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ABSTRACT

This thesis presents a comprehensive approach to controlling solar PV-BES-wind-based
standalone and grid-connected AC microgrids with synchronization. Throughout this research,
various configurations pertaining to solar PV-based microgrids are investigated, taking into
account the specific needs of low and medium-income consumers in both urban and rural
settings. Furthermore, the exploration of microgrid configurations is expanded to include solar
PV-BES-wind-based systems, leading to the development of a novel structure that optimizes
the benefits of existing frameworks in a cost-effective manner. Additionally, the thesis delves
into the feasibility of employing synchronous reluctance generators (SyRGs) as a cost-effective
alternative to PMSGs for small-scale WES, further enhancing the affordability and accessibility
of renewable energy solutions.

To confront emerging power quality challenges stemming from nonlinear loads, this thesis
devises innovative control strategies. These strategies leverage the architecture of traditional
control algorithms, providing effective solutions with ease of implementation. In response to
synchronization challenges, the thesis introduces improved filter algorithms that demonstrate
enhanced responsiveness while maintaining low computational complexity. Consequently,
these advancements address the limitations inherent in existing synchronization algorithms.
Furthermore, power management schemes are meticulously crafted to align with specific
consumer and application needs, considering practical constraints of system. These schemes
encompass a range of aspects, including providing grid support by ensuring that any increase
in PCC voltage remains within predefined standards.

In the context of DG-based standalone microgrids, this thesis proposes innovative control
strategies based on multimode operation to minimize the utilization of DG sets. These
strategies entail the operation of microgrids in both standalone mode and DG-connected mode,
with the latter being activated exclusively during emergencies. Upon the microgrid’s ability to
fulfil load demand through RES and BES, the DG-connected mode is promptly deactivated. To
address technical challenges associated with seamlessly transitioning microgrid operation
between different modes in multimode operation-based grid-connected microgrids, robust and
straightforward solutions are developed. Furthermore, these solutions are extended to DG-
based standalone microgrids to facilitate seamless transitions between standalone operational
mode and DG-connected mode.

To validate the performance of the proposed microgrid configurations and engineered control

strategies, simulations are conducted using MATLAB/Simulink in MATLAB 2017B software.



The response of the microgrids and their controls is thoroughly examined in this virtual
environment. Subsequently, hardware implementation and real-time analysis are employed to
further investigate the performance of the configured microgrids and their control strategies,
aiming to validate the simulated results. The obtained findings conclusively demonstrate the

successful achievement of the defined objectives outlined in this thesis work.
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with integration of BES at DC link by a BDDC under (a) load transient and (b)
during variation in SPV array generation.

Simulated performance of three-phase four-wire two stage SPV system with
integration of BES at DC link by a BDDC under (a) load transient and (b) during
variation in SPV array generation.

Experimental performance of three-phase four-wire two stage SPV system with
integration of BES at DC link by a BDDC (a) SPV array generation, MPPT
efficiency, (b) BES voltage, current and power.

Experimental performance of three-phase four-wire two stage SPV system with
integration of BES at DC link by a BDDC under balanced load condition.
Experimental performance of three-phase four-wire two stage SPV system with
integration of BES at DC link by a BDDC under unbalanced load condition.
Experimental performance of three-phase four-wire two stage SPV system with
integration of BES at DC link by a BDDC under (a) load transient and (b) during
variation in SPV array generation.

Circuit configuration of three-phase two-stage SPV-BES-wind based standalone
microgrid.

Circuit configuration of three-phase single-stage SPV-BES-wind based
standalone microgrid with BDDC.

Circuit configuration of three-phase two-stage SPV-BES-wind based standalone
microgrid with BDDC.

Block diagram structure of devised hybrid MSTOGI-MAF algorithm.
Frequency response of (a) MSTOGI for /=1.414 and (b) MAF for different
values of 7.

Step response of MSTOGTI across various values of .

Pole-zero plot of MSTOGI across various values of .

Comparison analysis of proposed algorithm with its counterparts.

Control of three-phase two-stage SPV-BES-wind based standalone microgrid
without BDDC.

Flow-chart for regulation of SPV array and WG outputs in standalone SPV-BES-
wind based microgrid according to set constraints of BES.

Flow-chart of enhance INC method for regulation of SPV array power output.
Block diagram of sensorless control of SyRG to estimate fugess and weges:.
Control block diagram of BDDC for three-phase single-stage SPV-BES-wind
based standalone microgrid with BDDC.

MATLAB model of three-phase two-stage SPV-BES-wind based standalone
microgrid without BDDC.

MATLAB model of three-phase single-stage SPV-BES-wind based standalone
microgrid with BDDC.

MATLAB model of three-phase two-stage SPV-BES-wind based standalone
microgrid with BDDC.
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Test bench setup for hardware implementation of designed configurations of
SPV-BES-wind-based three-phase standalone microgrids.

Simulated performance of three phase two-stage SPV-BES-wind based
standalone microgrid without BDDC under load transient.

FFT results of PCC voltage (vras) and load current (iz.) for three phase two-stage
SPV-BES-wind based standalone microgrid without BDDC.

Simulated performance of three phase two-stage SPV-BES-wind based
standalone microgrid without BDDC under load variable SPV array generation.
Simulated performance of three phase two-stage SPV-BES-wind based
standalone microgrid without BDDC under load variable wind speed.

Snapshot of programmable DC supply software screen, showing MPPT
performance of SPV array.

Performance of implemented sensorless control for SyRG based WG.

Power quality analyzer results for three phase two-stage SPV-BES-wind based
standalone microgrid without BDDC, when it supplies power to unbalanced local
loads.

DSO results for three phase two-stage SPV-BES-wind based standalone
microgrid without BDDC, when it supplies power to unbalanced local loads and
Sirc transits from zero to one.

Simulated performance of three phase single-stage SPV-BES-wind based
standalone microgrid with BDDC under load transient.

Simulated performance of three phase single-stage SPV-BES-wind based
standalone microgrid with BDDC under variable SPV array generation.
Simulated performance of three phase single-stage SPV-BES-wind based
standalone microgrid with BDDC under variable wind speed.

Experimental performance of three phase single-stage SPV-BES-wind based
standalone microgrid with BDDC under load transient.

Experimental performance of three phase single-stage SPV-BES-wind based
standalone microgrid with BDDC under variable SPV array generation.
Experimental performance of three phase single-stage SPV-BES-wind based
standalone microgrid with BDDC under variable wind speed.

Simulated performance of three phase two-stage SPV-BES-wind based
standalone microgrid with BDDC under load transient.

Simulated performance of three phase two-stage SPV-BES-wind based
standalone microgrid with BDDC under variable SPV array generation.
Simulated performance of three phase two-stage SPV-BES-wind based
standalone microgrid with BDDC under variable wind speed.

Power quality analyzer results for three phase two-stage SPV-BES-wind based
standalone microgrid with BDDC, when it supplies power to balanced local
loads.

DSO results for three phase two-stage SPV-BES-wind based standalone
microgrid with BDDC, when it supplies power to unbalanced local loads and
S1rc transits from zero to one.
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Experimental performance of three phase two-stage SPV-BES-wind based
standalone microgrid with BDDC under load transient.

Experimental performance of three phase two-stage SPV-BES-wind based
standalone microgrid with BDDC under variable generation and load demand.
Circuit configuration of three-phase two-stage SPV-BES-wind-DG based
standalone microgrid.

Circuit configuration of three-phase single-stage SPV-BES-wind-DG based
standalone microgrid with BDDC.

Circuit configuration of three-phase two-stage SPV-BES-wind-DG based
standalone microgrid with BDDC.

Flow-chart to determine operating mode of three-phase SPV-BES-wind-DG
based standalone microgrid.

Flowchart to depict relationship between Xpg and X, signals.

Block diagram of SOGI- afCDSC-QT-1PLL algorithm.

Frequency response of introduced SOGI-afCDSC (m = 4, 8) method and its
comparison with full-length CDSC (m =2, 4, 8, 16) method.

Filtering capability assessment of full-length afCDSC and introduced SOGI-
afCDSC methods.

Dynamic response comparison under step change of (a) +5 Hz in input signal
frequency, and (b) +45° in input signal phase.

Control structure of BTC for three-phase SPV-BES-wind-DG based standalone
microgrid.

Control structure of MSC for three-phase SPV-BES-wind-DG based standalone
microgrid.

Control structure of PGSC for three-phase SPV-BES-wind-DG based standalone
microgrid.

Control structure of WGSC for three-phase SPV-BES-wind-DG based
standalone microgrid.

Control structure of BDDC for three-phase SPV-BES-wind-DG based
standalone microgrid.

MATLAB model of three-phase two-stage SPV-BES-wind-DG based standalone
microgrid.

MATLAB model of three-phase single-stage SPV-BES-wind-DG based
standalone microgrid.

MATLAB model of three-phase two-stage SPV-BES-wind-DG based standalone
microgrid with BDDC.

Test bench setup for experimental assessment of three-phase SPV-BES-wind-DG
based standalone microgrids.

Simulated performance of three phase two-stage SPV-BES-wind-DG based
standalone microgrid during change in operational mode from (a) standalone to
DG connected (b) DG connected to standalone.

FFT results of microgrid (a) load voltage and current in standalone operating
mode, (b) DG voltage and current in DG connected mode.
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Experimental performance of three phase two-stage SPV-BES-wind-DG based
standalone microgrid during change in operational mode from (a) standalone to
DG connected (b) DG connected to standalone.

Recorded waveforms of SPV array parameters, PGSC’s DC link voltage, BES
current and WG current in experimental analysis of three phase two-stage SPV-
BES-wind-DG based standalone microgrid.

Recorded %THD values of load voltage, DG voltage, load current, and DG
current in experimental analysis of three phase two-stage SPV-BES-wind-DG
based standalone microgrid.

Simulated performance of three phase single-stage SPV-BES-wind-DG based
standalone microgrid with BDDC during change in operational mode from (a)
standalone to DG connected (b) DG connected to standalone.

Experimental performance of three phase single-stage SPV-BES-wind-DG based
standalone microgrid with BDDC during change in operating mode from (a)
standalone to DG connected (b) DG connected to standalone.

Recorded waveforms of SPV array parameters, PGSC’s DC link voltage, BES
current and WG current in experimental analysis of three phase single-stage
SPV-BES-wind-DG based standalone microgrid with BDDC.

Simulated performance of three phase two-stage SPV-BES-wind-DG based
standalone microgrid with BDDC during change in operational mode from (a)
standalone to DG connected (b) DG connected to standalone.

Experimental performance of three phase two-stage SPV-BES-wind-DG based
standalone microgrid with BDDC during change in operating mode from (a)
standalone to DG connected (b) DG connected to standalone.

Recorded waveforms of SPV array parameters, PGSC’s DC link voltage, BES
current and WG current in experimental analysis of three phase two-stage SPV-
BES-wind-DG based standalone microgrid with BDDC.

Circuit configuration of three-phase single-stage SPV-wind based grid connected
microgrid.

Circuit configuration of three-phase two-stage SPV-wind based grid connected
microgrid.

Block diagram of developed C-LMS algorithm for estimation of irsc .
Frequency and step response of C-LMS filter for different values of a.
Response of C-LMS algorithm: (a) internal signals under sudden unbalanced
load dynamic, and (b) response under sudden introduction of DC offset into
sensed load currents.

Comparison analysis of C-LMS and CSOGI methods.

Block diagram of discrete CSOGI algorithm for estimation of igic 1.
Comparative analysis between performances of C-LMS LMS, SOGI, and
CSOGI methods.

Control structures of GSCs for three-phase single-stage SPV-wind based grid
connected microgrid.
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Control structures of BTC for three-phase two-stage SPV-wind based grid
connected microgrid.

MATLAB model of three-phase single-stage SPV-wind based grid connected
microgrid.

MATLAB model of three-phase two-stage SPV-wind based grid connected
microgrid.

Test bench setup for hardware implementation of designed configurations of
SPV-wind-based three-phase grid connected microgrids.

Simulated performance of three phase single-stage SPV-wind based grid
connected microgrid under load transient.

FFT results of PCC voltage (via), grid current (ic.), load current (iz.), PGSC
current (ipcsca), WGSC current (iwgsca) for three-phase single-stage SPV-wind
based grid connected microgrid.

Simulated performance of three-phase single-stage SPV-wind based grid
connected microgrid under load variable SPV array generation.

Simulated performance of three-phase single-stage SPV-wind based grid
connected microgrid under load variable wind speed.

Experimental validation of three-phase single-stage SPV-wind based grid
connected microgrid’s performance with balanced load (a) without and (b) with
load compensation.

Experimental validation of three-phase single-stage SPV-wind based grid
connected microgrid’s performance with unbalanced load (a) without and (b)
with load compensation.

Simulated performance of three-phase two-stage SPV-wind based grid connected
microgrid under load transient.

Simulated performance of three-phase two-stage SPV-wind based grid connected
microgrid under variable SPV array generation.

Simulated performance of three-phase two-stage SPV-wind based grid connected
microgrid under variable wind speed.

Experimental validation of three-phase two-stage SPV-wind based grid
connected microgrid’s performance under load transient.

Experimental validation of three-phase two-stage SPV-wind based grid
connected microgrid’s performance under under variable generation and load
demand.

Circuit configuration of three-phase two-stage SPV-BES-wind based grid
connected microgrid.

Circuit configuration of three-phase single-stage SPV-BES-wind based grid
connected microgrid.

Circuit configuration of three-phase two-stage SPV-BES-wind based grid
connected microgrid with BDDC.

Structure of NFOGI algorithm.

Bode and step responses of NFOGI and their comparison with SOGI.
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Algorithms comparison, (a)-(b) Bode diagrams of H;(s) and Q;(s) and (c)-(d)
step responses of H;(s) and Q;(s).

Internal signals of NFOGI algorithm for (a) Se, (b) Sg.

Comparison of NFOGI performance with SOGI, ISOGI, MNG-SOGTI algorithms
under, (a) balanced three-phase distorted signal, (b) highly unbalanced three-
phase distorted signal.

Control structure of BTC for three-phase SPV-BES-wind-DG based grid
connected microgrid.

Control structure of MSC for three-phase SPV-BES-wind-DG based grid
connected microgrid.

Control structure of PGSC for three-phase SPV-BES-wind-DG based grid
connected microgrid.

Control structure of WGSC for three-phase SPV-BES-wind-DG based grid
connected microgrid.

Structure of designed NFOGI algorithm based HDN to process local load
currents.

Bode diagrams of HDN,(s) and HDNy(s) for n=1.

Control structure of BDDC for three-phase SPV-BES-wind-DG based grid
connected microgrid.

MATLAB model of three-phase two-stage SPV-BES-wind based grid connected
microgrid.

MATLAB model of three-phase single-stage SPV-BES-wind based grid
connected microgrid with BDDC.

MATLAB model of three-phase two-stage SPV-BES-wind based grid connected
microgrid with BDDC.

Test bench setup for hardware implementation of designed configurations of
SPV-BES-wind-based three-phase grid connected microgrids.

Simulated performance of three phase two-stage SPV-BES-wind based grid
connected microgrid under sudden unbalanced load condition (a) without
regulation of GSCs currents, (b) with regulation of GSCs currents.

Simulated performance of three phase two-stage SPV-BES-wind based grid
connected microgrid during change in operational mode from (a) grid connected
to standalone (b) standalone to grid connected.

Experimental performance of three phase two-stage SPV-BES-wind based grid
connected microgrid under, (a) balanced and (b) unbalanced local load condition.
Experimental performance of three phase two-stage SPV-BES-wind based grid
connected microgrid when local load transient from balance to unbalance, (a)-
(b) when LCFs of PGSC and WGSC are controlled with formulated control
strategy, (¢) PGSC and WGSC provide equal LCFs at PCC.

Simulated performance of three phase single-stage SPV-BES-wind based grid
connected microgrid with BDDC during change in operational mode from (a)
grid connected to standalone (b) standalone to grid connected.
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Experimental performance of three phase single-stage SPV-BES-wind based grid
connected microgrid with BDDC during change in operational mode from (a)
grid connected to standalone (b) standalone to grid connected.

Simulated performance of three phase two-stage SPV-BES-wind based grid
connected microgrid with BDDC during change in operational mode from (a)
grid connected to standalone (b) standalone to grid connected.

Experimental performance of three phase two-stage SPV-BES-wind based grid
connected microgrid with BDDC during change in operational mode from (a)
grid connected to standalone (b) standalone to grid connected.

Configuration of multiple SPV and wind-BES distributed generation-based
three-phase AC microgrid.

Structure of TOGI-L-SOGI-PLL algorithm.

Amplitude-phase plot of TOGI,(s) and TOGI(s).

Amplitude-phase plot of L-SOGI (s).

Internal signals of TOGI-L-SOGI-PLL algorithm.

Harmonic rejection capability of developed, FOOGI, FIOGI methods.

Dynamic response under step change in (a) phase angle (b) frequency.

Control structure of rooftop SPVS.

Control structure of WGSC of wind-BES system.

Control structure of BDDC and MSC of wind-BES system.

MATLAB model of multiple SPV and wind-BES distributed generation-based
three-phase AC microgrid.

Test bench setup for real-time assessment of multiple SPV and wind-BES
distributed generation-based three-phase AC microgrid.

Simulated performance of multiple SPV and wind-BES distributed generation-
based three-phase AC microgrid under changes in operation mode of from
standalone to grid-tied due to recovery of AC grid supply.

Simulated performance of multiple SPV and wind-BES distributed generation-
based three-phase AC microgrid under sudden alteration in control structure of
VCA controlled wind-BES system to CCA during standalone operation of
microgrid.

Simulated performance of multiple SPV and wind-BES distributed generation-
based three-phase AC microgrid under abrupt disconnection of VCA controlled
wind-BES system from PCC during standalone operation of microgrid.

Various waveforms of AC grid and wind-BES systems in experimental
assessment of multiple SPV and wind-BES distributed generation-based three-
phase AC microgrid under changes in operation mode of from standalone to grid-
tied due to recovery of AC grid supply.

Various waveforms of AC grid and rooftop SPVS in experimental assessment of
multiple SPV and wind-BES distributed generation-based three-phase AC
microgrid under changes in operation mode of from standalone to grid-tied due
to recovery of AC grid supply.
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FFT analysis of AC grid voltage and current in experimental assessment of
multiple SPV and wind-BES distributed generation-based three-phase AC
microgrid during grid-tied operational mode.

Various waveforms of AC grid and wind-BES systems in experimental
assessment of multiple SPV and wind-BES distributed generation-based three-
phase AC microgrid under sudden alteration in control structure of VCA
controlled wind-BES system to CCA during standalone operation of microgrid.

Various waveforms of AC grid and rooftop SPVS in experimental assessment of
multiple SPV and wind-BES distributed generation-based three-phase AC
microgrid under sudden alteration in control structure of VCA controlled wind-
BES system to CCA during standalone operation of microgrid.

FFT analysis of PCC voltage in experimental assessment of multiple SPV and
wind-BES distributed generation-based three-phase AC microgrid, when it
functions in standalone operational mode.
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PBmax

Psr

Pacr, Ocr

PG max

Pryu

Ri-Cy
SLcFs
Seppc, Serc
Spasc, Swasc, Smsc
Twr
Tog, Twgest, T(ug*
UGa, UG, UGc
UGaq, UGhbg, UGcq
ULas ULb, U:c
Vdc/ Vdcl, Vdcref/ Vdcrefl
Viac2, Vicre2
VDGab, VDGbc, VDGca
VGab, VGbcy, VGea
VGa, VGb, VGe
VGa, VGB
VGal, VGBI
VGogl, VGBql
VGal 5 VGBI
VLab, VLbcs VLca
VLa, VLb, VLc
VLas VLB
Vial, VLI
VLaqls VLBqI
Viar , viprt

* * *
VLa , VLb , VLc
VLm*, QL*
VLisyn and GLisyn
VLas VLB

Interfacing inductor of PGSC’s 4™ leg.

Inductors of BTC and BDDC.

Estimated powers of BES and local load

Estimated active and reactive powers of DG set

Estimated active and reactive powers of AC grid

Estimated powers of SPV array and WG

Total generated power by SPV array and WG

Generated mechanical power from wind turbine

Maximum charging power capacity of BES

Reference power for BES

Reference active and reactive powers for AC grid

Injected maximum power into AC grid during CPG operation of SPV
system

Signal used to control operation of SPV array in MPPT and off-
MPPT modes

R-C filter

Signal to active load compensation features in GSC

Gating signals of BDDC and BTC

Gating signals of PGSC, WGSC and MSC

Wind turbine torque

Actual, estimated and reference torque of SyRG based WG
In-phase per-unit phase voltages or UTV of AC grid phase voltages
Quadrature per-unit phase voltages of AC grid phase voltages
In-phase per-unit phase voltages or UTV of PCC phase voltages
Sensed DC link voltage of PGSC and its corresponding reference
Sensed DC link voltage of WGSC and its corresponding reference
DG set line voltages

AC grid line voltages

AC grid phase voltages

Two-phase or aff axis voltages of AC grid phase voltages

Filtered in phase components of vga, vGp

Filtered in quadrature components of via, vap

Filtered PSC of o} axis voltages of AC grid phase voltages

PCC line voltages

PCC phase voltages

Two-phase or af axis voltages of PCC phase voltages

Filtered in phase components of vz, vig

Filtered in quadrature components of viq, vig

Filtered PSC of af} axis voltages of AC grid phase voltages
Reference PCC voltages

Amplitude and phase of reference PCC voltages

Amplitude and phase of reference PCC voltages for synchronization
Two-phase or af axis voltages of PCC phase voltages
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VoGm, Vom, Vim
Vi

Voc, Vmpp, Ver
Vpvier

AVpy

Vw

Vowgo, Vogp

Xsyn

Xpe, X6

Ssamp

Opa, O, OL

gwgest

K

kp Vdc/ kp Vdcl, ki Vdc/ ki Vdcl
kpvae2, kivae2

kpr pGsc, kir pGsc
kpvev, kivey

kyv BDDC, Kiv BDDC
kp1 BpDC, kit BDDC
kp_wg» ki_ g
AlpGsc pp, Alwasc pp
oL

oF, %

Cp and C;

Aand f

c1, €2, C3, C4, C5, C6
Gwr, rwr, Owr
Wg, WgestzWgref
/lopt, Wgopt

La, Ly

Fog

Twand N

Poga, Vogp

iLhr

Estimated amplitude of phase voltage for DG set, AC grid and PCC
Predefined maximum limit for PCC voltage

Open circuit voltage, MPP voltage and sensed voltage of SPV array
Reference SPV array voltage

Voltage perturbation used in estimation of Vpyr

Wind speed

afy components of stator voltages of SyRG based wind generator
Synchronization signal

Signal representing status of DG set and AC grid

Sampling frequency

Estimated phase angle of DG set, AC grid and PCC voltages
Estimated rotor position of SYRG based wind generator
Constant for controlling C-rate of BES

Gains of DC link PI regulator in PGSC control

Gains of DC link PI regulator in WGSC control

Gains of PR regulator in PGSC control

Gains of PI regulator in BTC control

Gains of BDDC’s outer PI controller loop

Gains of BDDC’s inner PI controller loop

Gains of speed PI regulator in MSC control.

Peak to peak ripple in PGSC and WGSC currents

Gain of LMS algorithm.

Gains of fractional component of F-LMS algorithm

Power and torque coefficients of wind turbine

Tip speed ratio and pitch angle of wind turbine

Design constants of wind turbine

Gear box ration, blade radius and rotational speed of wind turbine
Actual, estimated and reference speeds or SyRG-based WG
Optimum TSR and speed of wind generator for MPPT operation
Direct and quadrature axis inductances of SyRG-based WG
Winding resistance of SyRG-based WF

Window length of MAF and delay length

aff components of stator fluxes of SyRG based wind generator
Harmonics and negative sequence currents of local load
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