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ABSRACT

The accelerated growth of renewable energy has been one of the most defining features of
energy sector in the last decade. The microgrid structure consisting of renewable energy
sources and local loads, is the sustainable structure to deal with the ever-increasing global
energy demand without causing further damage to the environment. The microgrids are
generally situated near the distribution network and with the help of power converters it is
feasible to operate them under off-grid as well as grid interfaced modes, effectively. Typically,
upgraded policies, technology advancement and introduction of custom power devices add
flexibility in constructing a resilient and reliable microgrid. However, the stochastic behavior
of renewables, creates challenges for smooth energy generation and an integration to the main
utility grid. The penetration of these microgrids into the power grid encounters challenging
issues that involves poor power factor, stability, power management and power quality. With
this view, it is indispensable to develop modern circuit arrangements and control algorithms.

Due to the advantages of variable speed fixed pitch wind energy generation system
(WEGS), it is preferred in this work, which is configured with two full scale voltage source
converters (VSCs) connected back-to-back sharing a common DC link. One of them serves the
objective of effective wind energy generation named as converter of turbine side (CTS)
whereas the other one serves the objective of grid integration named as converter of grid side
(CGS). Besides, the CGS manages the power flow of the utility grid and/or load meeting the
auxiliary services. Depending on the requirement, the solar energy generation system is
configurable as single stage and two stage configurations. Most important issues include
effective wind and solar power generation from variable speed wind turbine (VSWT) and solar
photovoltaic array (SPVA), respectively.

This work presents a simple and economical mechanical sensor-less WEGS. An observer
based adaptive speed control (OASC) is developed for permanent magnet synchronous
generator (PMSG) speed regulation aiming effective wind energy generation with respect to
stochastic wind speed. The design of OASC includes a disturbance observer loop with
backstepping control. The OASC provides fast and precise speed control exhibiting robustness
against parameter uncertainties and structured and unstructured disturbances. Moreover, it
includes a parameter adaptation structure based on discontinuous projection law. This work
also presents a soft switching adaptive sliding mode observer (SSA-SMO) for PMSG rotor
speed and position estimation, which are the required signals for control implementation. The
fixed gains of classical sliding mode observer are replaced with adaptive gains, depending on
speed, to achieve the estimated parameters with improved precision. This approach alleviates
the inevitability of mechanical sensors and thereby resulting a reliable system with reduced
cost and complexity.

This research work focuses on the development of a grid interactive multifunctional

WEGS, which is also operable under the grid outage. Owing to the complement profile of the

vii



renewable sources, wind and solar, this work emphases on the development of a
multifunctional microgrid employing VSWT driven PMSG and SPVA. Focusing on system
reliability, configurations with battery energy storage (BES), integrated at DC link, are
presented with and without a bidirectional converter. Moreover, functionality of the microgrid
during various operating modes are discussed. A seamless transition logic in conjunction with
an islanding detection technique is incorporated for transferring the mode of operation, from
off grid to grid interactive and vice versa. During grid interactive mode, the system is proficient
in providing power quality (PQ) solutions such as, harmonics elimination, power factor
correction, reactive power compensation, and grid currents balancing. During off grid mode,
the control objectives include voltage and frequency regulation at point of common coupling
(PCC). The core objective of the system is to deliver uninterrupted power to the local critical
loads even during grid outage.

Based on the strength of main utility grid, strong or weak, the control algorithms for CGS
are developed. Concentrating on the devolvement of control algorithms for CGS when
microgrid integrated to strong utility grid, a convex combined robust cost function (CCRCF)
based control structure is used. The CCRCF algorithm lacks in dealing with voltage sags,
swells, distortion, unbalance, etc. Targeting the PQ improvement during the microgrid
integrated to a weak grid, a higher order complex coefficient filter (HOCCF) is presented. The
HOCKCEF is used to extract fundamental positive and negative sequence of components from
distorted grid voltages and nonlinear load currents. Additionally, it eliminates the DC
component from the input signals. An occurrence of unbalanced voltages is common for the
system connected to a weak grid. The microgrid is supposed to respond these faults by
remaining connected at PCC while supplying the local loads and main utility grid. Further,
according to the IEEE Standard 1547.4, the microgrid is to supply reactive power to stabilize
the PCC voltage. Considering the condition of weak grid and stringent grid codes, a ride-
through technique is developed for the microgrid. Triggering of overcurrent protection is
avoided by introducing a current limiting structure to it.

The microgrid structures and the control algorithms are replicated through software
simulation with the help of MATLAB/Simulink toolbox. Noticing satisfactory results, a
prototype of microgrid employing variable wind turbine driven PMSG, SPVA and BES is
developed. Various configurations are tested with applicable control algorithms. Simulated and
test results are demonstrated for various adverse conditions such as, wind speed and solar
insolation variation, unbalanced load, balanced and unbalanced voltages, voltage swells and
voltage distortion. Moreover, it is worth mentioning that the extracted wind and solar powers
track the maximum power point after perturbation during normal condition and continue to
supply active and reactive powers operating at off maximum power point mode for PCC
voltage stabilization and CGS protection during voltage dips. Finally, the performance during
off grid and grid interactive modes with seamless transition between them is illustrated for

multifeatured microgrid.
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Design Parameters of Solar-Wind-BES based Microgrid Without
Bidirectional Converter

Design Parameters of Solar-Wind-BES based Microgrid With Bidirectional
Converter

Standard Range of Grid Parameters

Circuit Parameters of Prototype of Solar, Wind and BES Based Microgrid
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AARC
ADRC
ANN
ANFIS
BDC
BES
BPF
BPSC
CCRCF
CGS
CTS
DCC
DG
DPC
DSTATCOM
EKF
EMF
ESO
FLC
FLL
FOC
FSFP
FSVP
GI
HCS
HFSI
HOCCF
IAPC
IARC
ICPS
IGBT
IIR

LIST OF ABBREVIATIONS

Average Active Reactive Control

Active Disturbance Rejection Control
Artificial Neural Network

Adaptive Network-Based Fuzzy Inference System
Bidirectional Converter

Battery Energy Storage

Band Pass Filter

Balanced Positive Sequence Control
Convex Combined Robust Cost Function
Converter of Grid Side

Converter of Turbine Side

Decoupled Current Control

Distributed Generation

Direct Power Control

Distributed Static Compensator
Extended Kalman Filter

Electromotive Force

Extended State Observer

fuzzy logic control

Frequency Locked Loop

Field Oriented Control

Fixed Speed Fixed Pitch

Fixed Speed Variable Pitch

Generalized Integrator

Hill Climbing Search

High Frequency Signal Rejection

Higher Order Complex Coefficient Filter
Instantaneous Active Power Control
Instantaneous Active Reactive Control
Instantaneously Controlled Positive Sequence
Insulated Gate Bipolar Transistor

Infinite Impulse Response
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M
InC
LCOE
LMF
LMS
LVRT
MAF
MFGI
MPP
MPPT
MRAS
NDZ
NNS
OASC
ORB
PCC
PI
PLL
PMSG
PNSC
P&O
PSF
PQ
RES
SCR
SEGS
SMC
SOC
SOGI
SOGI-QSG
SPCS
SPVA
SRF

Induction Motor

Incremental Conductance

Levelized Cost per Electricity

Least Mean Fourth

Least Mean Square

Low Voltage Ride Through

Moving Average Filter

Multilayered Fourth Order Generalized Integrator
Maximum Power Point

Maximum Power Point Technique

Model Reference Adaptive System
Non-detection Zone

Neural Network Structure

Observer Based Adaptive Speed Control
Optimum Relationship-Based

Point of Common coupling

Proportional Integral

Phase Locked Loop

Permanent Magnet Synchronous Generator
Positive Negative Sequence Compensation
Perturb and Observe

Power Signal Feedback

Power Quality

Renewable Energy System

Short Circuit Ratio

Solar Energy Generation System

Sliding Mode Control

State of Charge

Second Order Generalized Integrator

Second Order Generalized Integrator with Quadrature Signal Generator

Solar Power Capturing Subsystem
Solar Photovoltaic Array

Synchronous Reference Frame
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STS
SSA-SMO
TCSCC
THD
TSR
UNFCCC
UPF

VC

VFD
VPRS
VSC
VSFP
VSVP
VSWT
WEGS
WPCS
WT

Static Transition Switch

Soft Switching Adaptive Sliding Mode Observer
Torque Controlling Stator Current Component
Total Harmonic Distortion

Tip Speed Ratio

United Nations Framework Convention on Climate Change
Unity Power Factor

Vector Control

Variable Frequency Drive

Voltage-Power Regulatory Subsystem

Voltage Source Converter

Variable Speed Fixed Pitch

Variable Speed Variable Pitch

Variable Speed Wind Turbine

Wind Energy Generation System

Wind Power Capturing Subsystem

Wind Turbine
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€, €p
éq, €p

€pa, €pb, €pc

Js

h

id Ig

lo, Ip

Io, Ip

To, 1p

Ip

ICGSmax
ICGSmwc,peak
iga, igb, igc
sk
O 9
liGar

ILa, ILb, ILc

LIST OF SYMBOLS

Overloading factor for calculating capacitance of DC link capacitor
Regularization constant

Rotor blade pitch angle

Mixing parameter

DC link Capacitance

Optimum power coefficient

Wind turbine power coefficient of rotor

Ripple filter capacitance

Disturbance of the system

Duty ratio of buck-boost converter

Allowable current ripple

Change in wind power

Change in PV power

Change in speed

Change in grid frequency

Phase angle error

Threshold value

Back electromotive force of PMSG in af-reference frame
Estimated back electromotive force of PMSG in af-reference frame
Error estimation functions

Switching frequency

Overload factor for calculating inductance of interfacing inductor
d and q axis currents of PMSG

Stator current in of-reference frame

Estimated stator current in af-reference frame

Current error in af-reference frame

Battery current

Maximum CGS current

Peak of maximum CGS current

Grid currents

Reference grid current

Current rating of IGBT devices

Load currents
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ILo, lL/?
ILofy LLBf
ipa, ipb, ipc
Iwa, Iwb, Iwe

I;,1;

d>"gq

o o o

lpa ’ lpb > lpc

Ipa, Ipb, Ipc
J

kr

ke

ki
Atsr
Aopt
I, I
Lpp
L;
Lo, L,

np

Hi, n2
West

Wrm

Pp_acn

Pces

P
va

Load current in af-reference frame
Filtered load current in af-reference frame
CGS currents

Stator currents in abc- reference frame
Reference CGS currents in dg-reference current
Reference CGS currents

CGS currents in abc- reference frame
Equivalent moment of inertia

Viscous frictional constant

torque constant of PMSG

Allowable voltage ripples

Tip speed ratio

Optimum tip speed ratio

Gains of SMO

Inductance of buck-boost converter
Inductance of interfacing inductor

d and q axis inductance of PMSG
Modulation index

Number of pole pair of PMSG
Adaptation function

Adaptative coefficients of SMO
Estimated speed of PMSG

Wind turbine rotor speed

Rotor mechanical speed

Rotor electrical speed

Reference shaft speed

Estimated frequency of the HOCCF

1¥ order derivative with respect to time (d/dt)
Battery power

Battery charging power

Battery discharging power

Power available at the AC side of CGS
Active power of grid

Load power

PV power
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L
Pur
Py
Py
0
Q¢
p
p(epa(k)
R

Ry
Ry
Yp

g

oj, 02

7o
V

Vo
Va
Vou
Vi

9
Yae

S1a, Ib, Iie

Maximum turbine power

Aerodynamic power of wind turbine
Threshold active power that is allowed to be injected to the grid
Maximum available wind power
Reactive power requirement
Instantaneous reactive power of grid
Air density

M-estimate function

PMSG stator currents

Radius of turbine blade

Ripple filter resistance

Flux of permanent magnet

Fixed step size of CCRCF

Positive feedback gain

Gains of HOCCF

Maximum apparent power of CGS
Safety factor for calculating voltage rating of IGBT devices
Safety factor for calculating current rating of IGBT devices
Adaptation rate matrix

Phase angle of grid voltage

Phase angle of PCC voltage

Estimated rotor position of PMSG

DC voltage recovering time

Frictional torque

Electromagnetic torque of PMSG
Switching time

Maximum turbine Torque

Lyapunov function

Magnitude of positive sequence voltage
Magnitude of negative sequence voltage
Per unit PCC voltage

PCC terminal voltage

Parameter vector

DC loss component

Load components of three phases
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9 Average Load component

Spvr PV feed-forward component
s Wind feed-forward component
et Net active power component
Yy Net reactive power component
Upa, Upb, Upc In-phase unit templates

Uga, Ugh, Uge Quadrature unit templates

vl v, Positive sequence voltages
VsV Positive sequence voltages

Ve Battery voltage

Ve Magnitude of grid voltage

Vi Base wind velocity

Vg Gust component of wind

vy Ramp component of wind

Vn Background noises

Vd,Vq d and q axis voltages of PMSG
V.V, Reference PCC voltages

Ve DC link voltage

v, Reference DC link voltage

Vab Line-line voltage at AC side of CGS
Vcmin Minimum DC link voltage
ViGsr Voltage rating of IGBT devices
Vinin Minimum AC side voltage

Vi Wind speed

X2 Lumped disturbance

z] Speed tracking error

& Damping factor

Cpa Variable step size of CCRCF based filter

(k) Lipschitz constant
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