy

for stand-alone applications. Further, (Traoré et al., 2018) have conducted investiga-

tions on renewable energy hybrid power system for agricultural applications shown in

Figure 1.4. Three algorithms are investigated for energy management amidst renew-

able energy sources (SPV and wind energy), water pump, battery storage, and other

small farm equipment. It is reported in the results that the third algorithm (which

prioritizes the battery charging over water pumping and feeding other loads) results

in the most significant system e�ciency. Authors (Rehman and Sahin, 2016) have

studied optimal sizing of hybrid Wind-PV system using Homer software in regions

like Dhahran, Riyadh, Jeddah, Guriat and Nejran. Near optimal sizing of hybrid
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Figure 1.4: Block diagram of renewable energy hybrid power system for agricultural
applications (Traoré et al., 2018)

Wind-PV system is reported to give constant pumped output throughout the year.

However, over pumping is observed in spring and summer due to high sunlight and

long days. Subsequently, (Parida et al., 2018), (Parida and Chatterjee, 2018) have

implemented hybrid Wind-PV based AC and DC micro-grid with automatic power

exchange facility. The system consists of two wind turbines, PV system, and battery

storage feeding agricultural pumps and domestic loads as shown in Figure 1.5. The

battery storage requirements are reported to be reduced due to the complimentary

profile of wind and solar PV sources.

Figure 1.5: Hybrid Wind-PV based AC and DC micro-grid implementation (Parida et al.,
2018)

A recent study by (Gholamshahi et al., 2019) has revealed interest in reducing part

count in power electronics for water pumping using a three-phase induction motor.

However, it is reported that the aforementioned system compromises the MPPT of

the WECS. On this account, in few recent studies employing AC motor for WPS, the
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MPPT from solar PV and WECS is typically ensured by using a dedicated power

converter for power conditioning from either source and an additional converter to

integrate power from these sources (Priyadarshi et al., 2020, Mezghani et al., 2020,

Femi et al., 2021). Such systems require more power devices resulting in increased

losses and system cost. This establishes need to investigate a hybrid Wind-PV WPS,

which o↵ers reduced part count while ensuring e↵ective energy utilization from the

renewables.

1.2.4.2 Stand-alone hybrid Wind-PV system feeding test loads

Authors (Malla and Bhende, 2014) have proposed a stand-alone, hybrid Wind-PV

energy system feeding AC loads. The proposition employs five power converters for

power processing and facilitates MPPT from both renewable sources. In addition

to MPPT, DC-link voltage regulation is also performed to demonstrate satisfactory

response for balanced and unbalanced loads. Next, (Rezkallah et al., 2018) have at-

tempted to integrate distributed energy sources (solar PV and wind energy) at the DC

bus. Two boost converters, dump load, battery charging/discharging circuit and VSI

perform the power conditioning of the proposed system. Three control strategies are

implemented for the stable and e�cient operation of the system. The first two algo-

rithms extract maximum power from the solar PV source and wind turbine. The third

algorithm regulates the AC output voltage against changing weather conditions. The

system is tested against sudden changes in load (non-linear and unbalanced load).

Subsequently, a topological modification to (Rezkallah et al., 2018) is proposed in

(Pradhan et al., 2019) by inclusion of machine side VSC in place of the boost con-

verter. A composite sliding mode controller is employed to this machine side VSC

exhibiting improved steady-state and dynamic performance for rural electrification.

Lately, (Krishan and Suhag, 2020) have proposed novel control strategy focused to-

wards energy storage while ensuring MPPT from both renewables and AC output

voltage regulation. The proposition employs four power converters and is tested with

satisfactory response for critical and non-critical loads.

Authors (Daniel and AmmasaiGounden, 2004) have presented a novel method

of integration between solar PV and wind energy with minimal power electronics

interface. The square wave inverter is used to integrate renewable energy sources.

Successful operation of the proposed system is demonstrated against variations in

irradiance and wind speed. Since a single converter is used for integration, DC-link
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voltage regulation and maximum power extraction are not addressed using this topol-

ogy. Further, an improvement to (Daniel and AmmasaiGounden, 2004) is suggested

by (Prakash et al., 2016) including boost converter for DC-link voltage regulation.

However, MPPT of both renewables is not achieved despite inclusion of an additional

boost converter. Recently, a system identical to (Prakash et al., 2016) is investigated

by (Nindra et al., 2019) with DFIG. The proposition is reported to o↵er solar PV

MPPT and output voltage regulation while compromising on MPPT of WECS.

1.2.4.3 Observations

The complexity in hybrid Wind-PV systems increases due to the presence of multiple

sources. Nevertheless, several studies have reported that the hybrid Wind-PV systems

provide energy autonomy in a stand-alone application, overcoming limitations posed

by the stochastic nature of solar PV and wind energy sources. Additionally, these

systems lead to the reduction of energy storage requirements.

The details of the research discussed in stand-alone hybrid Wind-PV systems

are summarized in Table 1.4, which illustrates the power electronic interfaces and

control strategies employed for solar PV system, WECS and the load. The power

electronic interface and related control strategies are chosen based on the type of the

wind generator, type of the motor pump/load and the PCC between the sources and

the load. While some researchers have focused on the MPPT of both renewables,

few have shown consistent e↵orts to reduce the power converter count and or device

count. However, in such systems with reduced power electronics interface, the MPPT

of renewable energy source/s is compromised.
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1.3 Motivation

Based on the literature reviewed, it is apparent that significant work is done in multi-

stage and single-stage SPWPS. However, there is scope for investigation in WindWPS

and hybrid Wind-PV WPS. Furthermore, these REWPS are likely to be operated

in a stand-alone mode where e�ciency, reliability and less/no maintenance become

crucial. On this line, few important figures of merit that are to be considered for the

development of REWPS are:

1. Maximum power extraction from renewable source/s.

2. Minimal power electronic interface.

3. E↵ectiveness of system controller and its implementation feasibility.

4. System robustness.

Given the aforementioned factors, to ensure superior performance of REWPS, it

is critical to accomplish design with maximum power extraction from renewable

source/s employing minimal power electronics interface. Additionally, e↵ective and

low-complex controls are highly desirable for deployment in remotely located stan-

dalone applications to reduce/eliminate frequent maintenance.

1.4 Problem Statement

The problem statement of the thesis is deduced from the motivation. The possibil-

ity of integration of solar PV with wind energy to provide a reliable power supply

for uninterrupted water pumping capability is fast emerging. This instills need to

investigate the behaviour of hybrid Wind-PV source, power electronic interface and

motor pump in an integrated environment. Thus, the problem formulation of the

research work carried out in this thesis is described as e↵ective operation and control

of standalone hybrid Wind-PV WPS ensuring maximum power extraction from both

renewable sources employing reduced power converter count.
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1.5 Research Objectives

The proposed system used to deliberate the objectives of the research work carried

out is shown in Figure 1.6. The system consists of solar PV and wind energy as

renewable sources of active power feeding induction motor pump. A three-phase

squirrel cage induction machine is configured as SEIG to extract power from the

wind turbine. The power electronic interface for integration and maximum power

extraction from renewable energy sources includes a dc-dc boost converter and a

bidirectional Voltage Source Converter (VSC). The composite controller controls the

overall system employing a reduced sensor set.

Figure 1.6: Proposed system description

Figure 1.6 also shows the breakdown of the formulated problem statement into

the following objectives the thesis answers in subsequent chapters.

1. To study the factors influencing the system time constant and their e↵ects

on sampling time to improve the performance of the solar PV system with

perturbation-based MPPT algorithm.

2. To develop and validate a DC-link voltage regulation scheme for SEIG-based

WECS that employs only DC-link voltage information and facilitates a constant

‘V/F’ ratio at the Point of Common Coupling (PCC), thus avoiding saturation

issues in the SEIG and the IM pump.
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3. To propose and verify speed sensorless hill-climbing MPPT algorithm for SEIG

based WECS employing minimal power electronic interface and reduced sensor

set.

4. To propose and verify low-complex composite controller framework for hybrid

Wind-PV WPS with minimal power electronic interface and reduced sensor set.

1.6 Organization of the Thesis

The work presented in this thesis is organized as follows:

Chapter 1: Presents the current trends in REWPS with a detailed literature review.

In addition, the formulated problem statement and the defined objectives

are discussed. Finally, the organization of the thesis is provided in the

last section of this chapter.

Chapter 2: In this chapter, a simple procedure to choose the optimal sampling

time for a solar PV system with perturbation-based MPPT algorithm

is suggested. The recommendations are made based on two simple step

tests. In the process, the e↵ect of system parameters, namely input

capacitance, digital filter cut-o↵ frequency and the system time constant

on the choice of sampling time is examined. Comprehensive guidelines

for choosing sampling time to ensure optimal performance are suggested

based on simulation and test results.

Chapter 3: Presents a DC-link voltage regulation algorithm for SEIG-based WECS

feeding an induction motor pump. The proposed algorithm ensures the

constant flux operation of the SEIG and the IM pump by facilitating a

constant ‘V/F’ ratio supply at the Point of Common Coupling (PCC).

Viability of the proposed control strategy is verified by an extensive sim-

ulation study and experimental results obtained from a developed labo-

ratory prototype.

Chapter 4: Proposes a speed sensorless hill-climbing algorithm for SEIG-based

WECS feeding an induction motor pump. A detailed simulation study

of this algorithm is performed and the findings are verified using test re-

sults. Finally, a qualitative comparison study with other available wind
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MPPT algorithms is performed to justify the suitability of the algorithm

for a stand-alone application.

Chapter 5: Proposes a stand-alone hybrid Wind-PV WPS with a minimal power

electronics interface, simple composite controls, and an optimal energy

management strategy to utilize renewable sources e↵ectively. The oper-

ability of the proposed low-complex controller is validated using extensive

simulation and experimental study. Further, a comparative study is per-

formed with the recently developed hybrid Wind-PV WPS to justify the

proposal’s suitability for a stand-alone application.

Chapter 6: Summarizes the conclusions of Chapter 2 through 5 and suggest pointers

for further research in this field.

Appendix A: Presents the details of the system attributes used for simulation and

experimental verification of contributions in Chapters 2 through 5, con-

sisting of data pertaining to the solar PV array, electrical machines, and

the wind turbine.

Appendix B: Describes the experimental setup of the standalone solar PV system,

SEIG-based Wind Energy Conversion System (WECS) and hybrid Wind-

PV WPS used to obtain test results of all investigations carried out in

this research work. Additionally, a Model Based Design (MBD) workflow

using Altair Embed and TMS320F28069M target hardware is presented,

which is employed to develop all control schemes for research work carried

out in this thesis.
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Chapter 2

Maximum Power Point Tracking of

Solar PV System

2.1 Introduction

This chapter introduces a solar PV fed boost converter as an elementary part of a hy-

brid Wind-PV WPS. As the solar PV array exhibits non-linear power characteristics,

Maximum Power Point Tracking (MPPT) algorithms are imperative in such systems.

Of all the MPPT schemes, perturbation-based MPPT techniques are popular due

to their simplicity and reasonable e�ciency. While novel MPPT algorithms claim

increased energy utilization over classic perturbation techniques, their performance is

governed by optimal algorithm parameters like sampling time and perturbation size.

Several investigations are carried out to study the e↵ect of Ts and perturbation

step size (�D) on system performance. A theoretical analysis guiding the optimal

choice of Ts and �D using small-signal modeling is carried out by (Femia et al.,

2005, 2009). Subsequently, a focused research on choice of optimal Ts is rendered

by (Kivimäki et al., 2017a,b) using step-response of small-signal model. All the

investigations mentioned above are mathematically laborious and are not generic.

Hence, a generic and empirical formulation for the choice of optimal sampling time

is proposed in this chapter, eluding the small-signal model. In this regard, a solar PV

fed boost converter is investigated to examine the e↵ect of input capacitor, digital

filter cut-o↵ frequency, system time constant and sampling time (Ts) on implementing

a Perturb and Observe (P&O) algorithm. Further, two simple step tests (to determine
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the e↵ective system time constant) and proposed guidelines are presented to choose

the optimal performance Ts . Test results reveal that an appropriate choice of Ts

using suggested guidelines could increase e�ciency and ensure system stability.

2.2 System Description

The circuit schematic of solar PV fed boost converter is shown in Figure 2.1. It

consists of a solar PV array, boost converter feeding resistive load and the system

controller. A P&O algorithm with direct duty ratio perturbation is adopted to ensure

maximum power transfer from the source to the load . For simulation studies, the

required vpv and ipv are sampled and are processed using P&O algorithm to generate

appropriate duty ratio (D). In case of experimentation, the required signals are read

using inbuilt ADC of the controller. Further, a digital filter is employed to eliminate

high-frequency noise before the signals are fed to the P&O algorithm. The important

system parameters considered for investigation in this study a↵ecting the performance

of the system are highlighted in Figure 2.1.

Figure 2.1: Circuit diagram of solar photovoltaic (PV) fed boost converter and system
controller
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2.3 E↵ects of System parameters on System Time

Constant

The input capacitance and the digital filter cut-o↵ frequency play a significant role

in deciding the settling time of PV voltage (vpv) and PV current (ipv), which in turn

influence the choice of the sampling time. The e↵ect of these system parameters on

the performance of solar PV systems is discussed in this section.

2.3.1 Input Capacitance

The switching frequency (Fsb) of the boost converter used in this study is 10 kHz.

This Fsb introduces transients in all currents and voltages of the converter. In a boost

converter based PV system, the ripple in inductor current influences the ripple in vpv

and ipv. This ripple leads to reduction of the average values of solar PV voltage vpv,

current ipv and hence Ppv. The inclusion of input capacitance (Cpv) helps in reducing

this ripple content considerably. This Cpv, by definition is given by

Cpv =
Q

vpv
=

t⇥ (ipv � iL)

vpv
. (2.1)

It is imperative from equation 2.1 that for a given operating point on PV curve,

the values of ipv and vpv remain unchanged and the time (t) taken for charging and

discharging of capacitor varies directly depending on the value of Cpv. Hence the

settling time of the responses of vpv and ipv increase with increase in Cpv and vice

versa.

2.3.2 Digital Filter Cut-o↵ frequency

The switching frequency of the boost converter and the process of analog to digital

conversion of vpv and ipv results in high-frequency noise in these signals. This noise,

if untreated, leads to reduced e�ciency of the PV system or system instability due

to increased perturbations. The use of digital filters in experimental studies is imper-

ative due to the presence of the high-frequency noise added during ADC sampling.

Literature suggests that the first-order low-pass filter described by equation 2.2 is

adequate to filter the high-frequency noise (Al-Atrash et al., 2010).
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H0(s)

Hi(s)
=

!c

!c + s
, (2.2)

where !c is the cut-o↵ frequency of the filter in electrical rad/sec.

H0µ =
!cp

!2 + !2
c

(2.3)

Hdelay =
1

!c
. (2.4)

In this study, a first-order low-pass filter is designed in conitnous time domain

and its digital coe�cients are obtained using the bilinear transformation. This

filter results in attenuation (H0µ) and additional delay of the signals given by

equations 2.3 and 2.4, respectively. The attenuation caused by this filter is negli-

gible; however, the delay caused by the filter significantly influences the performance

of the MPPT algorithm if the cut-o↵ frequency is not chosen judiciously.

2.3.3 Sampling time

The sampling time (Ts), also referred to as perturbation frequency, largely governs the

speed and e�ciency of the MPPT algorithm. If the Ts is less than the required value,

it leads to reduced e�ciency and, in the worst case, may cause system instability. On

the contrary, if the chosen Ts is more than required, it results in a sluggish algorithm

response for fast varying irradiation. Hence the informed choice of Ts is inevitable to

ensure optimal speed and stability of perturbation-based MPPT algorithms.

2.4 Mathematical Modeling

In this section, the mathematical modelling of the solar PV fed boost converter is

presented. Figure 2.2 shows the equivalent circuit of the system under test. The

PV array is modelled using single diode model (Villalva et al., 2009). The boost

converter is modelled using the concept of switching function. The input capacitance

(Cpv) present between PV array and the boost converter is modeled as extended part

of PV module modelling.
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Figure 2.2: Equivalent circuit of single diode model of solar PV cell and boost converter
using switching function

2.4.1 Solar PV array

The current available at terminals of PV cell (ipv) is governed by internal (series

and parallel resistance of PV cell)and external factors (solar irradiance, temperature)

(Villalva et al., 2009). Employing KCL, ipv is represented as,

ipv = iph � i0

⇣
e

V +RsI

aVT � 1
⌘
� vpv +Rsipv

Rp
. (2.5)

The current generated by light (iph) is dependent on solar irradiance and temper-

ature given as,

iph = (iph,n +KI�T )
G

Gn
. (2.6)

The diode saturation current(i0) is dependent on the ambient temperature Tc given

as,

i0 =

"
iSC,n

exp(VOC,n

↵Vt,n
)� 1

#✓
Tn

Tc

◆3

exp


qEg

ak

✓
1

Tn
� 1

Tc

◆�
. (2.7)

2.4.2 Boost Converter

The boost converter is expressed using equations 2.8 and 2.9 employing concept of

switching function (S).
diL

dt
=

vpv � S.v0

L
(2.8)

dvdc

dt
=

S.iL �
v0

R

Cdc

. (2.9)

A capacitor used at the output of the PV cell is used to derive the PV voltage
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(vpv) given as,

vpv =
1

Cpv

Z
(ipv � iL)dt. (2.10)

2.5 Proposed Tests and Guidelines for System Pa-

rameter Based Performance Optimization

In this section, the details of the proposed tests and the guidelines for optimal solar PV

system performance with a perturbation-based MPPT algorithm is discussed. Also,

preliminary test results and their inferences are presented to support the hypothesis.

The system parameters used for simulation and experimental studies are taken of

commercial 50 W PV module and are listed in Table A.1.

2.5.1 Step Test 01—Optimum Value Input Capacitance

To restrict the e↵ect of harmonics induced by virtue of high switching frequency in

boost converter, an input capacitor (Cpv) is connected across the PV array and is

calculated using equation 2.11, (Ayop and Tan, 2018)

Cpv =
T (�iL)

8(�vpv)
, (2.11)

where

�iL (inductor current ripple) = 30% of ipv = 0.3⇥ 2.94 = 0.882

�vpv = 0.1% of vpv = 0.001⇥ 85 = 0.085

T = 1/Fsb, Fsb being the switching frequency of Boost converter.

The value of Cpv calculated using above parameters and equation 2.11 is 130 µF .

In this study, Cpv = 220µF is chosen for simulation and experimental investigations

to account for non-idealities, ADC noise and for factor of safety. The expression for

Cpv described in equation 2.11 varies with the chosen power converter. However, the

aforementioned exercise is essential to avoid unnecessary selection of large value of

input capacitance.

A simple test (Step test-01) is performed to determine the approximate system

time constant (⌧1) of system under consideration for di↵erent values of Cpv.
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Step test 01: Following are the sequence of steps involved in carrying out the

test.

1. Configure an experimental setup consisting of Solar PV array, Cpv and the power

converter under test (setup is shown in Figure 2.1 for this study)

2. Choose appropriate value of Cpv and vary the duty ratio from minimum to max-

imum value and capture the responses of vpv and ipv. (In this study, Cpv = 220

µF is chosen and D is varied from 0.1 to 0.7 in steps of 0.05)

3. Repeat step 2 for di↵erent values of Cpv, to see the e↵ect of in-

put capacitance on ⌧1. (In this study, responses are investigated

for Cpv = 220 µF , 440 µF and 660 µF ).

Figures 2.3 (a) and (b) show the behaviour of the settling time of vpv and ipv

respectively, recorded for step changes in duty ratio for three di↵erent Cpv values.

The ⌧1 is dependent on the value of Cpv of the system.
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Figure 2.3: Experimental results: Step response of PV voltage and current for di↵erent
values of input capacitance (Cpv)

Following inferences are made based on equation 2.11 and the results of

Step test 01 conducted on the system:

1. The value of Cpv depends on the switching frequency of the power converter,

ripple in PV voltage and PV current and is calculated using equation 2.11.
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2. The value of Cpv is directly proportional to the settling time of responses of PV

voltage and current.

3. The ⌧1 of the system is 0.2 s for Cpv = 220uF .

The value of ⌧1 increases with increase in (Cpv) and vice versa. The ⌧1 recorded

should be considered as an approximate system time constant. Another simple step

test (Step test 02) helps to estimate additional delay and attenuation caused by

the digital filter and determine e↵ective system time constant (⌧2) as seen by the

controller.

2.5.2 Step Test 02—Optimum Digital Filter Cut-O↵ Fre-

quency (!c)

The precision of voltage and current measurements are crucial in perturbation based

MPPT algorithms. Filters are invariably employed to reduce the noise in sensed vari-

ables. Recently, digital filters for noise filtering are fast emerging. The performance

of the chosen filter is predominantly decided by the cut-o↵ frequency. If the cut-o↵

frequency of the filter is arbitrarily chosen to over-filter noise, then it will result in

undesired addition of delay, which will further make the system sluggish. To demon-

strate the undesired addition of delay caused by the inclusion of filters, another simple

step-test (step test - 02) is performed. This test helps in determining the e↵ective

system time constant (⌧2) as seen by the controller.

Step test 02 : Following are the sequence of steps involved in carrying out the

test.

1. Configure experiment set-up with chosen value of Cpv in

step test-01. (Cpv = 220 µF )

2. Configure digital filter to eliminate/reduce the noise due to ADC. (First order

filter with cut-o↵ frequency of 157 rad/s, 314 rad/sec and 628 rad/s are used in

this study, first cut-o↵ frequency (100 Hz = 628 rad/s) is empirically chosen as

0.01 times switching frequency (10 kHz))

3. Introduce a step change in D of switch (Sb) and record the response of digital

filter output (vpv) for di↵erent cut-o↵ frequencies. (During experimentation,
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the response of vpv was observed to be slightly slower compared to ipv, hence

vpv was chosen as criteria over ipv)

In addition to the system time constant, the digital filter introduces additional

delay based on the chosen cut-o↵ frequency. Figure 2.4 reveals the e↵ect of reducing

the cut-o↵ frequency of the digital filter. It is evident from the waveform that the

delay introduced by the filter increases as the cut-o↵ frequency is reduced. This delay

introduced by filter into the signal will further increase the settling time of the sensed

variables. Hence, the settling time of the vpv and ipv should be calculated after they

are subjected to the filter. Also, it is recommended that the same digital filter be

used to filter noise from vpv and ipv to maintain uniform delay and attenuation. This

will ensure appropriate decision making by P&O algorithm.

A low-pass digital filter with cut-o↵ frequency of 628 rad/s (100 Hz) is employed

in the present experimental studies resulting in e↵ective time constant of 0.25 s (⌧2)

as seen from the controller. It is to be noted that ⌧2 represents the cumulative delay

(system time constant (⌧1) + digital filter delay) not the delay caused by digital filter

alone.
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Figure 2.4: Experimental results: Step response of PV voltage (in p.u) for di↵erent cut-o↵
frequencies of first order digital filter
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2.5.3 Proposed Guidelines for the Choice of Sampling Time

The values of the ⌧1 and ⌧2 are obtained using two tests discussed in

Sections 2.5.1 and 2.5.2 respectively. A simple procedure for the choice of Ts is recom-

mended using this data to ensure optimal performance of perturbation based MPPT

algorithms. The following are the suggested guidelines for the choice of Ts.

1. For a given switching frequency Fsb, obtain the value of Cpv using equation 2.11

(Cpv = 220 uF ).

2. Conduct step test for system under test using control variable (D, in this case)

and determine the ⌧1 of the system under test (⌧1 = 0.2 s).

3. Determine the e↵ective delay (⌧2) introduced in the sensed variables

(vpv and ipv), including that of the digital filter delay for chosen cut-o↵ fre-

quency. (⌧2 = 0.25 s)

4. Select sampling time for perturbation based algorithm (Ts) more than (⌧2),

(Ts = K⌧2) approximately. where K = 1.5 is empirically chosen.

(a) Experiments are conducted for four di↵erent Ts (0.5 s, 0.4 s, 0.3 s, 0.2 s)

(b) Behaviour of D, vpv, ipv and Ppv are presented for Ts = 0.4s (Ts > 1.5⌧2)

and Ts = 0.3s (Ts < 1.5⌧2).

(c) Average PV power extraction is discussed for all four sampling times.

5. Energize the system under test with suitable perturbation based algorithm and

chosen Ts, and observe the behavior of control variable (D) and system variables

(vpv and ipv) to exhibit sustained three-step and quasi three-step waveforms

respectively, around their respective steady-state values.

6. The Ts can further be optimized by adjusting ‘K’, based on the required tracking

speed and the energy extraction.

7. Check the behaviour of control variable and the system variables for step-change

in irradiance to ensure three-step and quasi three-step waveforms respectively.

It is noteworthy that the proposed tests and guidelines are comprehensive. These

tests and guidelines can be easily extended to any power converter and perturbation

based MPPT algorithm for performance improvement.
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2.6 Simulation and Experimental Study

The simulation and experimental studies are performed on 250 W solar PV array

configured by series connection of five solar PV modules. The attributes of solar PV

module used for simulation and solar PV profile emulation are described in Table A.1.

2.6.1 Simulation Results

The mathematical model of the solar PV fed boost converter discussed in section 2.4

is implemented using MATLAB/Simulink and corresponding results are presented

in this section. After the choice of suitable Cpv, the results are captured for two

di↵erent sampling times and irradiance. The data used for simulation is listed in

Table A.1. The expected steady-state values of the system variables for two di↵erent

solar irradiance are as shown in Table 2.1. The steady-state value of D in Table 2.1

is obtained using equation 2.12 (Fannakh et al., 2018).

D = 1�
r

Rmp

R
. (2.12)

Table 2.1: Steady state values of system variables

G (W/m2) Vmp (V) Imp(A) Rmp (⌦) Pmp (W) Dmp

800 86.14 2.331 36.95 200 0.45

1000 85.63 2.91 29.42 250 0.5

The performance of the system is studied by analyzing system variables

namely D, ipv, vpv and Ppv for step change in solar irradiance (G) from

800 W/m2 to 1000 W/m2. The variables are captured for Ts of 0.4 s and 0.1 s shown

in Figures 2.5 and 2.6 respectively. Initial value of D is set to 0.5 to shorten the

tracking time during startup of the system.

Figure 2.5 (a) shows the variation of D for step change in G. The response settles

in 1.5 s exhibiting a three step perturbation for G = 800 W/m2 . Further, a step

change in G is introduced at t = 7.5 s, D settles to Dmp with three step response

in less than 2 s. The overall response in Figure 2.5 (a) proves the logical correctness

of the P&O algorithm. However, the optimal performance of the algorithm depends
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on the appropriate choice of Ts. Figure 2.5 (b) - (d) shows the response of vpv, ipv

and ppv. All three variables exhibit three-step waveform around steady-state values

indicated in Table 2.1 for step change in G.

Results for a Ts of 0.1 s are shown in Figure 2.6. In Figure 2.6 (a), D exhibits

stable three-step variation around the steady-state value. However, a disturbance

is observed in ipv and vpv for every duty ratio perturbation resulting in increased

disturbance in Ppv. For every change in D, the operating point changes and require

vpv and ipv to settle at new steady-state values. Variables vpv and ipv undergo tran-

sients for the time defined by the system time constant before they settle at steady-

state values. If the consequent change in D results before the responses of vpv and ipv

have settled, then the resulting vpv and ipv will exhibit disturbance. Lesser the value

of Ts more severe is the disturbance. The e↵ect of this disturbance is not significant in

simulation studies due to absence of non-idealities and ADC process. However, it be-

comes critical in experimental studies as disturbances in vpv and ipv cause cumulative

disturbance in Ppv, adversely a↵ecting the power extraction.
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2.6.2 Experimental Results

The details of the experimental setup used to obtain test results are presented in

section B.1. Unlike the simulation model, the experimental setup consists of non-

idealities viz. inductor resistance, capacitor resistance, switch resistance and switch

stray capacitance. Additionally, ipv and vpv are to be read via ADC for algorithm

processing. During this conversion, the signals are prone to disturbance due to the

added noise during sampling process. Hence, the values of Ts for same value of input

capacitance may change in comparison to simulation studies. Figures 2.7 and 2.8

shows the response of D, ipv and vpv for step change in G from 800 W/m2 to 1000

W/m 2 for a Ts of 0.4 s and 0.3 s respectively.

Figure 2.7: Experimental results: (a) Duty
ratio, (b) PV current, (c) PV voltage and (d)
PV power with sample time of 0.4 s

Figure 2.8: Experimental results: (a) Duty
ratio, (b) PV current, (c) PV voltage and (d)
PV power with sample time of 0.3 s

The behaviour of D, vpv, ipv and Ppv for Ts of 0.4 s is captured in

Figure 2.7 (a)-(d). The control variable, D exhibits perfect three-step oscillation

around steady-state value. For every change in D, ipv and vpv exhibit quasi three-

step variation. This can be attributed to presence of non-idealities in experimentation.
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Hence, the quasi three-step waveforms for ipv and vpv is considered satisfactory. Fur-

ther increase in Ts to achieve precise three-step waveform results in sluggish response.

The Ppv follows the variations in vpv and ipv and oscillates around anticipated steady

state value. The chosen sampling time (Ts = 0.4 s) ensures fast tracking and stable

steady state operation for step change in G yielding optimal performance.

Figure 2.8 shows the response of D, vpv, ipv and Ppv for Ts of 0.3 s. It is evident

that the noise in ipv and vpv is confusing the P&O algorithm. The confusion is mainly

due to reduced Ts, which is insu�cient for the responses to settle for perturbations in

D. Figure 2.8 (a) shows the response of D exhibiting three-step waveform with two

wrong decisions by the P&O algorithm highlighted in Figure 2.8 (a). The responses

of ipv and vpv for perturbations in D are shown in Figure 2.8 (b), (c) respectively. It is

evident that ipv and vpv though oscillating around steady-state value, exhibit increased

disturbances. The Ppv further exhibits the cumulative e↵ect of these disturbances as

shown in Figure 2.8 (d) leading to reduced energy extraction.

To demonstrate the significance of the Ts in experimentation, tests are conducted

for four di↵erent Ts viz. 0.5 s, 0.4 s, 0.3 s and 0.2 s and the average power extraction is

captured in Figure 2.9. Additionally, the MPPT e�ciency as recorded by Magna solar

emulator is shown in Table 2.2. Contemplating average power plots and the steady

state e�ciencies for di↵erent sampling times, Ts = 0.4 s is suggested to be optimal

sampling time owing to reasonable transient response and steady-state e�ciency. It

is evident from Figure 2.9 that Ts > 0.4 s increases the tracking time, while Ts < 0.4 s

results in reducing e�ciency or in worst case lead to system instability. Choice of Ts

is trade-o↵ between the tracking speed and stability margin. Hence, judicious choice

of Ts is crucial for optimal performance of solar PV system with perturbation based

MPPT algorithm.

Table 2.2: Steady-state e�ciency of P&O algorithm recorded for di↵erent sampling times
(Power read back accuracy of ±0.28% recorded using Magna Solar Emulator SL300-5/85-
265)

Sampling time Ts (s) E�ciency (%)

0.5 97.2
0.4 94.9
0.3 91
0.2 84
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Figure 2.9: PV power for di↵erent sampling times (Power read back accuracy of ±0.28%
recorded using Magna Solar Emulator SL300-5/85-265)

2.7 Comparative Analysis

The comparison of theoretical, simulation and experimental studies is summarized

in Table 2.3. It is evident that, the simulation results are in close agreement with

theoretical values compared to experimental results. The findings of this study suggest

that the experiment results are more susceptible to Ts due to the existence of non-

idealities and ADC conversion. Hence, even the smallest change in Ts results in a

significant shift in power extraction and stability margin.

Table 2.3: Steady state values of system variables for theoretical, simulation and experi-
mental studies (Ts = 0.4 s)

Parameters G (W/m2) Vmp (V) Imp(A) Rmp (⌦) Pmp (W) Dmp

Theoretical 800 86.14 2.331 36.95 200 0.45
results 1000 85.63 2.91 29.42 250 0.5

Simulation 800 82.7 2.35 35.19 194 0.5
results 1000 87.5 2.81 31.13 245.875 0.54

Experimental 800 82.15 2.27 35.24 186.48 0.58
results Ts = 0.4s 1000 83.46 2.843 30.12 237.27 0.62

Decisively, a comparison of the proposed method for selecting Ts is presented in

Table 2.4. The time constant of the system is obtained using a simple step test
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(step test 01) in this work, compared to the mathematically intensive small signal

based approach (Femia et al., 2005, 2009, Elgendy et al., 2011, 2012, Kivimäki et al.,

2017a,b) and DCD-RLS approach (Dadkhah and Niroomand, 2018). The inclusion

of a digital filter adds a delay to the sensed variables. This critical consideration

of additional delay is estimated in this study using another step-test (step-test 02),

which is seen to be neglected in (Femia et al., 2005, 2009) (Kivimäki et al., 2017a,

Dadkhah and Niroomand, 2018).

Table 2.4: Comparison of methods for choice of sampling time in solar photovoltaic systems

Parameters \ Ref 1 2 3 4 Proposed

System time constant SSM (⌧) SSM SSM (⌧) DCD-RLS(⌧) Step test -01 (⌧1)
Digital Filter delay Neglected 100 Hz (0.01 s) Neglected Neglected Step-test - 02 (⌧2)
Ts 1.1 ⇥⌧ Trial and error ⌧ ⌧ 1.5⌧2
Comprehensiveness No No No No Yes

Note:—SSM: Small-signal model, DCD-RLS: dichotomous coordinate descent-recursive least squares (a parameter

identification technique), ⌧ = Settling time of solar PV system, ⌧1 = System time constant in present study, ⌧2 =

E↵ective system time constant in present study considering digital filter delay.

1. (Femia et al., 2005, 2009)

2. (Elgendy et al., 2011, 2012)

3. (Kivimäki et al., 2017a,b)

4. (Dadkhah and Niroomand, 2018)

It is worth noting that the tests discussed in Sections 2.5.1 and 2.5.2 are compre-

hensive and can be performed on any given power converter and load to obtain ⌧1

and ⌧2. Further the guidelines proposed in Section 2.5.3 can be employed to chose

optimal Ts for performance optimization.
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Chapter 3

Voltage Regulation Algorithm for

SEIG Based WECS

3.1 Introduction

In the previous chapter, a solar PV fed boost converter with a perturbation based

MPPT algorithm is investigated to ensure optimal performance. This chapter in-

troduces SEIG-based WECS as a subsequent part of the hybrid Wind PV WPS. As

the system suggests, the DC-link capacitor of the VSC to cater to reactive power of

the SEIG and the IM pump, its voltage regulation becomes crucial. In this regard,

a DC-link Voltage Regulation (VR) algorithm for VSC assisted SEIG-based WECS

feeding IM pump is proposed in this chapter. In addition to voltage regulation, the

developed control scheme facilitates a constant ‘V/F’ ratio of the supply at the PCC,

resulting in the constant flux operation of the SEIG and the IM pump for varying

wind velocities. The developed control scheme employs a single voltage sensor for

algorithm processing, making the proposition speed sensorless and cost-e↵ective.

In this chapter, the mathematical model of the wind turbine, the SEIG with

saturation e↵ects, power electronic interface and the IM pump are presented in detail.

Extensive simulation and experimental results are presented to prove the viability of

the DC-link VR algorithm against wind velocity and load variations.
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3.2 System Description

The system configuration of wind turbine driven, VSC assisted, SEIG feeding IM

pump is shown in Figure 3.1. The variable speed wind turbine characteristics are

emulated via armature current control of a separately excited DC motor that trans-

fers mechanical power to the SEIG. A DC-link capacitor fulfills the reactive power

requirement of the SEIG via VSC, which facilitates bidirectional power flow. Initial

voltage for DC-link capacitor is made available using a 12 V battery which meets

the reactive power requirement of the SEIG during starting. Once the generation is

sustained, the reactive power demand of the SEIG is fulfilled by the charged DC-link

capacitor. A three-phase IM pump load is inserted as an active load on the SEIG.

The system controller acquires only DC-link voltage information to regulate the DC-

link voltage against varying wind velocities and load. To protect the system against

light load or no load, a dump load with Electronic Load Control (ELC) is operated

in parallel with a DC-link capacitor.

Figure 3.1: Circuit diagram of the wind turbine driven, VSC assisted SEIG feeding IM
pump with DC-link voltage regulation algorithm

The VSC, the SEIG and the IM pump are connected in parallel, forming PCC at

the AC terminals. The stator windings of the SEIG and the IM pump are connected

40



in delta and are tied to the same frequency and voltage as decided by the VSC. A

simple LC line filter is employed at the VSC line terminals to convert the steep pulsed

line voltages to quasi-sinusoidal waveforms, reducing the ‘dV/dt’ stress for both the

machines connected at the PCC. In the system under consideration, the SEIG and

the DC-link capacitor are the sources of active and reactive power respectively and

the active/reactive power flow in the system is as indicated in Figure 3.1.

3.3 Mathematical Modeling

In this section, detailed mathematical model of wind-turbine driven, VSC assisted

SEIG feeding IM pump is described.

3.3.1 Wind-Turbine Characteristics

Wind-turbine converts the kinetic energy available in the wind to the usable electrical

energy employing appropriate electrical generator. This power is characterized by

performance coe�cient (Cp), which inturn is dependent on tip speed ratio (�) defined

as,

� =
r!t

vw
(3.1)

where, r is the radius of the wind turbine blade in ‘m , !t is turbine shaft speed

in rad/sec, vw is the wind velocity in m/sec. The Cp as a function of � and blade

pitch angle (�) is expressed as,

Cp(�) = C1

✓
C2

�i
� C3� � C4

◆
e

�C5
�i + C6�i (3.2)

where, �i is given by,

1

�i
=

1

�+ 0.08�
� 0.035

1 + �3
(3.3)

The mechanical power (Pt) and torque (Tt) made available by the wind-turbine

to the SEIG is described by equations 3.4 and 3.5 respectively.

Pt = 0.5⇢⇡r2Cpv
3

w (3.4)
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Tt =
Pt

wt

(3.5)

A gear-box with a gear ratio of ‘GR’ is employed between wind-turbine and the

SEIG. This GR relates the mechanical speed (wt) and the torque (Tt) of the wind-

turbine to the speed (wsh) and torque (Tm) of the SEIG given by equations 3.6-3.7

!sh = wt ⇥GR (3.6)

Tm =
Tt

GR
(3.7)

The system parameters used in (3.1) - (3.7) for wind-turbine modeling are defined

in Appendix A.3.

3.3.2 Bidirectional Voltage Source Converter

The concept of switching function is employed to model the dynamics of bidirectional

VSC (Lee and Ehsami, 2001). The line voltages (vab, vbc, vca) of the VSC are mod-

eled as function of DC-link voltage (vdc) and switching function (S1, S3, S5) and are

expressed as,

vab = vdc ⇥ (S1 � S3)

vbc = vdc ⇥ (S3 � S5)

vca = vdc ⇥ (S5 � S1) (3.8)

The phase currents [iav, ibv, icv]T of the VSC are derived using phase currents of the

SEIG [ias, ibs, ics]T and IM pump [iai, ibi, ici]T by employing KCL at the PCC,

[iav, ibv, icv]
T = [ias, ibs, ics]

T + [iai, ibi, ici]
T (3.9)

Now, the DC-link current (idc) is obtained as sum of switch and diode currents of

upper switches of the VSC and is given by

idc = S1 ⇥ iav + S3 ⇥ ibv + S5 ⇥ icv (3.10)
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For the generator operation of the SEIG, the idc is negative and flows into the DC-link

capacitor (Cdc), resulting in building up of vdc. The dynamics of the vdc is governed

by
dvdc

dt
= � idc

Cdc

(3.11)

where, Cdc is the DC-link capacitor.

3.3.3 Passive line filter

A passive LC filter is employed per phase to reduce the harmonic content in the line-

line voltages (Kewat et al., 2018). The Rf in equation 3.12 refers to small resistance,

which can be attributed to the internal resistance of the line filter inductance (Lf)

and capacitance (Cf). The line filter parameters used in this study are defined in

Table B.2. For ease of implementation, these filters are modeled in the s-domain

given by.

vi(s)

vo(s)
=

RfCf .s+ 1

LfCf .s
2 +RfCf .s+ 1

(3.12)

where, vi(s) and vo(s) are input and output of the filter respectively.

3.3.4 Self Excited Induction Generator

The SEIG model configured in this study takes dq axis voltages as inputs and gen-

erates dq axis currents. The dynamics of the SEIG with dq axis stator and rotor

currents as state variables is given by,

2

66664

˙ids
˙iqs
˙idr
˙iqr

3

77775
=

1

L2
m
� LsLr

2
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m
�LmRr �!rLmLr

!rL
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m
LrRs !rLmLr �LmRr
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3

77775

2

66664

vds

vqs

vdr

vqr

3

77775
(3.13)
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To explain the operation of the induction machine as SEIG, it is essential to model

magnetizing inductance (Lm) as a non-linear function of magnetizing current (im). In

this study, a sixth order polynomial is used to express Lm interms of im and is given

by

im =
q

(ids + idr)2 + (iqs + iqr)2 (3.14)

Lm = a0 + a1im + a2i
2

m
+ a3i

3

m
+ a4i

4

m
+ a5i

5

m
+ a6i

6

m
(3.15)

The electromagnetic torque (Tes) developed by SEIG is expressed as function of

stator currents, rotor currents, number of poles (P ) and Lm given by

Tes =

✓
3

2

P

2

◆
Lm(iqsidr � idsiqr) (3.16)

The behavior of the shaft speed (wsh) is captured employing swing equation given

by .

dwsh

dt
=

Tes � Tm

J
(3.17)

3.3.5 Induction Motor Pump

A three phase IM pump is employed as load in this study. This load can be modelled

using (3.13)-(3.17) with inclusion of following changes. For motoring operation, the

Te, TL are positive and the value of Lm is modelled to be constant corresponding to

rated voltage and frequency. The load torque is modeled as function of motor speed

(wm) and pump constant (Kp) given by.

TL = Kp!
2

m
(3.18)

The machine parameters used to model the SEIG and IM pump characteristics

are listed in Appendix A.2.

3.3.6 Active and Reactive Power at the PCC

The instantaneous active (ps) and reactive (qs) power of the SEIG are computed using

respective voltages and currents in the stationary reference frame (Krause et al., 2002)
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given by.

"
ps

qs

#
=

"
vds vqs

�vqs vds

#"
ids

iqs

#
(3.19)

3.4 DC-link Voltage Regulation (VR) Algorithm

This section presents the developed control scheme to regulate the DC-link voltage.

First, the operating principle is elucidated, followed by the significance of the constant

‘V/F’ ratio at the PCC. Lastly, the controller implementation is discussed in detail.

3.4.1 Principle of Operation

The DC-link voltage (vdc) rises if there is an increase in active power pumped into

the DC-link capacitor (Cdc) and vice versa. In SEIG based WECS, for a given vw,

the active power generation is directly proportional to the operating slip. For an

increase in active power into the Cdc, the vdc tends to rise. To correct this voltage,

the controller increases the frequency (F ) of the VSC. This rise in F reduces the

operating slip resulting in lowering active power generation by the SEIG.

Additionally, the load (IM pump load) consumption increases with an increase in

F . This dual e↵ect of reducing the generation and building load, suddenly regulates

the vdc by diverting the excess power to the load. Conversely, a decrease in active

power in the Cdc tends to reduce vdc. This error in vdc is regulated by decreasing the

F of the VSC.

A simple PI controller is chosen to implement the aforementioned algorithm with

frequency (F ) of the VSC as control variable. Control law governed by equation 3.20

is used to regulate the actual vdc to the set reference value (vdcref).

Fnew =

8
<

:
Fold + F� if vdc > vdcref

Fold � F� if vdc < vdcref

(3.20)

where,

Fnew is the updated frequency
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Fold is the operating frequency

F� is the correction applied using PI controller and is proportional to (vdc � vdcref)

3.4.2 Need for Constant ‘V/F’ ratio at the PCC

For variable frequency operation of the induction motor, it is essential that the ‘V/F’

ratio of the machine is maintained constant to avoid the flux saturation. The satu-

rated induction machine draws high magnetizing current increasing the losses in the

machine. The plot of steady state current drawn versus the operating frequency for

Variable Frequency Drive (VFD) with and without constant ‘V/F’ ratio are shown

in Figure 3.2, which reveals that for constant ma and vdc, if the F is reduced, the

current drawn increases. On the contrary, for the VFD with constant ‘V/F’ control

(constant vdc and varying ma) the current reduces with the reduction in operating

frequency. This firmly establishes the need to maintain ‘V/F’ ratio constant for fre-

quency sensitive loads like induction motor.
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Figure 3.2: Plot of line current versus frequency for Variable Frequency Drive (VFD)
feeding 0.75 HP induction motor with and without constant ‘V/F’ control

To avoid saturation in the IM pump and the SEIG, the

amplitude modulation index (ma) is varied to maintain a constant ‘V/F’ ratio.

Hence the flux of the IM pump and the SEIG are maintained constant for all

operating frequencies. The DC-link voltage and frequency are used to calculate the

ma. It is to be noted that sensing vdc as one of the feedback variables enhances the

reliability of the Variable Voltage Variable Frequency (VVVF) source in the event of

severe DC-link voltage sag or swell.
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3.4.3 Controller Framework

The implementation of DC-link Voltage Regulation (VR) scheme of the VSC assisted

SEIG is shown in Figure 3.3. In addition to voltage regulation, the algorithm also

maintains the constant ‘V/F’ ratio at the PCC to facilitate constant flux operation

of the SEIG and the IM pump.

Figure 3.3: Structure of DC-link voltage regulation scheme with constant ‘V/F’ ratio

The reference DC-link voltage (vdcref) is predefined (350 Volts) based on the re-

quired line-line voltage (VLrms = 230 V ) and chosen PWM technique (SVPWM

technique) for VSC (Mohan et al., 2003).

VLrms = 0.612⇥ 1.15⇥ma ⇥ vdc

230 = 0.612⇥ 1.15⇥ 1⇥ vdc

vdc = 350

(3.21)

The output of the PI controller (F ) is fed to the harmonic oscillator. The harmonic

oscillator generates sine and cosine waveforms of variable frequency. Further using

suitable reference frame transformation, three sinusoidal waveforms are generated.

These sinusoidal waveforms are injected with a third harmonic component to generate

SVM sinusoid templates. Concurrently appropriate ma is calculated by
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ma =
VLrms

vdc
.
2.
p
2p
3

(3.22)

Lastly, the SVPWM unit templates are multiplied with a calculatedma to generate

reference SVPWM waveforms. These reference waveforms are compared with high

frequency carrier to generate six pulses which control the VSC to facilitate Variable

Voltage Variable Frequency (VVVF) supply at the PCC with a constant ‘V/F’ ratio.

The control for the dump load is exercised using pulse Sd and is governed by

Sd =

8
<

:
1 if vdc > 360V

0 if vdc < 360V
(3.23)

The threshold voltage for dump load is deliberately set to 360 V to demonstrate

transfer of control from DC-link voltage control to ELC and vice versa. The vdc equals

350 V and 360 V during ELC o↵ (DC-link voltage controller active) and ELC on (DC-

link voltage controller inactive - no load/light load condition ) respectively. Also, it

helps in the validation of controller to maintain constant flux against variations in

vdc.

3.5 Simulation and Experimental study

To investigate the performance of the system under consideration with the proposed

control strategy, simulation and experimental studies are carried out using system

attributes given in appendix A.2 and A.3. The results of these studies will be discussed

in this section.

3.5.1 Simulation results

In the present study, the performance of the DC-link VR algorithm to regulate the

vdc against variations in wind velocities and the load is investigated. Figure 3.4 (a)

illustrates a total of six perturbations introduced to analyze the system behavior

which includes four step changes in wind velocity, insertion of IM pump at t = 4 s

and removal of IM pump at t = 17 s.

Figure 3.4 (b) to (f) presents the variations in wind power coe�cient (Cp), DC-link

voltage (vdc), Frequency (F ), amplitude modulation index (ma) and shaft speed (wsh)
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Figure 3.4: Simulation results: (a) Wind velocity profile, (b) Wind power coe�cient,
(c) DC-link voltage, (d) Frequency, (e) Amplitude modulation index, (f) Shaft speed of the
SEIG

for all the perturbations under consideration.

At t = 0 s, the pulses (S1 � S6 and Sd) are applied to the VSC. The vdc starts to

build, taking the aid of the initial voltage across the DC-link capacitor (Cdc). Initially

there is no load on the system, hence the generated active power is pumped into the

Cdc which leads to increase in F as governed by equation 3.20. The F settles at 44

Hz for vw of 8 m/s. At t = 2 s, the F further increases and settles at 58 Hz due to

increase in vw to 9 m/s.

At t = 4 s, an IM pump is inserted as a load on the system. A sudden dip in vdc

to 254 V is seen, this can be attributed to large active and reactive power required
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for starting of the IM pump. However, the fast acting PI controller decreases the F

to 38 Hz which regulates vdc to predefined reference of 350 V.

At t = 7 s and t = 11 s, vw is increased from 9 m/s to 10 m/s and from 10 m/s

to 11 m/s respectively. This increases active power pumped into the Cdc leading to

increase in F to 44 Hz and 51 Hz respectively. On the contrary at t = 15 s, vw is

decreased from 11 m/s to 10 m/s bringing back F to 44 Hz.

At t = 17 s, the IM pump is disconnected. The F starts increasing to reduce the

generated power before it saturates at 60 Hz. After saturation of F , vdc starts to rise

and reaches 360 V, transferring control to the ELC. The active power generated by

the SEIG at vw of 10 m/s is diverted to the dump load.

Besides DC-link voltage regulation, the algorithm also commits to maintaining

‘V/F’ ratio of the supply at the PCC constant. Figure 3.5 (a) shows the magnitude

of fundamental RMS line voltage (V1rms) and operating frequency at the PCC and

that of Figure 3.5 (b) reveals the ‘V/F’ ratio of the power supply at the PCC for

the entire operating range (from t = 0-20 s). By virtue of the constant ‘V/F’ block

in the VR algorithm, for every change in frequency, the V1rms varies accordingly to

maintain the ‘V/F’ ratio equal to 4.6 at the PCC against all disturbances. For the

region where the IM pump is present as the load, the ’V/F’ ratio is maintained at

4.6. However, a deviation in ‘V/F’ ratio is seen at two instances with dump load (R

load). This can be attributed to saturation of F at 60 Hz and transfer of control to

ELC with dump load.

In addition to analyzing the behavior of the system variables for all perturbations,

following noteworthy observations can be made from the Figure 3.4.

It is evident from Figure 3.4 (b) that, Cp exhibits superior performance when

IM pump is connected (from t = 4 s to t = 17 s) and deviates significantly from

its ideal value of 0.48 otherwise. This can be attributed to adequate sizing of

IM pump for chosen SEIG and the judicious choice of the gear ratio employed

in the wind-turbine.

Figure 3.4 (e) depicts that for every change in F , the ma value changes ac-

cordingly as governed by (3.22) to ensure constant ‘V/F’ ratio of 4.6 at the

PCC.

Although the proposed algorithm is speed sensorless, The behavior of shaft

speed of SEIG (!sh) is crucial as it decides the optimal � to ensure best Cp
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Figure 3.5: (a) Fundamental RMS Line voltage and Frequency (b) ‘V/F’ ratio for entire
operating range

value. Figure 3.4 (f) shows that the !sh exhibits direct proportionality with F .

This aspect of the system is exploited to design the proposed control strategy

choosing F as control variable.
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Figure 3.6: Active power flow at PCC
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Figure 3.7: Reactive power flow at PCC

To substantiate the synergy between the VSC, the SEIG and the IM pump con-

nected at the PCC, active and reactive power at the PCC is examined. In the system

under consideration, the active power and reactive power requirement are fulfilled by

the SEIG and the VSC assisted DC-link capacitor, respectively and is given by
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Ps = Pv + Pi

Qv = Qs +Qi

(3.24)

where,

Ps, Pv, Pi are the average active power of the SEIG, VSI and the IM respectively

Qs, Qv, Qi are the average reactive power of the SEIG, VSI and the IM respectively

Figure 3.6 and Figure 3.7 shows the active and reactive power computed at the

PCC for all the perturbations. It is evident from the plots that equation 3.24 is

satisfied for entire operating range, thus confirming the system power balance.

3.5.2 Experimental Results

The laboratory prototype developed for verification of DC-link VR algorithm is shown

in Figure B.2. The test results are obtained for the same set of perturbations discussed

for simulation study, shown in Figure 3.4 (a) of section 3.5.1.

The starting performance of the SEIG is assessed at the rated frequency with

maximum mechanical power input to ensure safe operating currents in the system for

the proposed algorithm. The starting transients of the line voltage and current of the

SEIG are captured in Figure 3.8. It is evident from the waveforms that the starting

transients die out in 0.5 s and the steady-state currents are within the operable limits

of the induction machine configured as the SEIG thus manifesting a satisfactory

starting response.

Figure 3.8: Starting performance of the SEIG
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The behaviour of vdc is recorded in Figure 3.9 and that of F and ma are

recorded in Figure 3.10. The variations in vdc, F and ma for the entire operat-

ing range comply with discussions presented for for simulation studies shown in

Figure 3.4 (c), (d) and (e) of section 3.5.1.

Figure 3.9: DC-link Voltage Figure 3.10: Frequency and amplitude
modulation index

Figure 3.11 illustrates the behavior of the system line currents and voltages

recorded for all perturbations. The system currents consist of line currents of the

VSC (Figure 3.11 (a) and (b)), the SEIG (Figure 3.11 (c) and (d)) and the IM pump

(Figure 4.9 (e) and (f)). Figure 3.11. (a),(c) and (e) illustrate the behavior of the

system line currents for all the perturbations shown in Figure 3.11 (a), which unveils

that the current levels are within operable limits of SEIG, IM and VSC.

The system voltages (Figure 3.11 (g) and (h)) are the line voltages at the PCC,

where the VSC, the SEIG and the IM pump are connected in parallel. Figure 3.11 (g)

captures the line voltage variation at the PCC. It is observed that the peak of the

line voltage varies with variation in vw. This can be attributed to variation in line

voltage magnitude by the controller following F , to maintain constant ‘V/F’ ratio at

the PCC.

The steady-state system currents and voltages for VR algorithm is captured at

vw = 9 m/s is shown in Figure 3.11 (b),(d),(f) and (h). From these waveforms, it

is apparent that the system currents and voltages are quasi sinusoidal and balanced,

exhibiting satisfactory steady-state response of the system.
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Figure 3.11: Dynamic behavior of system currents and voltages for DC-link Voltage
Regulation (VR) algorithm: (a) VSC currents, (c) SEIG currents, (e) IM pump currents and
(g) Line voltages at PCC for entire operating range (t = 0 - 20 s); Steady-state behavior of
system currents and voltages for vw = 9 m/s : (b) VSC currents, (d) SEIG currents, (f) IM
pump currents and (h) Line voltages at PCC
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The simulation and test results reveal that the VR algorithm regulates vdc to value

of 350 V against frequent variations in vw and the load. It is noteworthy that the

algorithm requires just the magnitude information of the vdc for algorithm processing.

Additionally, the algorithm also maintains the ‘V/F’ ratio constant at the PCC, thus

preventing saturation issues in the IM pump and the SEIG.
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Chapter 4

Maximum Power Point Tracking of

SEIG Based WECS

4.1 Introduction

In the previous chapter, a DC-link voltage regulation algorithm for VSC assisted

SEIG-based WECS feeding IM pump is presented. This chapter proposes another

control technique for the identical system to track Maximum Power Point (MPP)

employing a simple hill-climbing algorithm. The proposition involves a single VSC

for power conditioning and MPPT. Secondly, it uses only the SEIG active power input

for decision making and eliminates the speed and wind velocity sensors making the

algorithm speed sensorless. Besides MPPT using the reduced converter count, the

SEIG and the IM pump’s constant flux operation are accomplished to increase the

system’s e�ciency and life expectancy. Decisively, a comparative study is presented

to highlight the merits o↵ered by the suggested hill-climbing MPPT algorithm.

4.2 System Description

The system considered for verification of proposed speed sensorless hill-climbing

MPPT algorithm is identical to system discussed in section 3.2. It consists of wind

turbine emulator, the SEIG, two level VSC, IM pump, Electronic Load Control (ELC)

with dump load and system controller.

As can be seen, only two-level VSC is employed to e↵ectively transfer the power
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from the SEIG to the IM pump. A simple hill-climbing algorithm is employed to

extract maximum power from the wind turbine. This algorithm requires active

power generated by the SEIG which in turn is computed by sensing two line cur-

rents (ias,l and ibs,l) of the SEIG and the DC-link voltage (vdc). In the system under

consideration, the SEIG caters to the active power requirement and the DC-link ca-

pacitor assisted by VSC fulfill the reactive power requirement. The active and reactive

power flow is as shown in Figure 4.1, ensuring power balance in the system.

Figure 4.1: Circuit diagram of wind-turbine driven, VSC assisted SEIG feeding IM pump
with speed sensorless hill-climbing MPPT algorithm
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4.3 Speed Sensorless Hill-Climbing algorithm

This section presents the operating principle of the WECS and the framework of a

speed sensorless hill-climbing algorithm for maximum power point tracking.

4.3.1 Operating Principle

The power extracted from the wind-turbine is characterized by the power coe�cient

curve and varies with varying wind velocities (vw) as shown in Figure 4.2 (a) and (b)

respectively. Further, it is evident from Figure 4.2 that, there exist a single oper-

ating point to ensure maximum power extraction from the wind, which occurs at

� = �opt = 0.48. To ensure this optimal operating point for WECS against varying

wind velocities and loads, the MPPT algorithms are employed.

t

Figure 4.2: (a) Power coe�cient curve (b) Mechanical power developed by wind turbine
for varying wind velocity

Hill climbing algorithm is a simple perturbation based algorithm meant for MPPT

in solar PV, WECS, or any source which exhibits non-linear power characteristics.

These algorithms monitor perturbation in sensed/computed variables for continuous

polling of the MPP and introduce a step-change in the control variable to consistently

move the operating point towards Maximum Power Point (MPP). In WECS, the

sensed and control variables are governed by the choice of a generator, power converter

and the load.

In the present study, a simple hill-climbing algorithm is proposed to track MPP

with the operating frequency (F ) of the VSC as a control variable. Two line currents
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of the SEIG (ias,l, ibs,l) and the DC-link voltage (vdc) are sensed in this algorithm.

The line voltages required for power computation are estimated using the switching

pulses (S1, S2 and S3) and the vdc given by

vab = vdc ⇥ (S1 � S3)

vbc = vdc ⇥ (S3 � S5)

vca = vdc ⇥ (S5 � S1) (4.1)

The sensed line currents and the estimated line voltages are subjected to Clarke’s

transformation to obtain dq axis currents and voltages. Further, the generated active

power from SEIG (Ps) is computed for every change in F employing equation 4.2

to track the MPP on the wind turbine’s ‘Cp � �’ curve. Unlike perturb and observe

algorithm, only active power input from the SEIG is used in this algorithm for decision

making, thus eliminating the need for speed sensor.

Ps = vdsids + vqsiqs (4.2)

4.3.2 Controller Framework

The detailed flowchart of the algorithm is shown in Figure 4.3. The Ps is computed

using equation 4.2. This power is sampled at regular intervals of time equal to 0.1 s

(for firmware development and simulation studies) and change in active power (�P )

is calculated. Depending on the sign of (�P ), the SEIG’s shaft speed is adjusted by

controlling F judiciously. The F is continuously updated to ensure MPPT for varying

wind velocities. The hill-climbing algorithm is updated every 0.1 s to generate new

F . This F is given as input to the constant ‘V/F’ pulse generation unit discussed in

section 3.4.3.

The constant ‘V/F’ pulse generation unit consists of the SVPWM block, ma com-

putation block and the ELC block. The SVPWM block takes F as input to generate

orthogonal unit sinusoids employing a harmonic oscillator, which are converted to

three phase sinusoids using inverse Clarke’s transform. These sinusoids are injected

with a third harmonic component and multiplied with ma. The computation of ma

is performed by ma computation block taking F and vdc as inputs. The value of ma
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Figure 4.3: Hill-Climbing Algorithm for VSC assisted SEIG based WECS with frequency
(F ) as control variable

is updated for every change in frequency to maintain KF (‘V/F’ ratio) constant at

the PCC. The weighted sinusoids from the SVPWM generator are compared with a

high-frequency carrier wave to generate the switching pulses fed to the VSC (S1�S6).

The ELC block consists of a simple comparator that compares vdc with a reference
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value of 360V and diverts the surplus active power to the dump load.

4.4 Simulation and Experimental Study

In this section, the simulation and experimental results are elucidated to demonstrate

the MPPT of SEIG based stand-alone WECS feeding an IM pump using the proposed

speed sensorless hill-climbing algorithm. The system parameters used for simulation

and experimental studies are presented in sections A.2 and A.3.

4.4.1 Simulation Results

The system’s performance for speed sensorless hill-climbing algorithm is assessed by

closely monitoring critical variables in the wind-turbine, SEIG, VSC, and the IM

pump. The perturbations for the study include step changes in wind velocity as

shown in Figure 4.4 (a).

The dynamic response of the system variables (vw, Cp, wsh, Pwt, F , Ps, ma, Pi,

vdc and Pdc) to the aforementioned perturbations are recorded in Figure 4.4 (a) to

Figure 4.4 (j) respectively.

At t = 0 s, the simulation is initiated with initial shaft speed (!sh) of 120rad/sec,

the vdc starts to rise and reaches the predetermined voltage of 360 volts. The gen-

erated active power in the SEIG (Ps) is diverted to dump load (Pdc) as no other

load is connected to the SEIG. The hill-climbing algorithm starts to pursue MPP by

perturbing the control variable F and settles around 37.5 Hz at t = 4 s, exhibiting

steady-state oscillations to ensure optimum Cp (0.48) and hence Pwt. Based on the

value of F , the ma is adjusted to ensure constant ‘V/F’ ratio at the PCC. At t = 5 s,

an IM pump load is connected to the line terminals of the SEIG, entire power from

the Pdc is now diverted to this active load accompanied by a sudden dip in vdc. This

dip is attributed to large active power requirement during starting of IM pump. The

value of F remains unchanged as the vw is not disturbed. However, the ma increases

to maintain the ‘V/F’ ratio constant at the PCC thus compensating for sudden dip

in vdc.

At t = 8 s, vw is increased to 10 m/s with IM pump , following this increase in

vw, the value of F starts increasing from 37.5 Hz to track maximum power point and

eventually settles around 41.5 Hz .
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Figure 4.4: Simulation results: (a)Wind velocity profile, (b) Wind power coe�cient,
(c) Mechanical shaft speed of the SEIG, (d) Active power developed by the wind-turbine,
(e) Operating frequency of the VSC, (f) Active power generated by the SEIG, (g) Ampli-
tude modulation index, (h) Active power consumed by the IM pump, (i) DC-link voltage,
(j) Active power dissipated in dump load
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At t = 12 s, vw is increased to 11 m/s with IM pump load, F starts increasing

from 41.5 Hz to hunt for MPP and settles at 45 Hz. Any surplus power unused by

the IM pump load is directed to dump load (Pdc).

At t = 16 s, vw is decreased to 10 m/s with IM pump load, Pwt reduces drasti-

cally, the hill-climbing algorithm starts reducing the F to reduce the load and wsh.

Eventually, the F settles back to 41.5 Hz from 45 Hz to ensure MPP operation. In

the event of a sudden decrease in wind velocity, any immediate requirement of active

power is fulfilled by the power in the dump load or DC-link capacitor to prevent the

collapse of the DC-link voltage.

In addition to MPPT, the speed sensorless hill-climbing algorithm also main-

tains the ‘V/F’ ratio of the supply at the PCC constant. The magnitude of

fundamental RMS line voltage (V1rms) and operating frequency at the PCC is shown

in Figure 4.5 (a) and that of Figure 4.5 (b) reveals the ‘V/F’ ratio of the power supply

at the PCC for the entire operating range (from t = 0-20 s). Unlike VR algorithm

discussed in chapter 3, the operating frequency is independent of the type of the

load (IM pump / dump load). Hence, the ‘V/F’ ratio is maintained constant at 4.6

against all the disturbances.

Figure 4.5: (a) Fundamental RMS Line voltage and Frequency of the supply at the PCC,
(b) ‘V/F’ ratio of the supply at the PCC for entire operating range

Besides the response of system variables to the perturbations, the following are

some noteworthy observations evident from Figure 4.4 that give more in-depth insights

into the system’s dynamics.
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Increase in F reduces the operating slip of the SEIG leading to increased !sh

and vice versa.

The ma changes in accordance with F as explained in Figure 4.3 to maintain

constant ‘V/F’ ratio at the PCC for the entire operating range.

For every change in vw, a momentary dip in the Cp is observed which regains

it’s optimal value (0.48) owing to action of hill-climbing algorithm.

It is apparent from waveforms that Ps = Pi + Pdc at all times. The Ps is first

utilized by the IM pump and only surplus active power is diverted to Pdc.

4.4.2 Experimental Results

The details of the experimental setup used to testify the operation of speed sensorless

hill-climbing algorithm is presented in appendix B.3. The starting performance of the

SEIG based WECS for the proposed speed senorless hill-climbing algorithm is shown

in Figure 4.6. It is evident from the waveform that the SEIG builds the required

voltage in 1.25 s completing the starting transient. Also, the SEIG currents are

restricted to the operating limits of the machine during the starting process. Hence

the starting performance of the system is said to be satisfactory.

Figure 4.6: Starting performance of the SEIG

Further, the dynamic response of the system is studied by analyzing the behavior

of vdc, F and ma for all the perturbations. Figure 4.7 exhibits the behavior of
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the vdc where it is shown to survive the crucial disturbance of IM pump starting at

t = 5 s. For higher vw, the ELC diverts any excess active power to the dump load

thus maintaining vdc at 360 V.

Figure 4.7: DC link Voltage

Figure 4.8 shows the response of the control variables (F, ma) for change in

vw. The waveform exhibits that the F varies to push the !sh to an optimal value to

ensure maximum power extraction against varying wind velocities. Thema, in turn, is

varied following changes in F to maintain a constant ‘V/F’ ratio at the PCC. Further,

Figure 4.8 reveals that the tracking time of the proposed algorithm is approximately

5-6 time constants (0.5 s - 0.6 s) for change in vw of 1 m/s.

Figure 4.8: Frequency and amplitude modulation index
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Figure 4.9: Dynamic behavior of system currents and voltages for speed sensorless hill-
climbing MPPT algorithm: (a) VSC currents, (c) SEIG currents, (e) IM pump currents and
(g) Line voltages at PCC for entire operating range (t = 0 - 2 0 s); Steady-state behavior
of system currents and voltages for vw = 10 m/s : (b) VSC currents,(d) SEIG currents, (f)
IM pump currents and (h) Line voltages at PCC
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The dynamic and steady-state response of the system currents and voltages for

all perturbations are captured in Figure 4.9 (a)-(h). It is evident from these wave-

froms that the system currents are within permissible limits of the machines for

entire operating range. Further, the steady-state wavefroms captured for F = 40 Hz

exhibit the quasi sinusoidal nature of the currents and the voltages revealing satis-

factory steady-state performance yielding improved e�ciency and life expectancy of

the overall system.

4.5 Comparative Analysis

A qualitative comparison of the proposed algorithm with other MPPT techniques

for WECS is presented in Table 4.1. The generators used in WECS dictate several

aspects like cost, power converter and the output control variable for achieving MPPT.

Employing SEIG as a generator (Miller et al., 1997, Mishra et al., 2019, Ouchbel

et al., 2014, Bašić et al., 2019, Kumar and Vijayakumar, 2020, Bašić et al., 2021) for

low-power wind turbines reduces cost and maintenance while increasing the system’s

robustness compared to PMSG based WECS (Chen et al., 2016, Fathabadi, 2017,

Hussain and Mishra, 2016, Boopathi et al., 2020).

The VSC assisted SEIG based WPS discussed in this chapter is a desirable propo-

sition as it uses a single VSC for power conditioning. The proposed algorithm does

not require knowledge of any system parameter hence making it more comprehensive

compared to (Ouchbel et al., 2014, Bašić et al., 2019, 2021). Further, it requires two

current sensors and one voltage sensor for algorithm processing, which are inexpensive

and less prone to aging/failure. Unlike most of the studies, the load considered for

the testing algorithm is the IM pump, which exhibits dynamic loading on the SEIG

based on the VSC’s operating frequency. Most importantly, the proposed algorithm is

realized using a low-cost TMS320F28069M controller unlike work reported in (Mishra

et al., 2019, Bašić et al., 2019, 2021) showing its implementation feasibility.
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Chapter 5

Composite Controller for Hybrid

Wind-PV Water Pumping System

5.1 Introduction

This chapter presents a stand-alone hybrid Wind-PV Water Pumping System (WPS)

with minimal power electronics interface, simple composite controls and Energy Man-

agement Strategy (EMS) for e↵ective utilization of renewable sources, by amalgamat-

ing contributions of chapters 2 through 4.

The proposition consists of classic Perturb and Observe (P&O) algorithm applied

to the boost converter of the Solar PV system and voltage regulation algorithm/hill-

climbing MPPT algorithm with Zero Steady-State Oscillation (ZSSO) applied to

bidirectional Voltage Source Converter (VSC) of Wind Energy Conversion System

(WECS) for optimal power extraction at all times. The constant Voltage to Fre-

quency (V/F) ratio is ensured at the Point of Common Coupling (PCC) for the

entire operating range to avoid saturation in the Self Excited Induction Generator

(SEIG) and the Induction Motor (IM) pump. The energy management strategy is

devised to e↵ectively harness renewable energy from both sources while ensuring the

DC-link voltage stability. The proposed system forms compelling proposition given

the least converter count to integrate solar-PV and wind energy employing e↵ective

and low-complex control algorithms with optimal energy extraction. Conclusively a

comparative evaluation is performed with other hybrid WPS to prove the viability of

the proposed system for deployment in remotely located stand-alone applications.
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5.2 System description

The structure of the proposed standalone hybrid Wind-PV WPS with a composite

controller is shown in Figure 5.1. The system consists of two renewable sources, the

Solar PV system and WECS. An asynchronous squirrel cage induction machine is

configured as SEIG coupled to wind turbine forming WECS. Two power convert-

ers, namely the boost converter and the bidirectional VSC, are employed for power

processing.

The boost converter primarily intended to extract maximum power from the solar

PV system also boosts the solar PV voltage (vpv) to required DC-link voltage (vdc)

in the range of 350-360 V. The VSC in the system is liable for active and reactive

power management at the PCC and is designed to carry currents responsible for

overall active and reactive power. Additionally, the VSC performs other functions

like MPPT and voltage regulation for SEIG based WECS. The three-phase Induction

Motor (IM) pump is the dynamic load on the system. During surplus power generation

by the sources, no-load or light-load condition, the available active power is absorbed

by the dump-load with Electronic Load Control (ELC). The dump-load with ELC in

this study is configured using resistor bank in series with IGBT switch. The DC-link

capacitor fulfills the reactive power requirement of the SEIG and the IM pump. An

ancillary setup of a 12 V battery along with a series diode is placed in parallel with

the DC-link capacitor to fulfill the initial reactive power requirement of the SEIG

during starting.

The controller is the core of the system which is responsible for maximum power

extraction from both the renewable sources, DC-link voltage regulation and power

balance at the PCC. The sensors employed for overall system control consists of

system currents and voltages shown in the Figure 5.1.
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5.3 Mathematical Modeling

The mathematical inter-relationships between various subsystems and their variables

are shown in Figure 5.2. The equations describing each of these subsystems have been

presented in section 2.4 and section 3.3 in detail and are omitted in this chapter for

brevity.

Figure 5.2: Mathematical model of the hybrid Wind-PV WPS

5.4 Composite Controller Framework and Opera-

tion

This section presents the detailed structure, implementation and working of the pro-

posed composite controller for hybrid Wind-PV WPS. In this study, two power con-

verters are used for power conditioning, a boost converter is employed in a solar PV

system and a bidirectional VSC is used in WECS. For the entire operating range,

the boost converter is driven by the P&O algorithm. The VSC used in WECS is

responsible for multiple functions like driving IM pump, active and reactive power

management at the PCC, vdc regulation and WECS MPPT. Two control algorithms

are selectively exercised for WECS to drive the VSC, one for the vdc regulation using a

PI controller and another for MPPT using a hill-climbing algorithm with Zero Steady-

State Oscillation (ZSSO). Decisively an EMS is suggested for the hybrid Wind-PV

system for optimal energy extraction from renewable sources. The decomposition of

the proposed system yields a solar PV system and the WECS. The control strategy

for each of these systems is discussed to explain the operation of the low-complex
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composite controller for the overall system shown in Figure 5.3.

Figure 5.3: Structure of proposed composite controller implementation for the hybrid
Wind-PV WPS
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5.4.1 Control Strategy for Solar PV system

The Solar PV system consists of a boost converter and a 300 W PV array. A P&O

algorithm with duty ratio (D) perturbation is employed to ensure MPPT (Elgendy

et al., 2011). Additionally, this subsystem is also expected to boost the vpv to match

the vdc (350-360 V). The theoretical value of duty ratio corresponding to maximum

power point (Dmpp) for a solar PV system with a boost converter is given by (Ayop

and Tan, 2018).

Dmpp = 1�

s
Rmpp

RL(F )
(5.1)

where, Rmpp = vmpp/impp; F is the operating frequency of the VSC.

For any variation in G, Ppv and Rmpp exhibit proportional and inverse variation,

respectively. Furthermore, the load (RL(F )) is VSC fed induction motor pump, which

is dependent on the F . Hence, as G varies, the RL(F ) is varied accordingly to

ensure maximum power extraction from the solar PV array while maintaining the vdc

constant. Conclusively from equation 5.1, the D for varying G remains e↵ectively

constant as disturbances caused by changes in G are rejected by adjusting RL(F ).

5.4.2 Control Strategies for SEIG based WECS

The SEIG based variable-speed WECS mainly consists of VSC, a dump load with

ELC and the IM pump load. The SEIG, the IM pump and the VSC are connected in

parallel to form the PCC. The change in vw is considered a disturbance to this system,

causing variations in input power to the SEIG. Two algorithms are formulated for

the stand-alone WECS, one to regulate vdc and another for MPPT.

5.4.2.1 DC-link Voltage Regulation (VR) Algorithm

The objective of this control algorithm is to regulate the value of vdc to pre-defined

reference (350 V). The varying vw and load are considered as disturbances against

which the vdc is regulated. In the case of a hybrid Wind-PV system, the algorithm

treats solar PV power pumped into DC-link also as disturbance and acts accord-

ingly. The detailed implementation of this algorithm is presented in section 3.4 and

is omitted here for brevity.
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It is noteworthy that the suggested algorithm for voltage regulation uses only vdc

information reducing the system complexity and the cost.

5.4.2.2 Hill-Climbing MPPT Algorithm with ZSSO

This section presents the hill-climbing MPPT algorithm with ZSSO, which is an

improvisation to the algorithm discussed in chapter 4. The proposition eliminates

redundant oscillations on the arrival of MPP, thus increasing the steady-state power

extraction from the WECS.

In SEIG based WECS under consideration, the wsh varies directly as the F . Hence

F is chosen as a control variable for the hill-climbing algorithm. Figure 5.3 (b) il-

lustrates the block level implementation of the hill-climbing algorithm. Two SEIG

line currents and vdc are used to compute maximum power point. The line voltages

required for power computation are estimated using equation 3.8. These acquired

line currents and estimated line voltages are subjected to Clarke’s transformation to

obtain dq axis voltages and currents. The SEIG’s dynamic, active power is com-

puted using equation 4.2. This computed active power (Ps) is given as input to the

hill-climbing algorithm, which yields F corresponding to optimal Cp for a given vw

achieving MPPT.

In addition to MPP tracking employing hill-climbing operation, the proposed algo-

rithm o↵ers steady-state averaging by eliminating redundant oscillations, which oth-

erwise could lead to reduced energy utilization. The arrival of maximum power point

is identified by continuously polling the slope S[K] and its previous value S[K-1]. Con-

secutive toggles of ‘S’ are an indication of the steady-state of the MPPT algorithm.

The number of toggles (N) can be customized to average steady-state oscillations.

Further, an appropriate change in active power (dP) due to wind velocity variation

can be set as tolerance (E) by the user to initiate the tracking process again.

Figure 5.4 illustrates the control logic of the hill-climbing algorithm with ZSSO.

The flowchart consists of the hill-climbing algorithm logic and steady-state averaging

section in particular. The steady-state averaging section determines if the MPP is

reached and halts the MPPT until a considerable change in vw is encountered. This

process of steady-state averaging eliminates the oscillations near MPP and increases

the energy extraction (Paz and Ordonez, 2014). The F computed by hill-climbing

algorithm is fed to SVPWM pulse generation for the generation of switching pulses

(S1 � S6) to be applied to the VSC.
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Figure 5.4: Proposed hill-climbing MPPT algorithm with ZSSO for SEIG based WECS

5.4.2.3 SVPWM pulse generation with constant ‘V/F’ ratio.

TheWECS algorithms discussed in section 5.4.2.1 and 5.4.2.2 provide F as the output.

This F is taken as input by the SVPWM pulse generation block to produce pulses
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required (S1 � S6) by the VSC. In this study, the SEIG and the IM pump used are

three-phase squirrel cage induction machine. These machines draw high magnetizing

current if the operating flux is not maintained constant. Hence, to ensure constant

flux operation in these machines, a variable voltage variable frequency supply at the

PCC is made available by maintaining the ‘V/F’ ratio constant for the entire operating

range.

The implementation of the constant ‘V/F’ algorithm is shown in Figure 5.3.(d).

It consists of the harmonic oscillator, which generates the unit orthogonal sinusoidal

voltages (sine and cosine) for given F . Inverse Clarke’s transformation is used to

obtain three sinusoids using the unit orthogonal sinusoids. Three Space Vector Pulse

Width Modulated (SVPWM) signals are generated by injecting the third harmonic

into the three sinusoids obtained using inverse Clarke transformation. The SVPWM

sinusoids are multiplied with amplitude modulation index (ma) which is calculated

using equation 5.2 (Mohan et al., 2003). These weighted SVPWM sinusoids are

compared with high frequency carrier signal to obtain the required pulses S1 � S6.

ma =
VLrms

vdc
.
2.
p
2p
3

(5.2)

From the Figure 5.3.(d) and equation 5.2, it is evident that the value of vdc is

monitored at all instants to ensure constant ‘V/F’ ratio even against variation in vdc.

5.4.3 Dump-load with ELC

The dump-load with ELC consists of a resistor and a series switch connected in

parallel with the Cdc. Here, the Cdc acts as a reservoir for the storage of active power

generated by both the solar PV and the WECS. If the cumulative generated power is

more than the rated load, then the excess active power is absorbed by this dump-load

which is electronically controlled by ELC. A boolean controller is employed in this

study to realize ELC given by

Sd =

8
<

:
1 if vdc > 360V

0 if vdc < 360V
(5.3)

The dump load is designed to absorb rated active power capacity of

solar PV (300 W) and the WECS (⇡ 600 W) to ensure system safety under sudden
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disconnection of the load and light-load conditions.

5.4.4 Composite controller for hybrid Wind-PV WPS

The overall structure of the composite controller for hybrid Wind-PV WPS is shown

in Figure 5.3. It o↵ers the P&O algorithm for a solar PV system and two algorithms

for WECS, one for voltage regulation and another for MPPT. An informed decision

about the combination of these algorithms for real-time implementation is possible

by assessing their merits and demerits. Furthermore, due to two renewable energy

sources, directions for cumulative active power generation and its allocation to the

load are essential. Hence, in the following section , a simple energy management

strategy is discussed for the system’s coherent operation, revealing attributes of each

algorithm for WECS in particular.

5.5 Energy Management Strategy

In this section, the Energy Management Strategy (EMS) employed for the proposed

system’s operation is illustrated. The solar PV and wind energy, are renewable sources

in the system. These renewables are highly stochastic and hence for the orderly

functioning of this complex system, EMS is crucial (Merabet et al., 2016, Campos

et al., 2020).

5.5.1 Proposed Energy Management Strategy

The EMS’s primary objective is to ensure seamless transfer of generated active power

to the IM pump and divert the surplus power to the dump load. Secondly, EMS

ensures the system’s stability by shedding load during inadequate generation from

both the renewables. Figure 5.5 unveils the flowchart describing the EMS employed in

this study. In addition to the management of active power generated by the solar PV

and the SEIG, the ma is continuously monitored to ensure the stable DC-link voltage,

which indirectly represents the hybrid system’s stability. Based on the availability of

the active power, the EMS suggests the following three modes of operation for the

system under consideration:

Mode 0 : The cumulative active power generation (Ph = Ppv + Ps) is more than
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Figure 5.5: Flowchart of Energy management strategy

power requirement of the load (Pi). Hence the surplus power is diverted to the

dump load (Pdc) using ELC.

Mode 1 : The cumulative active power generation (Ph = Ppv + Ps) is equal

to the power requirement of the load (PIM). Hence no power is diverted to

the dump load. This mode of operation demonstrates the priority in the load

allotment (Pi is preferred to Pdc).

Mode 2 : The cumulative active power generation (Ph = Ppv + Ps) is less than

power requirement of the load (Pi). Hence the active load (IM pump) is discon-

nected and the generated power is diverted to the load. This mode of operation

demonstrates the priority of system stability to load allocation.

The EMS is designed to continuously feed the cumulative active power to the load

while ensuring system stability at all times.

81



5.5.2 Choice of Algorithm for SEIG based WECS

The boost converter fed by solar PV array in hybrid Wind-PV system always runs at

the MPP employing P&O algorithm. However, the SEIG based VSC assisted WECS

can be run either using the VR algorithm or the hill-climbing MPPT algorithm with

ZSSO. The choice between two algorithms is governed by preferences o↵ered by these

algorithms and are explained as follows:

5.5.2.1 Voltage Regulation (VR) Algorithm

The details of VR algorithm are discussed in section 5.4.2.1. The control variable (F )

in this algorithm is governed by equation 3.20 and is influenced by G and vw. Any

active power contribution from Ppv to DC-link capacitor results in a change in F , thus

causing Cp to deviate from its theoretical maximum (0.48). This leads to a reduced

Ps for a given vw. The deviation in Cp is found to increase with higher penetration of

Ppv into the DC-link capacitor. The merits of this algorithm are two-fold, Firstly the

vdc is regulated at 350 V for any variations in vw, G and load. Further, for a given

vw and G, more power is transferred to the IM pump than the hill-climbing MPPT

algorithm. In other words, if VR algorithm is chosen for WECS, then the hybrid

Wind-PV WPS predominantly operates in Mode 1.

5.5.2.2 Hill-climbing MPPT algorithm

The implementation of hill-climbing MPPT algorithm is shown in Figure 5.4 and

is discussed in section 5.4.2.2. In this algorithm, F corresponding to optimal Cp is

tracked continuously for changes in vw. Even in hybrid wind-PV mode of operation,

any active power changes due to variation in G will be diverted to vdc and dump load.

Hence Cp in this algorithm is independent of G and is governed by vw alone. This

algorithm will ensure optimal Cp hence maximum power extraction for given vw. Any

surplus generation in hybrid mode of operation, is diverted to the dump load. Simply

put, if WECS functions with MPPT algorithm, then the hybrid Wind-PV WPS will

substantially operate in Mode 0.

5.5.2.3 Suggestions

If the preference in the hybrid Wind-PV mode of operation is transferring more power

to the IM pump, then VR algorithm has to be used. On the contrary, if the priority
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is maximum power extraction from both the renewables, then hill-climbing algorithm

has to be employed. Further, if sizing of Ppv in hybrid wind-PV configuration is large,

then hill-climbing algorithm has to be employed because the VR algorithm will result

in lower Cp leading to reduced e�ciency of the WECS.

5.6 Simulation and Experimental study

In this section, simulation and experimentation results are presented to prove the

viability of the low-complex composite controller for hybrid Wind-PV WPS. In the

present study, a 300 W solar PV array is integrated with 1.5 HP SEIG-based WECS

to configure a hybrid Wind-PV WPS. The 300 W solar PV array is obtained by

connecting six solar PV modules in series whose parameters are defined in Table

A.1. The details of induction machines used for SEIG and IM pump are provided

in Ta ble A.2. Lastly, the experimental prototype developed to obtain test results is

discussed in appendix B.3.

5.6.1 Simulation Results

The vw and G profile used for simulation is shown in Figure 5.6 (a). The pertur-

bations are orderly introduced to demonstrate di↵erent modes of operation for the

system under consideration. For the entire operating range, the boost converter is

controlled using simple P&O algorithm to extract maximum power from the solar PV

array. Performance of two control algorithms for SEIG based WECS is demonstrated,

namely, hill-climbing MPPT algorithm with ZSSO from t = 0 - 20 s and a Voltage

Regulation (VR) algorithm from t = 20 - 40s. In the present study, the SEIG, IM

pump and the bidirectional VSC are connected in parallel at the PCC. Both SEIG

and the IM pump are rated for 230 V and 50 Hz. To facilitate this required line-line

voltage at PCC, vdc is maintained in the range of 350-360 V.

Figure 5.6 (c) shows the response of vdc for the entire operating range. At t = 0 s,

the self excitation of the SEIG is initiated, A 12 V battery in parallel with Cdc

provides the inital reactive power for the voltage build-up process. The IM pump is

inserted into the system at t = 2 s. A momentary dip in vdc is observed, attributed

to large active and reactive power requirements during the starting of the IM pump.

For hill-climbing MPPT algorithm with ZSSO (t = 0-20 s), vdc is maintained at a
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Figure 5.6: Simulation Results: (a) Solar irradiance and wind velocity profile, (b) Duty
ratio of boost converter, (c) DC-link voltage, (d) Solar PV power, (e) Operating frequency
of the VSC, (f) SEIG active power, (g) Amplitude modulation index of the VSC, (h) IM
pump active power, (i) Wind power coe�cient, (j) Dump load active power
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value of 360 V and for VR algorithm (t = 20-40 s), the vdc is regulated at 350 V.

In both algorithms, F of the VSC is employed as the control variable. This F is

obtained as indicated in Figure 5.4 in hill-climbing algorithm and in case of VR

algorithm it is governed by (3.20). The variation of vdc and the control variable F

for the entire operating range is shown in Figure 5.6 (c) and (e) respectively. The

ma captured in Figure 5.6 (g) is designed to vary in accordance with F to maintain

constant ‘V/F’ ratio (4.6, with vrated = 230 V and Frated = 50Hz ) at PCC to prevent

saturation issues in SEIG and IM pump.

Figure 5.6 (i) shows the plot of Cp for variations in vw, G and the load along

with its theoretical maximum (0.48). It is obvious from the waveform that the e�-

ciency of the WECS is better for hill-climbing algorithm (t = 0 - 20 s) compared to

VR algorithm (t = 20 - 40 s). This can be apprehended to the characteristic of the

algorithms. The hill-climbing algorithm decides F output based on changes in vw

alone. Hence the resulting !sh yields optimal � forcing Cp to settle for 0.48 for every

change in vw. On the contrary, the VR algorithm monitors vdc and varies F governed

by (3.20). Hence the F varies for any changes in either vw or G. Furthermore, for

given vw, if a large change in G is encountered, this results in proportional change

in F . The F influences the tip-speed ratio (�) which in turn governs Cp. Hence VR

algorithm su↵ers inferior Cp comparatively.

Figure 5.6 (b) shows another control variable D, which oscillates around MPP

to ensure maximum power extraction from the solar PV array against variations in

G. The Ppv and its theoretical maximum are shown in Figure 5.6 (d), proving the

e�cacy of the solar PV system in this hybrid Wind-PV configuration.

Figure 5.6 (d) and (f) represent the active power generation by solar PV system

and SEIG respectively and that of Figure 5.6 (h) and (j) shows the active power

consumption by the IM pump and the dump load respectively. At all operating

points, it is observed that the cumulative active power generation by the solar PV

system and SEIG equals the cumulative power consumption by the IM pump and the

dump load.

5.6.2 Experimental Results

The details of the laboratory prototype developed for experimentation is presented

in appendix B.3. The test results are obtained for the same set of perturbations
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presented in Figure 5.6 (a). The behavior of vdc, F, ma and D can be explained

similar to discussions presented in section 5.6.1.

Figure 5.7 shows the behaviour of vdc for hill-climbing MPPT with ZSSO and VR

algorithm of WECS. It is evident from the waveform that the vdc is maintained at

360 V with aid of ELC unit (t = 0 - 20 s). For VR algorithm of the WECS, it is

regulated at a value of 350 V against variations in G and vw (t = 20 - 40 s). The

stable vdc for the entire operating range is indication of system stability for all the

disturbances considered for the investigation.

Figure 5.7: DC link Voltage

The response of F and ma are captured in Figure 5.8 which reveals MPPT in

compliance with the algorithm discussed in section 5.4.2.2 for t = 0 - 20 s. The oscil-

lations around MPP and its steady-state averaging are also clearly depicted. Further,

careful observation of ‘F ’ reveals the tracking time of the algorithm to be equal to

5-6 sampling instants (⇡ 0.5 s - 0.6 s) for step change in vw of 1 m/s. Secondly, to

regulate the vdc to 350 V from t = 20 - 40 s, F varies for changes in G and vw as gov-

erned by equation (3.20). The ma varies in accordance with changes in F to maintain

constant ‘V/F’ ratio at the PCC.

Figure 5.9 shows the response of control variable (D) of the solar PV system.

From the waveform, it is apparent that the D oscillates around MPP of solar PV

array from t = 10 - 30 s which indicates that the solar PV system always works at

the MPP employing P&O algorithm in this hybrid Wind-PV configuration. Further,

during MPPT, the constant steady state value of D for varying G and vw is justified

by discussions presented in 5.4.1.
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Figure 5.8: Frequency and amplitude mod-
ulation index

Figure 5.9: Duty ratio of the boost con-
verter

The dynamic and steady-state behavior of the line currents of the SEIG, VSC and

the IM pump along with the line voltages at PCC are shown in Figure 5.10 (a) - (h).

Following noteworthy observations can be made from the inspection of these wave-

forms:

1. The currents of the SEIG, VSC and the IM pump are within the permissible

limits of the machines and the VSC for entire operating range including crucial

disturbances like starting of the SEIG and IM pump.

2. At PCC, for all instants, iabc(v) = iabc(s) + iabc(i).

3. The magnitude of the VL,PCC varies in accordance with frequency to ensure

constant ‘V/F’ ratio at the PCC. This helps in preventing saturation issues in

the SEIG and the IM pump.

4. By virtue of the line filter (section 3.3.3) employed in the study, the VL,PCC and

all the system currents are quasi sinusoidal. These balanced sinusoidal system

voltages and currents add to the increased stability and life expectancy of the

overall system.

Finally, to substantiate the power balance at the PCC in the hybrid Wind-PV

configuration, the steady-state active and reactive power of the SEIG, IM pump and

the dump load (VSC) are measured using MECO 3510PHW (clamp-on true RMS
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Figure 5.10: Dynamic behavior of system currents and voltages for proposed composite
controller: (a) VSC currents, (c) SEIG currents, (e) IM pump currents and (g) Line voltages
at PCC for entire operating range (t = 0 - 40 s); Steady-state behavior of system currents
and voltages for F = 40 Hz : (b) VSC currents, (d) SEIG currents, (f) IM pump currents
and (h) Line voltages at PCC
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power meter) and that of active power generated by solar PV system is recorded

using Solar Magna emulator. The active and reactive power flow for all the pertur-

bations are summarized in Table 5.1. It is apparent from the data presented that the

cumulative sum of active power generated by solar PV system and the SEIG cater to

the e↵ective load and losses of the system (Ps + Ppv = Pi + Pdc + Ploss) and that of

reactive power requirement in the system is fulfilled by the DC-link capacitor of the

VSC (Qvsc = Qseig + Qim).

Table 5.1: Steady-state active and reactive power recorded at every interval for entire
operating range (t = 0-40 s)

Interval Vw G Ppv Ps Pi Pdc Qvsc Qseig Qim
S.No (time) (m/s) (W/m

2) (W ) (W ) (W ) (W ) (V AR) (V AR) (V AR)
1 (0-2 s) 12 0 0 895 0 881 1891 1874 0
2 (2-4 s) 12 0 0 895 544.2 313.8 2677 1854 812.8
3 (4-8 s) 11 0 0 656.5 461.2 154.5 2247 1469 776.5
4 (8-10 s) 10 0 0 438 332.4 73.26 1780 1116 661.5
5 (10-12 s) 10 290 87.43 438 340.4 141.6 1780 1111 661.5
6 (12-14 s) 9 290 87.43 279.6 252.8 71.74 1433 832 595
7 (14-16 s) 9 540 149 279.6 251.8 130.8 1433 837 595
8 (16-18 s) 8 540 149 161.7 181.8 82.46 1107 589.7 509.8
9 (18-20 s) 8 950 277 161.7 193.8 203.7 1107 588.4 509.8
10 (20-22 s) 8 950 277 77 323.2 0 1423 765.9 648.3
11 (22-24 s) 8 540 148.5 140 234.4 0 1352 757.4 587
12 (24-26 s) 9 540 148.5 255.6 374.3 0 1654 964.7 680.4
13 (26-28 s) 9 290 86.7 277.6 331.2 0 1640 987 648.2
14 (28-30 s) 10 290 86.7 423.1 481.1 0 2053 1257 786.9
15 (30-32 s) 10 0 0 439.8 404.8 0 2038 1292 739.2
16 (32-36 s) 11 0 0 650.1 639.8 0 2466 1582 880.6
17 (36-40 s) 12 0 0 876.3 858.1 0 2635 1781 849.2

5.7 Comparative analysis

In the present study, to substantiate the merits of the proposed composite controller,

a comparative analysis is performed with other similar controllers for hybrid wind-PV

WPS. The brief details of the comparison is presented in Table 5.2.

According to Table 5.2, the system feeding DC motor pump requires least power

electronic interface, resulting in low cost, size, and complexity (de Oliveira Ferreira

et al., 2020). The majority of hybrid Wind-PV WPS have proposed AC motors for
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water pumping owing to their merits (Priyadarshi et al., 2020, Femi et al., 2021,

Mezghani et al., 2020, Gholamshahi et al., 2019). Among these studies, some re-

searchers have suggested three (Femi et al., 2021) and four (Priyadarshi et al., 2020,

Mezghani et al., 2020) power converters for power conditioning and PMSG for WECS

leading to increased system cost and complexity. One of the investigations using an

AC motor pump is reported to use only two power converters for power condition-

ing employing SEIG as wind generator (Gholamshahi et al., 2019). However, this

study reports limitations such as using nine sensors for control algorithms besides

compromising on MPPT of WECS.

It is worth mentioning that the proposed system employs just two power converters

and SEIG based WECS with MPPT capability for both renewables. Furthermore, to

achieve MPPT, it uses only current and voltage sensors, making the scheme speed

sensorless and system parameter independent. Because the suggested system includes

only two power converters and employs simple control strategies, the design emerges

to be less complex and low-cost compared to other similar controllers for hybrid

Wind-PV WPS.
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Chapter 6

Conclusions and Future Scope

6.1 Conclusions

In the coming days, the paradigm shift in using renewable energy to pump water is

inevitable for a sustainable future. It was learned from an extensive literature re-

view that vital contributions are already made in SPWPS. However, there is scope to

propose new systems with reduced part count and control strategies to utilize wind

energy and hybrid Wind-PV energy sources e↵ectively for water pumping application.

On this line, the primary objective of this research work is formulated as e↵ective op-

eration and control of hybrid Wind-PV WPS with minimal power electronics interface

employing low-complex composite controller and reduced sensor set. This problem

statement fragments into four objectives that the thesis has answered in chapters 2

through 5. The chapter wise conclusions of these objectives will be deliberated in this

section.

In Chapter 2, the e↵ects of system parameters (input capacitance, the cut-o↵

frequency of the digital filter and the sampling time) on the solar photovoltaic system’s

performance with the perturbation-based MPPT technique are investigated. First,

two simple step tests are recommended to determine the e↵ective system time constant

of the solar PV system eluding the need to obtain small-signal model of the system.

Then, based on the estimated system time constant, comprehensive guidelines for

choice of optimal sampling time are suggested. Finally, simulation and experimental

results of solar PV fed boost converter with P&O algorithm revealed the significance

of the optimal sampling time in experimentation due to nonidealities and noise added

during ADC of sensed variables. It is noteworthy that the work presented in this
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chapter is comprehensive and can be easily extended to any other converter, load and

perturbation-based MPPT algorithm.

In Chapter 3, investigations on the proposed voltage regulation algorithm with

constant flux operation of the VSC assisted SEIG feeding IM pump have been carried

out. Simulation studies revealed the successful variable frequency operation of the

SEIG (including saturation e↵ects), the VSC and the IM pump connected in parallel

at the PCC (the AC terminals). Besides voltage regulation, the developed algorithm

demonstrated the constant flux operation of the SEIG and the IM pump. The overall

control strategy has been examined for various perturbations like the starting of the

IM load, ELC on, ELC o↵, variations in load and wind velocities. Additionally, an

exhaustive active and reactive power analysis has been performed to verify the power

balance at the PCC. Experimental tests were carried out on 1.5 HP SEIG feeding

0.75 HP IM pump to validate claims of the simulation studies. Results of simulation

and experimentation were found to be in close agreement proving the e↵ectiveness of

the system under test for a stand-alone application.

Chapter 4 proposes a speed sensorless hill-climbing MPPT algorithm for a single-

stage SEIG-based WECS feeding an IM pump. A VSC is used for both power condi-

tioning and maximum power extraction employing a reduced sensor set. The proposed

algorithm has e↵ectively maintained the power coe�cient (Cp) of wind-turbine to an

optimal value of 0.48 against wind velocity and load variations. The tracking time

is reported to be approximately equal to 6-time constants (equal to 0.6 s in this

study). To ensure the system’s protection against light/no-load conditions/surplus

generation, the dump load with ELC has been e↵ective for all the perturbations. As

a result, the system currents are limited below the permissible limits of the SEIG

and the IM pump for the entire operating range. In addition to extracting maximum

power from the wind turbine, the SEIG and the IM pump’s constant flux operation

has been ensured for increased e�ciency and life expectancy of the overall system.

Decisively, the system and the proposed algorithm’s performance have been assessed

using a laboratory prototype, proving the e�cacy of the system and the proposed

algorithm.

Chapter 5 proposes a simple and economical solution for a hybrid Wind-PV water

pumping system by eliminating a dedicated power converter for WECS in particular.

Formulation and implementation of the proposed composite controller, consisting of

a P&O algorithm for a solar PV system and voltage regulation/ hill-climbing MPPT
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algorithm with zero steady-state oscillations for WECS, has been illustrated. To

increase the life expectancy of the overall system, constant flux operation of the IM

pump and the SEIG for an entire operating range has been demonstrated while ensur-

ing optimal energy extraction from both renewables. A suitable energy management

strategy has been suggested to e↵ectively transfer the cumulative active power gener-

ated to the load while ensuring system stability. Furthermore, comprehensive active

and reactive power flow has been illustrated to prove the synergy between the solar

PV and the WECS to maintain power balance at the PCC. A mathematical model

has been developed by taking data from real machines to obtain insights into system

dynamics and evaluate system performance. Results obtained via experiments are

promising and indicate that the proposed system is an attractive and reliable solu-

tion for a stand-alone hybrid Wind-PV system owing to reduced cost, simple controls

and optimal energy extraction using minimal power electronics interface and reduced

sensor set.

6.2 Scope for Future Work

Based on the research carried out in this thesis, the recommendations for future

research are as follows:

Inclusion of appropriate sized batteries and design of energy management strate-

gies can be considered to make the hybrid Wind-PV system truly autonomous.

If the hybrid Wind-PV WPS is located near to the grid, then challenges con-

cerning grid interfacing can be explored.

The control strategies for other types of motor pumps namely PMSM and

BLDCM in hybrid Wind-PV WPS can be explored.

Investigations can be carried out to propose a novel converter with reduced

part count which can integrate functionalities of DC-DC boost converter and

bidirectional VSC.

The e↵ect of wind-turbine inertia on the overall performance of WECS is worth

investigating to assess the operability and e�ciency of the control algorithms.
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Appendix A

System Attributes

This chapter presents the details of the system attributes used for simulation and

experimental verification of contributions in Chapters 2 through 5, comprising of

data pertaining to the solar PV array, electrical machines, and the wind turbine.

A.1 Solar PV array

The system parameters used to emulate solar PV module characteristics are taken

of commercial 50 W PV module from WAREE and are listed in Table A.1. In the

present study, the mathematical model of the solar PV module is suitably formulated

to extend the module characteristics to obtain desired solar PV array characteristics.

Table A.1: Solar PV array specifications

System parameter Value

Open circuit Voltage, (VOC) 21.47 V
Short circuit current, (ISC) 3.11 A
Voltage at Maximum Power, (Vmp) 17.21 V
Current at Maximum Power, (Imp) 2.91 A
Module maximum power, (Pmp) 50 W
Temperature coe�cient of Current ,(Kv) 0.0154 (�C/V )
Temperature coe�cient of Voltage, (Ki) -0.2775 (�C/mA)
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A.2 Induction machine parameters

In this research work, two induction machines are used, one is configured as

SEIG (1.5 HP) to extract power from the wind turbine and the other is used to

emulate IM pump characteristics (0.8 HP). The machine parameters are obtained by

conducting appropriate tests and are enlisted in Table A.2. An additional synchronous

speed test on the 1.5 HP induction machine is performed to obtain the magnetization

characteristics expressed as a sixth-order polynomial given by equation 3.15. The

coe�cients of this polynomial are enlisted in Table A.3

Table A.2: Electrical Machine specifications

Induction machine parameter SEIG IM pump

Type of connection � �
Power Rating (P ) 1.5 HP 0.8 HP
Rated (L-L) RMS voltage (VLL RMS) 230 V 230 V
Rated line current (IL RMS) 3.82 A 2.42 A
Rated Frequency (F ) 50 Hz 50 Hz
Stator Resistance (Rs) 6.8 ⌦ 13.228 ⌦
Rotor Resistance (Rr) 5.2523 ⌦ 6.7024 ⌦
Stator Leakage inductance (Lls) 25.57 mH 35 mH
Rotor Leakage inductance (Llr) 25.57 mH 35 mH
Pump constant (Kp) – 141.9 µN-m/(rad/s)3

Number of poles ( P ) 4 4
Moment of inertia ( J) 0.06 0.02
Rated magnetizing inductance (Lm) – 550 mH

Table A.3: Co-e�cients of Magnetization Curve of 1.5 HP SEIG

Coe�cients Value

a0 0.5943
a1 0.5012
a2 -1.089
a3 1.1285
a4 -.6382
a5 0.01783
a6 -0.0192
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A.3 Wind-Turbine Characteristics

Wind turbine is characterized by non-dimensional power coe�cient (Cp) as a function

of tip-speed ratio (�). The coe�cients C1 to C6 used in equation 3.2 are enlisted in

Table A.4.

Table A.4: Wind-Turbine Specifications

System parameter Value

Blade Pitch angle, (�) 0
Air density, (⇢) 1.085
Radius of wind turbine blade, (r) 1.05 m
Gear Ratio, (GR) 1.85
Co-e�cients (C1 � C6) C1=0.5176; C2=116; C3=0.4; C4=5; C5=21;

C6=0.0068;
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Appendix B

Experimental Setup

This chapter describes the experimental setup used to obtain test results of all in-

vestigations carried out in this research work which consists of standalone solar PV

system and SEIG based Wind Energy Conversion System (WECS).

B.1 Solar PV System

Magna Solar Emulator

DC-DC Boost
converter

Resistive
load

High frequency
inductors

LEM LV-25p
voltage transducer

TMS320F28069M LM7417 buffer circuit

Altair’s
sTEmbed

LEM LA-25p
current transducer

Figure B.1: Experimental setup of solar PV system

The solar PV system consists of a solar PV emulator, boost converter (Semikron

make), high-frequency inductor, input capacitance and resistive load. This setup

is used for conceptual validation of studies in Chapter 2. Figure B.1 shows the
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Table B.1: Particulars of components used to develop laboratory prototype of solar PV
fed boost converter

Component Type/Value

IGBT Module SKM 200 GB12E4
IGBT driver SKYPER 32 Pro
Input capacitor 220 µF
Output Capacitor 2350 µF
Load resistor 120 ⌦
Switching Frequency 10 kHz
Inductor 3 mH, coilcraft
Current Sensor LA 25-P
Voltage sensor LV 25-P
250 W Solar PV Array Magna SL 300-5 Emulator

laboratory prototype of solar PV fed boost converter and the specifications of the

components used in the setup are described in Table B.1. The system attributes used

to emulate PV profiles using solar emulator are enlisted in Table A.1.

B.2 SEIG based WECS

Figure B.2: Experimental setup of SEIG based WECS

Figure B.2 shows the experimental prototype of standalone SEIG-based WECS.
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Table B.2: Particulars of components used to develop laboratory prototype of SEIG based
WECS

Component Type/Value

IGBT Module SKM75GB12T4
IGBT driver SKYPER 32 R
DC link Capacitor 2250 µF
Switching Frequency 5 kHz
Current Sensor LA 25-P
Voltage sensor LV 25-P
Filter inductance (Lf) 1 mH
Filter capacitance (Cf) 10 µF
Filter resistance Rf 1 ⌦

It consists of armature current-controlled separately excited DC motor drive (wind-

turbine emulator), three-phase SEIG, bidirectional Voltage Source Converter (VSC),

dump load with Electronic Load Control (ELC) and a three-phase induction motor

pump. The specifications of the wind turbine, the SEIG and the IM pump used for

simulation and experimental study are enlisted in Appendix A and the particulars

of hardware components are specified in Table B.2. This setup is utilized to obtain

test results for verification of the DC-link voltage regulation algorithm and speed

sensorless hill-climbing algorithm for SEIG based WECS in Chapter 3 and Chapter

4 respectively.

B.3 Hybrid Wind-PV Water Pumping System

Figure B.3: Experimental setup of hybrid Wind-PV WPS
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The experimental testbench for hybrid Wind-PV water pumping system shown in

Figure B.3 is configured by integrating the solar PV system and SEIG-based WECS

discussed in sections B.1 and B.2. This integrated experimental setup is employed

to verify the operability of the low-complex composite controller for hybrid wind-PV

WPS deliberated in Chapter 5.

B.4 Control Strategies: Model Based Design

All the control strategies of the research work carried out in this thesis are devel-

oped using Altair Embed and TMS320F28069M target hardware. Altair Embed is

certified Model Based Design (MBD) software for developing control algorithms via

automatic code generation facility and loading them to popular target hardware for

the deployment or interactive simulation (Embed, 2021).

Figure B.4: Model Based Design Framework using Altair Embed and TMS320F28069M
for Rapid Control Prototyping and Interactive HIL simulation

The framework of MBD for controller design using Altair Embed is shown in

Figure B.4. The MBD software and the backend software (Code composer studio)

are installed on Host PC. A communication link is established between the target

hardware (TMS320F28069M) and sT-Embed using the JTAG communication proto-

col. The controller design and specifications are finalized before deployment using

preliminary simulation studies. The MBD approach for controller design using Altair

Embed involves following steps:
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1. The designed controller is drawn as model using fixed point blocks in Alair

Embed and is checked for logical, syntax error or any overflows.

2. The Altair Embed tool generates the c-code compatible with chosen target

hardware.

3. The generated c-code is compiled using code composer studio to generate .out

file.

4. The .out file can either be used for interactive HIL simulation or can be burnt

into flash of the target hardware for final deployment.
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