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ABSTRACT

The global shift toward sustainable energy sources has driven significant advancements in
renewable energy technologies, particularly in wind and solar power. As these sources become
increasingly integrated into global energy grid, challenges related to stability, power quality,
and efficient management of energy resources in microgrids have emerged. Microgrids,
especially deployed in distribution systems and in remote and semi-urban areas, have gained
considerable attention due to their ability to integrate renewable energy sources, offer localized
control, and enhance grid support functionalities. Among various renewable energy
technologies, wind energy, particularly through doubly fed induction generators (DFIG), has
gained prominence due to absence of costly rare earth magnets and potential for bulk power
generation with partially rated power converters, while solar photovoltaic (SPV) arrays are a
key renewable source due to their widespread availability, low cost, and minimal maintenance
requirements due to absence of rotating parts. However, integration of these sources leads to
power variability at point of common coupling (PCC) and fluctuations in PCC voltage
parameters associated with voltage phase angle jumps and amplitude fluctuations. Moreover,
loads demanding currents polluted with harmonics, negative sequence, and reactive currents
further demean system power quality increasing line copper losses and degrading wind
transformer performance. Such currents challenge fundamental estimation capabilities required
for inverter control. Additionally, voltage disturbances propagate through inter-coupled
estimation loops of phase and frequency locked loops (PLLs/FLLS), necessitating
implementation of sophisticated control strategies with advanced filters for fast and accurate
fundamental signal estimation to enhance inverter control. To address these issues, multimode,
multifunctional control strategies are essential for ensuring reliable operation, improved power
quality and seamless system transition among various operating modes with smooth
synchronization performance.

To address evolving needs of solar photovoltaic (SPV) array and wind driven DFIG-based
microgrids, various topological advancements are explored in this thesis, each offering specific
advantages in terms of power quality, reliability, and energy management. Initially, batteryless
single-stage SPV microgrids offered a cost-effective and simple design by eliminating
intermediate converters and energy storage. However, they struggled with DC link fluctuations
that may lead to operation of solar inverter in overmodulation zone. Further, varying DC link
voltage also increases inverter losses, which is reduced with a two stage or double stage

configuration with an intermediate DC-DC boost converter that ensures adaptive DC link
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voltage to ensure optimal DC link voltage regulation with grid voltage to ensure optimal losses
within inverter. Further, transitioning from a three-phase three-wire (3P3W) to a three-phase
four-wire (3P4W) configuration has addressed critical issues related to unbalanced and single-
phase loads, which caused phase overloading and voltage instability in 3P3W systems. 3P4W
AC systems, with a neutral conductor, has provided better load balancing and voltage
regulation across loads, ensuring safe operation of sensitive equipment. However, burden on
neutral conductor during connected nonlinear loads leads to neutral overloading or overheating
and possible bursting of neutral wire, necessitating neutral current compensation with the solar
inverter alongside load harmonics, negative sequence, and reactive power compensation.
Despite these improvements, absence of energy storage in batteryless configurations limited
their capability during periods of low solar irradiance or grid outages. Integrating a battery
energy storage system (BES), particularly with a bidirectional converter (BDC), has enabled
regulated power supply by storing excess energy and providing backup during peak demand or
nighttime, thereby enhancing system self-sufficiency and power quality. BDC also minimized
100Hz ripple currents, reducing stress on both BES and SPV array. Moreover, transition to
dual-stage SPV architectures—with dedicated converters for SPV array and BES has allowed
independent control and optimized power processing. These systems could flexibly switch
between grid-forming (GFM) and grid-following (GFL) modes, enabling better compensation
for harmonics, negative sequence currents, and load imbalances in both grid-tied and
standalone operations. The need for improved resilience and multi-source integration has led
to configurations combining SPV arrays with DFIG-based wind energy systems (WECS).
These systems have enabled hybrid renewable operation across four modes—qrid-connected
or islanded, with DFIG stator connected or disconnected—allowing eight possible transition
states. Control strategies ensure fast synchronization with grid or DFIG stator to support
seamless transitions and continuous power delivery. More advanced microgrid topologies are
also analysed incorporating an alternate power converter (APC) to reduce WECS transformer
rating and burden of load harmonics, reactive and neutral current and ensure continuous load
neutral and harmonics compensation.

The research presented in this thesis employs both experimental hardware results and
simulation studies to validate the proposed solutions into the explored microgrid topologies.
Through comprehensive hardware testing, the thesis demonstrates effectiveness of the
proposed control algorithms in improving system reliability with improved power quality

performance. Simulation results are presented to support experimental findings.
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separate inverters.

Grid tied operation (a) grid voltage, current (vVgan, igc), (b) harmonics spectra
of vgan, (C) harmonics spectra of ig, (d) grid power (Pg), (e) PCS-1 voltages,
currents (Vecsiab, Ircsic), (f) PCS-1 total power profile, (g) harmonics spectra
of iPCS1c (h) PCS-2 voltage, current (Vpcszab, ipcszc), (i) PCS-2 power, (j)
load voltage, current (Vian, iLc), (K) load power, (I) harmonics spectra of iLc,
(m) SPVS voltage and current (Vpy, lpv), and, (n) SPVS power (Ppv).

(a)-(b) BES directly tied to PCS-2 operating in floating mode, (c)-(d) BES
tied to PCS-2 through a BDC, (e) Two-stage SPV array MPPT characteristics
operating with full irradiance of 1000 W/m?,

Grid-tied operation of two-stage SPV array and BES-BDC powered 3P3W
microgrid with separate inverters showing (a) grid (vg, ig) and load (vi, iL)
voltage, current, (b) grid and load phasors, (c) harmonic spectra of grid and
SPV array PCS-1 parameters.

Performance during power trading with grid.

CPM performance at (a) load change, and (b)-(c) rise in SPV'S power.
Standalone mode operation showing (a) load voltages, currents (Viab, iLc), (b)
harmonics spectra of vian, (C) harmonics spectra of i.c, (d) load power (PL),
(e) PCS-1 voltages, currents (Vpcsiab, ircsic), (f) harmonics spectra of vpcsian,
(9) harmonics spectra of ipcsic, (h) PCS-1 total power profile, (i) SPVS
voltage, current (Vpy, lpv), (j) SPVS power (Ppv) (k) PCS-2 voltages, currents
(VPcs2ab, ipcsze), (I) PCS-2 power.

Standalone mode operation of two-stage SPV array and BES-BDC system
with separate inverters.

Dynamics at SAM showing (a) load, and (b) SPVS power variation.

System performance during (a) synchronization to grid and (b) sudden grid
outage situations.

Single stage SPV array-BES based 3P4W microgrids with separate BES-SPV
array inverters.

Two-stage SPV array-BES based 3P4W microgrids with separate BES-SPV
array inverters.

NTOGI-FLL with error normalization-based control scheme.
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Bode plot comparison of various Gl filters.

Step response dynamics of several Gl filters under study.

Performance comparison under (a) +5Hz frequency jump, (b) +60° PAJ, and,
and, (c) 0.3 p.u. asymmetric voltage sag in vgc.

Harmonic spectra of distorted test signal before filtering stage.

Harmonic spectra comparison of filtered test signal by various filters - SOGI,
MSTOGI, TOGI, ETOGI, MSOGI, MAF, CDSC and proposed NTOGI
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Control for four-leg BES PCS-2 in grid tied mode.

Control and gate pulse generation for three-leg SPV array driven PCS-1.
GFM control for BES PCS-2 during islanded system operation.
Synchronization control.

[llustration of model for various 3P4W SPV array-BES microgrids with
separate solar and BES inverters.

Prototype of single and two-stage SPV array-BES-powered 3P4W systems
with separate inverters.

Grid-tied mode performance of 3P4W single-stage SPV array-BES-BDC
system with separate inverters.

Grid-tied mode performance of 3P4W two-stage SPV array-BES-BDC
system with separate inverters.

Harmonic spectra of (a) iga, (b) iLn, (C) ircsia, and (d) ipcson during grid-tied
mode operation.

Synchronization performance of 3P4W two-stage SPV array-BES-BDC
system with separate inverters.

Harmonic spectra of () Via, (b) iLn, (C) ircsia, and (d) ircs2n during standalone
mode operation.

Grid-tied performance of single-stage SPV array-BES-BDC 3P4W system
with separate inverters.

Grid-tied dynamics of single-stage SPV array-BES-BDC 3P4W system with
varying (a) Pev, Pv, (b) Ps.

Grid-tied performance of two-stage SPV array-BES-BDC 3P4W system with

separate inverters.
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Performance of two-stage SPV array-BES-BDC 3P4W system with separate
inverters at low insolation.

Grid-tied dynamics of two-stage SPV array-BES-BDC 3P4W dual-VSC
system - varying Ppyv and PL.

Islanded mode performance during night time.

Islanded operation of single-stage SPV array-BES-BDC 3P4W dual-VSC
system- varying Ppyv and PL.

Islanded operation of two-stage SPV array-BES-BDC 3P4W dual-VSC
system with varying Ppv.

Smooth synchronization performance of 3P4W SPVS to 3P4W incoming
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Two-stage SPV array-DFI1G-based microgrids without a BES.

Turbine characteristics with varying vu.

Cp variation as a function of £ and 4.

OTSR control flow diagram.

Boost converter control in grid-tied and standalone mode.

Disturbance immune RCMO aided by DMROGI-mEPLL.

Frequency response comparison.

DMROGI-mEPLL filter structure.

RSC gate pulse generation.

Mode shift logic flow diagram for synchronization decision.

Simulink model of DFIG-SPV array-based microgrid without battery.
Hardware prototype of the DFIG-SPV array-based microgrid.

Performance of grid-tied DFIG and two-stage SPV array-based microgrid
without BES.

Harmonic spectra of (a) iga, (b) iLn and (C) ixn in grid-tied mode.
Synchronization performance of DFIG and two-stage SPV array based
microgrid without BES.

Harmonic spectra of (a) isa, (b) iLnand (c) ixn in standalone mode.

Grid-tied mode operation of DFIG-two-stage SPV array microgrid without
BES.

Dynamic grid tied mode performance of DFIG-two-stage SPV array

microgrid with varying wind speed.
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Off grid (islanded) mode operation of DFIG-two-stage SPV array microgrid
without BES.

Off grid mode performance of DFIG-two-stage SPV array microgrid with
varying solar radiation.

Mode shift performance during (a) incoming grid, and (b) outgoing grid.
Mode shift performance during (a) incoming DFIG stator, and (b) outgoing
DFIG stator.

Two-stage SPV array-DFIG-BES-based microgrids with and without a BDC.
DFIG stator flux-oriented rotating reference frame phasor diagrams.
Stator-flux oriented rotating reference frame dg-model of a DFIG.

Operating modes and synchronization logic.

QHTGMc-E2PLL control for fundamental parameter estimation.

Control performance comparison for load voltage/ current disturbances
involving (a) +40° phase angle jump, and (b) load current unbalance.

(@) Control performance comparison for asymmetric sag of 20%, (b)
frequency jump of +20%, and (c) harmonic spectra analysis.

(@) SPC and (b) RPC converter controls in stator flux-oriented rotating
reference frame (power variant transform) for gate pulse synthesis.

Simulink model of DFIG-SPV array-BES based standalone microgrid.

10.10 Hardware prototype of DFIG- two-stage SPV array-BES based
standalone microgrid.

Performance during varying wind speed dynamics.

Performance during varying SPV array power generation and load unbalance
situations.

Synchronization performance of PCC to incoming DFIG stator.

Daytime power quality performance of wind turbine driven DFIG-SPV array-
BES standalone system at unbalanced load condition.

SPV array and BES power profiles.

Dynamics during varying wind and solar power generation.

Performance during outgoing DFIG stator (transition mode from S; to So
mode).

Performance during incoming DFIG stator (transition mode from Sp to S:

mode).
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and without a BDC.

Mode shift logic flow diagram for synchronization decision.
MDSC15-EPL Ly control structure

Bode plot of MDSCss filter showing harmonic rejection ability.
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RSC and SSC multi-mode controls and converter gate pulse synthesis.
Simulink model of grid-tied DFIG-SPV array-BES based microgrid.
Hardware prototype of solar-battery-wind based grid-tied microgrid.
Off-grid and grid-tied mode operation with varying solar/ wind power.

Four mode transition states (a) Mzs, (b) M1, (¢)Ma1, and (d)Mao.
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Grid-tied two-stage SPV array-DFIG-BES based microgrids with and without
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BES Battery Energy Storage

BDC Bidirectional Converter
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DSC Delayed Signal Cancellation

EFOGI Enhanced Fourth Order Generalized Integrator
EPLL Enhanced Phase Locked Loop
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PILC Prefilter In-Loop Comb

LMS Least Mean Square

MFLL Modified FLL

MSOGI Multiple or Multilayered Second Order Generalized Integrator
PCC Point of Common Coupling
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PLL Phase Locked Loop

POI Point of Interconnection

RES Renewable Energy Source

RSC Rotor Side Converter.

SOGI Second Order Generalized Integrator

SPV Solar Photovoltaic

SPVS Solar Photovoltaic System

SSC Stator Side Converter

STS Static Transfer Switch

THD Total Harmonic Distortion

TOGI Third Order Generalized Integrator
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VSC Voltage Source Converter
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Vg, g, Pg Grid voltage, current, and power.
VL, I, PL Load voltage, current, and power.

Vi, Vg, Vig Grid phase voltage peak amplitude.

fg, Og Grid fundamental voltage component frequency and phase angle.
Vi, Vo Load phase voltage peak amplitude.

fL, 6L Load fundamental voltage component frequency and phase angle.
Vpy, lpv SPV array voltage and current.

Ppv SPV array power.

Ipve PV feedforward term.

Vg, Is BES voltage and current.

Ps BES power.

Isr BES feedforward term.

lgdg Grid active and reactive current component amplitude.

ILdg Load active and reactive current component amplitude.

izapr™ Load fundamental filtered af current components.

Vgapi™ Grid fundamental filtered a8 voltage components.

Ban BES Ampere-Hour (Ah) Capacity

Cs Rated charge/discharge rate of BES.

Vs, Is, Ps DFIG stator voltage, current, and power.

ir Rotor current.

Ivsc VSC current.

ign Grid neutral current.

ILn Load neutral current.

Ivscn VSC neutral current.

ic, fcn APC currents (In topologies without APC, i¢ refers to issc, Same as ic).
Ix, Ixn WECS transformer currents.

L1, L2 Boost and BDC inductors.

Lt1,2 Interfacing inductors for inverters.

Lx WECS SSC interfacing inductors after the wind transformer.

R1, C1 Grid stator side ripple filters.

Rz, C2 Load / APC side ripple filters.

Rs, C3 DFIG stator ripple filters.
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Vbci2 DC link voltages.

Si, Ss DFIG stator incoming moment and stator synchronization signals.
M, Sq Grid availability moment (M or Sm) and grid synchronization signals.
So, Sw Wind system incoming moment and synchronization signals.

Gsts Grid Side STS.

Ssts DFIG Stator STS.

Wsrs Wind system STS.

Iwabc Wind system currents.

Pw Wind system power.
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