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ABSTRACT

Renewable energy mainly wind and solar-based electricity generating systems are
becoming increasingly popular for managing energy consumption of remote and isolated
communities. Wind and solar are the most promising renewable energy sources (RESs) due to
their clean and unbounded supply, low maintenance requirements, lesser mechanical
components, no green house gas emission, and ability to be put in remote regions for

standalone power generation.

The major challenge in wind and solar energy is their unpredictability. The solar system
can generate energy during the day time and wind turbine can generate power when the wind
speed is high. Therefore, a wind-solar hybrid system is a more reliable power system with
battery energy storage (BES). However, due to the intermittent nature of renewable energy,
there are power quality issues in the system such as voltage and frequency fluctuations,

harmonics distortions, low power factor, and unbalances in the power supply.

This thesis work presents power electronics (PE) based solutions to control the voltage &
frequency of a wind turbine-driven Self-Excited Induction Generator (SEIG) integrated with a
PV system for standalone applications. A voltage source converter (VSC) in the system
provides power compensation (active and reactive), harmonics elimination, load leveling, and
enhancement in the overall power quality of the standalone generation unit. The proposed
system is implemented for both three-phase three-wire (3P3W) and three-phase four-wire
(3P4W) isolated supply systems. Maximum Power Point Tracking (MPPT) techniques such as
Incremental Conductance (IC) and Perturb & Observe (P&O) have been designed to harvest
maximal power from the PV system in both the 3P3W & 3P4W isolated system. The
performance parameters of the proposed standalone system have been estimated, and a
prototype of the proposed system has been developed and demonstrated in the laboratory to

validate the effectiveness of control technologies used in the system.

An appropriate control algorithm is needed for the proper operation of PE converters in a
wind-solar-based standalone generation system. The control techniques ensure

synchronization of different voltages, estimate fundamental components of voltages and



currents, regulation of DC-link voltage of converters, and charging/discharging of BES..
Different conventional approaches for estimating synchronizing signals have been described,

and novel advanced techniques for standalone systems have been proposed.

Frequency Locked Loops (FLLs) and Phase Locked Loops (PLLs) are being extensively
employed to estimate synchronization signals and can compute the phase, amplitude, and
frequency of the load current. These approaches have been implemented under a variety of
operating situations, including fluctuations in wind speed, solar intensity and harmonics in the

loads for standalone operation of wind-solar hybrid system.

Conventional algorithms such as Modified Least Mean Square (MLMS), and Second-
Order Generalized Integrator (SOGI) based FLL have been used for the proposed standalone
system. Furthermore, a novel technique using Second-Order Sequence Filter based FLL has
also been proposed, which demonstrate improved performance under unbalanced load

conditions.

A fast and robust technique based on Delayed Signal Cancellation has been developed,
demonstrating accurate frequency estimate and faster dynamic response for the isolated
system. The conventional Enhanced Phase Locked Loop (EPLL) and Reduced Order
Generalized Integrator (ROGI)-FLL have also been demonstrated, and their performance
degradation under dynamic conditions of renewable sources and loads is discussed. Further
advanced techniques like a Variable Gain Controller (VGC) and Three-Phase All-Pass Filter-
PLL based control techniques have been presented, which are adaptive and provide fast
dynamic response without compromising steady-state performance. A dual SOGI-based PLL
and dual-TOGI PLL for smooth estimation of grid parameters and distortion-free

synchronization signals has been also presented.

In the present work, the PV system and battery energy storage (BES) are connected at the
DC-link of the Voltage Source Converter (VSC) to supply real and reactive power to wind
turbine-driven SEIG for standalone applications. A bi-directional dc-dc controller (BDC) is
utilized to control the charging/draining modes of BES. The BES is employed to absorb
unused power during intermittent conditions and maintain the power equilibrium between the

energy sources and load. The dSPACE-1104 controller is being employed for analyzing

vi



system parameters generating switching pulses for VSC and BDC. The proposed system and
algorithms have been simulated and examined in the MATLAB/Simulink environment. The
experimental results validate the effectiveness of the proposed control schemes in a

standalone system.
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Chapter 1

Introduction

1.1 General

Electrical power is an indispensable requirement of modern society, and its
significance in sustainable development and improving people's quality of life cannot be
overstated. However, it's unfortunate that a large section of the global population still
lacks access to reliable and secure power. Despite being considered electrified, many
remote or rural locations only have access to electricity for a short period because of
scheduled and unexpected blackouts [1]. Distribution companies make out organized
disruptions in power supply to protect their business interests. Unorganized outages occur
owing to both natural and man-made causes, such as overload, cracking, and the short
circuit of wire. Even though the power supply is available, it is often found that supply
voltage is poor and unbalanced among all the phases due to the non-uniform distribution

of load.

A significant portion of the generated power worldwide comes from non-renewable
sources that utilize fossil fuels and are transmitted through a transmission network to load
centers [2]. Global energy consumption is constantly rising and increased generation
results in massive carbon emissions and a terrible greenhouse effect. Further, fossil fuels
are continuously depleting and their increasing prices are imposing several challenges on
power producers [3]. Distributed generation (DG) employs regionally available renewable
energy sources (RESs) and has invited major attraction of scientists and researchers for
electricity generation due to its and availability in abundance and no cost [4]. Major
renewable sources are wind, solar, hydro, tidal power, etc. Wind energy conversion system
(WECS) using induction generators are becoming popular due to its robust brushless
structure, inbuilt protection against short circuits, minimal commutation difficulties, and
low maintenance. The wind energy extraction using SEIG has significant potential for
standalone applications. However, in large-scale applications, SEIG's poor voltage
regulation is a significant bottleneck because it requires variable reactive power support

with increasing in load [5], [6]. Wind & solar energies are two rapidly developing RESs




now a day’s [7]. Small wind energy systems (WESs) have not achieved attraction for off-
grid applications for a variety of reasons, including site constraints, the dynamic
conditions of wind, and generator capacity utilization [8]. Prior to development of grid-
interactive solar photovoltaic (SPV), solar power via was popular for small off-grid
applications [9]. The RESs have major drawbacks, such as its volatility and intermittent
nature. To address the continuously increasing energy demand, renewable energy-based
standalone systems are gaining popularity. Renewable-based energy systems are gaining
popularity as standalone power generation for supplying electric power to isolated

locations [10], [11].
1.2 Renewable Energy based Sources

Government support, improving economic conditions and significant advancements
in renewable energy technologies are major factors to shift towards usages of renewable

energy. The following are few common sources of renewable energy systems.

1.2.1 Solar: The solar photovoltaic effect established the basis for solar energy in

1839. Solar has developed into one of the RESs with the fastest rate of growth

over the last two decades. Solar technology is classified into two types:
e Solar thermal
e Solar PV array

Solar thermal systems focus sun energy and convert it to heat using a network of
reflecting collectors. Solar photovoltaic systems use a panel of connected solar

cells to directly convert sunlight into electrical energy.

1.2.2 Wind: Wind energy is a valuable source of nonconventional energy, playing an
essential role in transitioning to a more sustainable and low-carbon energy
system. Ongoing technical advancements and encouraging policies are further
enhancing the efficiency, reliability, and cost-effectiveness of wind turbines,
making them an increasingly vital component of the global energy mix. The
offshore and onshore wind energy technologies have evolved over the last few

years to maximize the electricity production with large size turbines.

1.2.3 Hydro: The force or energy of moving water generates hydropower. Small

power plants rely on naturally flowing water sources, whereas larger hydro plants




require dams to hold the required water head to produce hydropower for running
hydro turbines attached to generator shafts. Hydro power relies on rain fall pattern

and can be impacted by climate change which causes less rain.

1.2.4 Biomass: Biomass fuel is made from organic materials including, manure,
forest trash, crops, and sugar cane residue. Biomass energy may be transformed
into electricity. The process of extracting energy from biomass varies based on
the substance used. Most biomass is used in rural areas for cooking, lighting and

heating in developing countries.

1.2.5 Geothermal: Geothermal energy is a form of nonconventional energy that
utilizes the Earth's internal heat to produce electricity and provide heating or
cooling for different applications. It takes advantage of the natural heat reservoirs
found underground, which are a result of geological processes and the planet's
residual heat from its formation. The oil and gas sector typically uses techniques
like digging wells below the earth's surface and moving water through them to
extract energy from hot rocks. The water is then heated and pushed to the surface,
where it powers a turbine and generator to generate electricity. The process is then

repeated with recycled water [12], [13].

1.3 State of Art in Wind and Solar Energy Generation for
Small and Isolated Applications

A substantial literature has been reported on the control of renewable energy-based
isolated systems to enhance PQ while accommodating the variability in wind speed or
solar intensity and meeting the demands of balanced/unbalanced nonlinear loads. Wind &
Solar energy are omnipresent, abundant, and environmentally favorable. Wind power
generation may not be feasible at all locations due to intermittency in wind speeds and are
less reliable than solar generation. However, a wind & solar-based standalone system,
incorporating multiple energy sources such as a wind-driven SEIG, a PV array, a suitable
controller, a BES, and a consumer load, yields an effective solution for efficiently utilizing

non-conventional energy sources [14], [15].

The MPPT technique is required because PV has inherent non-linear properties.

Different techniques had been utilized by the researchers like as Perturb and Observe




(P&O), Incremental Conductance (IC), neural network & fuzzy based MPPT techniques
[16]. An IC and P&O are the most straightforward and effective of these strategies, and as
a result, were developed in the thesis work. The proposed thesis work revolves around the
development of appropriate controllers to address several PQ issues [17]. The control
algorithms need to achieve several tasks viz. estimation of fundamental component &
phase angle, synchronizing signal estimation, and DC-link voltage controller [18]. Control
techniques commonly employed focus on PLL and FLL circuits [19], [20]. The PLL
circuit is developed using a loop filter, a phase detector, and a voltage-driven oscillator to
constantly match the frequency of the system to the input signal. All FLLs & PLLs are
developed to determine the frequency, amplitude and phase angle of the incoming signals
from nonlinear load current. SRFT-PLL is a well-known and frequently used
synchronisation method in hybrid systems for standalone applications. It is found to
function very well under typical working circumstances, but its performance suffers
greatly when subjected to harmonics in generated voltage [21]. As a result, there is a need
to build, research, and evaluate the behavior of novel synchronisation techniques. Some
improved PLLs and FLLs are reported such as SOGI-PLL, EPLL [22], CCF-PLL, ECCF-
PLL [23], DSOGI-PLL [24], SOGI-FLL, SOSF-FLL, DROGI-FLL, DSC-FLL [25], and
others have been studied and investigated for wind-solar based standalone hybrid system.
In the literature, a few publications comparing the functionality of single-phase PLLs have
been reported [26]. The focus of control algorithms for computing the fundamental load
current component in wind & solar-based isolated systems is to ensure stable, accurate,
and reliable operation under unavoidable intermittency of wind & solar energy. These
algorithms are robust and aim to address uncertainties, provide fast response times,
minimize oscillations, and maintain PQ standards in the presence of various uncertain
conditions [27]. Different algorithms were employed to improve the PQ in three-phase
wind-solar islanded hybrid systems. Some conventional algorithms that have been
discussed in the literature which include IRPT [28], Power Balance Theory (PBT) [29],
SRFT [30], SOGI controller and its different variants have been also implemented in
single & three-phase systems [31]. Adaptive control algorithms have made significant
improvements in the mitigation of PQ problems with Adaline [32], Least Means Forth

(LMF), and various versions of Least Mean Square (LMS) based techniques [33].

Renewable energy-based standalone systems are gaining popularity for power

generation in remote and hilly places, particularly where grid supply is insufficient.




Advances in the field of renewable energy as well as a sharp rise in the cost of
petroleum-based products are primarily responsible for this. Innovation and advancement
activities in renewable energy (solar & wind) based technologies must continue to
improve their performance, develop methodologies for properly estimating their output,

and amalgamate them reliably with other existing generating sources [34].

Innovation and advancement in the field of wind solar based standalone systems has
progressed substantially over the last few decades. To enhance the PQ in RESs based
generation, advanced power electronics systems with innovative control strategies are
being introduced. A CSMC is intended for a remote solar-wind based isolated system
supported by BSS [35]. Adaptive filtering techniques, including MLMS management, are
employed to improve PQ and compensate for effect of nonlinear loads. A MPPT
employing the P&O control in wind power extraction and variable step size perturbation
adaptive P&O in solar PV tracking are used to extract maximum power and overcome
environmental disturbances [36]. It employs hierarchical distributed model predictive
control (HDMPC). The upper layer in this HDMPC employs an iterative distributed
control method to achieve power dispatch coordination. The lower layer enables
predictive control, allowing both the economic and tracking properties to be realized
[37]. To provide PWM switching pulses for VSC, an RZALMS-based control approach
is employed. By harmonic suppression, voltage management during load imbalance, and
reactive power correction at CPI, the VSC improves PQ [38] in standalone applications.
The use of an LMMN control system is a technique employed for fundamental load
component extraction and harmonics mitigation in power systems. This control system
aims to mitigate harmonics in the system and extract the fundamental component

accurately [39].
1.4 Scope of the Present Work

Some major research gaps in the literature on voltage & frequency regulation of SEIG
integrated with PV systems have been identified based on a thorough review of the
literature. These issues deal with synchronization methods and adequate compensation for
improving PQ. The estimation of synchronization techniques from the unbalanced load
current under various operating conditions together with estimating the fundamental

component from the unbalanced load current is equally important.




Appropriate synchronization techniques and control algorithms need to be designed
and selected. The performance of the selected techniques should be fast under dynamic
conditions, having the least steady-state error, minimum oscillations, and robust

performance without increasing the complexity of the algorithm.

The proposed research aims to design, simulate, and develop a standalone microgrid
system powered by solar and wind energy, with a primary focus on addressing PQ
problems to ensure a reliable and stable electricity supply. Such PQ issues include power
support (active & reactive), harmonic mitigation, load balancing, and voltage & frequency

regulation.

A brief description of the present work for standalone microgrid systems is given below:
1.4.1 Design and Development of a Standalone Hybrid System

The system configuration of the standalone wind solar hybrid system has been
developed in Simulink/MATLAB. A hardware prototype is developed in the laboratory to
authenticate the Simulink results. The IGBT-based VSC, voltage & current sensors, dc
drive to emulate wind turbine, interfacing inductors, optocoupler, dSPACE-1104 and

linear/non-linear load has been employed to develop hardware setup.
1.4.2 Developments of Control and Synchronization Techniques

Both conventional and proposed synchronization techniques have been developed
throughout this study. These synchronisation approaches have been evaluated under a
variety of operational circumstances. Unit-template, SRF-PLL, CCF-PLL, ICCF-PLL,
DTOGI-PLL, SOSF-FLL, ADF-FLL, VGC-IPLL, 30-APF-PLL, SOGI-FLL, and
DROGI-FLL based synchronization techniques have been designed, developed and tested
for a standalone system. Simulation and experimental validation of the developed

techniques are presented in the research work.
1.4.3 Application of Control Techniques

Application of some three-phase control techniques has been proposed for achieving
the fundamental component from distorted load current. As SOSF-FLL, VGC-IPLL, DSC-
FLL, DSOGI-PLL, DTOGI-PLL, DROGI-FLL, 3@-APF-PLL control approaches have




been employed for the control and synchronization of the standalone system. The
developed techniques have been employed for harmonics abatement, and reducing PQ

problems.
1.4.4 SolarPV-Wind-based Standalone System Operation and Control

The integration of the SPV system at the DC-link side of an isolated microgrid system,
along with reactive power compensation and MPPT techniques, offers a comprehensive
solution for harnessing solar energy and improving the performance of standalone
systems. The combination of simulation and experimental studies validates the

effectiveness and viability of these methods specially in standalone applications.

1.5 Thesis Organisation

Entire thesis is organized in seven chapters describing the proposed work in a

comprehensive way as follows

Chapter-1: This chapter presents an introduction and background for renewable energy-
based autonomous power generation, causes of voltage & frequency variation, PQ causes,

issues, and possible solutions.

Chapter-2: A literature review on system description and control for wind-solar-based
standalone hybrid systems, MPPT & synchronization techniques and fundamental

component estimation techniques are incorporated in this chapter.

Chapter-3: This chapter discusses the designing of wind turbine and PV array for the
islanded microgrid system. The development of a hardware prototype using dSPACE

1104, VSC, optocoupler, voltage & current sensors is also presented.

Chapter-4: This chapter presents the control techniques utilized for three-phase three-
wire (3P3W) wind-solar-BES-based isolated hybrid system under the intermittent
condition of wind solar feeding an unbalanced load. The control algorithms have been

designed to enhance the overall PQ of the isolated system.

Chapter-5: This chapter addresses the execution of control algorithms utilized for three-

phase four-wire (3P4W) wind-solar-BES-based islanded hybrid system. The control




algorithms have been investigated to improve the PQ under intermittent conditions with

wind & solar feeding the nonlinear unbalanced load.

Chapter-6: This chapter describes the performance comparison of various control
algorithms used in chapter 4 and chapter 5 under different operating conditions of the

proposed system.

Chapter-7: This chapter summarizes the major benefits of different control approaches
and their comparison in the operation of a standalone hybrid system. The future scope of

the proposed work in this field is also presented in this chapter.




Chapter 2

Literature Survey

2.1 General

In the previous chapter, an introduction to the requirement of wind driven SEIG, PV
array, BES, PQ problems, effects and solutions in a wind solar based islanded hybrid
system have been presented. The state of the art, scope of work and the layout of the thesis
work have been discussed. Examining the properties of wind turbines & SPV and
extracting the power from the RESs requires precise modeling which matches the
characteristics of practical wind turbine & solarPV. The modern distribution system has
been interfaced with the various forms of loads which impact the quality of power and has
been reviewed. In this chapter, a comprehensive literature study for the synchronization
and control techniques is presented which further enables the robust working of the
isolated system under intermittent conditions of wind, solar and different loading. An
MPPT algorithm-based SPV is connected at the DC-link of the VSC to provide the
required power compensation of the isolated system. Further, a bi-directional dc to dc
converter based BES is employed for the absorption/supply of extra power during
intermittency. A detailed review of the Wind & Solar energy based standalone system

under different operating modes on 3P3W & 3P4W is presented.

2.2 Literature Survey on Design of Wind Driven SEIG and
their Modeling

Wind energy production capacity in India has increased significantly in recent years.
The total installed wind power output as of 31 January 2023 was 41.983 GW, ranked 4™
among all the countries. The increased use of RESs for electricity generation has indeed
led to a greater emphasis on developing low-cost, low-maintenance, and robust generator
units for isolated locations. These standalone applications typically involve generating
electricity in remote areas or off-grid locations where connection to a centralized power
grid is not feasible or economical. Many countries have abundant RESs, such as wind and
micro/mini hydro, but face challenges in exploiting these resources due to their remote

availability. In small WECS induction generators (IGs) have been increasingly used as a
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low cost solution for electricity generation from wind energy. The benefits of employing
an induction generator (IG) over a synchronous generator (SG) are well understood.
Reduced size, rugged and, brushless construction, no need of DC-source, less
maintenance, self-protection against severe overloads & short circuits, and so on are some
of the advantages [40], [41]. In the islanded places where the typical grid supply is not
easily available, alternative energy solutions are often employed to meet the community's
energy needs. Biogas engines and small hydro or wind turbines can serve as independent
prime mover to SEIG generating electrical supply to residential and agricultural loads. The
SEIG has emerged as a viable substitute for the conventional synchronous generator for
these application [42]. The operational principle of the SEIG has been demonstrated using
the well-known phenomenon of self-excitation in IG with capacitor bank at their stator

terminals as shown in Fig. 2.1.
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Fig. 2.1 Schematic diagram of wind driven SEIG system for isolated load

[43]. Extensive research has already been conducted on 1) performance evaluation in
steady-state conditions [44], 2) choosing an excitation capacitor [45], and 3) the Transient
response of SEIG [46]. One of the primary disadvantages of the SEIG is its poor voltage
& frequency regulation, which limits its field applications. Several strategies for
enhancing voltage regulation exist, including the following: 1) Switched capacitor
strategy; 2) Electronic load controllers; 3) Dynamic VAR controllers; and 4) Other solid-
state based controllers topology have been discussed in the literature [47], By utilizing a
fixed shunt excitation capacitor bank in a SEIG, maintaining a constant terminal voltage

under different loads can be challenging. These limitations arise due to the reactive power
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requirements of the SEIG, which can change with different load conditions. To manage
the SEIG's terminal voltage, one approach is to use a switched capacitor method, which
provides voltage control in discrete steps [48]. As an alternative, the prime mover speed
can be altered to control the terminal voltage, but this mechanical method of turbine
control is more difficult and expensive. Changes in primary mover speed also cause
changes in frequency. Further, to control the SEIG terminal voltages & frequency various
types of control schemes are also utilized to enhance the performance in standalone

applications and depicted in Fig. 2.2 [49].
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Fig. 2.2 Voltage regulation schemes of SEIG

In the electric load governing (ELG) strategy for a SEIG, the terminals of the SEIG are
interfaced with an impedance controller. This approach maintains constant voltage and
frequency without the need for turbine speed control or management of the generator
excitation capacitors. In this technique, a programmable load resistor is connected over the
SEIG terminals to ensure that the generator consistently provides full-load power while
maintaining the rated value of the excitation capacitor bank. The load resistor in the
constant power load method is indeed adjustable and controlled to produce the desired
amount of power [50], [51]. Despite being suitable for small micro-hydro units, the ELG is

not a financially viable choice for managing the voltage/frequency of a SEIG [52]. It is
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very inefficient, especially for inductive loads. The usage of static VAR compensators
(SVC) can provide smooth regulation of the SEIG voltage during intermittency in the load
of the system [53]. By actively injecting or absorbing reactive power, the STATCOM
helps to regulate the voltage at the SEIG's terminals and ensures a stable and constant
voltage output, which is critical for reliable and efficient operation of the SEIG. The
STATCOM has also improved system stability and reduced harmonic distortion [54]. A
STATCOM can absorb or supply the needed reactive power to control the voltage of SEIG
at CPI with the variation in loads. The SEIG may have a lagging power factor, which can
affect the overall PQ of the system. The STATCOM can adjust the output of reactive
power to improve the power factor and bring it closer to unity, improving the system's
power factor [55]. A STATCOM-based regulator, on the other hand, is incapable of
adjusting the frequency of SEIG under different load requirements. A STATCOM with a
BES on its DC-bus serves as a source or sink of real power, allowing SEIG to manage the
voltage & frequency in the desired limit under fluctuating load environments. The
STATCOM can also compensate for the reactive power required of the SEIG, thereby

reducing the burden on the grid and enhancing overall system efficiency [56].

The STATCOM improves the overall performance of isolated hybrid energy
systems by effectively managing reactive power, correcting the power factor, and
participating in voltage regulation schemes. It contributes to improved PQ, increased
system efficiency, and reliable and stable operation of energy system under varying load
conditions. Because of its capability to respond quickly to variations in reactive power
demand, the STATCOM is a valuable asset for islanded operation of energy systems that
use wind & solar [57], [58]. The challenges associated with tuning PI controllers in a
specific scheme involving an ELC (Electric Load Controller) and a STATCOM (Static
Synchronous Compensator) are also discussed. While the STATCOM remains a valuable
option for precise and dynamic reactive power control, these alternative techniques offer
simpler, more cost-effective solutions for providing the necessary reactive power to SEIGs
and improving power factor and voltage regulation. According to the literature, one such
technique involves using combinations of series and shunt capacitors to provide
changeable power support to the SEIG. The appropriate selection of shunt & series
excitation capacitors is crucial in ensuring the efficient and reliable operation of a SEIG
when used in various applications. The choice of capacitors depends on several factors,

including the SEIG's rating, load characteristics, and the desired level of power factor
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correction and voltage regulation [59], [60]. The transient and steady-state performance
analysis, the selection of excitation capacitor banks for the series-compensated short-shunt
SEIG, especially when operating with unbalanced nonlinear loads, are also available in
literature [61]. Nonlinear loads introduce harmonics and unbalanced currents, which can
adversely affect the generator's performance. However, the steady-state analysis
considering these factors is less prevalent in the literature. Transient analysis involves
studying the generator's behavior during sudden changes in load or other system
parameters. Transients can have a significant impact on the generator's stability, voltage
regulation, and overall performance. However, detailed investigations specifically

considering unbalanced nonlinear loads may be scarce [62].

Transient behavior refers to the response of the SEIG to sudden variations in load
conditions, such as the starting or stopping of a wheat mill or water pump. Variations in
load can cause changes in the speed and torque requirements, affecting the SEIG's
performance [63]. The optimal arrangement of shunt & series excitation capacitors
depends on the specific characteristics of the SEIG and the IM being used. It is determined
through system analysis and calculations, taking into account factors such as the IM's
power rating, starting current, and desired voltage dip limits. The engineers and experts
typically perform these calculations using appropriate formulas and modeling techniques
to find the most suitable capacitor values for a given setup [64], [65]. The phenomenon
described involving series capacitors connected to the SEIG and Induction Motor (IM),
leading to low-frequency oscillations and resonance is also reported [66]. To maintain
synchronization with the isolated system and ensure efficient power transfer to grid, the
frequency of the generator's output voltage should match the grid frequency. If there is a
frequency mismatch, it can cause issues such as PQ problems, poor voltage regulation, or

even instability in the electrical network [67].

2.3 Literature Survey on PV System Modeling and MPPT
Control Algorithms

Power semiconductor technology has advanced significantly during the last few
decades. The cost of PV cells has also decreased extensively; solar energy has become one
of the most forms of energy solutions. Furthermore, using direct sunlight is inexpensive

and has no impact on the environment [68]. As of December 2013, India's total solar
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energy installed capacity was 2180MW, with the potential to contribute a solar installed
capacity of 63.303 GWAC by December 31, 2022. However, due to significant
advancements in solar technology over the years to improve efficiency and reduce costs
are reported. Innovation and advancement efforts are focused on enhancing the response
of solar cells and modules, increasing their efficiency, and making them more affordable
[69]. The choice between series/shunt connections of solar PV cells depends on the
specific needs of the system and the load being served. For medium power demands, a
series connection can provide a higher output voltage, but the current will be limited to
that of each module. If higher power demands are expected, a combination of series and
shunt connections, such as using multiple series-connected strings in parallel used to

generate the desired amount of power [70].

The same is true for shunt connections, where the system voltage is constrained to the
voltage of a single module and the system current is equivalent to the addition of the
currents of each module. As a result, for solar PV modules, a range of inter-connection
patterns such as series-parallel (combination of series & shunt connection scheme), Total
Cross Tied, Bridge linked, and Honey Comb are offered [71]. The most common
topologies are series-parallel connections, which are commonly used to meet load power
requirements. However, the output power may be drastically decreased if any of the PV
system are shaded. Partial shadowing can be caused by large trees, hoardings, poles, and
towers, among other things [72]. As a result, partial shadowing distributes the shadow
over the solarPV array unevenly. Partial shadowing is a critical consideration in PV
system design and installation, and addressing its effects is essential for maximizing power

generation and ensuring the long-term reliability of the system.

The perturbing effects of partial shade are numerous peaks in the PV characteristics
and steps in the characteristics [73], [74]. Multiple MPPT control approaches have been
investigated in the literature [75]. As classical MPPT methods, P&O [76], hill climbing
(HC) [77], and IC [78] are discussed. Despite being easier to implement in hardware, the
HC and P&O approaches exhibit considerable oscillations that are closer to the MPP,
which causes power losses. An IC approach is accurate and adaptable in changing
atmospheric conditions [79]. P&O & IC are conventional algorithms that are easy to
implement, less complex and works effectively under varying solar insolation and

temperature condition [80].
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2.4 Literature Survey on Causes of Voltage & Frequency
Variation, Power Compensation, PQ Problems and their

Solution

A STATCOM is employed to provide current compensation for reactive power support
to the SEIG. It helps to maintain a consistent frequency & voltage in the isolated system,
thereby improving voltage regulation of SEIG. Additionally, the STATCOM manages the
system's active power by storing excess power in a Battery Storage System (BSS) and
supplying it when needed, such as during heavy load demand or at night when the SEIG
output may be insufficient [81]. In a microgrid system with 3P4W loads, a generalized
filter-based control approach provides an effective solution for voltage & frequency
regulation, harmonic suppression, and compensation of neutral current. It improves the
microgrids overall performance and reliability by providing added control and stability
[82]. By integrating the PV array, BSS, and STATCOM, the microgrid system can benefit
from enhanced stability and reliability, improved PQ, and better control over voltage and
frequency variations. The combination of PV array, BSS and power conditioning

(STATCOM) allows for a reliable and efficient operation of the microgrid [83].

Modern distribution networks are quite complicated and are linked to several sorts of
loads. Different PQ difficulties can emerge owing to varying loading situations and natural
disturbances. Voltage flicker, Transients, short and long-duration voltage transients,
voltage imbalance, and waveform distortion are the most common PQ concerns. Lightning
strikes, capacitor switching, single line to ground faults, switching on/off loads, 1-phase
loads connected to 3-phase supply, adjustable speed drives, power electronic converters,
half-wave rectification, arc furnaces, and other non-linear loads are the primary causes of
poor PQ [84], [85]. These PQ difficulties induce failure, improper operation of electrical
equipment, and energy loss, all of which result in direct or indirect economic loss [86].
Power experts are deeply concerned about the introduction of harmonics at the CPI in
current distribution systems. The primary cause is the advancement of power electronics
equipment interfaced with the distribution system, which introduces harmonics into the
system [87]. The integration of large-scale PV and fast-charging EV batteries connected to
the distribution system also had a negative influence, particularly on voltage magnitude

and harmonics [88]. These harmonic currents cause higher losses and heating in a variety
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of electromagnetic equipment. When reactive power compensation capacitors are used to
improve power factor in electrical systems, there can be a risk of resonant conditions
occurring. Resonance can happen when the capacitance of the power factor correction
capacitors matches the inductance of the system or specific components within it, such as
transformers or cables. PQ standards have been proposed by the IEEE and the
International Electrochemical Commission (IEC) [89]. IEEE 1159:2019 (revision of IEEE
Std 1159-2019) [90] The prescribed standards are focused on the characterization,
measurement, quantification, and interpretation of electromagnetic disturbances in power
systems. Its purpose is to provide guidelines for understanding and addressing variations

that may arise from internal factors within the power supply or load machinery [91].

IEEE 519:1992 [92] discusses the IEEE recommended practice and standards for
harmonic mitigation in electrical-based systems. The IEEE 1547-2018 standard (a version
of IEEE 1547-2003) provides standard for interconnecting distributed resources with
electric power systems. Their each DER shall meet at point of common coupling (PCC)
[93] The integration of wind & solar based energy resources with Electric Power Systems
(EPSs) requires the establishment of criteria and standards to ensure safe, reliable, and
efficient operation. These criteria and standards address various aspects of DER
integration, including technical requirements, communication protocols, operational
procedures, and safety guidelines [94]. To address the PQ difficulties, various strategies
have been employed. Active power filters (APFs) are one of the most common, and they
are classified into three types: shunt, series and hybrid [95]. A series active compensator is
linked in series at the load end and is employed to alleviate voltage-based PQ issues like
voltage sag/swell, flickers, voltage perturbations, voltage imbalance, and harmonics. Solid
State Static Series Compensators (SSSCs) [96], [97] and DVRs are examples of series
APFs [98]. DSTATCOM is a term used to describe shunt APFs used in distribution
systems. In a shunt-connected state, it can be used as a VSC or Current Source Inverter
(CSI) to the CPI. DSTATCOM has been used to solve current PQ issues like harmonic
mitigation, reactive power support, balancing of load, and voltage regulation [99]. Because
of advancements in switching devices, DSTATCOM is currently rather common for
mitigating PQ difficulties [100]. Previously, MOSFET and GTO were used as switching
devices, but now it employs IGBT for easy operation and improved performance [101].
The hybrid APF configuration offers a more comprehensive solution for PQ problems by

combining the advantages of both series & shunt APFs [102]. The hybrid APF i.e. unified
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power quality conditioner (UPQC) is an example [103]. There is a technology or solution
that can improve PQ in both voltage and current-related PQ problems. However, this
technology has some drawbacks, including complex control, requiring more switches, and

therefore being more expensive [104]

2.5 Literature Survey on Synchronization and Control

Algorithm for Operation of Standalone System

Control algorithms necessitate the computation of synchronizing signals and the
extract fundamental component from the distorted load current. The unit template
approach is the easiest method for generating the synchronizing signal, but it only works
in the ideal state of an isolated system [105], [34]. However, if the isolated system has
multiple PQ difficulties, such as distortion, noise, and DC-offset, novel and enhanced
techniques for estimating synchronizing signals are necessary. Furthermore, researchers
have developed many PLL approaches, some of which do not perform well under non-
ideal or intermittent situations. Researchers employed SRF-PLL as a typical PLL for phase
and frequency computation, and it was realized for the production of synchronizing signals
[106]. EPLL is capable of reducing dual-frequency oscillations and mitigating harmonics
[107]. The ROGI-PLL technique is frequently employed in standalone systems for
synchronisation because of its simplicity and efficacy [108]. The ROGI-PLL's
performance is shown to be unsatisfactory under unbalanced load and DC-offset
conditions. ROGI-FLL has been employed for effective ROGI operation under variable
frequency conditions [109]. The block of FLL is implemented to evaluate the frequency of
the input signal. When the grid voltage has DC-offset, ROGI-FLL's poor filtering capacity
prevents it from producing satisfactory results. CC-ROGI-FLL has been offered as a
solution for the eradication of the DC-offset in grid voltage [110]. Under steady-state
conditions on a heavily deformed grid, the frequency measured by the FLL exhibits
varying degrees of oscillation. In a 3-phase system, a PLL based on the CDSC has been
examined. This necessitates the use of transform equations as well as an extra Proportional
Integral (PI) controller [111]. Under intermittent RESs and distorted load current, a robust
frequency estimate technique has been presented [112]. Furthermore, an Affine Projection
Like (APL) approach for estimating synchronizing signals in isolated microgrids has been
proposed [113]. These techniques were used under variations in frequency and distorted

conditions, but the DC-offset condition was not covered. Except under DC-offset
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conditions, these algorithms produce the least steady-state error in frequency computation.
The function of Artificial Neural Networks (ANN) in estimating power system parameters
is unsurpassed. They have been used to detect phase and symmetry components,
harmonics, and so on [114], [115]. Particle Swarm Optimization [116] and recurrent
training of neurons for proper weight estimate [117] were two of the earliest ANN
approaches. Furthermore, if real-time implementation algorithms based on ANN
methodologies are to replace conventional PLLs, they must be quick, precise, and
converge within a few cycles. By using the per-phase model and the multi-loop control
system, the four-leg converter can effectively handle unbalanced load conditions and
provide better orthogonal signals. This improves the converter's performance, enhances
the quality of the output power, and ensures reliable operation in practical applications. By
removing the requirement to deal with symmetrical components, the suggested control

technique can deliver balanced output voltages under varying load demands [118].

The PQ enhancement technique necessitates the use of proper control algorithms. In
literature wide range of control algorithms, such as IRPT [119]-[121], SRFT [122], [123],
LMS [124] and MLMS [125], have been used for both 3P3W and 3P4W standalone
systems. The control approach is designed to extract or estimate the fundamental
component. The unpredictable and non-linear nature of load current, however, necessitates
that the developed algorithms produce accurate and timely results under all circumstances.
Although several methods have been developed for shunt compensation, it is still required
to carefully examine changes in convergence time, mathematical level of complexity,
quick dynamic response with fewer oscillations, and steady-state response. The most
efficient method to develop a control algorithm for improving PQ in isolated 3P3W and
3P4W wind-solar hybrid systems, according to recent literature on FLL-based control
techniques, is to use a filter that is both effective and efficient [126], [127]. Various PLL
variants have been reported in the literature [128]-[130] as well as recent advances in the
study of PLLs [131]. Reduced-order generalized integrators (ROGIs) were developed
[132] and are thought to be less difficult than SOGIs, however, they require a fundamental
component from the load current [31]. In research articles, FLL-based control approaches
are used for harmonics evaluation and suppression in a standalone system. EPLL-based
algorithms have also been described in the literature for various applications [133], and

they can also be employed as SAPF control algorithms.
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2.6 Literature Survey on Bi-directional Power Control and

Battery Energy Storage System

Recent advancements in SolarPV materials and technology have made solar based
power generation very cost-effective and provide better power options for distant rural
locations [134]. Electricity generated by wind & solar is inherently unbalanced, which has
a negative impact on the utility grid. With an emphasis on electric vehicles or fuel cell
applications and other, Energy storage device interface in RESs usages of bi-directional
converters have increased. A large number of dc/dc converters that have been
demonstrated to match dc buses with voltages that are significantly different from one
another, ranging from tens to hundreds of volts [135]. It has two symmetrical full-bridge
converters fed by single-phase electrical power. Furthermore, the first-generation IGBTs
had relatively slow switching speeds, leading to longer switching times and higher power
losses during the transition between on and off states. This further reduced the efficiency
of the converter. But during the past ten years, improvements in power device technology
have allowed the converter to operate with up to 97% efficiency [136]. AC microgrids
enable greater resilience, efficiency, and integration of RESs into the power distribution
system, while also providing localized power supply and reducing dependence on the
utility grid [137]. RESs and BES offer pollution-free and cost-effective alternatives to
conventional power generation. They promote sustainability, enable distributed
generation, enhance energy independence, and contribute to grid stability. The integration
of RESs and BES is a major advancement toward a more clean and sustainable energy
future [138]. The combination of electrochemical storage systems like batteries with solar
PV systems has proven to be a powerful solution for integrating renewable energy into
various distribution systems, providing both efficiency and sustainability [139]. A BES
typically consists of a two-stage bidirectional converter, an intermediary filter, and a set of
control approaches. The BES purposely inserts the battery SOC as a control variable in the
control section because its retardation impacts the system's other control parameters [140].
The converter topology of the PV system is identical to that of the BES, but it contains a
DC-DC unidirectional boost converter. However, during PV power uncertainty, its control
system interacts with the MPPT algorithm to start control action. However, the PV
system's performance in islanded mode is suboptimal, particularly in terms of

voltage/frequency regulation [141], [142]. A hybrid energy storage system that combines a
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bulk battery energy storage (BES) and an ultra-capacitor (UC) is described. The system
incorporates a BDC controller with a minimum power rating. The objective is to develop a
control strategy that optimizes the operation of the hybrid system while ensuring smooth
mode switching and adherence to power limits. The suggested hybrid system operates in
four different working modes, each with its characteristics and advantages. The control
strategy is intended to select the appropriate mode following the operating circumstances
and system requirements. Additionally, the control system manages the power distribution
between the BES and the UC, determining how much energy is stored or discharged by
each component [143]. The new system described in the study differs from previous
systems in that the grid-side converter does not regulate the DC-link. Typically, in energy
storage systems, the DC-link voltage or current is managed by the grid-side converter to
maintain stable operation [144], by actively controlling the charging and draining cycles of
the BES through the bidirectional controller, the system can manage the DC-link voltage

at the desired level and manage the power flow according to the system's needs.

This control mechanism ensures a successful and effective operation of the BES while
maximizing the utilization of the battery's stored energy. The integration of utility-scale
SPV generation and a BES into the existing off-grid community has the potential to reduce
operating costs, minimize environmental impact, enhance energy independence & quality
and reliability of the power supply. It is a promising step toward a cleaner, more
sustainable, and economically viable energy solution for remote off-grid communities.
High operating costs, environmental concerns, and fuel handling issues with diesel-
powered remote off-grid systems have spurred the use of alternate energy sources and
energy storage systems. Operators of isolated microgrids have been looking for these
alternatives based on these motivations. In response, a Canadian utility is looking into
using utility-scale SPV generation and BES to supplement existing DGs in an off-grid

community [145].

2.7 Literature Survey on Wind-Solar-BES based Hybrid
Standalone System
There are plenty of rural locations without access to energy throughout the world. The

lack of access to electricity for extended periods, as long as 10 to 12 hours each day, can

indeed have significant adverse effects on the daily economic operations of the locals in
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the affected areas. Reliable access to electricity is crucial for various economic activities,
productivity, and overall quality of life. Many of these locations are abundant in RESs
such as wind, solar, and bio-mass [146]. Reliance on grid electricity, which is primarily
dependent on fossil fuels, can be considerably reduced by an island generation system
based on local RESs. Because biomass-based systems are sensitive to supply chain
concerns, solar and wind energy sources are favored. RESs (wind and solar) suffer from a
large level of variation in power, and an intermittent nature. These problems make it
impossible to guarantee stable electricity for standalone applications [147], [148]. While
the BES can help reduce fluctuations in power, and enhance predictability, maximizing the
utilization factor of energy sources is essential to improve the effectiveness and efficiency
of the isolated systems. Operating each energy source at its optimal operating value can
contribute to achieving this goal [149]. Implementing effective MPPT algorithms and
control systems in wind and solar power systems is crucial for efficient energy conversion
and utilization. It maximizes the power output, improves system performance, and

enhances the overall efficiency of renewable energy systems [150].

A hybrid system based on renewable energy, which is a combination of two or more
two types of generation sources, has the potential to minimize BES requirements while
increasing reliability. Both (wind & solar) are complementary to one another in both daily
and yearly patterns of behavior. Many researchers have presented Wind/Solar based
hybrid systems [151]-[153] in recognition of the benefits of this combination. Because of
its durable and brushless structure, low maintenance costs, and inherent short-circuit
protection capability, the authors used a hybrid system with a SEIG [154]. Wind turbines
also use permanent magnet synchronous generators. Gearless design is conceivable with
PMSG, but it necessitates a 100% rated converter as well as a more expensive machine
[155]. Furthermore, if speed regulation is performed, a full power-rated converter is
required. By combining solar PV with a DFIG-based generator and employing
appropriate control strategies, it is possible to achieve an autonomous system that operates
as a microgrid. This system can provide a reliable and high-quality power supply, meeting
the IEEE-519 standards for voltage balance, THD, and efficiency [117], [156], [157]. A
DSOGI-PLL approach is designed to handle real-time signal processing requirements in
power systems. This algorithm's enhanced filtering capabilities, harmonic attenuation, DC
offset reduction, and sequence component calculation make it a valuable tool for power

system analysis, control, and protection applications [24]. Isolated microgrids are
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susceptible to instability difficulties during heavy penetration of fluctuating loads such as
induction motors, resulting in continuous voltage & frequency oscillations that disrupt the
standalone microgrid. By incorporating the MMSOGI-FLL control algorithm, the
microgrid system can achieve stable and reliable operation, fast voltage/frequency
response, dynamic reactive power control, management of CPI voltage, harmonics
abatement, removal of DC-offset, and reactive power compensation. To ensure overall
performance, stability, and PQ in an islanded power system, where a local area or
microgrid operates independently from the main utility grid, several features are essential.
These features are intended to make it possible for the islanded system to operate

dependably and effectively [158].
2.8 Identified Research Gap

1) The concept of dump load (Ry) is being explored for the consumption of surplus
power and regulating voltage/frequency of SEIG in standalone applications.
However, the power consumed in dump load is many times not useful. Therefore,
the usage of a PV system along with SEIG may create a scope of battery energy
storage and also electrical vehicle battery charging at a DC link with a suitable
controller.

2) Researchers have indeed been exploring the use of advanced control algorithms
and hybrid algorithms for improving PQ in various power systems, including the
control of Distribution Static Compensators (DSTATCOMs) in Self-Excited
Induction Generator (SEIG) systems. These control algorithms offer enhanced
capabilities for voltage and frequency control, leading to more effective and
efficient system operation.

3) Synchronization techniques considering intermittent conditions of wind & solar
and different loading conditions are to be addressed. Also, a fair comparison of
these synchronization algorithms is required in both simulation and experimental

environments.

2.9 Authors Contribution in the Proposed Work

The main contributions in this work are given as follows:
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1)

2)

3)

4)

5)

6)

7)

8)

2.10

Design, modeling, and analysis of the 3P3W and 3P4W standalone system based
on solar & wind energy in MATLAB/Simulink and design validation through the
development of prototype hardware.

Implementation of various control algorithms for the synchronization and control
of the proposed system under numerous operating scenarios like as fluctuation in
wind speed and solar intensity while satisfying the dynamics of connected
unbalanced non-linear load.

Design and implementation of MPPT techniques such as IC and modified P&O to
extract maximal power from an SPV under dynamic circumstances.

Design and implementation of a BDC to manage the charging/discharging of BES
during the variation in an isolated system.

The combined operation of the VSC and the BES provides a flexible and efficient
way to manage fluctuations in load and power generation, enhancing the stability
and reliability of the power system.

The developed control algorithms enhance system stability, provide a fast dynamic
response, and reduced the steady state error during the extraction of fundamental
load current component.

Further, the control algorithms with VSC maintain all the parameters of the
standalone system and provides harmonics abatement, load leveling, power
compensation, and enhancement in the overall PQ of the isolated system.
Moreover, a comparison is carried out between the proposed and existing control
algorithms under different operating circumstances. The work regards the IEEE-
519 standard norms of harmonics level and keeps the THD level below 5% under

nonlinear load.

Objectives of the Proposed Research Work

The proposed research work shall mainly focus on the following aspects of SEIG.

Voltage & Frequency Control of Self Excited Induction Generator integrated
with PV system and scope of using battery energy storage for voltage &
frequency regulations in isolated applications.

Applications of advanced control algorithms for effective control of

DSTATCOM and voltage and frequency control of SEIG and hybrid energy
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systems.
3. Use of evolutionary adaptive techniques for improvement of the dynamic

performance of SEIG-DSTATCOM system in wind-solar energy applications.

2.11 Summary

A comprehensive review of the literature has been addressed in this section based on
the voltage & frequency regulation of SEIG, design of wind turbine, PV modeling, MPPT
techniques, synchronization techniques, control algorithms, configuration and power
management for Solar-Wind-BSS-based 3P3W & 3P4W standalone hybrid system. The
research gap and objectives have been recognized based on the literature review and the

motivation for using an isolated hybrid system.
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Chapter 3

Design and Development of 3P3W &
3P4W Wind-Solar-BES-based Islanded
Hybrid System

3.1 General

This chapter discusses the development and design of a 3P3W & 3P4W solar wind-
based standalone system. A detail mathematical calculation of design parameters have
been carried out various elements for simulation and real-time experimental validation. It
also discusses the design of wind turbine, modeling of the PV module, and the design of
SPV array for the 3P3W & 3P4W renewable energy-based standalone system. The design
of different elements of its system for simulation study is shown as per the standards
required for the isolated system. The rating of the selected components for experimental

work is determined by the accessibility of laboratory equipment.

3.2 Design and Development of 3P3W & 3P4W Wind-Solar-
BES based Islanded Hybrid System

The major components of the 3P3W & 3P4W wind solar-based standalone system are a
3-phase SEIG, wind turbine, solar PV array, IGBT-based VSI, and BSS as shown in Fig
3.1 and Fig. 3.2 respectively. The capacitor bank is being utilized to provide the desired
reactive power to SEIG generating rated voltage. The capacitor bank serves dual
functions: first, it filters out the high frequency noise generated by the controllers, and
second, it provides reactive power support to the SEIG. All other device ratings are
selected with proper design considerations. The wind turbine acts as a prime mover for the
proposed SEIG, which in turn helps the rotor of induction machine to turn faster than
synchronous speed thus acting as an induction generator. The generated energy is supplied
to the three-phase nonlinear load. Further, IC, P&O and MP&O MPPT techniques are
being used to extract maximal power from an SPV. Further, a BES is interfaced at the DC-

link with a BDC controller to consume the excess electricity and supply power during
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intermittency and increase in consumer load. The standalone system is design &

developed for providing electricity with enhanced PQ, reduced harmonics, power
compensation, and load balancing.
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Fig. 3.2 System topology of 3P4W wind-solar standalone system
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3.3 Calculation of Excitation Capacitance for SEIG

A SEIG is an induction machine used as a generator for standalone generation using
wind energy. A SEIG requires an excitation capacitance to provide the necessary reactive
power for self-excitation. Calculating the excitation capacitance for a SEIG entails
calculating the generator's reactive power requirements and choosing an appropriate
capacitor value to satisfy those requirements. The reactive power requirement is described
as a percentage of the rated power output of the generator, and this percentage is

essentially the generator's power factor [159]-[162].

Let, the KVAR required to SEIG is 4 KVAR.

V = IcXc (3.1)
Where, X = 1/2nFC

[ =V X2aFC=400% 2 X 3.14 x 50 X C (3.2)

Ic = 124600 x C (3.3)

KVAR = V x I./1000 (3.4)

KVAR = 400 x 125600 x C/1000 (3.9)

4 = 50240 x C (3.6)

C = 79.61uF (3.7)

Moreover, a synchronous speed test is performed in the laboratory to compute the
values of voltages and currents is depicted in Table-3.1 and the graph is plotted between

voltage & current to represent the saturation level or no load characterstics of SEIG.
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Table-3.1 Voltage & current values at different speeds

Voltage(V) Current (A)
80 0.25
100 0.3
120 0.5
140 0.7
160 1
180 1.1
200 1.2
220 1.35
240 1.5
260 1.65
280 1.75
300 1.95
320 2.1
340 2.3
360 2.5
380 2.7
400 2.95
400 : : . ; +
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Fig.3.3 Saturation level of SEIG in simulation
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The calculated value of the excitation capacitance obtained from the synchronous
speed test can be used to optimize the SEIG's self-excitation capability and ensure stable

operation.
3.4 Design of Wind Turbine

Selecting the correct rating of wind turbine is indeed crucial for the proper operation
and performance of a SEIG in a standalone system. The wind turbine rating determines the
power output of the turbine and affects various aspects of the system design and

performance. The following relation is used for determining mechanical power.

cp=power coefficient, viy=wind velocity, o=area of blade

The output power equation for turbine is:

1
pP=5¢ (m, B)mr2v3, (3.8)
Where, r=radius of blade (m), p=air density (kg/m")

The tip speed ratio (TSR) and the pitch angle (0) are crucial parameters in wind turbine
performance, and they directly influence the coefficient of performance (c,) of the
turbine. Wind turbine design and operation often involve optimizing these parameters to
achieve the best possible energy conversion efficiency under varying wind conditions. The

TSR is represented by (1) & computed as:

N = 0rr/vy (3.9)

Where, wg= angular velocity in rad/s [163]-[167].
3.5 Design of PV System

A solar cell can be modeled in different ways considering different parameters. A
single-diode model with series & parallel resistance is considered nearer to a practical
diode and easier to model [168]. The practical single-diode model with series & shunt

resistance has been depicted in Fig. 3.4.
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Fig.3.4 Practical single diode model of PV cell [169]

The output current (I.) of PV cells is evaluated by using Kirchhoff’s current law;

e=In—Iqg—1, (3.10)

le = Ipn — Lo [exp (F2522) — 1] —"C}:—:‘S G.11)

Where, (Ipn), (Ia), (Ip)and (a) 1is the photon current, diode current, leakage current

and modified ideality factor in the parallel resistor [170]. Equation for a is given as

o = Nsfe (3.12)
q
Where, Ng= no. of series cells in PV panel, k = Boltzmann’s constant

(1.381x10722 m?kg — s~2k™1), q = electron charge (1.6x1071% coulombs), A is the
ideality factor.
Ideality factor of different PV technology has different values as shown in Table 3.2.
Here, the value if the ideality factor is 1.3 as the considered module is silicon
polycrystalline.

The photo current (Ipy) is affected by the two variables solar insolation and temperature

(T.), as shown in the equation below.

Table 3.2: Ideality factor (A)

Technology | Si-Mono | Si-ploy | a-Si-H | a-Si-H tandem | a-si-H triple CdTe AsGa

Ideality 1.2 1.3 1.8 33 1.5 1.5 1.3
factor

G
Iph = Grof (Iphref + MSCAT) (3.13)
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Ideally, Iphrer & Iscrer and AT = T; — Terer. Here, Grer denotes the solar insolation at

standard test conditions (STC) =1000w/m?, T..s is the PV cell temperature at STC

(298K). pg, is the temperature coefficient of short circuit current and is given by the
manufacturer. Iscer is the short circuit current at STC and Iper denotes photon current at

STC. The diode current (I4) is computed as

Iy =1, [exp () - 1] (3.14)

The reverse saturation current of a diode can be determined using the equation as
follows.

o= e ) e () (s 7)) 319

Where, Vocrer 18 the open circuit voltage of the PV module at STC and &g is the energy
band gap of 1.12eV for silicon-based solar cells. A single PV module gives a very small
amount of power. Hence, to extract significant power, we require a PV string or PV array
which consists of several modules connected in series (Ng) and in parallel (Npp). So, the
PV cell equation is modified to make an array of PV and is represented using the below

equation. Now, the output voltage & current of the PV array is termed as V,,, and I,

va+1Rs(f\fSS) VpV+IRS(11:SS)
Loy = Npplon — o [exp (T"p -1 —Tﬁpp (3.16)
Npp

As the environmental condition varies, the output voltage & current varies according
to the P-V and I-V curve. The P-V and I-V curve of the considered module is shown in
Fig. 3.5(a) and (b). Fig. 3.5(a) shows the P-V and I-V curves of a module at various

temperatures such as 0°, 25°, & 50° and fixed solar insolation 1000w /m?.

In this situations, output power and current increase as the temperature of the PV
module decreases. This curve shows the non-linear behavior of PV modules as the
environmental condition changes. In these curves, there is a point that shows the
maximum power of the PV module and it is called the MPP of the PV module. Figure

3.5(b) shows the P-V and I-V curves of a module for difference solar insolation

(2 00w/m?*,450w/m?,and 900w/m2) and fixed temperature (25°C) and it shows the as

31



the temperature increases the PV output current and power increases. MPPT has been
employed to achieve the maximum power from the PV module or string or array. MPPT
technique forces the PV module to work at the MPP of the PV curve. In the single-stage
grid-tied PV system MPPT technique gives the reference voltage for the DC-link and in
the double-stage grid-tied PV system it generates a duty cycle to the DC-DC converter to
impose the module to work at MPP [171]-[173].
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Fig. 3.5(a) P-V and I-V curve at different temperatures and fixed solar insolation (b) P-V

and I-V curve at different solar insolation and fixed temperature
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3.6 Design of Boost Converter for SPV

Interconnecting solar modules in series & parallel is a common approach to achieve
the desired voltage & current levels for a given application in an SPV system. This
configuration allows for better management of voltage & current to improve overall
performance, efficiency, and power output. The solar PV array rating of 2.9kW mentioned
here suggests that the total power capacity of the SPV array is 2.9kW. An SPV array
rating of 2.9kW is explored in MATLAB/Simulink.

The input voltage of a boost converter is the PV array's MPP, which is 250 V. The

boost converter's inductor (L) is built for a duty cycle calculated as
D = (Vac — Vpv)/Vac == (400 — 250)/400 = 0.375 (3.17)
A boost inductor's designed value is expressed as

_ VmppXxD _ 250%0.375

L =
DT ALpxfs T 0.1x11x20x103

= 4.26mH (3.18)

Where ripple current equals 10% of SPV current at MPP and (fs) is the switching
freq., which is 20 kHz in present analysis [14], [174], [175].

3.7 Design of DC-DC Bidirectional Controller

In the proposed standalone solar-wind energy system, the imbalance in active power is
caused by variations in solar insolation levels and dynamic load. To solve this problem, a
bi-directional controller (BDC) is employed at the DC-side of the VSC to regulate the DC
link voltage and perform buck/boost operations for BES charging or draining. The major
function of the BDC control is to maintain synchronization between power generation
from the SPV and dynamic load. When there is excess power generation compared to the
load demand, the BDC control allows the unused power to be supplied in the BES for later
use. Conversely, if the power generation is inadequate to meet the load demand, the BDC
control enables the BES to supply the required power. To achieve this control, two
Proportional-Integral (PI) controllers are utilized in the BDC control scheme. The DC-link
voltage must be regulated by the PI controllers to maintain the desired value under a
variety of circumstances. The first PI controller monitors the DC-link voltage and

generates a control signal to adjust the duty cycle of the VSC, allowing the buck or boost
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operation to manage the BES charging or draining. The control signal is based on the
difference between the observed DC-link voltage and the reference value. The second PI
controller operates on the power error, which is the difference between the power
generated by the energy sources and the power demanded by the load. By utilizing the
BDC control with two PI controllers, the system can maintain the desired DC link voltage,
ensuring proper regulation and synchronization between power generation and load
demand. The control scheme enables the BES to absorb or supply the surplus or deficit

power, respectively, thereby balancing the real power in the islanded hybrid system.

The equation for the regulation of DC link voltage in a proportional-integral (PI)

controller can be represented as follows:

ii:k) (5) = iik) (S - 1) + kdp{vdce(s) - Vdce(S - 1)} + kdivdce(s) (3-19)

Where, kg, and kg; are the gains of the PI controller respectively.
Where, Vyce(s) = Vinpp(s — 1) — Vgc(s) (3.20)

The duty cycle of the BDC control, which determines the operation of the bi-
directional converter for BES charging or draining, can be computed using a BES current
Proportional-Integral (PI) controller. The duty cycle is typically calculated based on the

following equation:

Dgc(s) =Dgc(s—1) + kbp{iber(s) —lper(s — D} + Kpiiper(S) (3.21)

Where, ky,, and ky,; are the gains of BES's current PI controller.

The BES current error (ipe.) 1s evaluated by comparing the sensed BES current with the

reference BES current.

iper(s) = iik)(s -1) - ip(s) (3.22)

The converter's Pulse Width Modulation (PWM) pulses are typically generated by
comparing the duty cycle to a saw-tooth signal. The saw-tooth signal serves as a reference

waveform for generating the PWM pulses [176]-[180].
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3.8 Development of Sensors and Amplifier Circuit

Sensors are an integral part of the islanded system. They are utilized to sense the
different parameters (V & 1) and gives to ADC channels of dSPACE 1104. The circuit
diagram for the voltage (V) & current (I) sensors has been shown in Fig. 3.6(a) & (b). Fig.
3.6(c) & (d) depicts the practical voltage & current circuits.
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Fig. 3.6(a)-(e) Development of sensors and amplifier circuit

For sensing the voltage parameters LEM makes Hall-effect based LV25-P/sp2 model
is used. Its maximum input voltage range is 1500V. The maximum current of 14mA is
limited in the input terminal. To reduce the input current a high resistance of 47kQ has
been used with the power rting of 2W. In the output of the sensor OP07 IC has been used
to change the gain ratio of the current sensor such that the output of the voltage sensor
should not exceed 5V. For sensing the current parameters LEM make Hall-effect-based
LA25-NP model is used and its conversion ratio is 1:1000. In the output of the sensor
OPO07 IC has been used to change the gain ratio of the voltage sensor such that the output
voltage of the sensor should not exceed 5V. The operational amplifier circuit is the same

for both the voltage and current circuits [181], [182].

3.9 Development of Experimental Prototype

A hardware prototype of an islanded system has been developed in the laboratory, as
demonstrated in Fig. 3.7. The major component of the standalone system is a prime mover
DC motor, SEIG, capacitor bank, sensors, opto-coupler, dSPACE-1104, digital storage
oscilloscope (DSO), DC supply, multi-meter, auto-transformer, connecting cables, monitor
and power analyzer. The voltages & currents of the isolated system are measured using the
Hall-effect sensors circuit. The use of two Hall-effect sensors, such as LEM LA-25,

indicates that the standalone system is designed to measure the source currents of phases
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'a'" and 'b' in a balanced 3P3W & 3P4W system. Hall-effect sensors are commonly
employed for non-intrusive current sensing as they can detect the magnetic field formed
by the current flowing through a conductor. These current sensors are powered by a 15V
DC supply. The voltage sensor used in the standalone system captures the voltage signal
that needs to be further processed or utilized for measurement, control, or analysis
purposes. To ensure accurate and reliable signal transmission, the sensed voltage signal is
typically fed to a buffer circuitry. A buffer typically has unity gain and low output
impedance while maintaining high input impedance. Using the four channels of the
KEYSIGHT INFINII VISION DSO-X 2024A, the dynamic behavior of the standalone
system's signals, like voltages, currents, and other relevant parameters, can be observed
and analyzed in real-time. This facilitates the evaluation of system performance,
identification of abnormalities or transient behavior, and optimization of the system's
operation or control strategies. The PQ analyzer (HIOKI PQ3100) was employed to

examine the results in the system's steady state.

Filtering

Monitor ,
inductors :

“Auto
Transormer

N 4SPACE
1104

Fig. 3.7 Hardware prototype of a standalone system
3.10 Summary

This chapter addresses the design & development of a wind solar-BES-based islanded
hybrid system for standalone applications. Design equations, system configurations for
3P3W & 3P4W, and experimental prototype setup have also been presented. The PV

system and BES are interfaced at the DC-link of the VSC for active and reactive power
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injection to the hybrid system under dynamic conditions. These system configurations
have been considered for simulations & experimental study on the proposed schemes to
improve the PQ, provide power compensation (active & reactive) and load leveling in

hybrid energy system for standalone applications.
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Chapter 4

Implementation of Advance Control
Algorithms for Three-Phase Three-Wire
(3P3W) Wind-Solar-BES-based Islanded

Hybrid System

4.1 General

A precise and accurate estimation of phase & frequency is crucial for the control
and synchronization of the islanded hybrid energy system. Hence, the use of advance
control algorithms and synchronization techniques is mandatory. Out of several
synchronization techniques discussed in literature PLLs and FLLs based synchronization
are make popular. Some conventional and advanced control techniques for three-phase
PLLs & FLLs are discussed in this chapter for computation of phase, frequency, amplitude
and the synchronizing signals under uncertain conditions of RESs and unbalanced load.
The designed PLLs & FLLs are further applied for the PQ improvement and compensation

of reactive power in the 3P3W standalone system.

Various three-phase control techniques are examined under the intermittent
condition of wind, solar and unbalanced load in this chapter. These include Unit Template
Estimation, DSC-FLL, SOSF-FLL, VGC-IPLL, 30-APF-FLL and ICCF-PLL. Their
individual simulation results and experimental performances are examined under various

operating scenarios.
4.2 Unit Template Estimation

This is the simplest method to estimate unit templates of the voltage signal of each
phase. This method is largely used by researchers under normal conditions of the
standalone system [183], [184]. Three-phase voltages have been measured at CPI and
depicted as vg,, Vgp, and vg.. Unit templates are obtained by simply dividing the individual
phase voltages by the magnitude of the three-phase voltage at the CPI of an isolated
system (V).
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If, Vi, is the voltage amplitude of the terminal voltage, which is expressed as

1,
Vim = ( ) (Vsa + Vsb + Vsc) 2 4.1)
Here, phase voltages are evaluated as
1 1 1
Vsa = 3 (2Vsab + Vsbe)s Vb = 3 (—Vsab F Vsbe), and vge = 3 (—=Vsap + 2Vgpe) (4.2)

Thus, by using equation (4.1, 4.2), the unit templates (in-phase & quadrature) are

evaluated as

\% \% \%
Uad = Sa/vma Upg = Sb/vma Ueq = SC/Vm (43)

___Uad , Ucd __3Ucd  Ucd , Upd _3Uaq | Upd _ Ucd
Uag = =5 T e Wa = o T o MUa = TR sy (Y

4.2.1 Simulation Results

The model of the proposed controller for SEIG with/without STATCOM feeding
unbalanced load is simulated and results of the hybrid system are examined under various
operational circumstances. Different parameters of the hybrid system were analyzed to

justify the effectiveness of the proposed system. The proposed system is designed using

3.7kW of SEIG, 2.9kW of PV system, 400V of BES, and 400V of DC link voltage.

4.2.1.1 Transient Performance of SEIG at No load and On Load

Fig.4.1 likely represents a graphical representation or waveform depicting the transient
behavior of the SEIG during the voltage buildup process. It shows how the voltage across
the SEIG terminals changes over time until it reaches the desired value of 600V (peak)

when no load is connected.
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Fig.4.1 Voltage buildup of SEIG at no load
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Fig. 4.2 shows the transient performance of SEIG under load perturbation in the
absence of STATCOM. At t=1.7 sec, a balanced load is switched to the hybrid system and
the generator voltage (vg,p) and capacitive current (i..) start decreasing and at t=1.8 sec,
an additional balanced nonlinear load is switched. The generator voltage (vg,p.) and

capacitive current (i..) decreased and finally voltage are collapsed at zero load.

Wﬂ‘{fﬂr I mﬂ[m ﬂnnmmmmmﬁmmm ‘
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Fig.4.2 Transient performance of SEIG on load

4.2.1.2 SEIG Performance with Linear/Nonlinear Load using
STATCOM

Fig.4.3 depicts the response of SEIG with linear/non-linear load using STATCOM for
the 3P3W system. At t= 1.7 sec, a balanced load is injected, after this Vg,pc, Vi, ic, Ve and
freq., are remains constant. A balanced nonlinear load is inserted at t=1.8 sec, After this a

sudden change in nonlinear load at t=1.8 sec, Vgape, Vi, ic. V4c and freq., are decreased

4.2.1.3 Performance of SEIG under Fluctuating Wind Speed

Fig. 4.4 shows the response of SEIG with STATCOM under changing wind speed at
t=1.7sec. During the duration of fluctuation in wind speed, the compensator current is
increased and provides required power support to SEIG. The controller maintains the other
parameters of the isolated system are consistent. Moreover, the source current (icapc) of
the proposed speed is maintained sinusoidal under dynamic conditions of wind speed and

distorted load.
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Fig.4.3 Performance of SEIG with STATCOM under balanced load
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Fig.4.4. Performance under fluctuating wind speed
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4.2.1.4 Performance of SEIG with Linear/Nonlinear Load under Change

in Solar Insolation

Fig. 4.5(a) & (b) depicts the response of SEIG under a change in solar insolation
from 1000w/m” to 700w/m”. The output power of a PV system is decreased when the
irradiance decreases. A 3kW resistive balanced linear load is supplied at time t=1.7sec.
When, a balanced nonlinear load is injected at t=1.8 sec, a declination in PV system output
power has an impact on SEIG performance. The performance of hybrid system under
varying irradiance is shown in Fig. 4.5(b) for SEIG voltage (Vg,pc), load voltage (v) dc
link voltage (vq4.) and freq. (f).
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4.5(a) and (b) Performance under the change in solar insolation feeding a constant load

4.3 DSC-FLL Control Approach

A DSC-FLL control approach is implemented to control the VSC in the isolated mode
of operation. The DSC-FLL control utilizes an FLL to regulate the output frequency of the
VSC and achieve accurate synchronization with the grid or the reference frequency. One
of the advantages of using the DSC-FLL control is its improved disturbance rejection
ability. This means that the control system is better equipped to handle external
disturbances or variations in the system, such as changes in load conditions or fluctuations
in wind & solar. The in-loop filter in the DSC-FLL control plays an essential role in

enhancing the disturbance rejection capability. The computed frequency (o) is considered

to be constant when describing the concept of in-loop filters in FLLs.
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Fig. 4.6 DSC-FLL control approach

The ROGI implementation in space vector notation is shown in Fig. 4.6 expressed as
A .a k . ..
1y(s) +jip(s) = m(la(S) +jip(s)) (4.5)

The proposed control technique utilizes a filter that allows the Fundamental Frequency
Positive Sequence (FFPS) component to pass while blocking other frequency components.
This approach is beneficial for extracting the FFPS component and mitigating disturbances

such as harmonics and voltage imbalance. The equation as described as

j2r  Ts

DSC, = g (4.6)

The fundamental period and operator delay factor, respectively, are represented by the
components (T & n). The ability of filtering is primarily dependent on its delay factor (n).
A single operator might not be able to eliminate all disturbances, as noted in the literature,
so the operators are used in a cascade form with a variable delay factor, as illustrated in
Fig. 4.6. It is possible to define the equation for the open loop transfer function in the

DSC-FLL as

=Ts  =Ts
Ge _ 041(s) __1+e 2 1+4e 12 ks+i

T 0.()=-0,(5) 2 2 s2

(4.7)

The constant parameters k and A are calculated as follows:
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K=—and A = —

oTa e (4.8)

Where k=160, A=12791 and, g is the phase margin evaluation factor [25].

4.3.1 Estimation of Fundamental Load Current Component and

Reference Source Current

The DSC-FLL based control technique is well-suited for accurately estimating the
fundamental component and phase angle of load current, enabling effective control and
operation of standalone systems, even in the presence of dynamic conditions and

disturbances.
Ihn= [12+ ié (4.9)

@ = tan~'(ig/1,) (4.10)

By utilizing the S&H module, the load currents' instantaneous values are captured at a
high frequency, providing a precise representation of the current waveforms. The ZCD
module detects zero crossings, enabling accurate phase angle determination. The
quadrature unit templates employ these sampled values and zero crossing information to
compute the magnitude of the fundamental active and quadrature components as

represented in Fig. 4.7.
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Fig. 4.7 Estimation of fundamental load current component and reference source current

After computing the fundamental component from the load current using the pattern

described earlier, the active and quadrature components of the remaining two phases can

be computed using a similar approach. Two PI controllers are employed to regulate

voltage/frequency. The current of the fundamental components of the load are then minus

from the outputs of the PI controllers to achieve voltage & frequency regulation [128]. The

control equations for estimating the PI controller's current are.

iqr(q) = iqr(q -+ kvp{ve(q) - Ve(q - D} + kvive(q)

ifp(q) = ifp(q -1+ kfp{fe(q) —f.(q— D} + keife (@)

Where the predicted values for the voltage and frequency errors are

fe(q) = f.(q) — f(q) and ve(q) = vi(q) — v4(q)

The peak value of source voltage (v;) from the CCP is computed as

2
v, = \/(E) X \/(Vszr +vg +v3)

1 1 !
Ver = E(ZVSI‘Y + Vsyb)a Vsy = g(_vsry + Vsyb)a and vy, = 5(_V5ry — 2Vsyp)

4.11)

(4.12)

(4.13)

(4.14)

(4.15)




Where, v, and vy, are the line voltages of the source at CCP and v, vgy and vgy, are
the computed phase voltages. The both active (isp) and reactive (igq) reference source

currents are evaluated as
isp = ifp +ispy —ipp (4.16)
isq = iLq — igr (4.17)

The active/reactive components of load current are analyzed using a three-component
average.

. XLpr+XLpy+XLpb . XLgr+XLgyv+XLgb
iy = S b g g g = Mar ey gy (4.18)

The sinusoidal reference currents derived from the load current are approximated using

an in-loop filter-based DSC-FLL, as shown below.
s G G
Isra = sp X Xprs Isyb = Isp X Xpy» Ispe = Isp X Xpp (4.19)
G e G
igra = Isq X Xqgr»> lgyb = 1sq X Xqy» igbe = Isq X Xgb (4.20)

Where, Xy, Xpy» Xpbs» Xqr» Xqy and Xgp, are the computed active/reactive unit templates.

The process of evaluating unit templates is stated as follows:

\ v \
Xpr= sr/Vl, Xpy= Sy/Vl’ Xpb= sb/Vl (4.21)
__ Xpr , Xpb _V3Xpr | (Xpy—Xpb) __ V3Xpr | (Xpy—Xpb)
Xa= 5 T 5 Xay T v andXgp 2 23 (4.22)

The reference source currents are the addition of extracted active/reactive currents and

are stated as

e
lgr = 1sra_’_lqra

G

isy = IgypHigyp (4.23)

*

ko ek .
Igp = 1sbc—quc

The hysteresis controller generates switching pulses based on the difference between

the computed reference current and the observed source current [5].
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4.3.2 Simulation results

A DSC-FLL control approach is designed to reduce the PQ problems of an isolated
microgrid (MG) under wind/solar intermittency and nonlinear load perturbation. The
proposed control successfully extracts the unit vectors and generates the appropriate gating

pulses for VSC.

4.3.2.1 Dynamic Response of MG with Changes in Wind Velocity

Fig. 4.8 represents the dynamic response of an isolated MG to changes in wind velocity
and constant solar intensity. The wind speed is changed from 14m/s tol1 m/s at t=3.2s, the
solar intensity and temp. (T) are fixed at 1000w/m” and 35°C. The SEIG based source
power is decreased from 5.65kW to 5.49kW due to the fluctuation in wind speed. The
DSC-FLL with VSC stabilizes and maintains source voltage (Vgryp) and current (igpyp,). At
t=3.2s, the compensator current marginally increases and compensates at CCP through

VSC.
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Fig. 4.8 Dynamic response of an isolated MG to changes in wind velocity
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4.3.2.2 Dynamic Response under Change in Solar Intensity

Fig. 4.9(a) and (b) depict the dynamic response of an isolated MG to changes in solar

insolation and constant wind speed while feeding a nonlinear load. Fig. 4.9(a) depicts the

variation in solar intensity and temperature. At t=3.2 s, (T) ranges from 1000w/m’ to

600w/m” and 35°C to 24°C. The SPV current and duty cycle (o) declined when the

solar level changes. The solar power is cut from 3kW to 1.8kW. At t=3.2s, the source

current and compensator current decreased as displayed in Fig 4.9(b). Under dynamic

circumstances, the DSC-FLL-based controller stabilizes the isolated MG's frequency and

source voltage. During the change at t=3.2s, the source power is diminished from 5.7kW

to 3.2kW.
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Fig. 4.9(a) and (b) Dynamic response under the change in solar intensity
4.3.2.3 Dynamic Response of MG with an Unbalanced Load

The dynamic response of an isolated MG under fixed wind velocity and sun intensity
feeding an unbalanced nonlinear load is shown in Fig. 4.10. At t=3.1s to 3.3s, the load for
phase 'r' is detached. The load current is reduced while the frequency and source voltage of
the isolated MG remains unchanged. The excess power generating by SEIG is supplied to
BSS during the load disconnection. Because of the load disconnect, the source power

increases from 5.6kW to 6.4kW.
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Fig. 4.10 Dynamic response of MG with an unbalanced load

4.3.2.4 Battery Current under Different Operating Conditions

Fig. 4.11 depicts the battery current under various operating conditions. During a
reduction in RESs power generation, such as wind and solar, the battery current is
supplied to the common coupling point (CCP) through a VSC. This means that when there
is a decrease in power generation from RESs, the BSS utilizes its stored energy to

compensate for the shortfall by injecting current into the CCP.
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Fig.4.11 Battery current response under different operating conditions
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4.3.2.5 Harmonic Spectrum

Fig. 4.12(a) and (b) display the harmonic spectrum of the source and load currents in
an isolated MG under nonlinear load conditions. The Total Harmonic Distortion (THD)
values of the source and load current at the CCP satisfy the limits specified by the IEEE
1547.4 standard. Additionally, the controller in the MG delivers the necessary reactive

power to support the system under different dynamic circumstances.
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Fig. 4.12 Harmonic spectrum (a) source current and (b) nonlinear load current
4.4 SOSF-FLL Control Approach

A SOSF-FLL control scheme is employed in the proposed islanded system, as shown
in Fig. 4.13, and is designed to extract and evaluate the maximum value of the
fundamental load current component. It incorporates complex gain constants to enhance
the performance of the control system. The SOSF-FLL is a robust control method that
ensures that system operates within predefined bounds. This control technique helps to
mitigate uncertainties and disturbances in the system, leading to improved performance
and stability. By extracting and evaluating the maximum value of the fundamental load
current component using the SOSF-FLL control scheme, the system can accurately
regulate and control the fundamental component, which is essential for achieving high PQ

and efficient operation.
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Fig. 4.13 SOSF-FLL based control algorithm

The SOSF-FLL algorithm is controlled by the gain parameters (K and A). The
proposed control algorithm transfer function is depicted as

wi

s2+28wps+wd

M(s) = (4.24)

Where & and w,, are the damping ratio and undamped natural frequency, respectively.

The purposed control approach's open and closed loop transfer functions are provided as

T(w)=m=__te (4.25)

i (s—jwtky)(s—jw)

Im ki k
T,(s) = > 2

I, - (s—jw'+ky ) (s—jw'+k; k) (4.26)

The maximum value of the proposed control for closed transfer function is calculated

as

ki kp

. I
T, Gw)| ==

_ 4.27)
L \/(klkz—(w—w')2+k%(w—w')2

Where k;and k, are the constant terms of the proposed SOSF-FLL control approach
shown in Fig. 4.13. During the dynamic conditions of a microgrid system, the SOSF

control produces a rapid response. The variables @,, wg and I, reflect the evaluated
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values of phase, frequency, and amplitude of the fundamental load current component.

Two ROGTIs are used in the development of the SOSF-based FLL [25].

4.4.1 Computation of Fundamental Load Current Component

The Park transformation allows us to represent three-phase quantities in a two-phase
coordinate system. The transformation is depended on the concept of rotating the three-

phase currents by a fixed angle to obtain the alpha-beta (i, i) components.
i, = Ipcos (91), and ig = Iysin (D;) (4.28)

The fundamental estimated in-phase (Iy,;) and quadrature current (Irg,) variables are

assessed as
ILg1 = I;mcos(Dy), and Iy p; = Iysin(D) (4.29)

Where the phase and amplitude angle of the fundamental load current component are
presented as [124]

Im = \/ILa1 +1p1, and Gy = tan_l(ILﬁl/ILal) (4.30)
4.4.2 Simulation Results

The performance analysis involves simulation studies using MATLAB/Simulink and
experimental testing on experimental set-up in laboratory. By comparing the simulated
and test results, the study evaluates the dynamic behavior of the controller and assesses its
effectiveness in achieving the desired system performance. The SOSF-FLL-based VSC
plays a vital role in eliminating harmonics, maintaining voltage & frequency control,
providing reactive power support, and enhancing the PQ of the standalone microgrid. It
combines advanced control techniques to ensure a stable and high-quality power supply to

the microgrid-connected loads.

4.4.2.1 Control Signals of SOSF-FLL Algorithm

In Fig. 4.14(a)-(c), the internal control signals of the SOSF-FLL approach are shown.
These control signals are responsible for regulating and controlling various aspects of the
microgrid system to ensure stable and optimal operation under nonlinear load conditions.

The phase ‘a’ of the nonlinear load is detached at t=2.8s. Fig. 4.14(a) shows the internal
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signal of the control algorithm iy, ig, ijq1, ig1 and wg. The variables iy, ig and wg are the
extracted component from load current by abc to alpha-beta clarke transform and w, is the
centre frequency of SOSF-FLL control algorithm. Fig. 4.14(b) shows the internal signals
Iy (extracted fundamental load current component), ug, (in-phase unit templates), ug,
(quadrature unit templates), ismq (output of AC PI controller) and V; (voltage amplitude).
Fig. 4.14(c) shows the internal control signals iy g, irfqs ips, iLp, and ifq, Where, if, and ifq
are the extracted active and reactive component of the reference source current. The
extracted active/reactive components are combined to generate a sinusoidal reference

generator current (igabc). These control signals facilitate the control approach to respond

quickly and improve PQ under numerous operating environments.
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4.4.2.2 Dynamic Response of Wind-Solar Microgrid with Fixed Wind
Velocity/Varying Solar Insolation Feeding Nonlinear Load

Fig. 4.15(a) and (b) depict the dynamic response of a wind-solar microgrid supplying power to
a nonlinear load while keeping the wind velocity constant and varying the solar insolation. In Fig.
4.15(a), the solar insolation is shown to vary from 1000w/m2 to 600w/m2, while the temperature
ranges from 35°C to 25°C. The wind velocity (V,,) of the wind turbine remains fixed at 13 m/s.
The PV current (i,,), PV power (ppy), and duty cycle is diminished as a result of a
reduction in solar insolation. Because of changes in solar insolation, the microgrid
system's generated power, load power, and PV power are 4.34kW, 3.02kW, and 1.65kW,
respectively. At t=2.8s, the battery system switches from charging to discharging mode
and provides power support at PCC using VSC to maintain power balance during this

irregular solar power circumstance.

In Fig. 4.15(b), it is observed that there is a diminution in solar power at t=2.8s, which
leads to a small distortion of 0.02s in the source voltage. However, after this initial
disturbance, the controller successfully maintains the voltage profile of the microgrid
system. Both the source current and compensator current are decreased due to the
reduction in solar power. When there are changes in solar insolation, the BSS reacts
quickly to regulate the active power stability in the wind-solar microgrid, particularly in
islanded mode. The battery storage plays a crucial role in compensating for the fluctuating
power output from the solar panels, ensuring that the microgrid maintains a stable and

reliable power supply.
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Fig. 4.15(a) and (b) Dynamic response of wind-solar microgrid with fixed wind

velocity/varying solar insolation feeding the nonlinear load
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4.4.2.3 Dynamic Response of Wind-Solar Microgrid with Varying Wind

Velocity and Fixed Solar Insolation Feeding Nonlinear Load

Fig. 4.16 illustrates the dynamic response of a microgrid supplying power to a
nonlinear load while the wind velocity varies and the solar insolation remains fixed. In this
case, the solar irradiance is maintained at a constant value of 1000W/m2 with a
temperature of 35°C. The wind velocity (v,,) of the wind turbine, on the other hand, is
reduced from 13 m/s to 9 m/s at t=2.8s. During the reduction in wind speed in Fig. 4.16,
the generated power decreases to 5.5 kW. As the wind velocity decreases, at t=2.8s, the
battery charging current (i,,) also decreases. This reduction in charging current indicates
that the battery shifts from charging mode to draining mode. To compensate for the
decrease in power generation from the wind turbine, the BDC controller, in conjunction
with the VSC, provides active power support at the PCC in the microgrid. This active
power support helps to sustain the voltage & current profile of the isolated microgrid

system.

Furthermore, the compensator current increases slightly, showing that it contributes to
power balancing and system support during the reduced wind speed condition. Other
parameters such as frequency and DC link voltage are kept constant throughout the
analysis. This indicates that the frequency & voltage of the microgrid system remain stable
and are not affected by the change in wind velocity. The results obtained from this
analysis demonstrate that the voltage profile and frequency of the microgrid are effectively
controlled by the SOSF-FLL based controller, even under varying wind velocities. This
controller plays a crucial role in maintaining the stable and reliable operation of the
microgrid system, adapting to changes in wind conditions to ensure the desired PQ and

isolated system synchronization.
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Fig. 4.16 Dynamic response of wind-solar microgrid system with varying wind velocity

and fixed solar insolation feeding the nonlinear load

4.4.2.4 Dynamic Response of Wind-Solar Microgrid with Fixed Wind

Speed/Solar Insolation Feeding Unbalanced Nonlinear Load

The dynamic response of a wind-solar microgrid with fixed wind velocity/solar
insolation feeding varying nonlinear load is shown in Fig. 4.17. From t=2.7s to t=2.9s,
phase 'a' of the nonlinear load is kept open. The generated power is increased to 5.89kW
during load removal, while the load power is reduced to 1.1kW. The results show that the
battery's voltage (v,) & current (i) are increasing, while the load current (ip,pc) 1S
decreasing due to the removal of the load. All other parameters remain constant during this
period. As the load is increased, the SEIG operates in constant power mode; at t=2.9s, the
PCC voltage (Vgapc) and current (igapc) are constant. This system can change the
dynamical power sharing among the various RES based on the accessibility of load
demand and renewable energy. The battery charging current is increased during one phase

of load elimination. Similarly, when the PCC is connected to a load, the charging current
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of the battery is reduced while the generated voltage remains sinusoidal. Under varying
nonlinear load, the SOSF-FLL-based controller effectively regulates the voltage &

frequency of the microgrid.
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Fig. 4.17 Dynamic response of wind-solar microgrid with fixed wind velocity/solar

insolation feeding varying nonlinear
4.4.2.5 Harmonic Distortion in Wind-Solar Microgrid System

Fig. 4.18(a)-(c) represents the harmonic analysis of wind-solar microgrid. The PCC
voltage (Vgapc), PCC current (igapc), and load current (i apc) harmonics are 1.72%, 4.23%
and 24.10% respectively. The reported results indicate that the microgrids voltage &
current harmonics are within acceptable limits, demonstrating good harmonic performance
and ensuring reliable & stable operation of the wind-solar microgrid, even under

challenging conditions presented by unbalanced and distorted loads.
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4.4.3 Experimental Results

63

20

The effectiveness of the proposed SOSF-FLL approach has been tested with an
experimental prototype developed in the laboratory. The Hall-effect sensors circuit is
utilized to measure the voltages and currents of the standalone system. The output of the
sensors is fed to the ADC channel of DSP-dSPACE 1104 through appropriate buffer
circuitry. The transient response of the proposed system is recorded using KEYSIGHT
INFINIT VISION DSO-X 2024A and HIOKI PQ3100 power quality analyzer. The



observed experimental results and harmonic indices of the standalone system have been
shown in fig. 4.19(a)-(b), 4.20(a)-(b) and 4.21(a)-(b). The dynamic response of SOSF-FLL

control approach and a standalone system is expressed as follows.
4.4.3.1 Internal Signals of SOSF-FLL Control Approach

The internal signals of the SOSF-FLL control approach under unbalanced load
conditions are depicted in Fig. 4.19(a) & (b). The internal signals of voltage amplitude
(Vt), in-phase unit template (uq,), quadrature unit template (ug,) and fundamental load
current component (I,) are shown in Fig. 4.20(a). During load elimination, the voltage
amplitude remains constant while the amplitude of the fundamental load current
component increases. The iy and ig are computed using abc to off transformation from the
nonlinear load current and ip4; and ipg; are the extracted component of nonlinear load
current depicted in Fig. 4.19(b). During the load elimination period, the extracted

component iy, ig, iy and ipg; are achieved the zero value.
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Fig. 4.19 Internal signals of SOSF-FLL control algorithm (a) Vi, ug,, ug, and I, and (b)

ig, ig, iLqr and ipgq
4.4.3.2 Dynamic Response of Standalone System

The dynamic response of a 3P3W standalone system under load perturbation is
depicted in Fig. 4.20(a) & (b). The dynamic response of the DC link voltage, PCC voltage,
PCC current, and load current under removal of the phase "a" load is given in Fig. 4.20(a).
The PCC current (igapc) and load current (ipapc) are both decreased as the load is detached,
while the dc link voltage is slightly raised. The battery system uses more energy during

this operation, and the battery is switched to charging mode.
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In Fig. 4.20(b), the PCC current (igapc) and load current (ipapc) are increased during
the insertion of load in phase 'a'. BDC regulates the charging and discharging modes of a
battery system. Under transient conditions, the battery system is employed to control the
dynamics of a standalone system. The SOSF-FLL-based controller successfully maintains

the parameters and stabilizes the standalone system's current profile and DC link voltage.

T 192V 2 480V 5.00V/ 5.00V7 7420 5000%/ Stop 1 1927 2 480V 5.00v/ 5.00V/ 86705 50.003/ Stop
‘/Vd( /vm.
Vga " Inclination in vy, Ve
-c' 7
A A A A A A A
.;' { i'\'\‘\‘\‘h‘;‘\”ﬂ_f F\-Faﬁ ;'\An .’J | /\'\ 'ﬁ it \‘ff'\ﬁh"l“ﬂ‘wﬂ‘i“f\w\. ‘131\;«1\_"_,*\‘]@
-.“" \.” N \] l'_‘”J ‘“‘ ,’1‘\; \/ M\ r\jj VATATA “ ) -L,‘,"‘
[V Y Y V V vV \, \'r VYV VVVY ' V ') J v V \ v U J v \f YV J J ¥ \. J v
iy o 1“* iy &
A A A ALK RAAARAMSL AAAAAARMD § A
\ \VAVEATEVEYAYAVATAY .‘ \
i SLoadmnm al of phase a’ Load insertion of phase ‘a <; L
() (b)

Fig. 4.20(a) and (b) Dynamic response of the standalone system under unbalanced load

4.4.3.3 Harmonic Analysis of Standalone system

The THD of a standalone system PCC voltage (Vgapc) & current (igapc) is always well
within the allowable range 5%, while a highly nonlinear load is given to the generator. In
SOSF-FLL control approach, the THD’s of standalone system PCC voltage & current as
represented in Fig. 4.21(a) are 2.0% and 4.07% respectively. These PCC voltage and PCC
current THDs at PCC are within the IEEE 519 standard limit. As represented in Fig.
4.21(b), the non-linear load current has a THD of 27.89%. For reactive power support

during transient conditions, the converter provides the needed reactive power.

| 7027-08-19 15:00:07 [ B+ 2027-05-24 19:36:30
CH1Z3: 1PZW 1000V 5004 @ U: 230V £:50Hz SD | S7days | [CHIZ3: 1PZW 1000V S00AQ U: 2508 f:50H SD | 37days
MONITOR  7/8 Harmonics: graph EVENT 0 MONITOR  7/8 Harmonics: graph EVENT 0
Btarti=——-= —=:-—:—— Time:-=—-—— - :——:—-] Frea 50.04 Hz ||Btart:————= —:——:—— Timei————-—= ——:——:—- | Freq 50.07 Hz
CHI Level Linear iharm O N Order 1 Level Linear iharm U N Order 1
400.00 400.00 u
1 63.32 V¥

200.00 200.00

1.5 0.02 V
v ool v ool THD-F  3.16 %
500. 00 500. 00 h

1 2.12
250.00 250.00 1.5 0.00 A
A1 0 41 0 {THD-F 27.89 %
200. 00k 200. 00k P ﬂ
W o W 0 1 - 0.13kW
-200. 00k -200. 00k
0 1! i 3l 4 0 1 i 3l Al 5
Screen [ List [ Limits [ Screen [ List [ Limits [ [ Hold
(a) (b)

Fig. 4.21(a) THD’s of PCC voltage, PCC current and (b) load current
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4.5 VGC-IPLL Control Approach

In the described literature, an article introduces an improvement to the conventional
Three-Phase-Injection Phase-Locked Loop (3-phIPLL) control algorithm by incorporating
adaptive gain adjustment. The conventional control algorithm has a trade-off between
steady-state response and tracking response, where choosing a minimum gain results in a
good steady-state response but slow tracking, while high gain values lead to quick
response but irrational behavior. To address this issue, an adaptive adjustment of the gain
factor in the 3-phIPLL is considered. By automatically varying the gain value, the
autonomous Microgrid (MG) system achieves improved transient and steady-state
performance. The originality of the method lies in the application of the Least Mean
Squares (LMS) technique to accomplish adaptive gain variation. Fig 4.22 to illustrates the
implementation of the LMS technique for adaptive gain variation. This technique is a
widely used adaptive filtering algorithm that adjusts the gain coefficients iteratively based
on the error signal to minimize the mean square error between the desired and estimated
signals. In the context of the 3-phIPLL, the LMS technique is utilized to update the gain
factor dynamically, allowing the control system to adapt and optimize its response based
on the prevailing operating conditions. By employing the LMS technique for adaptive gain
variation in the 3-phIPLL, the article aims to improve the performance of the control
approach, achieving improved transient and steady state behavior in the autonomous

Microgrid system.
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The weight K is modified adaptively using the iterative steepest descent technique.

Where Q is the objective function, which is evaluated as
Q = 0.5 X err? (4.31)

Where 'err' is the difference between the estimated and actual quantity, which is used

to determine the current for the proposed VGC-based IPLL controller.
err =i —1I (4.32)

The weight K is calculated using the LMS approach [34] if the load current is 'i;,' and

the estimated fundamental load current is [=Msin®.

Km + 1 = Km + AKm (4.33)
8Q :
AK(n) = N5, = N X err X sin@® (4.34)

Where, 1 is a fixed term that corresponds to the LMS learning rate. The adaptive weight
K(m+1), which is based on error (err), LMS learning rate, and sin @, substitutes the
constant gain K in the 3-phIPLL block. The gain 'K' of a voltage loop is calculated
accordingly. Then, in load compensation calculations for reference current generation, the
fundamental positive sequence component "M" of the current loop is used. To address the

PQ difficulties of autonomous MG, the VGC-IPLL's input signal is used in equation 4.42.
i, = I,,sinf (4.35)

Where, load current (i), amplitude (I,,) and phase value (0) are the extracted

components. The output equation of the controller is described as
Y = Msin@ (4.36)

Where, M and @ represent the extracted amplitude of load current and phase of Y,
which is derived using the voltage loop from Fig. 4.22. Now the error (err) is assessed as

err =i, —Y (4.37)
From equations (4.35) and (4.36)

err = I,sin6 — Msin@ (4.38)

Fig. 4.22 shows the output ‘z’ is estimated as
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Z = err X sin@ (4.39)

From eq. (4.38) & (4.39), z is evaluated as

z = (I;,sin® — Msin@)sind (4.40)

After simplification, the previous equation (4.39) is written as

I

Z= ;“cos(e—@) —%+%cos(2@) —%mcos ®+9) (4.41)

When the system approaches a steady state, the third and fourth terms of (4.40) are

virtually zero, and (4.41) is rewritten as

™ cos(0 — @) — (4.42)

7 =

If 'K' is a constant term, the maximal value of the fundamental component 'M' is

determined as

M, = —K [‘7“4 sin(@ — 0, 1) + [ %d@] (4.43)

Min = —Kjo [2sin(8 — 0,-,) + [ M2=1] (4.44)

The equations (4.43) and (4.44) above are used to calculate the fundamental
component and phase angle under various operating circumstances. For improved-PLL
with constant weight components (K), equation (4.43) is utilized, whereas equation (4.44)
contains variable weight components (K*) [133]. Under the dynamic circumstance of
RESs and nonlinear load, the proposed control correctly estimates the components

(fundamental peak current and phase angle).
4.5.1 Simulation results

The detailed design and simulation study is carried out for an ESS, SPV and wind
driven SEIG generation based autonomous MG in MATLAB/Simulink. The proposed
autonomous system is simulated under changes in wind speed/solar intensity while feeding
an unbalanced nonlinear load. The simulation results in the form of relevant waveforms

such as CPC voltage (Viyyz), CPC current (iyyy,), load current (ipy,), compensator

current (icyy,), de-link voltage (vqc), frequency (F), neutral current (is,), ESS current
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(iess)> SPV voltage (Vspy), SPV current (ispy,) and duty cycle (u) are presented under the

transient condition of RESs and unbalanced load. Furthermore, the internal signals of the

VGC-IPLL control approach are thoroughly investigated.

4.5.1.1 Intermediate Control Signals of Autonomous MG

The intermediate signals of autonomous MG are also determined and discussed in this
section. Fig. 4.23(a) and (b) show the intermediate control signals of the VGC-IPLL
control scheme. A load of phase ‘x’ is suddenly removed at t = 2.7s. Fig. 4.23(a) shows
the signals upy (in-phase unit template), ugy (quadrature unit templates), vy (voltage
amplitude), i. (AC PI controller current) and ipy (extracted active component). The in-
phase/quadrature unit templates are further used to extract the active current component.
The voltage amplitude is evaluated from the source voltage and the comparison of voltage
amplitude and reference voltage yields voltage error and the error is fed as an input to the
PI controller to evaluate the current of the AC PI controller. The PI controller current is
utilized to evaluate the quadrature current (ig.). Fig. 4.23(b) shows ig. (extracted
quadrature component), ige (DC PI controller current), i., (extracted active current), igq
(extracted quadrature current) and ij,yy, (extracted reference source current). The DC PI
controller current is computed from the comparison of the reference frequency and MG
system frequency and the controller output is utilized to evaluate the active component of
the current. Moreover, the combination of active/quadrature current components is utilized
to generate the reference source current under an unbalanced load. The reference source
current drawn is purely sinusoidal during the removal of a load of phase ‘x’. The
intermediate signals of VGC-IPLL control improve the system performance and enable the

autonomous MG to work under dynamic condition of RESs and load perturbation.
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4.5.1.2 Performance under Variation in Wind Speed

The performance of autonomous MG under fluctuation in wind speed and fixed solar
intensity while feeding nonlinear load is represented in Fig. 4.24(a) and (b). Fig. 4.24(a)
shows that wind speed is altered from 13m/s to 9m/s at t=2.7s and solar intensity is fixed
at 900w/m>. The VGC-IPLL-based control approach with VSC stabilizes the voltage

profile (Vyyy,) and current profile (iyxy,). Moreover, the controller also maintains the De-

link voltage (vq4.) and frequency (F) of the autonomous MG under varying wind speeds.
Fig. 4.24(b) represents that the compensator current increases during the variation in wind
speed and the neutral current are kept to zero with the help of a controller. An ESS
supplies power through VSC at CPC to maintain power balance during the changes in
wind speed at t=2.7s. A BDC controller determines the charging/discharging mode of an

ESS and maintains the power equilibrium at CPC under the dynamic condition of wind.
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Fig. 4.24(a) and (b) Performance of autonomous MG under a change in wind speed
4.5.1.3 Performance under Variable Solar intensity

Fig. 4.25(a)-(c) shows the performance of autonomous MG under variation in solar
intensity and constant wind speed while feeding a balanced nonlinear load. Fig. 4.25(a)
shows that the solar intensity is shifted from 500w/m? to 900w/m® and temp. from 25°C
to 35°C at t=2.7s and the wind speed is fixed at 13m/s. Due to the fluctuations in solar
intensity, the PV current and duty cycle are decreased. Fig. 4.25(b) shows that the source
voltage of autonomous MG is distorted for 0.008s at t=2.7s due to an alteration in solar
intensity. After this, the controller manages the voltage profile of autonomous MG and the
source current of the system is also increased from 10A to 15A due to the inclination of
solar intensity. The VGC-IPLL-based controller maintains the other parameters of the
autonomous microgrid such as DC link voltage and frequency. Fig. 4.25(c) shows that
compensator current and ESS current are increased at t=2.7s due to the inclination of solar
intensity level. The excess power is supplied to an ESS and ESS is shifted from
discharging mode to charging mode. Thus, an ESS maintains the power equilibrium

between the autonomous MG and the load.
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Fig. 4.25(b) and (c) Performance of autonomous MG under a change in solar intensity

4.5.1.4 Performance under Unbalanced Load

Fig. 4.26(a) and (b) depict the performance of an autonomous MG while feeding an
unbalanced nonlinear load with a fixed wind speed/solar intensity. The wind speed and
solar intensity are fixed at 13m/s and 900w/m’ respectively. A load of phase ‘x’ is
removed at t=2.6s to t=2.8s. Fig. 4.26(a) shows the voltage/current profile and frequency
maintained by the VGC-IPLL based controller during unbalanced loading. Moreover, a
BDC controller manages the ESS power and regulates the dc link voltage during
unbalanced loading. Fig. 4.26(b) depicts the load current of the autonomous system is
reduced during the elimination of a load of phase ‘x’. The ESS charging current is
increased during the rejection of load from t=2.6s to t=2.8s. The modes of
charging/discharging are successfully controlled by BDC. During load removal duration

the generated power and solar power are kept constant.
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Fig. 4.26(a) and (b) Performance of autonomous MG feeding unbalanced nonlinear load
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4.5.1.5 Analysis of Balance in Power of Autonomous MG

Fig. 4.27(a)-(c) shows power balance of autonomous MG under dynamic operating
conditions. Fig. 4.27(a) depicts the generated power, solar power, ESS power and load
power under a change in wind speed from 13m/s to 9m/s at t=2.7s and the solar intensity is
fixed at 900w/m” while feeding a nonlinear load. The generated power declined during the
declination in wind speed at t=2.7s. Hence, the total generated power is reduced from
5.5kW to 5.3kW and the ESS power is also reduced. Fig. 4.27(b) represents the generated
power, solar power, ESS power and load power under fluctuations in solar intensity from
500w/m” to 900w/m” and temp. 25°C to 35°C and the wind speed is fixed at 13m/s. Due to
the change in solar intensity level, the generated power, and solar power is reduced from
3.18kW to 5.55kW and 0.91kW to 2kW, respectively. During inclination in solar power,
the ESS power is increased. Fig. 4.27(c) depicts the generated power, solar power, ESS
power and load power under fixed solar intensity/wind speed feeding an unbalanced
nonlinear load. A load of phase ‘x’ is rejected at t=2.6s to t=2.8s. During the rejection of

load, the load power is diminished and the ESS power is increased.
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Fig. 4.27(a)-(c) Power indices of autonomous microgrid (a) change in wind speed, (b)

change in the level of solar intensity and (c) unbalanced nonlinear load

4.5.1.6 Steady State Response

The steady-state response of autonomous MG indicates that the CPC voltages and CPC

currents are maintained balanced and sinusoidal with minimum harmonics distortion. Fig.

4.28(a)-(c) shows the harmonic spectra of the CPC voltage (v,,,), CPC current (i,,,) and

load current (i;,) of phase 'Z. In the presence of a distorted load current with a THD of

24.94%, the THDs of CPC currents are determined to be below the permitted limit of 5%,

according to the IEEE-519 standard.
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Fig. 4.28(a)-(c) Harmonic spectrum of phase ‘z’ (a) CPC voltage (v,,), (b) CPC current

(iwz) and (c) Load current (i;,)

4.5.2 Experimental Results

The experimental test results and harmonic indices of the autonomous MG have been
shown in Fig. 4.29(a)-(d), 4.30(a) & (b) and 4.31(a) & (b). The transient response of VGC

based IPLL control approach and autonomous MG is described as follows.

4.5.2.1 Intermediate Signals of Autonomous System

Fig. 4.29(a)-(d) represents the intermediate signals of the autonomous system under
transient circumstances of load. Fig. 4.29(a) shows the nonlinear load current (ipy) of
phase ‘x’, extracted components using abc to aff Clarke transformation (i, and ig), and
amplitude of terminal voltage (vy) drawn from nonlinear load current. During the
insertion of a load of phase ‘x’, the extracted component (i, and ig), and the load current
is increased. The terminal voltage is maintained almost constant under fluctuating
conditions of load with the help of the proposed control. Fig. 4.29(b) shows the nonlinear
load current (ijx) of phase ‘x’, extracted component (i andig), and amplitude of
fundamental current component (I,,) drawn from nonlinear load current. During the

insertion of load, the intermediate signals iy, irq, irg and Iy, are increased is depicted in
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Fig. 4.30(b). Fig. 4.29(c) shows the response of load current (i} ), reference source current
(isx), in-phase (upy) and quadrature unit templates (uqy) of phase ‘x’ during dynamic
conditions of load. During load removal of phase ‘x’, the load current is zero and the
extracted unit templates are purely sinusoidal. The load current and reference current is
increased during the insertion of load as shown in Fig. 4.29(c). The CPC voltage (v,x) of
phase ‘x” and CPC current (iyxy,) of all phases is depicted in Fig. 4.29(d). The source
voltage (V) 1s maintained constant and the source current is increased in all phases
(iwx, iwy and iy,,) during the injection of load. The observed intermediate parameters are

utilized to control the proposed autonomous system under numerous operating conditions.
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Fig. 4.29(a)-(d) Intermediate signals of (a) Load curent (i; ), extracted component using

Clarke transformation (i, and ig), and amplitude of terminal voltage (vr), (b) load current
(irx), extracted component using a variable gain controller from load current (i, and i)

and amplitude of fundamental load current component (I,;,), (¢) load current

(irx), refernce source current (igy), in — phase (upy) and quadrature unit templates

(ugx) (d) CPC voltage of phase ‘x’(Vyx), CPC current of all phases (i, iwy and i)
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4.5.2.2 Transient Response of Autonomous System

Fig. 4.30(a) & (b) represents the transient response of an autonomous system under
dynamic load conditions. Fig. 4.30(a) shows the transient response of dc link voltage
(Vge), CPC voltage (vyyx), CPC current (i) and load current under insertion of a load of
phase ‘x’. During the insertion of load, the CPC current (iyxy,) and load current is
increased. On the other side in Fig. 4.30(b), during the insertion of a load of phases ‘x’ and
‘y’, the CPC current (iyxy,) and load current is increased. The charging or discharging
modes of the ESS system are controlled by BDC. The ESS is utilized to control the
dynamics of the autonomous system under dynamic conditions. The VGC based IPLL
control successfully maintains the parameters and stablizes the current profile and dc-link

voltage of the autonomous system.
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Fig. 4.30(a) and (b) Transient response of dc link voltage (v4.), CPC voltage of phase ‘x’

(Vwx), CPC current of phase ‘x’ (i,,x) and load current (i) at dynamic load conditions
4.5.2.3 Harmonic Indices of Autonomous System

The THD in an autonomous MG system CPC voltage (Vyyxy,) and CPC current (iyxy;)
is always well within the acceptable limit of 5%, while a highly nonlinear load is
connected to the generator terminals. In the VGC-IPLL control approach, the THD’s of
autonomous system CPC voltage and CPC current as shown in Fig. 4.31(a) are 2.71% and
4.73% respectively. These CPC voltage and CPC current THDs at CPC are within the
IEEE 519 standard limit. The non-linear load current has a THD of 27.69% as depicted in
Fig. 4.31(b).
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Fig. 4.31(a) and (b) THDs of CPC voltage, CPC current and load current

4.6 30O-APF-PLL Control Approach

The control approach that is employed to maintain voltage profile, frequency and
reduce PQ issues is crucial to the proposed SPV-wind-BES-based islanded electrical
supply system's ability to operate effectively. The following summarizes the control

approach.

4.6.1 Design of 30-APF-PLL

The functional diagram of the 30-APF-PLL approach is given in Fig. 4.32. The
proposed control is devised in two sections SRF-PLL and FFPS component detector. The
FFPS component detector operates in the stationary frame (af) using the theory of
instantaneous symmetrical components. According to this theory, the FFPS component of
an imbalanced vector in the off frame can be retrieved by performing the following

transformation [31].

[l =os[y YL (449

Where, q = e /™2 A first-order APF is utilized to implement the 90° phase-shift
operator (q) in the three-phase APF-PLL.
Taking the APF transfer function as

Gapr(s) = (4.46)

w—S
o+s
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Equation (4.45) can be expressed in space vector notation as follows:
~ ~ 1 . O=S| r. .
[11(8) + T ()] = 2 [ 1+ 2 [14(5) +ip(s)] (4.47)

It exhibits unity gain with zero phase at +50 Hz and zero gain at -50 Hz, as expected for

an FFPS component detector.
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Fig. 4.32 Control scheme of an islanded electrical supply system

4.6.2 Simulation Results

The detailed simulation results using MATLAB for the wind, solar PV, BES, and
nonlinear load-based standalone electrical supply system are examined in this section. In
this work, the system is simulated with changes in wind speed/solar irradiance, and
unbalanced load. In addition, the internal parameters of the designed 3@-APF-PLL control

strategy are thoroughly examined.
4.6.2.1 Internal Parameters of the 30-APF-PLL Control Approach

Fig. 4.33(a)-(c) represents the internal control parameters of the 30-APF-PLL-based
islanded electrical supply system under load perturbation. The load of phase ‘a’ is

detached at t=3.3sec. The control signals iy, ig, irq1, irg1> ig> and Iy, are shown in Fig.

4.33(a). These control signals represent the dynamics of various intermediate variables of
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the control scheme under the removal of load. Due to the elimination of load the value of
i, 1s reaches zero at t=3.3sec. The control signals  ismg, Puabe> Quabes iLfrs iLfqg and @g are
shown in Fig. 4.33(b). The control signal shows the extracted maximum value of load
current, AC PI controller current, and active/quadrature unit vectors. The control signals
ipf> ILps ILgs ILp» ILg> @nd Igape are shown in Fig. 4.33(c) to represent the extracted
reference current is completely sinusoidal during distorted load conditions and the

real/reactive reference current, DC PI controller current, and extracted reference current.
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Fig. 4.33(a)-(c) Estimation of fundamental components of the load current using 30-APF-
PLL control algorithm, (b) Estimation of real/reactive unit vectors and AC PI controller
current with other intermediate signals using 30-APF-PLL (c) DC PI controller current

and reference current generation using 30-APF-PLL.

4.6.2.2 Dynamic Behavior of SolarPV-Wind System during Change in
Wind Speed

Fig. 4.34 depicts the dynamic behavior of an islanded electrical supply system with
variations in wind speed and constant solar irradiance feeding a linear/nonlinear load. The
controller stabilizes the frequency (f) and BES voltage (v,,) or DC-link voltage under the
intermittent scenario of wind speed. The wind speed is suddenly shifted from 14m/s to
11m/s at t=3.3sec. results in a decrement in wind power generation and deficit load power
which are amplified by the BES through VSC, therefore compensator current is slightly
increased and BES charging current is reduced after t=3.3sec. During declination in wind
speed, the BES switches from charging to draining mode and maintains the balance of
power at PCI. A 30-APF-PLL-based approach with VSC effectively maintains the

proposed system voltage & current profile during declination in wind speed.
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Fig. 4.34 Dynamic behavior of SolarPV-Wind System during Change in Wind Speed

4.6.2.3 Dynamic Behavior of SolarPV-Wind System under the Change in

Solar Irradiance

The dynamic behavior of the proposed SPV-wind-BES-based islanded electrical supply
system is displayed in Figs. 4.35(a) and (b) with variable solar irradiations 500w/m’ to
1000w/m* and temperature 25°C to 35°C, with the wind speed maintained at 14m/s
supplying a linear/nonlinear load. Fig. 4.35(a) shows the parameters of the SPV system
such as PV current (ip,) and PV power (P) which increases, and decreases in the duty
cycle due to changes in solar irradiance at t=3.3sec. During the changing condition of
RESs (wind and solar), the BES is employed to maintain the power equilibrium between
the applied load and the islanded system. The controller of the islanded electrical supply
system monitors the system frequency, voltage, and harmonics, as depicted in Fig. 4.35(b).
Due to the inclination of solar power, the BES charging current, PCI current, and

compensator current is gradually increased and the controller maintains other parameters
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of the islanded system are kept constant. As solar power increases, the BES current shifts

from draining to charging mode, and the remaining power is consumed by the BES.
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4.6.2.4 Dynamic Behavior of SolarPV-Wind System under Unbalanced
Load

Fig. 4.36 depicts the dynamic behavior of an SPV-wind-BES-based islanded electrical
supply system with a constant wind speed/solar irradiance under load perturbation. The
load of phase ‘a’ is eliminated at t=3.2sec to t=3.4sec. When the load is removed, the BES
charging current increases and extra power is given to the BES. The load current is
decreased due to disconnection of load at t=3.2sec to t=3.4sec. A 30-APF-PLL-based
controller regulates the islanded electrical supply system frequency and stabilizes the
voltage profile, current profile, and DC-link voltage or BES voltage during the
fluctuations in load. The source current stays sinusoidal and balanced even under dynamic

load situations.
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Fig. 4.36 Dynamic behavior of solarPV-wind system under unbalanced load
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4.6.2.5 Dynamic Behavior of Solar PV-Wind system under Change in
RESs and Load

Fig. 4.37(a) and (b) depict the behavior of the islanded electrical supply system under
variations in energy sources feeding an unbalanced load. At t=3.3 sec, the declination in
solar irradiance and temperature ranges from 1000w/m” to 500w/m” and 35°C to 25°C. As
a result, the PV current, power, and duty cycle are lowered. Fig. 4.37(b) depicts the wind
speed declination from 14m/s to 11m/s at t=3.3sec, as well as the imbalanced load (the
burden of phase 'a' is abolished from t=3.2sec to t=3.4sec). During the altering condition
of RESs and load, a 30-APF-PLL-based controller successfully stabilizes the current &
voltage profile of SEIG. Due to the decline in solar irradiance and unbalanced load, the
source current of the islanded system is decreased and the load current is also reduced at
t=3.2sec to t=3.4sec. The BES current is gradually increasing during load removal which
means the remaining power is delivered to the BES for charging. The BES current is
reduced during declination in RESs at t=3.3sec i.e. the BES stored power is supplied at
PCI to manage the level of power between the RESs and the applied load.

“'E 1000 ' " Declination in solar irradiance i
:'— _{[][] C ] 1 1 % 1 1 1
E 4 ' ' ' Declination in temperature
e 30t ¥ i
E 2[] i i i i i i i
o, IS T T T T T T T
< ok Declination in PV current |
B K
oy 5 ] ] ] i
7. 1 L 1 | T 1
ol Declination in PV power
= 2t £ .
Aol ey
0.45 ' ' ' ~ & Declination in duty cycle
a 04k ; . . 11 ki , , , -
[]-3‘5 i i i \T/ i ] I
a1 31§ 32 25 33 3 34 345 35
Time (sec)
(a)

89



IHCJI.IIH-]LJF!I of load- ¥

?_I 20 ) " n
_:-5 —'}8 i _I\.: i S | i I\‘"-}r i .
- s Fast charging=™ s decreases—" Inclusi Lh of load

--‘f T T T T T T T

=] | .~ Declination in wind speed
~ L

|F.\_._-|‘ I['] i i i i i i i

3.1 3.15 3.2 3.25 3.3 3.35 34 345 3!
Time (sec)
(b)

Fig. 4.37(a) and (b) Dynamic behavior of solarPV-wind system under change in RESs and
unbalanced load

4.6.2.6 Harmonics Analysis in Islanded System

Fig. 4.38(a)-(c) shows the harmonics investigation of PCI voltage (vgc), PCI current
(igc) and load current (i) of phase ‘c’, which are 1.42%, 4.32%, and 25.06%,
8

respectively. When the nonlinear load is applied to the 3@-APF-PLL-based islanded

electrical supply system, THD of PCI current is less than 5% which satisfies the limit of
the IEEE-519 standard.
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4.6.3 Test results
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Fig. 4.38(a)-(c) Harmonics analysis in islanded system

The experimental test results for the wind, solar PV, BES, and nonlinear load-based

standalone electrical supply system are analyzed in this section. In this work, the different

parameters of the islanded electric supply system with 3@-APF-PLL control are examined

under numerous operating circumstances.
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4.6.3.1 Dynamic Behavior of SPV-Wind-BES Islanded Electrical Supply
System

The dynamic behavior of the islanded system is observed using DSO-X 2024 A under
the unbalanced condition of the load. The observed results are depicted in Fig. 4.39(a)-(f).
Fig. 4.39(a) depicts the load current of 3-phases (a, b & c¢) and DC-link voltage. During
the insertion of load phase ‘b’, the load current of all phases is increased and the DC-link
voltage is maintained constant by the proposed controller. Fig. 4.39(b) depicts the DC-link
voltage, PCI voltage, PCI current, and load current. Due to the sudden inclination in a load
of phase ‘a’, the PCI current and load current of the islanded system are increased. In Fig.
4.39(c), during an inclination in load, the PCI current and load current are increased. A30-
APF-PLL-based controller with VSC maintains the PCI voltage sinusoidal and the DC-
link voltage is gradually reduced under inclination in load. Fig. 4.39(d) depicts the load
current and PCI current is declined due to the removal of a load of phase ‘a’. Fig. 4.39(¢e)
shows a sudden change in load, the DC-link voltage is suddenly increased and the PCI
voltage is maintained sinusoidal. Fig. 4.39(f) depicts the parameters of the islanded
system; the load of phases ‘a’ and ‘b’ is interfaced with the system. Due to the inclination
of the two-phase load, the PCI current and load current are increased. During all
circumstances, the proposed control has the versatile ability to manage all the parameters
of the islanded system. Moreover, the 30-APF-PLL-based control with VSC supplies
improved PQ, suppression of harmonics, leveling of load, power compensation, and
voltage & frequency stabilization. The BES system stored the unused power and supplies

the power through VSC under varying load demands.
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Fig. 4.39(a)-(f) Dynamic behavior of islanded electrical supply system

4.6.3.2 Harmonic spectrum

The harmonic spectrum of islanded system is analyzed using a 3-phase power
analyzer. The recorded results show the THD of PCI (voltage & current), and load current
are 1.84%, 4.24%, and 25.62% respectively. The THD results are taken under a highly
distorted load current. The THD of PCI current is under 5% and fulfills the criteria of the
IEEE-519 standard. The 3@-APF-PLL-based controller with VSC compensates the
harmonics injected by non-sinusoidal load current (25.62%) and maintains the PCI current

sinusoidal.
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Fig. 4.40(a) and (b) Harmonic spectrum
4.7 1CCF-PLL Control Approach

An ICCF-PLL control strategy estimates the magnitude of the preliminary load current
component. The proposed controls have effective harmonic filtering capability under
varying conditions of RESs and load. The ICCF-PLL contains a pair of complex band-
pass (CBP) filters, the Centre frequencies of which are at the fundamental negative and
positive order frequencies. These band-pass filters works together to estimate the
nonlinear load current's fundamental negative and positive sequence components. The
obtained FFPS component is passed into the SRF-PLL, which calculates its peak value,
frequency, and phase angle. The calculated frequency is given backward towards the
complex filters, which are then adjusted to account for proposed system frequency

changes.
4.7.1 Modeling of ICCF-PLL

In the proposed ICCF-PLL, the input signals of the af-axis are taken as
i,(s) = ifcos(67) (4.48)
ig(s) = if sin(07) (4.49)

Where, (07) and (i}) represents the phase angle and is its maximum value of the FFPS

component of the nonlinear load current. The evaluated components can be described as
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~t
ity = thcos(6;) (4.50)
—~+
it, = ilsin(d;) 4.51)

—+
Where, (i1) and (0, ) are ideally equal to (if) and (87), respectively. The phase angle of
the obtained FFPS component by the ICCFs can be described using the above assumptions

as
A+ —_— " N
0, =tan™*(i7, /17 ;) (4.52)
ot A dig"l . di"'_
d& — 13‘-'1 dt —15:1 d(xt1 (4 53)
at — (7+.)4 (it ) :
(ida) + (i)
—
(i1)*

dif, ) )
o according to Fig. 4.41

dit
Where, e and

o+
dig 4

A ~ ~+ . i+ -

5 = ~0glgs + 0plyg — Wpigs — wpig, (4.54)
diE,l — M + s i+ A (4 55)
a — Welaa T Wplg — Wplgy = Wplg, :

Substituting (4.54) and (4.55) into (4.53) yields

a8 ., op(i&ip-ifiia)

& = Og % (4.56)

It should be noted that the af-axis input signals were assumed to be devoid of any FFNS

components. As a result, the obtained FFNS components, (i) and (i54) are equal to zero

in the initial or steady state and have only a minor effect during dynamics.

Substituting (4.48)—(4.51) into (4.56) yields

=+ b s
@ _ o i)
de Og + (i}-)z (457)
—+
Assuming that 67 ~ 0, and if ~ i (4.57) can be re-written as
oy R
e = O T wp(0r = 0,) (4.58)
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The dynamics of the CCF part of the ICCF-PLL are described by Equation (4.58), which
is in the form equation of linear differential [23]. The entire model of the ICCF-PLL can

be achieved using (4.58) as depicted in Fig. 4.41.
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Fig. 4.41 Control scheme of DG system

4.7.2 Simulation Results

The detailed Simulation study and test results of the DG system comprising of WECS,
SPV, and BSS generation for ICCF-PLL-based control & standalone applications are
carried out using MATLAB and an experimental prototype. The isolated system is
designed to compensate for the effects of intermittency conditions in RESs and
unbalancing in load. Therefore, the BDC control is utilized to control the charging and
discharging of BSS for dynamic power balance. Additionally, intermediate control signals
of the used ICCF-PLL control algorithms are also presented for a detailed understanding
of the DG system operation.

4.7.2.1 Intermediate Signals of ICCF-PLL Control
Fig. 4.42(a) and (b) show the intermediate control signals of the ICCF-PLL-based

algorithm under unbalanced load conditions. The non-linear load is detached at t=2.1s to

t=2.3s. Fig. 4.42(a) represents the signals u.q (active unit templates), u.q (quadrature unit
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templates), iy (extracted current from AC PI controller), v, (voltage amplitude), i, and ig
(extracted from abc to aff transformation). The comparison of a reference voltage and
sensed voltage yields an AC PI controller to generate the active current component.
During the duration of load removal, the extracted i, and ig component are reduced to
zero. Fig. 4.42(b) shows the iy, ipg (active & reactive load current components), ifq
(extracted component from DC PI controller), og (centre frequency), igry, and igryp
(extracted active and quadrature current components). The comparison of the observed
frequency and reference frequency enables the DC PI controller to generate the current
component. All the intermediate signals are generated by sensing nonlinear load current
(ipryp)- Further, the intermediate signals are employed to control the standalone DG

system.
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Fig. 4.42(a) and (b) Intermediate signals of ICCF-PLL control algorithm
4.7.2.2 Dynamic Response of DG System at Differing Wind Speed

Fig. 4.43 represents the dynamic performance of the DG system under changing wind
speeds and fixed solar insolation feeding the nonlinear load. The wind speed differed from
12m/s to 9m/s at t=2.2s. An ICCF-PLL-based controller stabilizes the voltage and DG
system frequency at the time of the variation in wind speed. The parameters of a
standalone system such as frequency and DC-link voltage are almost constant. The
compensator current is marginally rising after the removal of load at t=2.2s. The BDC
controller manages the process of charging and draining the BSS and controls the DC-link
voltage. During the reduction in wind speed, the BSS is shifted to discharging mode and
supplies the current at PCI through VSC to manage the frequency stabilization. Further, an
ICCF-PLL control with VSC provides abatement of harmonics, power support and

improves the overall PQ of the standalone DG system.
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Fig. 4.43 Response at differing wind speed

4.7.2.3 Dynamic Response of DG System under Differing Solar

Insolation

Fig 4.44(a) and (b) represent the dynamic performance of isolated microgrid systems at
differing solar insolation and fixed wind speed feeding the constant nonlinear load. In this,
the solar insolation is shifted from 900w/m? to 500w/m? at t=2.2s and wind speed is
fixed at 12m/s with constant load. Fig. 4.44(a) shows due to the reduction in solar
insolation, the PV current is reduced from 10.52A to 5.86A, the PV power or solar power
is declined from 2.5kW to 1.4kW and the duty cycle is also reduced. Hence, the total
power of the isolated system is reduced to 3.48kW from 5.83kW. Fig 4.44(b) shows due to
the sudden change in solar insolation at t=2.2s, a small deflection in source voltage of
0.022s is observed after that the proposed controller efficiently controls the source voltage.
The source current and the compensator current are reduced according to a change in solar

insolation at t=2.2s. An ICCF-PLL-based controller maintains the system frequency

99



constant during an abrupt change in solar insolation. Therefore, the BDC controller
controls the DC-link voltage and shifts the BSS to discharging mode. The stored power in
BSS is used to preserve the power balance between the RESs and the nonlinear load.
Hence, the controller with the help of VSC contributes voltage and frequency stabilization

at PCI, power support, eradication of harmonics, load balancing, and minimizing the PQ

problems.
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4.7.2.4 Dynamic Response of SolarPV-Wind System with ICCF-PLL

Control under Unbalanced Load

Fig. 4.45 represents the dynamic response of the standalone DG system under constant
wind speed/solar insolation feeding the unbalanced distorted load. A load of phase ‘r’ is
eliminated at t=2.2s to t=2.4s. During the sudden change in load, the load current of the
isolated system is reduced and the compensator current is increased. The total generated
power of the isolated system is increased to 6.13kW from 5.83kW due to the sudden fall
of load. During the sudden variation in load at t=2.2s to t=2.4s, an ICCF-PLL-based
controller successfully maintains the DG system frequency and stabilizes the voltage &
current profile at PCI. The BSS charging current is suddenly increased during the
disconnection of the load of phase ‘r’ at t=2.2s and during the insertion of load at t=2.4s,
the BSS charging current is reduced. Moreover, the BDC controller effectively coordinates
the DC-link voltage and manages the charging/discharging modes of BSS. The extra is
supplied to BSS during the load rejection process and the stored power of BSS is utilized

during the intermittent condition of RESs and load.
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Fig. 4.45 Dynamic Response of SolarPV-Wind System with ICCF-PLL Control under
Unbalanced Load
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4.7.2.5 Harmonic Spectrum

Fig. 4.46(a)—(c) represents harmonics spectra and waveform of phase ‘r’ of the
standalone DG system. An ICCF-PLL control-based DG system is used for standalone
applications. The THD of the PCI (voltage & current), and load current are found 1.29%,
4.6%, and 25.07% respectively. At steady-state, the PCI currents are sinusoidal with
minimum harmonic distortion. The harmonic spectrum of the PCI (voltage & current), and
load current of phase 'r' in polluted load condition with a THD of 25.07% is shown in Fig.
4.46(a)-(c), Also, the THDs of the PCI currents are well suited within the required range
of 5% due to VSC control.
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Fig. 4.46(a)-(c) Harmonic spectrum
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4.7.3 Experimental Test Results

The experimental test results for standalone applications of DG system are analyzed in
this section. The isolated system is designed to compensate for the effects of intermittency
conditions in RESs and unbalancing in load. Therefore, the BDC control is utilized to
control the charging & draining of BSS for dynamic power balance. A VSC, interface and
filtering inductors, an optocoupler, connecting cables, and nonlinear loads are included in
the proposed hardware setup. The LEM LA-25-based sensors are used to detect PCI
current and load side current in standalone DG system phases 't' and 'y.' The sensor output
is forwarded to the DSP-dSPACE 1104's ADC channel through the use of appropriate
buffer circuitry.

4.7.3.1 Intermediate Signals of Proposed ICCF-PLL Control Approach

Fig. 4.47(a)-(d) reveals the intermediate signals of the ICCF-PLL control approach
during load dynamics. Fig. 4.47(a) and (b) reveal load current (ij,), in-phase unit
templates (u.q), quadrature unit templates (u.q) and reference current (i) of phase ‘r’
after introducing load dynamics. The load current and reference current reach zero during
the load removal and the unit templates are maintained sinusoidal by the proposed control
during the load dynamics. Fig. 4.47(c) and (d) represent the load current (iy,), extracted
component (i, and ig) and voltage amplitude (v,). The extracted component (ig) is 90°
phase from (i,). The load current and extracted components are increased or decreased
during the dynamic condition of the load and the voltage amplitude is maintained constant
during load dynamics by the proposed control approach. The proposed ICCF-PLL control
algorithm helps to maintain all internal parameters and regulates the system frequency and

voltage of the proposed isolated DG system under all operating conditions.
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4.7.3.2 Dynamic Performance of Isolated DG System

The dynamic response of the proposed DG system during dynamic load conditions is
depicted in Fig. 4.48(a)-(f). During load removal, the load current of phase 't' and the CPI
current of all phases are depicted in Fig. 4.48(a). The load current and source current is
decreased during loading reduction. On the other hand in Fig. 4.48(b), the load current and
source current of all phases is increased during the process of load insertion. The observed
test results reveal that the generated current is balanced and sinusoidal even when the load
is nonlinear and dynamic. The parameters of the experimental prototype are taken as line
voltage (Vi) = 110V, Freq. (f) = 50Hz, and DC-link voltage = 200V. During the
declination in load, the load current of phase ‘r’ is reduced to 4.2A from 5.3A, and after
load insertion, the load current is increased from 4.2A to 5.3A, and the PCI current of all

the phases is also reduced to 4.2A from 5.3A during load declination and increased from
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4.2A to 5.3A after load insertion as shown in Fig. 4.48(a) & (b). Fig. 4.48(c) & (d) show
the response of the PCI voltage of phase ‘r” and the CPI current of all the phases under the
transient condition of the load. During the load removal and insertion, the control
algorithm stabilizes both CPI voltage & current. Fig. 4.48(e) & (f) represent the DC-link
voltage is settled at 200V, the PCI current is changed from 5.2A to 3.2A during the
disconnection of load of two phases and the CPI current is increased from 3.2A to 5.2A
during the insertion of load. The CPI current and load current are changed with the
variation in load. The extra power is supplied to the battery under reduced load demand.
The recorded result shows that the PCI voltage & current are maintained sinusoidal by the
proposed ICCF-PLL control during unbalanced load conditions. Moreover, the proposed
control with VSC provides harmonics abatement, power support, load balancing, and

voltage stabilization with reduced overall PQ problems.

[T 500w 7 500w 3 5000 1 500w 2070 45008 Stop [T Goow 2 Boow : Go0w 4 Go0w TTa0: 450047 Sop
.zi_r i
AMARNAARARAR AnnAarRAnnntllh A ARANARARRANANN
!’;,.' kHTr.J\;\HIJiJ‘-ﬁlﬁjx.Jl‘rji‘J “,““‘"“‘“11"'\““;'\"1"""“_I'J (R JIL -"1151\1\-1-[~[u|n \r\n
WU '....r-u"""‘""'““’““"‘ '~""-f'"'l...J|..i.. WUUWUWUU
I.Oﬂ.d reductlon of phase R “Load inclination in phage T
AAAAAAANAARAR *-.* . A KA
IV |f....ﬁ1 M \'t'l*'aﬁth' ”\"\ Jﬂf"’r !A,jl \ \f/\/ "'=-”-"l."iﬁ‘.f'%.'ﬁ'fllninl"-"
vllv'v-ruv\-!!'v' ""Jl'\’ 'U\'UUUUV \f'
i
**'f’\ﬂ***ﬂa"“ﬂ\aaal,a,l"«,ya«_.«_!.;* naﬂ\ar«raﬁ*ﬂ"‘f“‘“-",‘-.“.“:-‘-,‘-.
E..... Il [ { V1 I.;I [T AT \ k A "
."‘,\"\.-'\'"\\'.a‘."\l"\}f‘\f\"v"f'r'\"\‘ .\I'\‘\‘\"H’\‘\’\J"\"‘u‘;v“,llv’“\nv\'v
g lch
(a) (b)
T 390w 2 500 J 500w 7 500V T30 45008/ Tep T 490V 7 500w 3 600W 1 500w TH%bs 45005 Stop
VSF\
T ’1, A T
. MVWWWW AWM
VAW VYVVVY
Load reduction in phase ‘1’ igr o Load inclination mphase r
A ARAA f\ '\ A A
AMAMAAMAMANY \.’"N AARAW "\/\/\ W
J#"'duuu“.uuu v VVVVY v
Load reduction in phase ‘y’ ,Load inclination in phase v’
a,a-\,--\In11\_.;_..Jih«,,..,\ﬁ*,\,\,.ﬁ,, ,g\ﬂ \ A I':A‘f\f\l‘f\r\:"\ﬁ
A ' 2 AAA
fvu»;uv»,vkw’\‘\"***"" V\VJ VJ\J quvavJ‘»’v‘v\/v
Load reduction in phase ‘b’ oy igp ~Load inclination in phase ‘b’
‘.'ish
(c) (d)

105



1 500w 2 500V 5.00V/ 450v/ 1.229s 45,003/ Stop 1 500V 2 500V 3 4490V 420v/ TG 45 003/ Stop
Ve, Ve
i Var., I AL
A A AAAAN : A A f
bt ‘1'\ ﬁ'lllpllli‘ﬁﬁlﬁ";\ f\"‘. 'lla' ’\H / Ifl.f\ ;.,'r,.‘pln'lhu \ﬁl\r\J\/"l’l,‘&' ..'.,u’l~ ”-[1 fﬁ'\’ f"' Il
v \ | 4 | \ [
]UV'V'JJ -’v""uv 'r” "l'w”'l 'JI'-.r\.Jqu'v ‘\!Irl\j J'U\"-.r“u
l-sr\‘ ,'Iﬁ."
A A A A A AKX A A AAAANANR A A [
L | Wil I S LA \ ;\ AA (A A A AA A AN h_ ‘r. A A A .r.\. d \ A ,i. A | i | \ i
[ (TR f { { | \a V 'u L* Y, v \J V v ¥ \| vy YVVVY VY '.' !
¥ ¥ ¥ ¥ v V Yy ¥ ¥ ¥ N L v ¥y Vv ¥ YV YV VY
Ipp- L : . o A
Ty _ Load removal of phase ‘r’ [Load inclination of phase r, Lr
[

(e)

®

Fig. 4.48(a)-(f) Dynamic response at unbalanced load (a)-(b) iy, igy, isy and igp, (¢)-(d)

Vsrs Isps Isy and igp, (€)-(f) Vac, Vsrs isr and ipr

4.7.3.3 Harmonic Spectra of DG System

The harmonics spectrum with waveforms of the proposed standalone DG system is

analyzed in detail. The test results validate that THD of the PCI current (ig;), is 4.17%, and

is within the standard limit of the IEEE 519 when connected to a nonlinear load with a

current of 27.35% THD. The required power support is provided by the battery system

through VSC during dynamic conditions of load and wind speed. The proposed control

with VSC maintains the power equilibrium and synchronization between the load and

RESs.
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4.8 Summary

In this chapter, unit template estimation, DSC-FLL, SOSF-FLL, VGC-IPL, 30-APF-
PLL and ICCF-PLL-based control algorithms have been designed and applied for the
3P3W wind-solar-BSS-based islanded hybrid system. The performance of all the above-
said algorithms is carried out in MATLAB/Simulink. SOSF-FLL and VGC-IPL perform
consistently in 3P3W hybrid system for standalone applications under the intermittent
condition of wind/solar and load perturbation. The experimental performance of SOSF-
FLL and VGC-IPL has also been added in this section for the islanded system. The
performance approves the VGC-IPLL control algorithms with VSC and provides power
compensation, harmonics abatement, load leveling and voltage & frequency stabilization
of the islanded system. The PQ has been improved under intermittency circumstances of
wind & solar and nonlinear load. Further, the MPPT techniques (P&O and IC) give their
better performance during the intermittent condition of solar power. The BSS successfully
consumes the extra power during light demand and supplies the power during high load

demand and provides active/reactive power compensation through VSC.

107






Chapter 5

Control Techniquesfor Three-Phase
Four-Wire (3P4W) Idlanded Wind-Solar -
BES-based Hybrid System

51 General

Three phase four wire (3P4W) electric power distribution networks are widely used in
low power distribution system. VSC based compensation are used to improve PQ in 3P4W
system. A precise estimation of phase and frequency is mandatory for the control and
synchronization of the islanded hybrid system. Out of several synchronization techniques
discussed in literature PLLs and FLLs are popular. Some conventional and advanced
control techniques for three-phase PLLs & FLLs are employed in this chapter for the
computation of phase, frequency, amplitude and the synchronizing signals under uncertain
conditions of RESs and unbalanced load. The designed PLLs & FLLs are further applied
for the PQ improvement and compensation of reactive power in a 3P4W islanded hybrid

system.

Various three-phase control techniques are implemented in this section to analyze the
performance of the islanded hybrid system under different operating circumstances. These
include DSOGI-PLL, DROGI-FLL, DTOGI-PLL, and ADF-FLL. Their individual control

technique performance is examined under operating scenarios.

5.2 DROGI-FLL based Control Approach of 3P4W Wind-
Solar-BES Hybrid System

A DROGI-FLL control algorithm is designed to evaluate the components such as
phase angle, frequency and fundamental load current. A ROGI-based signal
decomposition technique employs two parallel ROGIs centred at the fundamental positive
frequency and a p-order disturbance frequency, as well as a FLL for changing their centre
frequencies to frequency variations. By employing the DROGI-FLL control algorithm
with parallel ROGIs and a FLL, the input signal can be accurately decomposed into its
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fundamental and interference components. This allows for precise evaluation of

parameters such as phase angle, frequency, and fundamental load current, enabling

effective control and regulation of the system.

iLn — -

I.l'.nl.l —-

fLe =

o

abe

i,
X [tl-__
I:r.f?‘
Le
tan Ty 1) =&y
'|”"31 + !,4:??1 - ;.I”
Lg .
Iﬁ:
- v h"
I’ﬁl
a 1
) ' B @
o H | el
1{:1 i
i1
- E -
| tee

Fig. 5.1 DROGI-FLL based control approach for 3P4W Solar-Wind Hybrid System

The ROGI is transfer function is given by

1
s—jog

GROGI(S) =

109

(5.1)



Where, wg denotes the centre frequency of the ROGIs. Fig. 5.1 shows the block
diagram DROGI-FLL control algorithm. Where ki, k,,ks,k,and A are the gain

parameters i and ig; (i, and ig;) are evaluations of the FFPS (p-order frequency)
component of the load current in the off frame. 6;and I, are the evaluated of the phase
angle and the maximum value of the FFNS (p-order frequency) component of the load
current. wg is an evaluation of the fundamental angular frequency of the load current. p = -

1 represents extracting the fundamental negative sequence component of the DROGI-FLL

control algorithm [108].

5.2.1 Simulation Results

The simulation results represent the dynamic response of the 3P4W wind-solar hybrid
system for isolated locations. The behavior of the proposed standalone hybrid system is
studied and analyzed under fixed/varying wind speed/solar intensity/linear/nonlinear load.
To analyze the dynamic response of the hybrid system, simulation results accommodate
significant signals. The internal signals of the DROGI-FLL control algorithms that have

been implemented are also deeply analyzed.

5.2.1.1 Internal Signalsof DROGI-FLL Algorithm

Fig. 5.2(a)-(c) shows the all internal control signals of the 3P4W standalone wind-solar
hybrid system. The control signals of the standalone hybrid system are designed under the
phase ‘a’ of linear/nonlinear load disconnected at t=2.7 sec. Fig. 5.2(a) Shows the control
signals of DROGI-FLL control algorithm 1,4, i1, ®g, ia2, ip2, ip, Ve and up,.  Where,

la1, a2, ib1, Ip2, @, ip, Vi and up, are the fundamental estimated in-phase current of ROGI-I

& ROGI-II, fundamental estimated quadrature current of ROGI-I & ROGI-II, centre
frequency, maximum value of the extracted component of load current, the amplitude of
generator voltage and in-phase unit vector of phase ‘a’. Fig. 5.2(b) Shows the internal
control signals are such as Ugy, ish1, ishz, 1 iLfar iLfqy ipv @nd ip,. Where, the signals are the
estimated quadrature unit vector, sample and hold circuit current, AC PI controller current,
extracted active/quadrature load current component, solar PV current, and DC PI
controller current. Fig. 5.2(c) represents the internal control signal of the control algorithm

are ipg,iLq ILq» iLq and igapc. Where, the control signals represent the extracted active

component of load current and quadrature current, extracted reference source current. The
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control signal gives a rapid dynamic response, fast convergence speed to the DROGI-FLL
control algorithm and remove the disturbing harmonic component under the worst load
condition. The simulation results represent the dynamic response of 3P4W hybrid system
for isolated locations. The behavior of the proposed standalone system is studied and
analyzed under fixed/varying wind speed/solar intensity/linear/nonlinear load. To analyze
dynamic response of the hybrid system, simulation results accommodate significant

signals.
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5.2.1.2Dynamic Performance of Hybrid System under Varying Wind
Speed/Fixed Solar Intensity Feeding Linear/Nonlinear Load

The performance of a 3P4W standalone hybrid system under varying wind speed and
fixed solar intensity feeding linear/nonlinear load is shown in Fig 5.3. The wind speed
varies from 18 m/s to 14 m/s at t=2.7 sec and solar intensity and temperature are fixed at
900 w/m? and 25° C. Due to a decline in wind speed, the generated power is reduced then
the battery system is to support real power to the system and the compensator current is
slightly increasing at t=2.7 sec. As a result, the battery charging current is reduced to meet
load requirements while maintaining active power. The excess generated power transfers
to the battery for power leveling. The controller maintains the generated voltage, generator
current, load current, and system frequency are constant. Fig. 5.3 shows the solar intensity
level changes, and so does the output power of the SPV. When the generator power is kept
constant while the solar intensity increases, the extra power is fed to the battery, and the
battery enters the charging mode. Similarly, as solar intensity decreases, the battery
discharges to supply the required load. As a result, the controller maintains the power

balance even when the solar intensity changes dynamically.
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Fig. 5.3 Dynamic performance of a 3P4W standalone system under varying wind speed

and fixed solar intensity feeding linear/nonlinear load
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5.2.1.3Dynamic Performance of Hybrid System under Varying Solar
Intensity/Fixed Wind Speed Feeding Linear/Nonlinear Load

The dynamic performance of a standalone wind-solar hybrid system under varying
solar intensity and fixed wind speed feeding linear/nonlinear load is shown in Fig 5.4(a)
and (b). The wind speed is fixed at 18 m/s and the solar intensity and temperature vary
from 900 w/m? to 600 w/m? and 25° C to 20° C. Due to the reduction in solar intensity,
the generator current, battery voltage and battery current are slightly reduced and
compensator current is slightly increased. The DROGI-FLL based VSC controller
maintains the generated voltage, load current and frequency are constant. Fig. 5.4(b)
Shows due to change in solar intensity at t=2.7 sec, the PV current, solar PV power, and
duty cycle are reduced. If the solar intensity is reduced, the PV current is also reduced as
the solar intensity decreases, resulting in a reduction in total generated power. The load, on
the other hand, is fixed, so the battery is used to provide the necessary power. As a result,
the battery current decreases, and the battery switches from charging to draining mode.
When the connected linear/nonlinear load is fixed, the generated solar power drops
instantly; as a result, the battery current discharges (changes from charging to draining

mode) to maintain the required power balance between source and load.
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Fig. 5.4(a) and (b) Dynamic response of wind-solar hybrid system under varying solar

intensity and fixed wind speed feeding linear/nonlinear load

5.2.1.4Dynamic Performance of Hybrid System under Fixed Wind
Speed/Solar Intensity Feeding Varying Linear/Nonlinear Load

Fig. 5.5 depicts the dynamic performance of a standalone hybrid system with varying
linear/nonlinear load and fixed wind speed/solar intensity. The phase ‘a’ of
linear/nonlinear load is disconnected at t=2.65 sec to t=2.85 sec., then the generator
current is remain sinusoidal and balanced. During this duration, the compensator current,
and battery current is increasing and load current is decreasing. The generated voltage,
neutral current, and frequency are all kept constant by the controller. As results of the

removals of load one phase ‘a,' the load requirement is reduced, and the excess power that
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was previously supplied to the load is now fed to the battery. Hence, the battery current is

(+ ve direction) increases.
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Fig. 5.5 Dynamic response of hybrid system under fixed wind speed/solar intensity

feeding varying linear/nonlinear load

5.2.1.5 Power Balance Analysis of Standalone Hybrid System

Fig 5.6(a)-(d) shows the simulation result of the power balance analysis of a
standalone hybrid system under different operating circumstances. Fig. 5.6(a) shows the
generated power, load power and solarPV power under fixed wind speed/solar intensity
feeding linear/nonlinear load. Fig. 5.6(b) shows the effect of declination in wind speed, the
controller maintains the system frequency/voltage and the balance power is provided by
the battery system. Fig. 5.6(c) Shows the reduction in generated power due to declination
in solar intensity at t=2.7 sec. under constant load power condition. Fig. 5.6(d) Shows the

rise in generated power and reduction in load power at t=2.65 sec to t=2.85 sec due to
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disconnection of load of phase ‘a’. During sudden disconnection of load og phase ‘a’, the
unused power supply is delivered for battery charging. The DROGI-FLL-based controller
maintains the power under varying load conditions/solar intensity/wind speed. The battery
system with VSC is employed to provide active/reactive power support and consume the

extra power during less load demand.
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Fig. 5.6(a)-(d) Power balance analysis of standalone hybrid system (a) Fixed wind
speed/solar intensity feeding linear/nonlinear load (b) Varying wind speed and fixed solar
intensity feeding linear/nonlinear load (c) Varying solar intensity and fixed wind speed

feeding linear/nonlinear load (d) Fixed wind speed/solar intensity feeding linear/nonlinear

Time (s)

(d)
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Table 5.1 Generated power, Load power, and PV power under different operating
conditions of standalone hybrid system

S.No | Parameters Generated Power | Load power | PV power
(Pg) (PL) (Ppv)

1 Fixed wind speed/solar | 3.2 kW 4.4 kW 2.5kW
intensity feeding
linear/nonlinear load

2 Decline wind speed and | 3.2 kW 4.27 kW 2.5kW
fixed solar intensity
feeding linear/nonlinear
load

3 Fixed wind speed and | 2.06 kW 4.4 kW 1.93 kW
decline solar intensity
feeding linear/nonlinear
load

4 Fixed wind speed/solar | 4.34 kW 1.98 kW 2.5kW

intensity, when load is
disconnected of phase ‘a’
at t=2.65 sec to t=2.85 sec

Table 5.1 represents the power balance of a standalone hybrid system under different

operating conditions.

5.2.1.6 Waveform and Harmonic Analysis of Standalone Hybrid System

Fig. 5.7(a)-(c) shows the harmonic spectrum of a standalone hybrid system feeding

nonlinear load. The 3P4W standalone hybrid system gives a good response under

nonlinear load even in one or two-phase load is disconnected. The THD of the generated

voltage, generator current and load current are 0.64%, 4.17% and 26.45% respectively.

The THD of the generator current becomes below than 5% which is underneath an IEEE-

519 standard.
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Table 5.2 Harmonic analysis of all the phases from simulation

Valuesof THD
S.No. | Phase .

Vg, % lg1 % iL, %
1 A 0.64 4.17 26.45
2 B 0.67 4.20 26.85
3 C 0.67 422 27.01

Table 5.2 represents the THD analysis of generated voltage, generator current and load

current per phase under nonlinear load of the standalone hybrid system.
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5.3 DTOGI-PLL Control Approach

The DTOGI-PLL control is depicted in Fig. 5.8. The DTOGI-PLL employs a TOGI-

based adaptive filter for each igand ig current component in the pre-filtering stage of PLL.
The component of currents igand ig (i, and i'B) and their quadrature current components
(qiy and qi'B) are extracted using DTOGI-PLL. The transfer function of TOGI control is

evaluated as

R(S) — I'O(,B _ kleS (5 2)
g S3+kaws?+(ki+1Dw?s+ky w3 ’
Q(s) = T2E =2 R(s) = ae (53)
iog s S3+k,wsZ+(kq+1)w2s+kyw3
iq
- 2
L w. 1
- — E i fl L
TOGI-I Qly S
lip
-
i.| oB
s - [
1
: L
IB e 1 |
w,
TOGI-II

Fig 5.8 DTOGI-PLL control approach

Where, w,, represents the estimated frequency of autonomous microgrids and k;and k,
are the gain controllers of DTOGI-PLL. The gain controllers k; and k, finalize the
bandwidth of the filter and affects the response time of the filter. The sinusoidal quantities
(1, i, Qi and qi’B) from the TOGI control filters are entered into the positive sequence
evaluator (PSE) to draw the FFPS components (i} and ig). The instantaneous symmetrical

components (ISC) control method in the stationary reference frame is utilized to evaluate

the (i§ and i}) current components.
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it = 0.5(i} — qi}) (5.4)
i = 0.5(qi} +i¥) (5.5)

Then, the extracted FFPS parameters are passed through the SRF-PLL to calculate the
microgrid components like as phase angle and current amplitude in MG. The evaluated
frequency is fed back to the DTOGI-FLL-based control to make the control frequency
adaptive [126], [185].

5.3.1 ADF-FLL Control Approach

The ADF-FLL control approach is depicted in Fig. 5.9. The load currents
(ira, ipp @and ipc) are transformed to generate (igand ig) current components. The complex

gain parameters are utilized between a-f axis to enhance the performance of the ADF-

FLL. The fundamental current in-phase and quadrature components are computed as
i1 = Iycos (@) (5.6)
ig1 = Iasin (@) (5.7

The amplitude of current component (I,) and phase angle (@) in ADF-FLL is estimated

I, = /igl +ify (5.8)

@, = tan"" (i1 /iq1) (5.9)

as

Where, k; and k’, are the gain parameters and give an additional degree of freedom in this
control algorithm and 2, k; and k, are the complex gain constants. w, is the evaluated

angular frequency of ADF-FLL [25].
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Fig. 5.9 ADF-FLL control algorithm
5.3.2 Simulation Results

The proposed DTOGI-PLL and ADF-FLL control scheme is analyzed through
simulation & experimental study of the integrated system under intermittent conditions of

an isolated microgrid.
5.3.2.1 Intermediate Parameters of Control Approaches

The intermediate signals of the DTOGI-PLL and ADF-FLL control approach under an
unbalanced load are shown in Fig. 5.10(a)-(d). Fig. 5.10(a) shows the internal signals i,
ig, Qig, qig, iq (Extracted current components) and w, (angular frequency) under
unbalanced load. The load on phase ‘a’ is detached at t=2.8s. The iy, ig, qiy and qig are
the active & reactive extracted components of the load current. During the removal of the
load the extracted signals i, and qi, have become zero. Fig. 5.10(b) represents the internal
signals vy (amplitude voltage), u,, (in-phase template), u.,(reactive or quadrature
template), if, (output of DC PI controller), iy (output of AC PI controller) and @,, (phase
angle) of isolated microgrid under unbalanced load. All internal signals are extracted from
sensed nonlinear load current. Fig. 5.10(c) shows the internal signals iy, ig, iLq, iLg, Wp
and iy p,. Since, i, becomes zero and extracted active current (ipp,) is decreased due to the
disconnection of the load of phase ‘a’ at t=2.8s. The other parameters in Fig. 5.10(d) are

also changed due to load disconnection. Fig. 5.10(d) displays the voltage amplitude (vr),
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Uy, (in-phase unit template), uy, (quadrature unit template), ir, (DC PI controller), iy (AC
PI controller) and @, (phase angle). The extracted parameters are utilized to control and

manage the isolated system during load perturbation and dynamic conditions of RESs.
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5.3.2.2 Dynamic Performance during Variationsin Wind Velocity

Fig. 5.11(a) represents the simulation results of the isolated microgrid system under an
abrupt change in wind velocity. The isolated system is in steady-state before t=2.8s, where
wind velocity is 12m/s and CPI voltage (Vgapc) and CPI current (igapc) are sinusoidal. The
wind velocity is decreased from 12m/s to 9m/s at t=2.8s. However, the DTOGI-PLL-
based controller stabilizes the voltage and current of an isolated microgrid. The generated
power declined from 5.4kW to 5.3kW due to a reduction in wind velocity. However, the
load is balanced and the power demanded by the load is fed from the ESS. The solar
radiations and temperature are fixed at 900w/m’> and 35°C respectively. Fig. 5.11(b)
represents the behavior of an isolated system under the variation in wind velocity and
unbalanced nonlinear load. The wind velocity (wy) is changed from 12m/s to 9m/s and the
load of phase ‘a’ is detached at t=2.7s to t=2.9s depicted in Fig. 5.11(b). The generated
voltage & current are sinusoidal during the variation in wind velocity and load. During
the inclusion of load at t=2.9s, the compensator current and generated current is slightly
decreased for 0.02s, after this, the controller maintains these parameters. During the
removal of one phase load, the load current is declined and the unused power during this
duration is supplied to the ESS. Moreover, with the inclusion of load at t=2.9s, an ESS
changes its mode from charging to discharging mode. The DC-link voltage and other
parameters of the microgrid are maintained constant with the help of ADF-FLL-based

controller.
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5.3.2.3Dynamic Performance during Variationsin Solar Intensity and
Unbalanced L oad

The performance of isolated microgrid is studied under variations in solar radiations
and unbalanced loading conditions. Fig. 5.12(a) shows the microgrid in a steady state
before t=2.8s, when the solar radiations and temperature is fixed at 900w/m” and 35°C. If
the solar radiations and temperature are changed to 600w/m” from 900w/m? and 35°C to
25°C, then PV current is reduced due to solar radiation level declination and thus
decreasing the generated power, PV power and duty cycle. Fig. 5.12(c) shows the response
of islanded microgrid under variations in solar radiations and unbalanced load conditions.
The load of phase ‘a’ is removed from t=2.7s to t=2.9s. During the disconnection of one
phase load, there is a declination in load demand, and the extra power is absorbed by ESS.
Thus, the ESS maintains the power equilibrium between the source and the load. If the
solar radiations and the unbalanced load condition occur simultaneously in the microgrid
as shown in Fig. 5.12(c) the microgrid frequency remains fixed but the generated current

and load current is slightly reduced.

On the other hand, Fig. 5.12(b) and (d) depicts the dynamic response of isolated
microgrid under a change in solar radiations. The wind velocity is fixed at 12 m/s. Fig.
5.12(b) shows solar radiations level and temperature which are increased from 600w/m’ to
900w/m’ and 25°C to 35°C respectively. Due to change in solar radiation level the PV
current (ipy) increases from 7.09A to 11.7A, PV power (ps) increases from 1.1kW to
1.7kW. Fig 5.12(d) shows the performance of ADF-FLL-based controller which maintains
the voltage profile, current profile and frequency under variations in solar radiations and
nonlinear load. The generated current and compensator current increases at t=2.8s due to
an inclination in solar radiation. The ESS charging current is reduced, when the solar
radiations are reduced to 600w/m” as shown in Fig. 5.12(d). At t=2.8s, the solar radiations
are increased from 600w/m’ to 900w/m” and the ESS charging current is also increased
accordingly. Hence, the ESS maintains the power balance under the abrupt circumstances

of solar power.
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5.3.2.4 Harmonicsanalysis

The harmonic analysis of voltage and current in an isolated microgrid based on
DTOGI-PLL and ADF-FLL adaptive control approach are plotted in Figs. 5.13(a)-(f). The
Total Harmonic Distortions (THDs) of CPI (voltage & current) and load current of phase
‘a’ are 0.69%, 4.14% and 25.33% respectively using DTOGI-PLL control depicted in Fig.
5.13(a)-(c) and the THDs are 0.87%, 4.60% and 26.45% respectively using ADF-FLL
control approach depicted in Fig 5.13(d)-(f) of the isolated microgrid system. These THDs
of voltages/currents of isolated microgrid based on DTOGI-PLL and ADF-FLL control
algorithms are determined under nonlinear load conditions. It is examined that the Total

Harmonic Distortions (THDs) of CPI voltage & current, and load current are as per the

IEEE-519 standard.
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Fig. 5.13 Harmonic analysis of DTOGI-PLL and ADF-FLL control-based isolated

microgrid
5.3.3 Test Results

A prototype is developed that validates the findings of the standalone system's tests
under various conditions. A prime mover, SEIG, capacitor bank, BDC, opto-coupler,
VSC, and ESS are included in the prototype. The wind-powered SEIG is interfaced to a
delta-connected capacitor bank, which supplies the reactive power needed for power

generation.
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5.3.3.1 Dynamic Response of an Islanded System

Fig. 5.14(a)-(f) shows the dynamic response of islanded system after introducing load
harmonics. Fig. 5.14(a) depicts the intermediate signals of isolated system under the

removal of load. The load current (i;,) and extracted source current (ig,) are reduced to

zero during load disconnection. The active (u,,) & (u,, ) quadrature unit templates are

sinusoidal during nonlinear and unbalanced loads. Fig. 5.14(b) depicts vg4¢, v and ij 4

gaslgas

under insertion of one phase load. During the insertion of the load, the iz, and iy, are
increased. Fig. 5.14(c) and (d) show the vg,, and igap of all phases is sinusoidal during
unbalanced and nonlinear load conditions. Fig. 5.14(e) and (f) depict the response of the
isolated system under load insertion of 2-phases & 3-phases. The dynamic results present
an effective performance of a standalone system. During the load declination, the extra
power is supplied to the ESS for charging. The proposed DTOGI-PLL effectively controls

all the parameters under different circumstances.
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Fig. 5.14(a)-(f) Dynamic response of an islanded system

5.3.3.2 Harmonic analysis

The harmonics results of the isolated system have been recorded under nonlinear load
conditions. The THD of the CPI voltage & current is below 5%, which satisfies the limit
of IEEE-519 standard. Fig 5.15(a) and (b) depict the THD of CPI voltage, CPI current, &
load current are 2.03%, 4.21%, and 27.71 respectively. The proposed DTOGI-PLL control
effectively managed all the parameters and maintains CPI current sinusoidal after applying

nonlinear load to the standalone system.
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Fig. 5.15(a) and (b) Harmonic analysis of isolated system
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The control algorithm for VSC is capable of ensuring sinusoidal source currents and

mitigating the effects of nonlinear loads at CPI. A DSOGI-PLL approach is employed to

estimate the fundamental component as shown in Fig 5.16. The dual SOGI is designed

using two in-loop filter-based SOGIs. The implemented SOGI generates two 90° phase

shifted signals. Each SOGI & QSG is utilized to produce two quadrature voltages with the

transfer help of function.
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Fig. 5.16 DSOGI-PLL control approach
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kws

_ b _

Dp(q) o ip T s24+kws+w? (5.10)
_ qip _ kw?

Qp(CI) - ip T s2+kws+w? (5.11)

Where p € (a, B) denotes the two extracted reactive components. For their respective
reactive component, the two reactive components have filtering qualities such as low-pass
and band-pass. As a consequence, the low-order current harmonics of the detected current
can be reduced. The DSOGTI output is supplied into the positive sequence extractor (PSE)
to exclude double frequency phase oscillations in the currents of-q reference frame. The

combined DSOGI & PSE transfer function is stated as,
ig) _ 1 ko s —w\ (ig(s)
(1?3') T 2 s2+kws+w? ((1) S ) <13(5)> (512)

The double frequency and imbalanced voltage components are eliminated by a low-
pass filter. In a synchronously rotating reference frame, these positive sequence currents

are now utilized to determine the d & g-axis currents as below [24]

ig) _ [ cos(®) sin (6)) i
(iq) - (—sin (8) cos (8)/\ig (5-13)
The extracted fundamental load current component (If) and phase angle from the

distorted load current is calculated [186]

= [i2+i2 and 0 = tan"! () (5.14)
d

5.4.1 Simulation Results

The result of the proposed 3P4W standalone system is analyzed under intermittency in
solar irradiance, wind speed and consumer load. During variations in load demand and
variation in solar PV insolation, the reliability of the proposed DSOGI-PLL approach is
validated through a simulation study. The simulation results of CPI voltage (Vgapc), CPI
current (igypc), load current (ipapc), compensator current (iqzpc), de-link voltage (vge),

frequency (F), neutral load current (i), PV current (ip,), duty cycle (a) and PV power (P)

are taken under various operating circumstances.
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5.4.1.1 Dynamic Response of Wind and SPV System during Unbalanced
L oad

Fig. 5.17 represents the dynamic response of the proposed wind & SPV system during
constant wind speed/solar irradiance feeding an unbalanced load. The wind speed and
solar irradiance are fixed at 15m/s and 900w/m’, respectively. A load of phase ‘b’ is
detached at t=2.7s to t=2.9s. During the exclusion of load in phase ‘b’, the load current is
declined and the controller manages the CPI voltage, CPI current, frequency, and dc-link
voltage of the proposed DG system. The total generation of the standalone system is
increased from 5.2kW to 5.8kW during the disconnection of a load of phase ‘b’. Further,
the compensator current and neutral load current is increased during load detached. The
DSOGI-PLL control with VSI provides multi-functions like voltage/frequency control,
neutral current compensation, harmonics eradication, power support, and enhances overall

PQ of the standalone system.
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Fig.5.17 Dynamic response of wind and SPV system during unbalanced load
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5.4.1.2 Dynamic Response under Intermittency

The dynamic performance of the standalone wind & SPV system during wind variation
feeding balanced nonlinear load is observed and depicted in Figs. 5.18(a) and (b). Fig.
5.18(a) represents the wind speed is altered from 15m/s to 12m/s at t=2.8s and the solar
irradiance is shifted 500w/m?* to 900w/m? at t=2.7s. Due to inflation in solar irradiance, the
PV current and the PV power of the proposed standalone system are increased from 5.9A
to 11.77A and 1.8kW to 2.8kW respectively and the duty cycle is decreased. Further, the
total power generation is reduced from 5.8kW to 4.4kW due to a decrease in wind speed
from 15m/s to 12m/s. Fig. 5.18(b) depicts that during the variation in solar irradiance at
t=2.7s, the CPI voltage shows a slight deflection of 0.01s, and then the controller manages
the CPI voltage. The CPI current and compensator current are increased during the
intermittency of wind speed and solar radiation. Further, the VSI continuously provides
power support during the change in wind/solar irradiance with the help of a dc-link
connected BSS. Moreover, the controller manages the frequency and dc-link voltage of the

renewable energy based system.
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Fig. 5.18(a) and (b) Dynamic response of renewable energy based system under

intermittency

5.4.1.3 BSS Response during I nter mittency

The transient response of BSS under various operating conditions is depicted in Fig.
5.19. The BSS response is analyzed (i) Fixed solar irradiance/wind speed feeding balanced
nonlinear load (ii) Solar irradiance/constant wind speed under uncertain conditions of
nonlinear load (iii) Change in wind speed and fixed solar irradiance feeding balanced load
(iv) Change in solar irradiance and constant wind speed feeding balanced load. During the
elimination of a load of phase ‘b’, the excess power is transferred to the BSS. The BSS is
shifted to the charging mode and the BSS current is improved due to the removal of load.
During the abrupt change in wind speed 15m/s to 12m/s, the BSS charging current is
reduced. Also, during the reduction in solar irradiance 900w/m?* to 500w/m? at t=2.8s, The
BSS is switched to draining mode and delivers power to CPI through VSI. The designed
controller successfully balances all standalone system parameters under all operating

situations.
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Fig. 5.19 BSS response during intermittency

5.4.1.4 Harmonic Profiles of Standalone System

Fig. 5.20(a) and (b) represents harmonic profiles of the source current and load current
of the proposed renewable based standalone system. The THD’s of source current and
load current of phase ‘a’ is 4.54% and 26.01%, respectively. The harmonic analysis of the
3P4W standalone system is analyzed under uncertain load conditions. The THD’s of the

standalone system is found in limit and follow the IEEE-514-2014 standard.
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Fig. 5.20(a) and (b) Harmonic profiles of a standalone system
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5.5 Summary

In this chapter, DROGI-FLL, DTOGI-PLL, ADF-FLL, DSOGI-PLL-based control
algorithms have been designed and applied for operation and control of the 3P4W
wind-solar-BSS-based islanded hybrid system. The performance of all the above-said
algorithms is carried out in Simulink/MATLAB. The above-said control approaches
successfully extract the fundamental component from nonlinear and unbalanced load
current and give a fast dynamic response with reduced oscillations compared with
other conventional algorithms. The experimental performance of DTOGI-PLL has also
been added in this section. The performance approves the proposed control algorithms
with VSC provides power compensation (active/reactive), harmonics abatement, load
leveling, voltage & frequency stabilization, and improves overall PQ of the islanded
system under load perturbation and dynamic environments of wind & solar. The
MPPT control-based PV system with BSS is integrated at the DC-link of VSC and
effectively provides power compensation through VSC during dynamic load demand

and perturbation in wind & solar power.
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Chapter 6

Compar ative Perfor mance Analysis of
Different Control Algorithms of Wind-
Solar-BES-Islanded Hybrid System

6.1 General

In this chapter, the comparative performance of the wind-solar-BES-based islanded
hybrid system under various operational circumstances such as variation in wind speed,
change in solar insolation, and varying load is discussed. In the proposed work different
types of new control algorithms such as SOSF-FLL, VGC-IPLL, DTOGI-PLL, 30-APF-
PLL and ICCF-PLL have been implemented and their response is examined to that of
conventional control algorithms. The comparative performances are devised in five

categories is follows:

6.2 Case-l: Performance Comparison of SOSF-FLL Control
with Existing Control Algorithms

The response of the proposed SOSF-FLL control versus conventional control
algorithms under an unbalanced load is displayed in Fig. 6.1(a) and (b). Fig. 6.1(a) shows
the load of phase ‘a’ is removed at t=2.7s. The proposed control in comparison of MLMS
and SOGI-FLL control yields fast dynamic response and less dynamic oscillations with
the reduced error of fundamental load current component (I;,) under load elimination. Fig.
6.1(b) depicts that during the insertion of load at t=2.9s, the proposed control yields a fast

dynamic response and less steady oscillations under load perturbation.
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Fig. 6.1(a) and (b) Performance comparison of SOSF-FLL control with existing control

approaches under load perturbation

6.3 Casell: Comparative Performance of VGC-IPLL Control
with DSOGI-FLL and ILM S Control Approach

The comparative response of VGC-IPLL control over the conventional controls such as
DSOGI-FLL, improved least mean square (ILMS) control is shown in Fig. 6.2. A
fundamental current component (I,,) is extracted under load removal condition from
t=2.6s to t=2.8s and variation in solar intensity level from 900w/m’ to 500w/m” at t=2.7s.

Under unbalanced load and changes in solar intensity, the proposed control provides a
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quick dynamic response with low steady-state error. When the system is operated using

the proposed VGC-IPLL control, the weight oscillation associated with the system is very

less when compared to other existing controls. Table 6.1 compares the effectiveness of the

VGC-IPLL control technique to conventional controls.
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Fig. 6.2 Comparative performance

Table 6.1 performance comparison of VGC-IPLL control with DSOGI-FLL and ILMS

control algorithm
S.No. Operation DSOGI-PLL | ILMS VGC-IPLL
1 Stability Better Better Best
2 Convergence rate Medium Medium | Fast
3 Static error Medium Large Least
4 Oscillations Medium Medium | Least
THD% CPC Voltage |2.1% 2.4% 0.65%
CPC Current | 4.9% 5.1% 4.23%
Load Current | 29.94% 33.12% | 24.94%

6.4 Caselll: Comparative Performance of 30-APF-PLL,
SOGI-FLL and LM S Control Algorithms

Fig. 6.3(a) and (b) compare the response of 30-APF-PLL, SOGI-FLL, and LMS under
an unbalanced load. The proposed method has the benefit of quick convergence, fast
dynamic response, and fast BES charging response under varying load demands. Fig.
6.3(a) depicts the comparative simulation study of the extracted fundamental load current

component. Under dynamic load circumstances, the 30-APF-PLL control exhibits reduced
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steady-state oscillations, quicker convergence, and dynamic responsiveness. The
computation time of the 30-APF-PLL-based control is one cycle under dynamic
conditions. Fig. 6.3(b) compares the response of BES charging current for 30-APF-PLL,
SOGI-FLL, and LMS when the load of one phase is detached from t=3.2sec to t=3.4sec.
During the removal of load, the 3@-APF-PLL control technique provides fast dynamic
response and convergence. Table 6.2 given comparison of response of the 30)-APF-PLL,

SOGI-FLL, and LMS control algorithms.
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6.3(a) and (b) Comparison in the response of fundamental load current component (I,;,)
and (b) BES charging response for 303-APF-PLL, SOGI-FLL and LMS under

disconnection of a load of phase ‘a’
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Table 6.2 Comparative performances of 30-APF-PLL, SOGI-FLL and LMS control

algorithms
S.no | Parameters 30-APF-PLL | SOGI-FLL |LMS
1 Computation time for
fundamental extraction of load Three
current component One cycle Three cycle | cycle
2 Steady-state oscillations Less Medium High
3 Stability Best Good Bad
4 Response Fast Medium Medium
5 THD PCI
Obtained voltage 1.42% 2.85% 3.73%
PCI
current 4.32% 4.89% 5.19%
Load
current 25.06% 26.18% 24.79%

6.5 CaselV: Comparative Assessment of |CCF-PLL Control with
Existing Control Algorithms

The proposed ICCF-PLL control provides a fast dynamic response with reduced
oscillations under the fitful condition of RESs and load dynamics. Fig. 6.4 depicts the load
being rejected of phase 't' at t=2.1s and injected at t=2.3s. When one phase of a partial load
is temporally detached and applied, i.e., the extracted fundamental component must first
acquire its appropriate value in comparison to the existing control. A frequency-adaptive
ICCF-PLL control technique, on the other hand, gives an accurate computation of the
fundamental component during dynamic situations. The TOGI-PLL and ILMS have
substantial oscillations during load rejection and the dynamic response is excessively
slow, while the reaction time is 0.02s longer in both cases (Load removal and injection).
But, the ICCF-PLL response time is quite high and provides a fundamental load current
component with less oscillation. Whereas, the ICCF-PLL-based control provides a fast
dynamic response and the least steady error with reduced oscillations and extracts the

fundamental load current component under different operating conditions.
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Fig. 6.4 Comparative assessment of ICCF-PLL control with conventional control algorithms

Table 6.3 Comparative performance of control algorithms

S.no. | Parameters | ICCF-PLL | CCF-PLL | ILMS TOGI-PLL

1 Settling time | 0.02 0.02 0.03 0.04

2 THD 4.17 4.6 4.66 4.8

3 obtained

4 Stability Best Better Good Good

5 Static error | Very less Less Large Medium
Oscillations | Very less Less Large Medium

Table 6.3 and Fig. 6.4 show the performance of the ICCF-PLL control approach with CCF-

PLL, ILMS, and TOGI-PLL algorithms while extracting the maximum value of the

fundamental component. The settling and rise time of the ICCF-PLL approach is less than one

cycle after introducing load dynamics. Moreover, the proposed control has fewer oscillations

with minimal error, the least harmonics, and the best stability while feeding the dynamic

nonlinear load.

6.6 Case-V: Comparative Analysisof DTOGI-PLL, ADF-FLL,
TOGI-FLL and LM S Control

Fig. 6.5 shows the simulation response of the microgrid for DTOGI-PLL, ADF-FLL,

TOGI-PLL and LMS adaptive control approaches after introducing load dynamics. A load of
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one phase is detached at t=2.7s to t=2.9s and the comparison of the fundamental current
component (I,) are presented. Moreover, it is observed that the DTOGI-PLL and ADF-FLL
have the least oscillations with reduced steady-state error in comparison to traditional control
approaches. The comparison also shows the DTOGI-PLL has a rapid response and the least
settling time. The comparative analysis of DTOGI-PLL and ADF-FLL with the conventional
existing control method TOGI-PLL and LMS control algorithm is illustrated in Table 6.4.

Table-6.4 Comparison analysis of DTOGI-PLL, ADF-FLL, TOGI-FLL and LMS under
unbalanced nonlinear load

S.no. | Operation DTOGI-PLL | ADF-FLL | TOGI-PLL | LMS
1 Convergence rate Fast Medium | Medium Slow
2 Stability Best Better Better Worst
3 Static error Less Large Large Largest
4 THD (CPI Voltage) | 0.69% 087% 1.20% 2.20%
CPI current 4.14% 4.60% 4.90% 5.10%
Load current 25.33% 26.45% 28.55% 31.40%
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Fig. 6.5 Comparative performance of microgrid using DTOGI-PLL, ADF-FLL, TOGI-FLL
and LMS algorithms after introducing load dynamics
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6.7 Comparative Performance Analysis of Implemented Control
Algorithms for 3P3W & 3P4AW Wind-Solar-BES based
|slanded Hybrid System

Table 6.5 shows the comparative performance analysis of implemented control algorithms for
3P3W & 3P4W wind-solar-BES based islanded hybrid system. The control algorithms have
been examined under various operating circumstances such as variation in wind speed, solar
irradiance and load perturbation. During the variation in wind speed and solar irradiance, the
SOSF-FLL shows the best performance for both amplitude and frequency evaluation. The
fundamental load current component estimated by VGC-IPLL shows the least steady-state
error and faster convergence. During the unbalanced and nonlinear load condition, DSC-FLL,
DTOGI-PLL and VGC-IPLL show the best performance as they filter out harmonic
effectively. A DTOGI-PLL and ICCF-PLL shows the best performance as it has a faster

response during dynamic conditions and least error during steady-state conditions.

Table-6.5 Comparative performance analysis of implemented control algorithms for 3P3W &
3P4W wind-solar-BES based islanded hybrid system

S. |Operation |DSC-FLL |SOSF- |[VGC- |3d-APF- |ICCF- | DROGI-| DTOGI- | ADF-| DSOGI-

No. FLL IPLL |PLL PLL FLL PLL FLL PLL

1 Stability Better Better |Best |Best Best Better Best Best Better

2 |Convergence |Medium  |Fast Fast |Medium |Fast Medium Fast Fast | Medium
rate

3 |Static-state |Medium |Medium|Least |Least Least Medium Least |Mediu| Least
error m

4 |Oscillations |Medium |Medium|Least [Medium |Least Medium Least |Mediu| Least

m

5  |Source 4% 4.23% [4.23% [4.32% 4.60% 4.60% 4.14% |4.60% | 4.54%
current
THD%
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6.8 Summary

In this chapter, comparative performance of control techniques has been presented for
both 3P3W and 3P4W wind-solar-BES-based microgrid system for standalone applications.
The control techniques have been examined under different operational circumstances such as
changes in wind speed, solar irradiance and unbalanced nonlinear load. During the change in
wind speed and solar irradiance, the SOSF-FLL shows the best performance for both
amplitude and frequency estimation. The frequency estimated by SOSF-FLL shows the least
error and faster convergence. SOSF-FLL has an inherent frequency-locked loop hence it
estimates frequency precisely. During the unbalanced and nonlinear load condition, DTOGI-
PLL and ICCF-PLL show the best performance as they filter out harmonic effectively. A 30-
APF-PLL shows the best performance as it has a faster response during dynamic conditions

and minimal error during steady-state conditions.
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Chapter 7

Main Conclusions and Future Scope of
Work

7.1 Main Conclusions

The primary goa of this thesis work is to provide voltage & frequency regulation,
harmonics abatement, load leveling, power compensation, and improvement in PQ of islanded
wind-solar-BES based hybrid system feeding non-linear loads. These goals are achieved by
designing the wind-solar-BES energy supported with VSC, operating with proposed control
algorithms.

e The control agorithms require synchronization techniques, and to compute
fundamental component from the distorted load current under dynamic conditions
of wind, solar and nonlinear load.

e An MPPT technique-based PV system with BES isintegrated at the DC-link of the
V SC to support the standalone system.

e A BDC controller is utilized to manage the charging & draining of the BES.

e A comparative performance analysis is also carried out between the advanced
control algorithms used in the present work & conventional control techniques of
PQ improvements.

e The developed experimental test set-up and simulation results show the
effectiveness of control approaches and islanded hybrid system under various

operational circumstances.

7.2 Future Scope of Work

The development, control and analysis of the wind-solar-BES-based isolated system have
been demonstrated in this work. Some conventional and new synchronization algorithm has

been designed to work in adverse operating conditions. More work is still required to develop
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new synchronization techniques, especially under dynamic conditions of renewable energy
sources. Mathematical stability analysis could also be done for the stable operation of the

synchronization techniques under dynamic conditions of load and renewable energy sources.

Conventional 1C and P& O MPPT methods has been employed to achieve maximal power
from the SPV in the islanded system for the fixed or changing irradiance conditions. New
techniques should be developed for varying irradiance and partial shading conditions. These
days PV iswidely used for electricity generation. In this thesis work DC-offset component of
load current has not been analyzed and if such component available should be mitigated. The
operation of solar-wind-BES based renewable energy system can be examined for electrical

vehicle battery charging in remote areas for standal one applications.
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Appendix

Appendix: Rating of Machines and Parameter s of Solar-Wind-BES Hybrid

System
S.No. Quantity Parameters
1 SEIG and filtering | 3-Phase, 400 V, 3.7 kW, 4-Poles, 50 Hz and star connected.
inductors Rs =1.405 Q, Ly =0.0078 H, R, =1.39, L. = 0.0078 H, Inertia =
0.138, Friction factor = 0, Pole Pairs = 2 and L¢ = SmH.
2 PV system Vv = 2.9kW, V,,, = 252.32V, i, = 11.69A
3 Battery Energy 400V, 7.5Ah
Storage
4 Nonlinear load R=22Q and L=200uH with 3-phase diode rectifier

Hardware

parameters

VL = 110V, 50Hz, V4, = 200V, k, = 0.2,k; = 0.01, Nonlinear
load: R=4KQ and L=100mH with 3-phase diode rectifier
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