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ABSTRACT

This thesis investigates challenges associated with the integration, control, and synchronization
of solar photovoltaic (SPV) and wind-driven doubly fed induction generator (DFIG) based
three-phase microgrids with battery energy storage (BES) support. Various configurations,
including single-stage and double-stage SPV-based microgrids, wind-driven DFIG-based
microgrids, and hybrid SPV-DFIG microgrid architectures, are analysed to improve system
stability, power quality (PQ), and seamless operational transitions between grid-connected and
islanded modes. Major challenge in these microgrid configurations is managing the inherent
intermittency and variability of SPV and wind energy sources. Traditional set-point regulators
fail to provide adequate stability and responsiveness in these dynamic environments,
necessitating the development of advanced adaptive control strategies capable of autonomously
adjusting to real-time system variations. This thesis also contributes to adaptive control
methodologies by proposing a range of intelligent algorithms that enhance microgrid
performance at variable renewable energy conditions. Adaptive filtering techniques are
developed to improve PQ by ensuring accurate and real-time fundamental current extraction.
The generalized robust logarithmic family-least mean square (GRLF-LMS) and proportionate
robust diffusion recursive least exponential hyperbolic cosine (PR-DRLEHC) adaptive
algorithms provide superior convergence rates and resilience against system disturbances,
ensuring high-fidelity grid current injection. These algorithms dynamically adjust control
parameters based on system state, allowing the microgrid to adapt to fluctuations in solar
insolation, wind speed, and nonlinear load conditions. Unlike conventional proportional-
integral (P1) controllers, which require manual tuning and struggle under stochastic operating
conditions, proposed adaptive controllers exhibit self-learning capabilities, reduced a need for
extensive recalibration and improving system robustness. The thesis further introduces
adaptive synchronization techniques for reliable grid integration, ensuring smooth transitions
between operational modes. Phase-locked loop (PLL) and frequency-locked loop (FLL)
schemes are enhanced with novel adaptive filtering methodologies. A double-loop inertia PLL
(DLI-PLL) improves phase-tracking accuracy by mitigating disturbances and noise in grid
voltage signals. The complex band-pass filter-enabled second-order generalized integrator FLL
(CBF-SOGI-FLL) enhances frequency estimation under unbalanced and distorted grid
conditions, while the half-tangent PLL (HT-PLL) achieves faster synchronization, reducing
transient disruptions. Additionally, an IEEE-1547-based islanding monitoring scheme (IMS)
is integrated into control framework, dynamically adjusting synchronization thresholds based
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on real-time grid parameters. This intelligent islanding detection mechanism ensures reliable
mode transitions without compromising microgrid stability. In addition to adaptive control
algorithms for power quality and synchronization, the thesis introduces an optimized energy
management strategy by integrating an extremum power extraction converter (EPEC) and a
bidirectional DC/DC converter (BDC). These components dynamically regulate SPV and BES
power contributions to microgrid, enhancing voltage stability and ensuring continuous power
supply to local loads during grid outages. BDC’s adaptive bidirectional control ensures that
BES operates efficiently, prolonging its lifespan by mitigating deep charge-discharge cycles.
The adaptive nature of proposed control methodologies allows microgrid to maintain optimal
performance at fluctuating renewable energy conditions, improving overall system efficiency
and reliability. To validate proposed control strategies, extensive MATLAB-based simulations
and experimental tests on the laboratory prototypes are conducted. Microgrid performance is
evaluated under diverse dynamic conditions, including variations in wind speed, solar
irradiance, load transients, and grid faults. Obtained results demonstrate that adaptive control
methodologies significantly improve microgrid stability, grid synchronization, and PQ
compared to conventional control approaches. GRLF-LMS and DPI-PLL schemes outperform
traditional techniques in terms of convergence speed, disturbance rejection, and power quality
enhancement, ensuring compliance with IEEE-519 and IEEE-1547 standards. The findings of
this research contribute to advancement of intelligent, adaptive control methodologies for
renewable energy-based microgrids. By integrating self-tuning algorithms, real-time
synchronization enhancements, and optimized energy management techniques, this thesis lays
foundation for development of resilient and efficient microgrids. Proposed solutions offer
practical and scalable approaches for deployment of decentralized renewable energy systems,
supporting global transition toward sustainable and intelligent power networks.
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Forward Compensated Type-2 PLL

Feed-Forward Enabled
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FFT
FLL
FOGD-TLMP

GDTLS
GIS

GMS
GNLMP
GRC
GRLF-LMS
GSC

Hoc, HBC, HYBC
HC

HLC
HT-PLL
IDL

IEEE
IGBT
IMS

IMSC

INC

IPLL
IRENA
1SS
ITOAI-QSG

LDMS

LMS

LMF

LPF
LP-PNLMS
Ms-EPLL
MAF

Fast Fourier Transform
Frequency-Locked Loop
Fractional Order Gradient-Descent Total Least Mean p-norm

Gradient Descent Total Least Squares
Grid Interfacing Switches

Grid Monitoring Signal

Gaussian Normalized Least Mean p™"
Grid Restoration Command
Generalized Robust Logarithmic Family- Least Mean Square
Grid-Side Converter

Hysteresis Band Controller
Hysteresis Controller

Hysteresis Loop Controller
Half-Tangent PLL

Islanding Detection Logic

Institute of Electrical and Electronics Engineers
Insular Gate Bipolar Transistor

Islanding Monitoring Scheme
Induction Motor of Squirrel Cage Type

Incremental Conductance

Inertial PLL

International Renewable Energy Agency
Interfacing Semiconductor Switch

Improved Third Order Adaptive Integrator-Quadrature
Generator
Leaky Delayed Least Mean Square

Least Mean Squares

Least Mean Fourth

Low Pass Filter

{p-norm Proportionate-Normalized Least-Mean-Square
More Stable EPLL

Moving Average Filter

XXiX

Signal



MDSC
MG
MNRE
MPP
MPPT

MRES

MROGI
MSE
MRHGI-HE

NLMF
NPVSS
OMTL
OP-AMP
OTSR
P&O
PAC
PACR
PAR
PCC

PCI

PD

PhCr
PID

PLL
PMHG
PMSG
POC

PQ
PR-DRLEHC

PWM
RDTLMMS

Multiple Delayed Signal Cancellation
Microgrid

Ministry of New and Renewable Energy
Maximum Power Point

Maximum Power Point Tracking
Multi-Renewable Energy Sourced

Modified Reduced-Order Generalized Integrator
Mean Square Error

Multi-Resonant Higher Order Generalized Integrator for Harmonic
Estimation
Normalized Least Mean Fourth

Nonparametric Variable Step-Size
Operational Mode Transition Logic
Operational Amplifier

Optimal Tip Speed Ratio

Perturb and Observe

Phase Angle Controller

Phase Angle Correction Regulator
Phase Angle Regulator

Point of Common Coupling

Phase Change Initiation

Phase Detector

Phase Angle Controlled Regulator
Proportional-Integral-Derivative
Phase-Locked Loop

Permanent Magnet Hydro-Generator
Permanent Magnet Synchronous Generator
Point of Coupling

Power Quality

Proportionate Robust Diffusion Recursive Least Exponential
Hyperbolic Cosine

Pulse Width Modulated

Robust Diffusion Total Least Mean M-estimate Square
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RES
ROGI
RPMLMMS
RSC
SCIM
SCP-NLMF
SFT-PLL
SG

SGi
sSIDC
SIL

SL

SMU
SOGI

SP / SPV
SRF
SSC

SSS

STL
THD
UAPF
UFS
UML
UPQC
URC
usl
VCO
VFD
VLLMS
VLS
VSC
VSS

Renewable Energy Source
Recursive Order Generalized Integrator

Robust Proportionate Normalized Least Mean M-estimate Square
Rotor Side Converter

Squirrel Cage Induction Motor
Sparse-Constrained-Proportionate Normalized Least-Mean-Fourth
Sliding Fourier Transform-Based PLL
Synchronous Generator

Semiconductor Grid Interface

Synchronization And Islanding Detection Logic
Synchronization Initiation Logic

Switching Logic

Signal by Monitoring Utility

Second-Order Generalized Integrator

Solar Photovoltaic

Synchronous Reference Frame

Stator Side Converter

Stator Semiconductor Switches

Switch Transition Logic

Total Harmonic Distortion

Universal Active Power Filter

Utility Feeding Switches

Utility Monitoring Logic

Unified Power Quality Conditioner

Utility Restoration Command

Utility Semiconductor Interface
Voltage-Controlled Oscillator

Variable Frequency Drive

Variable Leaky Least Mean Square

Variant of Least Squares

Voltage Source Converter

Variable Step-Size
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VSS-GDTLS
VSS-RLMLS

VSWT
WECS
WT

VSS-Gradient Descent Total Least Squares
VSS-Robust Least Mean Logarithmic Square
Variable Speed Wind Turbine

Wind Energy Conversion System
Wind Turbine

XXXii



Ve

Vv
Vicspv
Vees, Vbat
Viine
Vgrab, Vgab
Vgrbe, Vghe
Vsabc,
Vmax, Vhin
Vmpp_SPV
Vgabc. Vgrabc,
Vgrabc,
Vir

unad
dVoy
Nseries
Nparallel
Pspvmax
Piss

Pbat, Pges
Pg

Pw

Pi

Pac

Pspv, Ppv, Pput
Ps

P,

P
Vmpp_SPV
dPyy
|mpp_SPV

| 1SSsw

LIST OF SYMBOLS

DC-link voltage (V)
SPV array voltage (V)

DC-link voltage of the SPV array connected to VSC (V)

BES voltage (V)
AC-line voltage (V)

Grid line voltage between ‘a’-phase and ‘b’-phase (V)
Grid line voltage between ‘b’-phase and ‘c’-phase (V)

Stator Voltages (V)
Voltage limits of islanding scheme (p.u.)

Maximum power point voltage for SPV panel (V)

Grid-side voltages (V)

Direct axis voltage component (V)
Quadrature axis voltage component (V)
Change in SPV array voltage (V)
Number of series connected SPV panels
Number of parallel connected SPV panels
Maximum power for SPV array (W)
Total power catered by ISS switches (W)
BES power (W)

Grid-injected power (W)

Wind generated power (W)

Total loads catered by BES (W)

Power handled by the DC-link capacitor (W)

Power from the SPV panels (W)
Stator power of DFIG (W)

Rotor power of DFIG (W)
Mechanical power of DFIG (W)
Maximum power point voltage (V)
Change in SPV array power (W)
Maximum power point current (A)
Current handled by ISS (A)
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Ipvt

- * - * *

Igrabc , lgabc , lgrabc
*

|gabc

igrabc, igabc, |grabc, |gabc

- * - *

labc , ILabc

ilabc, iLabc

- *

Isabc

isabc

* . *
|dabc yIdabc

|qabc ,iqabc

AVe
fswepe
fstDC

fg

fi

fuscsw
fmax, fmin
Airepe
AirpeDC
AirpVSC
Lepe
Lebc
Linvsc, Linvsc
Linter, Litrfeg
Lm

Ls

t

Cdc

Wfund

SPV array’s current (A)

Grid current references (A)

Grid-side currents (A)

Load current references (A)

Load currents (A)

Stator reference currents (A)

Stator currents (A)

Direct-axis current references (A)
Quadrature-axis current references (A)
Direct-axis rotor current component (A)
Quadrature axis rotor current component (A)
Generated rotor current references (A)

Rotor currents (A)

Ripple voltage sustained by the DC-link capacitor (V)
Switching frequency of EPE converter (Hz)
Switching frequency of BDC converter (Hz)
Grid-side frequency (Hz)

Load-side frequency (Hz)

Switching frequency of VSC (Hz)

Frequency limits of islanding scheme (Hz)
Inductor ripple current of EPE converter (A)
Inductor ripple current of BDC converter (A)
Ripple current of interfacing inductor of VSC (A)
Inductor of EPE converter (H)

Inductor of BDC converter (H)

Grid interfacing inductor of VSC (H)

GSC filter inductor (H)

Magnetizing inductance of DFIG (H)

Stator inductance of DFIG (H)

Time (hours)

DC-link capacitance (F)

Fundamental component of frequency (rad./s)
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(Wco

Wmer, 4w

kVAvsc

kVAGsc

Ivscsw

lescsw

b, lpat

hotvsc

Ril, Re

Ciii, Cr

Ts

Tipr

Viabe'

Kv

K, Kgrp, Krp, Kerp, Ktp,
Kgp, Kpu, Kppac, Kpo,
Korp, Ko, Kep,  Orap,
Qrdvp, Jrap, Grdp, Kp
Kgri, Kri, Kori, Kti, Kqi,
Kivi, Oravi, Qrgi, Ordi, Ki,
Kirac, Kui, Kio

Oy, Ogr, Ogrid

01, Od, Oioad

O, Oerror

Oest

A6

ffg

Natural Frequency (Hz)

Input signal frequency (rad./s)

Cut-off frequency (rad./s)

Load-end angular frequency (rad./s)

Rotational speed of the wind turbine (rad./s)
Generated reference rotor speed (rad./s)

Actual rotor speed (rad./s)

Change in angular frequency (rad./s)

KV A rating of the VSC (kVA)

KV A rating of the GSC (kVA)

Maximum current carried by VSC switches (A)
Maximum current carried by GSC switches (A)
BES current (A)

Overload factor

Filter resistance ()

Filter capacitance (F)

Switching period (s)

Time constant of low pass filter in FCT2PLL
Load voltage references (V)

Forward path voltage gain of Ms-EPLL

Proportional gains

Integral gains

Grid-side voltage phase angle (radians)
Load-side voltage phase angle (radians)

Error between phase angles (radians)

Estimated phase angle (radians)

Phase angle limits of islanding scheme (radians)

Feedforward term
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Kph Forward path gain of FFESOGI-FLL

R Radius of the wind turbine blades (m)

U Adaptation constant/ Acceleration parameter

Ginsolation SPV array insolation (W/.m?)

Gr Gearbox ratio

£ Air density (kg/m?)

Q Parameter of auto-correlation

@ Acceleration parameter

) Rate of leaky-learning

As, s Adaptive-step constants

Vwind, Vw Wind speed (m/s)

Co Power coefficient

Tm Mechanical torque of wind turbine (N-m)

Mt Tip-speed ratio of wind turbine

B Pitch-angle of wind turbine (radians) / VSS-GDTLS constant

T Weight updating constant

a Amari-Alpha constant / VSS-GDTLS constant

nz Small positive number to eliminate possibility of division by zero

A CBF-SOGI-FLL constant / forgetting factor

y Constant of normalization

n Adaptive-step constant /Scaling factor / Versoria constant
parameter

p Adaptive-step constant / Parameter of shaping

gi Adaptive gain factor

K, AMDsc MDSC-FLL constants

ai, bi, ao, bo DPI-PLL constants

dq Rotating frame of reference

abc Synchronous frame of reference

of Stationary frame of reference
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