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Abstract

This thesis presents an in-depth investigation into the design, control, and
performance optimization of grid-connected and standalone solar photovoltaic
(PV) systems, with a particular focus on floating solar PV (FSPV) technologies.
As the global energy sector shifts towards clean and renewable sources, and with
increasing land constraints in developing countries such as India, floating solar
systems have emerged as a promising solution. This research addresses key
technical, operational, and economic challenges associated with advanced PV
system configurations, control methodologies, and deployment strategies.

This study presents a comprehensive design and performance analysis of
both stand-alone and grid-connected solar PV systems. It includes the modeling
of PV modules, DC-DC boost converters, and the implementation of advanced
maximum power point tracking (MPPT) techniques such as perturb and observe
(P&O), fuzzy logic control (FLC), and the bio-inspired flying squirrel search
optimization (FSSO). For grid-connected operation, inverter control strategies
based on synchronous reference frame theory (SRFT) and instantaneous reactive
power theory (IRPT) are employed. Simulation results validate the superior
tracking efficiency of the FSSO algorithm and demonstrate that SRFT-based
control ensures improved harmonic mitigation, voltage stability, and power
quality compliance under dynamic irradiance conditions.

A core focus of the thesis is the technical and economic assessment of floating
solar PV systems. A comparative analysis is carried out between monofacial and
bifacial PV modules installed on floating platforms. The results reveal that
bifacial modules significantly outperform monofacial counterparts due to their
ability to utilize reflected irradiance from the water surface. Enhanced energy
yield, improved performance ratio (PR), and lower levelized cost of energy
(LCOE) are observed, establishing bifacial FSPV as a superior choice for
maximizing energy production.

The research further explores the role of solar tracking mechanisms such as

fixed tilt, single-axis, and dual-axis, in optimizing the energy performance of
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floating PV installations. It is found that while dual-axis tracking achieves the
highest energy gains, its application in floating systems must account for
increased mechanical complexity and cost. Performance improvements are
assessed under realistic operating conditions, considering water movement and
structural stability.

Additionally, the thesis examines the effect of inverter loading ratio (ILR) on
the performance and economic viability of FSPV systems. Multiple ILR
configurations are analyzed to identify the optimal balance between energy
generation, clipping losses, and cost efficiency. Seasonal solar resource variations
are considered to propose site-specific ILR values that align with project financial
objectives.

This research concludes by summarizing the significant contributions made
in advancing MPPT and inverter control strategies, and in optimizing floating
PV system design and operation. The findings offer practical guidelines for
future PV installations and lay the groundwork for further research in areas such
as long-term degradation modeling, hybrid PV-storage integration, and
experimental validation of floating PV technologies under real-world conditions.
The outcomes are expected to contribute meaningfully to the sustainable
expansion of solar energy infrastructure, particularly in water-rich, land-scarce

regions.
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Chapter 1

INTRODUCTION

Energy plays a pivotal role in the socio-economic development of any nation,
with a well-established correlation between electricity consumption and
economic growth. As countries progress, their demand for reliable, secure, and
sustainable energy sources intensifies. The conventional reliance on fossil fuels
has led to multiple concerns such as rising fuel costs, finite reserves, and
significant greenhouse gas emissions that contribute to environmental
degradation and climate change.

In the context of developing nations like India, the challenge is twofold: to
ensure energy security while simultaneously promoting environmental
sustainability. A shortfall in energy availability can directly impede industrial
growth, infrastructure development, and overall economic progress.
Consequently, there is a growing emphasis on transitioning toward cleaner and
renewable sources of energy that are not only environmentally benign but also
socially acceptable and economically viable [1]. Most parts of India receive daily
solar radiation ranging from 4 kWh/ m?2 to 7 kWh/m? with sunny days, varying
between 250 to 300 days annually [2]. India as per commitment in Conference of
Parties 26 (COP), Glasgow, U.K has set an ambitious plan for achieving 50% of
India’s total installed capacity for electricity from non-fossil sources including
solar generation by 2030. This commitment may not only augment power
generation but also contribute largely to green energy production to help reduce
climatic changes.

With the installation of 175 GW of generation capacity through renewable in
the last nine years, the Indian power sector has experienced a significant

transition from a power deficit to a power surplus nation [3]. India made a
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commitment at the COP-21, Paris (France) to attain 40% of its installed electrical
capacity from non-fossil energy sources by 2030 as part of its Nationally
Determined Contributions (NDCs). The country has achieved this target in
November 2021 i.e., 9 years ahead of schedule. India is currently heading toward
meeting the updated targets from Glasgow’s COP26, which states that by 2030,
non-fossil fuel sources will account for 50% of installed capacity for power
generation.

TABLE 1.1: Installed generation capacity details (Fuel-Wise) as of
July 31, 2025

Fuel Type Capacity (GW) Share (%)
Nuclear 8.80 1.81
Large Hydro 49.62 10.24
Solar 119.02 24.55
Wind 52 10.73
Biomass Power/Cogeneration 8.17 1.68
Small Hydro Power 5.10 1.06

Total Non-Fossil Fuel 242.71 50.07

The Indian grid has now emerged as the world’s largest integrated grid that
can transmit power up to 1,12,250 MW through Inter-State Transmission Systems
(ISTS). During February 2023 in rural areas, the average power availability per
day has increased from 12 hours in 2015 to 227 hours while the average
availability in cities is 23% hours. Around 24% of power is generated by the
central sector, 25% is generated by the state sector and the rest 51% is generated
by the private sector. The nation’s overall generation, which includes power
from renewable sources connected to the grid, increased from 1110.458 BU in
2014-15 to 1624.465 BU in 2022-2023 [4]. The details of installed generation
capacity (Fuel-wise) as of 30.06.2025 is given in Table 1.1 [5]. There is a notable
and accelerating shift towards non-fossil energy sources, which now account for
45.54% of the total capacity. Among these, solar power emerges as the leading
contributor with 85.47 GW (19.15%), followed by hydro and wind power. The
rapid expansion of solar capacity highlights the country’s strategic focus on
clean energy adoption. In this context, floating solar photovoltaic (FSPV) systems
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FIGURE 1.1: Share of various Sources of energy based on installed
capacity

are gaining significant attention as an innovative solution to overcome land
scarcity, reduce water evaporation, and enhance energy yield through improved
thermal performance. The increasing share of solar energy in the national mix

D provides a strong foundation for the development and deployment of FSPV
projects, particularly in regions with abundant water bodies and high solar

potential. India stands 5th in solar PV deployment across the globe at the end of
2022 [6, 7]. The share of various sources of energy based on installed capacity is

shown in Fig. 1.1.

o 1.1 Integration of Renewable Energy Sources

The integration of renewable energy  sources (RES) into power systems has
®o become a global imperative to combat glimate change, reduce dependence on
fossil fuels, and ensure long-term energy security. This integration can be
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FIGURE 1.2: Renewable energy generation in global scenario
(IRENA 2023)

broadly classified into two perspectives: the worldwide scenario and the Indian

scenario.

1.1.1 Worldwide Scenario

Overall, renewable energy has experienced remarkable expansion over the past
decade, consistently surpassing annual growth projections. Fig. 1.2 illustrates the
global growth of renewable energy capacity from 2014 to July 2025, highlighting
significant trends in pumped storage, onshore wind energy,solar PV, concentrated
solar power (CSP) and hydropower.

Solar PV shows the most rapid and exponential increase, becoming a
dominant energy source by 2025. Onshore wind energy exhibits steady linear
growth, contributing significantly to the total capacity. In contrast, hydropower,
which was the leading renewable source in 2014, displays slower growth,
indicating possible saturation or limited new development. Pumped storage
capacity remains relatively stable, playing a supporting role in grid stability,
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FIGURE 1.3: World energy consumption by country from Year 2014
to 2024

while CSP shows minimal growth due to higher costs and technological
challenges. Overall, the data reflects a major shift towards solar and wind
energy, driven by declining costs and technological advancements, with
hydropower maintaining a steady but reduced share in the energy mix.

Fig. 1.3 illustrates the global energy consumption trends for major countries
from 2013 to 2024. China leads the world in energy consumption, showing a
consistent upward trend from around 3,000 TWh in 2013 to over 4,000 TWh by
2024, driven by rapid industrialization and urbanization. The United States
follows with relatively stable consumption, fluctuating around 2,100-2,200 TWh
throughout the period, reflecting improvements in energy efficiency and a
transition toward renewables.

India demonstrates a significant surge in energy consumption, increasing
from approximately 750 TWh in 2014 to nearly 1,300 TWh by 2024, highlighting
the impact of population growth, industrial expansion, and rural electrification.
Russia maintains a steady trend of around 700-750 TWh, while Japan
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FIGURE 1.4: Energy generation and demand in Indian scenario

experiences a slight decline, dropping from 460 TWh in 2014 to around 544 TWh
in 2024, owing to energy efficiency efforts and a post-Fukushima policy shift.
Germany’s energy consumption remains flat, around 310-320 TWh, as the
country focuses on energy efficiency and renewable energy adoption under the
Energiewende initiative. Brazil’s consumption fluctuates slightly around 300
TWh, driven by hydropower reliance and economic variability. Saudi Arabia
shows a gradual increase from about 228 TWh in 2014 to 403 TWh by 2024,
aligned with industrial growth and population expansion. South Korea exhibits
a modest rise, from 268 TWh in 2014 to 394 TWh in 2024, reflecting continued
industrial and technological development. France maintains a stable
consumption trend around 250 TWh, primarily due to its reliance on nuclear
power. Overall, the figure indicates that while developed nations like the United
States, Japan, and Germany have stabilized or reduced their energy demands
through efficiency and technological advancements, emerging economies,
particularly India and Saudi Arabia, are driving global energy demand upward.
This highlights the critical need for sustainable energy solutions, especially in
rapidly growing economies.
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1.1.2 Indian Scenario

Over the past decade, India’s rapid GDP growth and economic development
have led to a sharp rise in per capita energy consumption and overall energy
demand. Between 2012 and 2024, both energy demand and generation increased
significantly, as illustrated in Fig. 1.4. Energy demand grew from 900,000 GWh in
2012 to 1,948,956 GWh in 2024, reflecting an overall increase of approximately
116%, while energy generation rose from 800,000 GWh to 1,945,058 GWh,
marking a growth of around 143% [5]. This consistent rise in demand can be
attributed to rapid economic growth, industrialization, and increased per capita
energy consumption. Meanwhile, the substantial improvement in generation
capacity, driven by investments in thermal power plants, renewable energy
sources, and grid modernization, played a key role in reducing the energy deficit.
The energy deficit percentage decreased steadily from 9% in 2012 to 1.5% in 2018,
eventually reaching near-zero levels by 2020, with minor fluctuations between
0.2% and 0.3% observed from 2022 to 2024 [8]. The near-elimination of the deficit
demonstrates India’s ability to match its growing energy needs through effective
expansion and diversification of power generation. However, sustaining this
balance in the future will require continued efforts in infrastructure
development, renewable energy integration, and efficient grid management to
meet rising energy demands while ensuring sustainability and reliability.

As of 2021, India reported an energy deficit of 0.5% and a peak demand
deficit of 0.7%. To bridge the gap between demand and supply, the Government
of India (Gol) has prioritized the expansion of renewable energy generation.
Multiple policy initiatives have been introduced to promote the adoption and
development of clean energy sources. Owing to its tropical geography, India
holds vast renewable energy potential particularly in solar and wind positioning
it favorably for a sustainable energy transition.

India has achieved a major milestone in this domain, with total installed
renewable energy capacity exceeding 162.47 GW, including 97.86 GW from solar
and 48.17 GW from wind power. This growth reflects the country’s strong
commitment to sustainable energy development and its strategic goal of
reaching 500 GW of non-fossil fuel capacity by 2030. The rapid progress
highlights India’s proactive approach to clean energy deployment and its
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FIGURE 1.5: Year wise non-RES and RES installed capacity in India

contribution to global climate goals [9]. The current status of renewable energy
generation (REG) in India’s power sector is illustrated in Fig. 1.5.

The growth of installed electricity generation capacity in gigawatts (GW) in
India from 2012-13 to 2022-23, with a breakdown between renewable energy (RE)
and total installed capacity (including non-renewable sources). It also highlights
the renewable energy generation (REG) share as a percentage of the total capacity,
shown on a secondary axis. The data demonstrates a significant increase in RE
capacity over the years, indicating a transition towards cleaner energy sources in
the nation’s energy mix.

The installed capacity of both RE and total power systems has consistently
increased during the observed period. Renewable energy, represented by the red
bars, shows a steeper growth trajectory compared to the non-renewable capacity.
This rapid expansion is reflected in the upward trend of the REG share,
represented by the green line, which approaches 70% in 2022-23. The steady
increase in REG share underscores the growing importance of renewable energy
in India’s electricity generation sector.

The gap between total installed capacity and renewable capacity, indicative of
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non-renewable energy, has remained stable for the initial years but shows signs
of narrowing in recent years. This suggests that while non-renewable capacity is
still being added, the rate of growth for renewables has significantly outpaced it.
This trend reflects the combined effects of government policies, market shifts, and
advancements in renewable energy technologies aimed at reducing dependence
on fossil fuels.

1.2 Basic of Solar PV Cell

Photovoltaic is a combination of two words: "photo," meaning light, and
"voltaic," meaning voltage. Photovoltaics (PV) refers to the generation of voltage
when sunlight falls on a material. PV systems utilize semiconductor cells to
convert solar energy into electrical energy [10]. The photovoltaic effect was
initially discovered in 1839 by French scientist Edmond Becquerel during
experiments with an electrolytic cell, where he observed an increase in current
upon exposure to light [11]. Later, in 1877, Adams and Day developed the first
selenium-based cell [12]. By 1914, selenium cells achieved a conversion efficiency
of around 1%, but their widespread use was limited due to the presence of an
energy barrier [13].

Over time, continuous improvements were made in solar cell technology. By
1958, silicon cells had reached an efficiency of 14%. Over the following two
decades, research efforts focused on reducing the size and cost of solar cells. Due
to their superior power-to-weight ratio, solar PV systems found extensive
applications in space missions. However, in the early stages, the high cost of
solar cells limited their broader adoption. The performance of solar cells has
improved steadily as photovoltaic research advanced, leading to a significant
reduction in costs. Currently, solar energy is harnessed and converted into
electricity through photovoltaic panels composed of multiple solar cells made
from semiconductor materials, primarily silicon. Silicon offers numerous benefits
for energy production, including durability, reliability, noise-free operation, and
fuel-free electricity generation.
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1.2.1 Working Principle of PV Cell

The generation of electricity in solar cells is based on the photoelectric effect,
where a photon i.e. a particle representing a quantum of light or electromagnetic
radiation transfers its energy to an electron, elevating it to a higher energy state.
The basic operating principle of a solar cell is to generate charge carriers
(electron-hole pairs) when exposed to light, separate these carriers, and direct
them through an external circuit, resulting in the generation of electrical energy.
When light strikes the solar cell, minority carriers are electrons in the p-type
region and holes in the n-type region are produced within the semiconductor
material. This leads to an increase in the concentration of minority carriers,
causing their drift across the depletion region. Once the circuit is closed and
connected to an external load, the movement of electrons results in direct current
(DC) [14, 15]. Since most domestic electrical appliances operate on alternating
current (AC), an inverter is required to convert the DC output into usable AC.

1.2.2 Types of Photovoltaic Cell

Photovoltaic (PV) technologies are generally classified into four generations:
crystalline silicon (c-Si) technology, thin-film technology, organic and polymer
solar cells, and dye-sensitized solar cells. @ Emerging and experimental
technologies, such as concentrated solar power (CSP), nanotubes, and quantum
dots, are still in the early stages of development [16]. While various PV
technologies are available in the market, c-Si-based PV modules are the most
commonly used for large-scale PV systems due to their cost-effectiveness and
high efficiency. Silicon-based PV cells can be categorized into three types.

Mono-Si Cell

Mono-Si photovoltaic (PV) modules have been in use for a long time due to their
reliability and high efficiency. Each cell is made from a single, high-quality
silicon crystal, which results in better performance but at a higher cost compared
to polycrystalline and thin-film cells. The conversion efficiency of Mono-5Si
modules is typically reported to range from 15% to 20% in commercial
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applications [17]. These modules also have a longer lifespan of 25-30 years,

although they come at a significantly higher price [18].

Poly-Si Cell

Poly-Si, composed of multiple small silicon crystals, serves as the primary
material for PV modules. Poly-Si cells are widely used in module manufacturing
due to their lower cost, although they are less efficient than Mono-Si cells. They
require a larger area for installation in exchange for lower power output. Poly-Si
modules typically have a lifespan of 20 to 25 years. The conversion efficiency of
poly-Si PV modules is reported to range from 13% to 16% in commercial
applications [19].

GaAs Cell

GaAs solar cells are made from a composite semiconductor material consisting of
gallium (Ga) and arsenic (As), structured similarly to silicon. Compared to
silicon-based solar cells, GaAs cells offer higher efficiency and are lighter.
However, they are considerably more expensive than both Mono-5i and Poly-Si
solar cells. GaAs cells feature a multijunction structure due to the incorporation
of aluminum, phosphorus, antimony, and indium alloys, which enhances their
efficiency and reduces the temperature coefficient. This structure provides
superior heat resistance, making GaAs cells ideal for Concentrated Solar Power
(CSP) modules. The conversion efficiency of GaAs solar cells is reported to be
around 29% [20, 21].

Perovskite Solar Cell

A perovskite solar cell is a type of solar cell that incorporates a
perovskite-structured compound, typically a hybrid organic-inorganic material
based on lead or tin halides, as the light-absorbing active layer. Perovskite
materials, such as methylammonium lead halides, are inexpensive to produce
and relatively easy to manufacture. These materials possess several intrinsic

properties, including a broad absorption spectrum, rapid charge separation, long
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electron and hole transport distances, and extended carrier separation lifetimes,
making them highly promising candidates for solid-state solar cells [22].

1.3 Types of PV Systems
In general, PVISYSHGHS Cai be CIASSIHEGNiRGO o FEISESIbased on their

configuration and application:

PV which function independently of the main power grid,
P y p g

provide a practical solution for improving energy access in rural areas where grid

reliability remains a concern. To address the electricity and lighting requirements
of local communities, institutions, and individualsin these regions, the Ministry

of New and Renewable Energy (MNRE) offers Central Financial Assistance (CFA)
under the Stand alone and Decentralized Solar PV Applications Program. This

support faciltates the deployment of solar street lights, solar study lamps, and

solar power packs. State Nodal Agencies (SN'As) are primarily responsible for

executing this program at the local level.

Additionally, the PM-KUSUM Scheme is instrumental in promoting off-grid

solar solutions by facilitating the installation of 'standalone solar pumps,
solarizing existing agricultural pumps, and |developing grid-connected  solar
power plants with capacities up t0 2 MW! As of June 2024, India has achieved an

installed capacity of 3.44 GW of off-grid solar power, contributing to the

country’s total solar capacity of 85.47 GW [23].

Grid-connected solar photovoltaic (PV) systems rely on power conditioning
units or inverters to transform _ electricity _
solar panels into alternating current (AC) electricity, Which is |subsequently

supplied to -power _category encompasses various initiatives,

including the development of solar parks and ultra-mega solar power projects,

the rooftop solar program, the Central Public Sector Undertaking (CPSU)
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Scheme Phase-II (government producer scheme), and the Prime Minister Kisan
Urja Suraksha Evam Utthaan Mahaabhiyan (PM-KUSUM). As of June 2024,
India had achieved a cumulative installed capacity of 82.03 GW of
grid-connected solar power [23].

1.4 Configuration of Solar PV Plant

The configuration of a solar photovoltaic (PV) plant refers to the systematic
integration of its primary components, including PV modules, power
conditioning units (such as inverters)) mounting structures, and
balance-of-system (BOS) elements. The design and layout are determined based
on site-specific factors such as available area, irradiance profile, and load
demand. Configurations vary across rooftop, ground-mounted, and floating
systems, each engineered to optimize energy yield, reliability, and

cost-effectiveness under given environmental and operational conditions.

1.4.1 Terrestrial Solar PV Plant

Terrestrial solar photovoltaic (PV) plants are land-based systems that convert
solar radiation into electricity using PV technology. They are broadly classified
into rooftop and ground-mounted systems. Rooftop PV systems, installed on
buildings, are typically small-scale and ideal for urban areas with limited space,
offering benefits like reduced electricity costs and decentralized generation.
These systems may be grid-connected, off-grid, or hybrid, though they can face

- e challenges such as shading and structural constraints. Ground-mounted PV

systems are |installed on open land and are suited for utility-scale power
generation. They offer optimized energy output and easier maintenance but
require significant land and higher infrastructure costs. Together, these systems
contribute significantly to reducing fossil fuel dependency and advancing
renewable energy adoption.
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1.4.2 Floating Solar PV plant

To address these limitations, floating solar photovoltaic (FSPV) systems have
been introduced as a novel and increasingly viable solution. In FSPV
installations, PV modules are mounted on buoyant structures that float on the
surface of water bodies such as reservoirs, lakes, ponds, and canals. These
systems offer several distinct advantages, including a reduced land footprint,
mitigation of water evaporation, and improved module efficiency due to the
cooling effect provided by the water surface. Despite certain challenges such as
higher capital costs, increased structural complexity, and potential
environmental concerns. Floating solar power plants present a promising
complement to conventional ground-mounted systems, particularly in regions

characterized by limited land availability and abundant inland water resources.

1.5 Motivation and Research objectives

Floating solar photovoltaic (FSPV) systems have gained considerable attention as
a viable alternative to land-based PV installations, especially in regions with
limited land availability. By deploying PV modules over water bodies, FSPV
systems not only conserve land but also benefit from enhanced module efficiency
due to the natural cooling effect of water. The integration of bifacial PV modules,
which capture irradiance from both sides, further improves energy yield
particularly over reflective water surfaces.

To enhance performance further, solar tracking technologies are being
explored to maintain optimal module orientation throughout the day, thereby
increasing solar energy capture. Additionally, optimizing the inverter loading
ratio (ILR) is the ratio of PV array DC capacity to inverter AC capacity—plays a
critical role in maximizing energy output while minimizing clipping losses and
cost.

The decreasing cost of PV technologies, combined with advancements in
bifacial modules, floating structures, tracking mechanisms, and ILR
optimization, makes FSPV systems increasingly attractive. These developments
form the core motivation for this research, which aims to evaluate and enhance

the techno-economic performance of FSPV plants using bifacial modules, solar
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tracking, and optimized ILR configurations. The present thesis has addressed the

challenges by integrating them as specific research objectives:
1. Development of control algorithms for tracking of Maximum Power Point.

2. Design and development of inverter control algorithms for grid connected
PV system.

3. Techno-economic analysis of a solar photovoltaic plant.

4. Performance enhancement of solar PV module considering various
environmental parameters.

1.6 Problem Identification

To achieve the defined objectives, the following key problems have been
identified:

1. Traditional MPPT techniques like P&O and FLC perform poorly under
rapidly changing irradiance, leading to slow tracking and power losses in
standalone PV systems. Similarly, conventional inverter control methods in
grid-connected PV systems suffer from poor power quality and weak
synchronization. Hence, there is a need for advanced MPPT algorithms
and robust inverter control strategies for improved efficiency and stability.

2. The rapid growth of solar PV has increased land pressure, especially in
densely populated and agricultural areas, making floating solar PV (FSPV)
systems an attractive alternative to conserve land and reduce
environmental impacts. While bifacial modules offer higher energy yield
by capturing sunlight on both sides, their technical and economic
performance on floating platforms compared to monofacial modules
remains underexplored, with limited data on efficiency, energy output, and

cost benefits, creating uncertainty for stakeholders.

3. Although solar tracking systems such as seasonal adjustable tilt (SAT),
- @ horizontal single-axis tracking (HSAT), and dual-axis tracking (DAT) have

shown promise in ground-mounted applications, their effectiveness in
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floating PV systems is not well documented. There is a need to evaluate
their technical feasibility, energy gains, and economic impact in the context
of FSPV systems.

4. The inverter loading ratio (ILR), or DC-to-AC ratio, significantly influences
PV system performance. An undersized inverter may cause energy losses
through clipping, while an oversized inverter increases system cost
without proportional energy gains. For floating solar systems, determining
the optimal ILR that balances energy output and economic performance is
an open problem, especially when accounting for seasonal variations and

site-specific conditions.

1.7 Structure of the Thesis

This chapter serves as a preliminary exposition of the thesis and conveys a
detailed examination of the Indian power sector, including both
ground-mounted and floating solar power technologies, in addition to the
essential motivations for the research and the specified research goals.

The literature review concerning monofacial and bifacial photovoltaic solar
modules, the design and components of floating solar power plants, as well as
the technical and economic parameters associated with floating solar power
facilities, along with the mitigation of carbon dioxide emissions, has been
elaborated upon in Chapter 2. Furthermore, Chapter 2 delineates the recognized
research deficiencies and proposes strategies to address the identified research
deficiencies.

Chapter 3 analyzes and enhances the efficiency of photovoltaic systems via
sophisticated control methodologies and empirical evaluations. Furthermore,

- e this chapter presents the development and implementation of an inverter control

algorithm for a grid-connected photovoltaic (PV) system.

Chapter 4 evaluates the feasibility of bifacial floating solar power plants
versus monofacial ones. It performs an economic analysis to compare
cost-effectiveness and financial viability. Furthermore, it assesses environmental
benefits, focusing on carbon emission reductions, to ascertain the sustainability
of bifacial solar power plants.
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Chapter 5 delves into the various solar photovoltaic tracking technologies
employed in floating solar photovoltaic plants, in addition to examining the
losses associated with such floating solar power installations. Furthermore, it
encompasses a comprehensive analysis of the probability distribution pertinent
to this floating solar power plant.

Chapter 6 seeks to enhance energy output in floating solar PV systems
through the evaluation of inverter loading ratios (ILRs) on energy production,
effectiveness, and economic sustainability. Additionally, it investigates seasonal
performance variations and their design ramifications. The assessment of the
levelized cost of energy (LCOE) and financial viability offers crucial insights for
engineers and policymakers to improve PV system efficacy and economic
benefits.

A detailed conclusion along with the scope of future work and references is
presented in Chapter 7.

1.8 Concluding Remarks

This chapter presents a detailed overview of the research carried out in this
dissertation. It highlights the motivation and objectives that shaped the study,
clearly specifies the research issues addressed, and provides a chapter-wise
summary of the work accomplished.
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Chapter 2

LITERATURE SURVEY

2.1 Introduction

Chapter 1 outlines the objectives, motivation, and identification of the research
problems. To develop a comprehensive understanding of these problems, an
extensive literature review has been conducted in the relevant areas associated
with this research work. This chapter presents the brief review on the maximum
power point tracking (MPPT) control algorithms, inverter control algorithms,
monofacial and bifacial floating solar PV plants, tracking technologies in floating
solar PV plants, and inverter loading ratio (ILR) and its impact on floating solar
PV systems. In the following sections, each topic is briefly discussed and
- @ reviewed without aiming for exhaustiveness. The references cited in this chapter

are representative rather than comprehensive.

_Jrog 2.2 Maximum Power Point Tracking (MPPT) Control
Algorithms

Solar PV is a|clean and sustainable energy source, but its power output fluctuates
with weather and sunlight variations. To reduce these losses and improve

efficiency, Maximum Power Point Tracking (MPPT) techniques are essential.

2.2.1 Conventational and Intelligent MPPT Algorithms

- @ The control and analysis of solar photovoltaic (PV) systems using Perturb and
Observe (P&O) and fuzzy logic controller (FLC) based maximum power point
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- 9 tracking (MPPT) algorithms have been extensively studied to enhance the
efficiency and reliability of solar energy systems. The P&O algorithm is widely
favored for its simplicity and ease of implementation, but it suffers from
limitations such as steady-state oscillations and slow convergence under rapidly
changing irradiance conditions [24] . To address these issues, hybrid approaches
combining P&O with fuzzy logic have been developed, offering improved
performance by leveraging the strengths of both methods. Fuzzy logic
controllers provide enhanced stability and robustness, particularly under
variable environmental conditions, by adapting to changes in irradiance and
load, thus reducing oscillations and improving tracking accuracy [25], [26] and
[27]. Studies have shown that hybrid P&O-FLC algorithms can significantly
reduce voltage and current ripples compared to traditional methods, achieving
faster stabilization and better performance under sudden weather changes [28]
[29]. Moreover, these hybrid systems have demonstrated superior tracking speed
and accuracy, effectively minimizing power losses and enhancing the overall
efficiency of PV systems [30] [31]. The integration of fuzzy logic into P&O
algorithms allows for adaptive step size adjustments, which further optimizes
the tracking process by reducing steady-state errors and improving dynamic
response. Simulation and experimental results consistently indicate that fuzzy
logic-based MPPT controllers outperform traditional P&O methods, making
them a promising solution for real-time applications in PV systems [26] [29].
Overall, the combination of P&O and fuzzy logic in MPPT algorithms represents
a significant advancement in the control of solar PV systems, offering a balanced

approach that enhances both performance and computational efficiency [32] [27].

2.2.2 Bio inspired MPPT Algorithms

The Flying Squirrel Search Optimization (FSSO) algorithm, inspired by the
gliding and foraging behavior of flying squirrels, has emerged as a promising
metaheuristic approach for Maximum Power Point Tracking (MPPT) in
photovoltaic (PV) systems, offering rapid convergence and high tracking
efficiency under varying irradiance and temperature conditions [33-35]. By
categorizing candidate solutions into hickory, acorn, and ordinary trees, and
updating their positions using stochastic and deterministic rules, FSSO

Z'l—.l turnltln Page 71 of 255 - Integrity Submission Submission ID  trn:oid:::27535:114751885



Z'l_.l turnitin Page 72 of 255 - Integrity submission Submission ID  trn:oid:::27535:114751885

2.3. Inverter Control Algorithms 21

effectively avoids local optima and achieves superior steady-state accuracy
compared to traditional methods such as Perturb and Observe (P&O) and
Incremental Conductance (INC) [36]. Several studies have demonstrated that
integrating FSSO with hybrid approaches, including Differential Evolution (DE)
[37] and Particle Swarm Optimization-trained neural networks [38], enhances its
adaptability and response time, particularly under partial shading conditions.
Experimental and simulation-based results show that coupling FSSO with power
electronic converters such as SEPIC and Boost converters minimizes
voltage/current ripple and yields MPPT efficiencies exceeding 99.9% [39].
Furthermore, FSSO has been successfully applied in standalone and
grid-connected PV systems, hybrid PV-thermoelectric generator configurations,
and real-time embedded control platforms, consistently outperforming other
bio-inspired algorithms such as Genetic Algorithm (GA), Ant Colony
Optimization (ACO), and Whale Optimization Algorithm (WOA) in terms of
convergence speed, stability, and robustness [33, 40, 41]. These advancements
establish FSSO as a highly effective MPPT solution with strong potential for

deployment in diverse environmental and operational conditions.

2.3 Inverter Control Algorithms

Reliable control of Voltage Source Converters (VSCs) is essential for stable and
compliant grid integration of solar photovoltaic (SPV) systems in microgrids.
Among the various control strategies, the Synchronous Reference Frame Theory
(SRFT) is adopted as the primary method in this study due to its proven
capability in accurately extracting the fundamental component [42], enabling
independent regulation of active and reactive power [43], and ensuring robust
performance under a wide range of grid operating conditions [44]. In order to
provide a fair assessment of the proposed approach, the Instantaneous Reactive
Power Theory (IRPT) is also implemented as a benchmark control strategy.
While IRPT offers advantages in terms of straightforward real-time power
decomposition [45], SRFT demonstrates superior stability [46] and dynamic
performance [47], making it the preferred choice for this work.
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The IRPT, also known as the pg theory, was introduced by Akagi et al. and has
been extensively applied for harmonic mitigation [48], reactive power
compensation [49], and fault ride-through control in PV inverters [50]. It
operates in the time domain by directly decomposing three-phase instantaneous
power into active and reactive components [51]. Although IRPT is effective for
fast compensation [52], its performance can deteriorate in weak grid
conditions [53], during frequency deviations [54], or under unbalanced voltages
due to its sensitivity to phase-locked loop (PLL) inaccuracies [55]. For this
reason, in the present work, IRPT is employed solely as a comparative
benchmark to evaluate the improvements achieved with SRFT.

In contrast, SRFT transforms three-phase voltages and currents into a
synchronously rotating dq0 reference frame aligned with the grid voltage
vector [42]. This decoupling facilitates precise control, where the direct-axis (d)
component regulates active power [47] and the quadrature-axis (9) component
regulates reactive power [46]. SRFT inherently suppresses harmonics [43] and
enhances system stability, particularly during fluctuating irradiance [44],
unbalanced loading [46], and voltage sag conditions [43]. Furthermore, recent
advancements such as adaptive PLL integration [44], model predictive
control [47], and sliding mode current regulation [46] have improved SRFT’s
transient response and compliance with IEEE 519 harmonic standards. In this
study, the SRFT-based control is implemented with an adaptive PLL and
optimized PI regulators to achieve fast dynamic response, low total harmonic
distortion, enhanced reactive power support, and stable operation during
low-voltage ride-through events. Comparative results against IRPT clearly
demonstrate SRFT’s superior capability in terms of power quality, stability, and
adherence to modern grid codes.

2.4 Floating Solar Power Plant

Floating solar photovoltaic systems have evolved to offer higher energy yields
and efficiency, with improvements in design, instrumentation, and technology.
Key advancements include tracking systems, bi-facial panels, and Al integration,
addressing challenges like safety and standardization for sustainable energy
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production [56]. The development of floating photovoltaic (FPV) systems has
gained attention due to their advantages. The paper summarizes typical
installed FPV systems, innovative designs, and hybrid applications, highlighting
critical structural considerations and future challenges like survivability and
environmental impact [57]. Floating PV systems, or floato-voltaics, have evolved

- @ through technological advancements like dual-glass PV modules and specialized
anchoring systems, enhancing performance and durability, They address land
scarcity and integrate effectively with hydropower infrastructure, making them a
cost-effective energy solution [58]. The paper discusses the rapid growth of
floating photovoltaic (FPV) systems as a clean energy source, driven by land
scarcity and carbon reduction needs. It highlights advancements in PV module
structures, site suitability factors, and integration with other technologies for
enhanced efficiency[59]. The paper reviews the evolution of floating photovoltaic
(FPV) systems, highlighting advancements in technology, efficiency
improvements due to water cooling, and the integration of FPV into energy
strategies, particularly emphasizing their potential in energy-deficient regions
like Africa [60]. The paper discusses the emergence of floating photovoltaic
(FPV) systems as a renewable energy technology, highlighting their advantages
over land-based solar arrays, such as increased land-use efficiency and reduced
water evaporation, while addressing challenges and opportunities for
integration with energy storage systems [61].

Floating Photovoltaic (FPV) systems save land by utilizing water surfaces,
alleviating land scarcity. Additionally, they benefit from water’s cooling effects,
leading to improved power generation efficiency, with experimental results
showing up to a 10% increase in power output[62]. Floating photovoltaics (FPV)
save land area and can provide improved cooling effects compared to
ground-mounted PV systems. However, the cooling advantage varies by FPV
technology, and it may not always surpass that of open rack ground-mounted
systems [63]. Ground-mounted photovoltaic systems offer advantages such as
land savings through optimized design and placement, and a cooling effect in
shaded areas, reducing soil temperature by up to 7 °C, which can enhance local
microclimate conditions in arid regions [64]. Floating Photovoltaic (FPV) systems
save land by utilizing water surfaces and benefit from enhanced cooling, leading

to higher operating efficiencies compared to ground-mounted PV (GPV)
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systems. Additionally, FPV reduces water evaporation, providing further
economic advantages [65]. Floating photovoltaic systems offer advantages such
as reduced land investment, decreased water evaporation, and suppression of
algae growth. Additionally, they utilize water bodies as heat sinks, lowering
working temperatures and enhancing efficiency, resulting in a 17.84% increase in
electrical performance[66].

2.4.1 Monofacial Floating Solar PV Plant

Floating solar photovoltaic (FPV) systems using monofacial modules have
shown improved energy yield compared to ground-mounted systems due to
passive cooling from water surfaces, which lowers module temperature by
5-10°C [67] [68]. These thermal advantages enhance performance, particularly in
hot climates [69] [70]. Optimal tilt angles (10°-20°) improve irradiance capture
while maintaining structural stability [71]. Studies using PVSyst and SAM [72]
[73] report capacity factors of 15-20%, with reduced soiling losses over water
[74], though biofouling and shading remain concerns [75]. Economically, FPV
systems reduce land costs and water evaporation [76] [77] [78] with competitive
LCOE [79]. However, research gaps exist in long-term degradation, optimal
inverter loading ratios, and real-time performance under dynamic water
conditions [80] [81] [82].

2.4.2 Bifacial Floating Solar PV Plant

Bifacial technology absorbs radiation on both sides, yielding up to 30% more
energy than monofacial modules under optimal conditions. Bifacial cells also
provide higher current density and power, especially in low light, enhancing
overall efficiency compared to monofacial cells[83]. The paper focuses on the
comparative performance of monofacial and bifacial photovoltaic technologies,
highlighting that bifacial modules exhibit higher sensitivity to configuration
parameters and can achieve significantly increased back-side radiation,
emphasizing the importance of optical control for enhanced efficiency[84].
Bifacial technology captures sunlight on both sides of the panel, enhancing

energy production compared to monofacial systems, which only utilize one side.
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This results in higher performance ratios and reduced Levelized Cost of Energy
(LCOE) for bifacial installations[85]. The paper focuses on bifacial photovoltaic
technology, highlighting its 30.54%-34.93% higher performance compared to
monofacial panels in India. Bifacial technology captures sunlight on both sides,
enhancing efficiency, while monofacial panels only utilize sunlight on one side
[86]. The paper focuses on bifacial solar cells, which can outperform monofacial
devices under adverse conditions. Bifacial cells utilize a transparent back-buffer
layer, enhancing carrier lifetimes and achieving higher efficiencies, with reported
values of 7.6% and 12.5% for back and front illumination, respectively [87].

The albedo effect significantly enhances bifacial module performance in

- @ floating solar power plants, resulting in a 12.4% higher annual energy

production compared to monofacial modules. This increase is attributed to the
reflection of sunlight from the water surface [88]. The study indicates that
bifacial gain decreases nonlinearly at high albedo due to partial shading from
rear-side support structures. Increasing the distance between the beam and the
module can significantly reduce this loss, enhancing overall energy generation in
floating solar plants [89]. The paper indicates that albedo absorption in the
proposed bifacial perovskite/silicon tandem solar cell enhances short-circuit
current, resulting in a bifacial gain of 10%-30% for albedo levels between 15%

and 45%, significantly improving efficiency in solar applications [90].

2.5 Performance Analysis of Solar PV Plant

Performance analysis of a solar PV plant helps evaluate its energy output,
efficiency, and reliability under real operating conditions. Such analysis is
essential for identifying losses, improving design, and ensuring sustainable

power generation.

2.5.1 Technical Analysis

The performance parameters of the floating solar power plant include array
yield, performance ratio (88.95%), capacity factor (15.04%), efficiency, and energy
density, with significant influences from ambient temperature and weak
correlation with irradiance [91]. The floating solar photovoltaic (FSPV) system
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achieved a performance ratio (PR) of 86.7% and demonstrated 9.84% higher
efficiency compared to land-based PV modules. It is projected to generate
26,465.7 MWh of energy annually while conserving water and reducing CO?
emissions [92]. The floating photovoltaic (FPV) system achieved an average
electrical efficiency of 23.40% and a performance ratio of 0.87. In partially shaded
conditions, the performance was 18.90% efficiency and a ratio of 0.79,
demonstrating effective energy production [93] [94]. Performance parameters of
floating solar power plants include reduced thermal drift losses, energy gains
from cooling and tracking mechanisms, and the ability to utilize unexploited
water areas. Efficiency improvements range from 8-20% depending on panel

design and reflector use [95].

2.5.2 Economical Analysis

The economic analysis of monofacial versus bifacial floating solar power plants
reveals distinct advantages and challenges for each technology. The paper
conducts a comprehensive economic feasibility analysis of floating photovoltaic
systems, comparing monofacial and bifacial technologies. It emphasizes the need
for cost reduction and highlights the potential for enhanced efficiency and
reliability in diverse marine environments, particularly for energy-deficient
regions [60]. The paper focuses on optimizing bifacial solar power plants,
revealing that established design guidelines often do not minimize levelised cost
of electricity (LCOE). Bifacial configurations can yield up to 23% lower LCOE
compared to conventional setups, enhancing economic viability [96]. The paper
highlights that economic factors influencing bifacial PV systems include surface
area, light reflection fraction, and geographical location. Bifacial floating PV
systems offer advantages over monofacial systems, particularly in dual land use
scenarios, enhancing overall efficiency and output [97].

2.6 Tracking Technologies in Floating PV Plant

Floating solar PV plants are an emerging solution to meet rising energy demands
while utilizing water surfaces efficiently. Integrating tracking technologies further
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- @ boosts energy generation by aligning panels with the sun’s movement throughout
the day.

2.6.1 Fix Tilt FPV Plant

Tracking technology in floating solar power plants boosts energy efficiency and
output by aligning PV modules with the Sun’s movement. A fixed tilt PV
module in a floating solar power plant typically has a 35-degree slope,
maximizing yearly energy production. This configuration benefits from cooling
effects and can reduce thermal drift losses, enhancing overall efficiency
compared to land-based systems [95]. For floating solar PV, a tilt angle less than
45° is optimal for performance, while angles greater than 55° result in higher
temperatures compared to conventional systems. A height of 1500 mm with 0°
tilt provides maximum cooling [98]. The paper focuses on a single-axis solar
tracker design using a sun sensor system, which can be adapted for floating solar
power plants to enhance efficiency by tracking sunlight, potentially increasing

energy generation compared to fixed-structure systems [99].

2.6.2 Single Axis based FPV Plant

A single-axis tracking mechanism in floating photovoltaic systems increases
annual energy generation by 11% compared to fixed systems, enhancing energy
density and efficiency, ultimately contributing to higher power output and better
utilization of solar resources in reservoirs[100]. The paper discusses a single axis
solar tracker model optimized for energy collection, which can be applicable in
floating solar power plants. It emphasizes reduced mechanical wear and energy
consumption while achieving high energy collection efficiency with fewer panel
displacements[101]. The paper focuses on a uniaxial solar-tracking strategy for
sloping terrains, not specifically addressing horizontal axis solar trackers in
floating solar power plants. It emphasizes optimizing tilt angles to enhance solar
irradiance and reduce shading effects in fixed installations[102]. The paper
discusses single-axis tracking mechanisms for floating photovoltaic systems,
which enhance solar output by optimizing panel orientation. This technology
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can increase annual energy generation by 11%, improving efficiency compared to

tixed mounting systems in floating solar power plants [103].

2.6.3 Dual Axis based FPV Plant

The integration of dual-axis solar trackers in floating solar power plants can
significantly enhance energy efficiency by optimizing the capture of solar
irradiance throughout the day. Dual-axis solar tracking systems, which adjust
both the azimuth and altitude angles of solar panels, have been shown to
increase energy production by 24.6% to 33.23% compared to fixed systems [104],
[105]. These systems utilize various control strategies, such as light-dependent
resistors (LDRs) and time-based GPS, to maintain optimal alignment with the
sun, even under diffused sunlight conditions [104] and [106]. The use of
closed-loop feedback systems and advanced control mechanisms, such as the
Wheatstone bridge circuit and feedback control theory, further enhances the
precision and reliability of these trackers [107], [106] and [108]. Additionally, the
implementation of novel designs, such as parallel mechanisms and improved
self-test architectures, reduces mechanical complexity and increases the
reliability of the systems by addressing potential faults[109] and [110]. In floating
solar power plants, where space and orientation can be more flexible, dual-axis
trackers can be particularly beneficial, as they allow for maximum solar energy
capture without the constraints of land-based installations. Moreover, the
concurrent design methodologies and optimization strategies discussed in the
literature ensure that these systems maintain a balance between energy
consumption and tracking accuracy, further enhancing their applicability in
floating solar installations [111]. Overall, the deployment of dual-axis solar

trackers in floating solar power plants represents a promising approach to

- Q maximizing energy yield and improving the overall efficiency of photovoltaic

systems.

Floating solar power plants, while offering innovative solutions to land
scarcity and providing environmental benefits, face several challenges that lead
to energy losses. One significant source of loss is the motion induced by ocean
waves, which causes continuous changes in the tilt angle of solar panels, leading
to sub-optimal sunlight intake and reduced energy efficiency. Experimental
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studies have shown that wave-induced rotational movements can result in a
power loss of up to 12.7% under certain conditions, highlighting the importance
of implementing wave attenuation technologies to minimize these effects [112]
[113]. Additionally, structural failures due to adverse weather conditions, such as
high winds and heavy rains, can lead to mechanical deformations and partial
sinking of the platforms, further impacting energy production. For instance, a
case study in Brazil reported significant structural damage during a storm,
necessitating repairs and the introduction of more robust anchoring systems to
withstand such conditions [114]. Despite these challenges, floating solar power
plants offer advantages over land-based systems, such as reduced water
evaporation and algae growth, which can improve water quality and system
efficiency [115] and [116]. Moreover, floating systems benefit from passive
cooling effects, which enhance energy generation efficiency by maintaining
lower temperatures beneath the panels[115] and [116]. The feasibility of floating
solar plants has been demonstrated in various locations, such as India and
Bangladesh, where they contribute to significant energy production and
environmental benefits, including water conservation and CO2 emission
reductions [117] and [118]. However, to maximize their potential, it is crucial to
address the mechanical and environmental challenges that lead to energy losses,
ensuring the reliability and sustainability of floating solar power plants [119] and
[120].

2.7 Inverter Loading Ratio in FSPV Plant

Determining the optimal inverter loading ratio (ILR) for floating solar power
plants involves balancing several factors, including energy efficiency, cost, and
environmental conditions. The ILR, which is the ratio of the photovoltaic (PV)
array capacity to the inverter capacity, significantly impacts the energy output
and financial performance of solar power systems. High ILRs can lead to
increased inverter clipping losses, where excess energy is not converted due to
inverter capacity limits, thus potentially leading to an overestimation of energy
output in performance models [121]. Studies suggest that the optimal ILR varies
depending on local climate conditions, with a typical ratio being around 1.2,
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although this can be adjusted based on specific irradiance and temperature
profiles to maximize power absorption and minimize costs [122]. For instance, in
regions with lower solar potential, higher ILRs, such as 1.51 to 1.66, may be more
beneficial, although they can result in clipping losses up to 14% of total annual
energy production [123]. Financial analyses indicate that an ILR of 1.2 to 1.3 can

L] @ optimize the net present value (NPV) and internal rate of return (IRR) for

utility-scale PV plants, especially when incentives for renewable energy are
considered. Moreover, the integration of smart inverters, which can manage
voltage and reactive power, allows for a more flexible approach to ILR,
potentially increasing energy injection and profitability in residential systems
[124]. The optimization of ILR should also consider the time-of-use electricity
pricing and climate conditions to maximize lifetime profits, as demonstrated in a
study for a 10 kW system in London, Ontario, where an ILR of 2 was found to be
optimal [125]. Opverall, the choice of ILR should be tailored to the specific
conditions of the installation site, taking into account both technical and
economic factors to achieve the best performance and financial outcomes for

floating solar power plants.

2.8 Identified Research Gaps

Despite substantial progress in research on solar PV plants and floating solar
photovoltaic (PV) plants in perticular critical challenges remain unresolved.
Drawing from the comprehensive literature review conducted, the following

research gaps have been identified:

1. Current MPPT control algorithms exhibit potential for improvement in
accurately and rapidly tracking the global maximum power point under

variable solar irradiances.

2. While floating solar PV systems have been widely studied, research on
bifacial configurations remains limited. Given their potential for enhanced
energy yield, further investigation into bifacial floating PV systems is

warranted.
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3. Despite its proven benefits in ground mounted PV plant, tracking
technology has seen limited application and analysis in floating solar
power plants. Comprehensive studies evaluating its technical a feasibility
in floating configurations are lacking.

4. Existing studies on inverter loading ratio (ILR) primarily target
ground-mounted PV systems, neglecting floating solar PV’s distinct
thermal and irradiance conditions. Limited research addresses ILR’s
impact on FPV system performance, clipping losses, and LCOE using
validated simulation models. This research fills this gap by systematically

analyzing ILR effects on floating PV performance and economics.

2.9 Concluding Remarks

In this chapter, a comprehensive literature review on floating solar photovoltaic
(FPV) systems and related technological domains has been presented. Key
contributions by researchers in both the technical and economic aspects of FPV
systems have been discussed. An overview of various tracking technologies
applicable to floating PV installations has been provided. The impact of inverter
loading ratio on system performance parameters has also been reviewed.
Additionally, existing research on MPPT algorithms and inverter control
strategies for grid-connected PV systems has been analyzed. Based on the critical
review of existing literature, prominent research gaps in the domain of grid-tied
floating solar PV systems have been identified.
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Chapter 3

DESIGN AND ANALYSIS OF
SOLAR PV SYSTEMS

3.1 Introduction

Solar photovoltaic (PV) systems have emerged as a vital component of modern
energy infrastructure, offering clean and renewable energy solutions for both
remote and grid-connected applications. As the demand for reliable and efficient
solar energy systems continues to grow, it becomes essential to explore not only
their design but also their dynamic performance under real-world conditions.

This chapter provides a comprehensive framework for the design, modelling,
and performance evaluation of both stand-alone and grid-connected PV systems.
It begins with the theoretical design of PV modules, power converters, and
maximum power point tracking (MPPT) techniques, including conventional
Perturb and Observe (P&O), fuzzy logic, and bio-inspired optimization
algorithms. The design and configuration of grid-connected PV systems are also
discussed in detail, with particular emphasis on the boost converter, inverter,
and DC-link dynamics.

To ensure efficient integration with the utility grid, advanced inverter control
strategies such as Synchronous Reference Frame Theory (SRFT) and
Instantaneous Reactive Power Theory (IRPT) are implemented. Finally, the
chapter concludes with a comparative analysis of the control strategies under
varying irradiance levels, highlighting their impact on system stability and

power quality.
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3.2 Design and Modelling of Stand-Alone Solar PV
System

- @ Stand-alone solar PV systems operate independently from the grid and are widely
used in remote areas. The design process involves selecting an appropriate PV
array, designing power conversion stages, and implementing MPPT techniques

to enhance energy extraction.

3.2.1 Design of PV Cell

The electrical behavior of a photovoltaic (PV) cell is commonly represented by
an equivalent circuit model, as illustrated in Fig. 3.1. This model comprises a
current source that simulates the photocurrent generated by incident sunlight,
connected in parallel with a diode that captures the nonlinear characteristics of
the PV cell. To account for internal losses, a series resistance (Rge) is included
to represent contact and bulk resistances, while a shunt resistance (Ryy) models

leakage currents across the p-n junction.

RSe

l,‘,|pv—>:
+

A

PP ! iz Rsn Vo
l l R

L e FIGURE 3.1: Equivalent circuit of PV cell

The mathematical expression for the output current (I,,) of a PV cell, derived
from the equivalent circuit, is given by equation (3.1):
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Ipo = Ly, — Ip — Iy, (€A

_photocurrent, which _incident solar
_ Ip represents _ given by -Shockley diode

equation (3.2):

q(va-I-Ipz;ng)
Ip = Iy (enkT _ 1) 3.2)

where [y, is the shunt leakage current through Ry, expressed in equation (3.3).

va +1 pvRse
Rsh

where T: Temperature in Kelvin; g: _61 X _
T T T T —

Ip = (3.3)

Sairation Cuttent OF EHE/dIaE; V;,: Output YOURREORREIPY BBl I,: Output
current o the PV cel

Since the shunt resistance (Ryj,) is typically very high, the current (Iy;) flowing
through it is negligible and has minimal impact on the overall I-V characteristics

of the PVimodule, Therefore, the output current equation of the|single-diode
model can be simplified in equation (3.4):

q(va+Ipz;Rse)
Wrotholed 1)

Ipv — Iph - IO <€ nkT (3.4)

The total power output of the PV array, based on the series-parallel

configuration of modules, can be calculated using equaton (3.5):

Parray = Pmax X (Ns X Np) (-

Sehere NG~ 6 ithe AGRBEFOF modules Eornected inseries) Ny — 6 fSthe b
.modules _ and Pmax = 305.226 W is the rated power output

of a single module in equation (3.6).

Parray = 305.226 x (6 x 6) = 10.98 kW (3.6)
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In this study, the SunPower SPR-305NE photovoltaic (PV) module is selected
for simulation and performance analysis due to its high efficiency and reliability

under varying environmental conditions. This monocrystalline silicon module i§

_energy yield and stable electrical characteristics, -

a suitable choice for both terrestrial and floating PV applications. The module

operates under standard test conditions (STC), which include an irradiance of
1000 W/m?, cell temperature of 25°C, and air mass (AM) of 15. The detailed
electrical and physical Specifications of ‘the SPR-305NE module arelisted in

Table 3.1, and these parameters serve as input for the simulation and modeling

processes carried out in this work.

TABLE 3.1: Electrical parameters of SunPower SPR-306NE PV
module

®0 Parameter
Maximum Power (Pyax) 805.226 W
Open Circuit Voltage (Voc) 642V
Short Circuit Current (1) 5.96 A
Voltage at Maximum Power Point (V,,,) 547 V
Current at Maximum Power Point (L)) 5.96 A
Reference _( Trer) 25°C

Number of Series-Connected Modules 6
Number of Parallel-Connected Modules 6

D 3.2.2 Design of Boost Converter

A'boost converter is a DC-DC power electronic gonverter uised in stand-alone
.@ solar PV systems to step up the voltage from the photovoltaic (PV) module to a
higher required level! It ensures efficient energy transfer from the PV array to the

@@  load orbattery storage. It bperates based on the principle of energy storage inan

inductor and release to the load via a controlled switching mechanism in Fig. 3.2.

The key components of a boost converter include:

®0 In a DC-DC boost converter, the [nductor (L) stores energy when the'switch
is ON, the Switching Device (MOSFET/IGBT) controls the energy transfer, the

@@  Diode (D) prevents reverse current flow, the Capacitor (C) smoothens the output
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_}D

O

— IGBT Cr—— 1

Vs — —k — Vo
!

O

QO <

FIGURE 3.2: Equivalent circuit of DC-DC boost converter

voltage, and the Load (R) represents the connected load such as a battery or DC
appliances. The boost converter output voltage is given in equation (3.7).

where Vs = Input voltage (PV module voltage); V,, = Output voltage (desired
boosted voltage); d = Duty cycle (0 < d < 1)

Inductor Selection:

The minimum inductor value is given in equation (3.8).

(1 —d )Vs
L=-—F—F"F— 3.8
FAL (3.8)
where, f; are the switching frequency (Hz) and AI} are the inductor current

ripple (A)

Capacitor Selection:

The output capacitor value is determined as in equation (3.9).

L ez C = ffﬁ/ (3.9)

where, I, are the output current (A) and AV are the ripple voltage (V).
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Diode Selection:

The selected diode should withstand the peak current and reverse voltage in
equation (3.10).

VD > Vo, ID > Iout (3.10)

where Vp, is the voltage acrcoss diode and Ip is the current through diode

Switching Device:

The MOSFET or IGBT must handle the peak voltage and current:

Vps > Vo,  Ips > Iin (3.11)

where Vpg is the voltage acrcoss switch, Ipg is maximum current rating of the
device and [jj is is the input current (or the peak current that flows through the
switch).

A boost converter is a crucial component in a stand-alone solar PV system,
allowing for efficient power conversion and voltage regulation. Proper selection

of components ensures reliable operation and improved system efficiency.

_T1a0) 3.2.3 Maximum Power Point Tracking (MPPT)

MPPT is crucial in PV applications due to variable output voltage influenced by
environmental factors. Maximum power trackers optimize the power output
from PV arrays, enhancing system efficiency. To achieve maximum power, an
MPPT technique must be employed that dynamically regulates power extraction.
MPPT controllers are engineered to persistently track the maximum power
point. Effective MPPT controllers are essential for adjusting operating points
through modulation of the boost converter’s duty cycle. The MPPT controllers

used in this present works are as:

- Q 3.2.3.1 Perturb and Observe Algorithm:

P&O Technique is a common technique for tracking maximum power from a PV

system. By this technique, minor perturbation of voltage is introduced causing
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- @ variation of power of PV module and compared with previous output power.
If the present output power is greater than the previous power than PV voltage
moved in positive direction and vice-versa. One of the major drawbacks of the
Perturb and Observe Technique technique is that it causes oscillations around the
maximum

DO The working of P&O algorithm operates by periodically perturbing the PV
array’s operating voltage and observing the resulting change in power. Based on
the power variation, the algorithm decides whether to increase or decrease the
voltage. The flow chart of this technique is presented in Fig. 3.3

Sense PV
Parameters
V, 1

\ 4

Calculate Power
P=VxI

P(n)-P(n-1)>0

~_

No Y Yes v No v Yes v
Decrease Increase Decrease Increase
Voltage Voltage Voltage Voltage

FIGURE 3.3: Flow chart of perturb and observe technique

- @ The mathematical formulation of instantaneous power output of a PV module
is given by:
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P=VxI (3.12)

®O where P, V and I are the output power, voltage, and current of the PV/module
@@ (W) To track the maximum power point (MPP), the derivative of power with
respect o voltage is analyzed:

g1 .

Applying the product rule:

dP dl
[ T128] v =1tV (3.14)

h;» I+ld!V =0 (3.15)

dI I
= (3.16)

The P&O algorithm perturbs the voltage V' and observes the corresponding
change in power P. The decision-making process follows:

e IfdP/dV > 0, increase V to move towards MPP.

Rearranging:

e IfdP/dV < 0, decrease V to move towards MPP.

Mathematically, the voltage update rule is:

V(k)+AV, ifdE >0

(3.17)
V(k)—Av, ifdb <o

V(k—i—l):{

where V (k) = Present operating voltage; V(k + 1) = Updated voltage; AV =
Voltage perturbation step size

3.2.3.2 Fuzzy Logic Controller Algorithm:

@®@®  AFuzzyLogic Controller (FLC) for Maximum Power Point Tracking|(MPPT) in'a

standalone solar PV system can significantly enhance performance under
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varying irradiance and temperature conditions. It offers a more flexible and
intelligent alternative to conventional MPPT algorithms like Perturb & Observe
(P&O) and Incremental Conductance (IC) by handling nonlinearities effectively.
Fig. 3.4 shows the block diagram for fuzzy logic controller. The FLC process
consists of three steps: fuzzification, rule base lookup table, and defuzzification.

> Rule
E(K), CE(K) | AD
kD —»| Fuzzification Defuzzification > il
Input Output
Y
»| Interference |
Fuzzy Input Fuzzy Output

FIGURE 3.4: Block diagram of FLC controller MPPT

Fuzzification is the first stage of the FLC. It converts the actual value into fuzzy
values combined with the membership function. It takes error (E) and change in
error (CE) with stored membership function.

Rule base look up table is second state of fuzzy logic defines logical relation
between the input values and output values. The logic of rule base inference is
based on the IFTHEN. This fuzzy inference process is done by Mamdani’s
method.

Defuzzification is third stage of fuzzy logic which converts fuzzy values into
crisp output. It is also the inverse of the fuzzification process. This process
converts all fuzzy output values to their respective output membership function.
The center of gravity method, also called centroid defuzzification is commonly
used.

The inputs for the proposed Fuzzy Logic (FL) controller are Error (E) and
change in Error (CE). The output from the FL controller is the change in duty
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@@  cyde((sD). The input variables are defined as follows:

5 (3.18)

CE(K) = E(K) —E(K—1) (3.19)
Table 3.2 shows a rule base used in the fuzzy logic controller. Each variable is

@®@  characterized using fivelinguistic fuzzy levels: NB (Negative Big), NS (Negative
Small), ZE (Zero), PS (Positive Small), and PB (Positive Big). These membership

functions form the basis for the fuzzy inference mechanism employed in the

controller design.

TABLE 3.2: Fuzzy rule base table for E and CE

o0 GaM S aE®

NB PB PS NB NS NS
NS PS PS NB NS NS
ZE. NS NS NS PB PB

PS NS PB PS NB PB

PB NBUNB PB PS PB

3.2.3.3 Bio Inspired based Flying Squirrel Search Optimization Algorithm

@®@®  Conventional MPPT|algorithms such as Perturb and Observe (P&O) often exhibit

limitations under rapidly varying irradiance and partial shading conditions,
including slow convergence, steady-state oscillations, and the tendency to track
®@  local maxima instead of the global maximum power point (GMPP). To overcome
-challenges, bio-inspired optimization techniques have gained attention due
to their adaptive nature, robustness, and superior global search capabilities,
making them well-suited for dynamic and non-linear PV environments.
Flying squirrel search optimization technique (FSSO) is to mimic the search
food technique of flying squirrel (FS). The potential solution vector are assign as
the position of an FS whereas fitness of FSs are assign as quality of food source.

('-.I turnitin Page 93 of 255 - Integrity submission Submission ID  trn:oid:::27535:114751885



Z'l_.l turnitin Page 94 of 255 - Integrity submission Submission ID  trn:oid:::27535:114751885

3.2. Design and Modelling of Stand-Alone Solar PV System 43

Based on their fitness value, The positions of FSs are divided into three

L) @ categories: optimum solution (OS) (hickory nut tree), near optimum solution

(NOS) (acorn nut tree), and random solution (RS) (normal tree).During the
autumn season, squirrel gliding from one tree to another tree for finding the food
to meet daily needs (acorn tree nuts) in forest. After achieving daily needs, they
starts foraging for hickory tree nuts that will help them in winter season. Storage
of hickory tree nuts (optimum solution) will help them in retaining their energy
needs in winter season and decrease the food foraging journey. At the end of
winter season, FSs are active again. This proposed MPPT algorithm uses the
cooperation of FSs, and positions updated without the predator’s presence.

In this algorithm, some suppositions are considered for the FSSO technique
in MPPT that is PV power output Ppv take as objective, i.e., food source and
Position of FSs is taken as the boost converter’s duty cycle (d). To implement
FSSO algorithm, the following steps are considered.

Starting

In this stage, N number of flying squirrels are located at several trees, which are

different values of the duty cycle of the boost converter in equation (3.20):

D di:dmiﬁ(’_l)(d“i‘x_dmi“), i=1,2,...,N (3.20)

where i is the iteration count. dyax and dpyi, are the maximum and minimum
values for the boost converter’s duty cycle, which are taken as 10% and 90% of
the acceptable duty cycle for the boost converter. The range of the duty cycle d; is
from 0 to 0.5.

Robustness Assessment

In the assessment process, the DC-DC boost converter is systematically regulated
with every duty cycle (i.e., location of individual FSs). For an individual duty
cycle d, the instant PV power output Ppy(d) is taken as the quality of the food
source. This step continues throughout the entire range of the duty cycle. The

objective function (f) for MPPT is characterized using equation (3.21).
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f(d) = max(Ppy(d)) (3.21)

Revelation and Grading

The hickory tree will have a duty cycle related to maximum power output. The
next most essential location for FS is on acorn trees. The remaining FSs are taken
into account on the normal tree.

Location Update

After checking the periodical supervising condition, the duty cycle is updated. If
the duty cycle is revised using equation (3.22).

SK < Spmin (3.22)

where SIC‘ is seasonal constant at current iteration count and S,;, is minimum
seasonal value.

Seasonal Supervising Condition

Food search behavior is significantly affected by seasonal changes. Squirrels are
more energetic in autumn compared to winter. Periodical supervising conditions

- G prevent the algorithm from being trapped in local minima. For a
single-dimensional space, the seasonal constant (S¢) and its minimum seasonal
value (Smin) are calculated using (3.23) and (3.24).

Sk =

ke — di| (3.23)

—6
Smin = % (3.24)
where dy; and d,¢ denote the locations of squirrels at a hickory tree and an
acorn tree, respectively; k represents the current iteration count, and k;, is the
maximum number of allowed iterations. The positions of flying squirrels (FSs)
on normal trees (i.e., the duty cycle of NTFSs) are relocated using the Lévy

distribution to enhance the search space as in equation (3.25).
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AU — gk 4 (3.25)

where dn; denotes the location of squirrels at a normal tree, and [ represents
the step length.

u

where the Lévy index € and step coefficient k are chosen as 1.5 and 1.25,

respectively. The variables 1 and g follow a normal distribution:

=N(0,03), §=N(0,03) (3.27)

If I' denotes the gamma function, then the variables ¢, and 0y are defined as:

1/e
(1+e€)sin (%) _
- (fEen) e e

where
I'(n)=(n-—1)! (3.29)

Routine Revision

Flying squirrels (FSs) are initially located at the hickory tree. Some FSs move
toward the acorn tree from the hickory tree, while others transition from normal
trees to the acorn tree. Meanwhile, some FSs shift from normal trees to the hickory
tree. The corresponding duty cycles are updated using the following equations
(3.30),(3.31),(3.32) and (3.33).

A% = @5 + gaGe(df, — ) (3.30)
A% — a4 g, Go(df, — dby) (3.31)
A% — k4 ¢,Go(dk, — db,) (3.32)
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where G, and G; represent the gliding constant and gliding distance,
respectively. The estimated value of G, is chosen as 1.90. The gliding distance is

given by:
_ (3.33)
8d =5 ftan® '
tanf = i) (3.34)
Fr

where hg is the height loss, taken as 8 m. The gliding distance g, is divided
by an appropriate numerical value. The scaling factor s is selected as 18 to keep
g4 within the range of 0.5 to 1.11. The scaling factor assists in maintaining the
desired balance between the exploration and exploitation phases. F is the lift
force, whereas Fp is the drag force, defined in equation (3.35) and, (3.36).

1
p = EpV?-SCD (3.35)
L
F = EPV SCr (3.36)
- @ where p is the density of air, taken as 1.204 kg/m?; V is the velocity of FSs,

taken as 5.25 m/s; S is the surface area of the body, taken as 154 cm?; Cp is the
drag coefficient, taken as 0.6, and Cy is the lift coefficient, which varies in the
range [0.675,1.5].

Convergence Measurement

The optimization process is completed when the maximum number of iterations
- @ is reached. The output is the duty cycle at which the boost converter operates
while tracking the maximum power.

Re-initialization

The MPPT algorithm depends on time variation, as changes in weather conditions
affect the performance of flying squirrels (FSs). The location of FSs, i.e., the duty

cycle, will be reinitialized to search for a new optimum maximum power. In this
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FIGURE 3.5: Schematic diagram of grid connected PV system

process, the duty cycle is reinitialized after detecting a change in solar insolation
through the following constraint equation (3.37).

Pov'" — Py
14Y%

»d 3.3 Design of Grid Connected PV System

This section presents the modeling and design of a grid-tied solar PV system.
Fig. 3.5 illustrates the schematic diagram of a double-stage grid-tied PV system,
comprising a 3.2 kW PV array connected to a three-phase grid at 415V, 50 Hz. The
- @ system comprises two-stage power conversion: first, the variable DC output from
the PV array is boosted to a fixed DC voltage of the required magnitude using a
boost converter. This is followed by a grid-connected PV inverter, which converts
 176] the DC voltage into an AC voltage of the appropriate magnitude and frequency to
supply the AC load. Simulation studies are carried out using MATLAB Simulink.
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3.3.1 PV Array

The PV array is modeled in MATLAB/Simulink using the inbuilt PV module
block, configured based on the required ratings and specifications. For this study,
Sun modules are employed, each delivering a maximum power of 329 W. The
open-circuit voltage Vi and short-circuit current I, are 46.65 V and 9.35 A,
respectively. The voltage and current at the maximum power point are 37.58 V
and 8.78 A. A 3.2 kW PV array is formed by configuring two strings, each
comprising five PV modules connected in series.

3.3.2 Design of Boost Converter

In the proposed system, the inductor and capacitor values are determined as 5 mH
and 2.2 uF, respectively, using equations (3.8) and (3.9). The converter’s reference
duty cycle is obtained through the MPPT algorithm, while a switching frequency
of 10 kHz is applied to generate the gating signal for the IGBT switch in the boost

converter.

3.3.3 DC Link Voltage

The DC link voltage Vpc must be greater than twice the peak value of the line-
to-line supply voltage to ensure effective inverter operation. For a three-phase

system, it is determined using the equation (3.38):

V. = 22V
V3-m
where, V11, is the RMS value of three-phase AC side voltage, which is 415V, m
is the modulation index and is taken as 0.96.

(3.38)

3.3.4 DC Link Capacitor

The DC-link capacitor must be sufficiently large to accommodate system
dynamics, as its size depends on the instantaneous energy required by the VSI

during transient conditions. The DC-link voltage should remain stable despite
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fluctuations in load and power generation. The value of the DC-link capacitor
can be calculated using equation (3.39):

Im
Cpo=— M (3.39)
‘ zwvdc,ripple

where [ is the PV array current at maximum power, w is the grid angular
frequency, and Vi ripp1e 1S the allowable ripple in the DC link voltage, taken as 2%
of V.. For the proposed system, the calculated value of the DC link capacitance
C,. is 3.2 uF, while a capacitor of 5 uF is selected to ensure adequate performance.

3.3.5 Interfacing Inductors

Interfacing inductors Lare installed on the AC side of the PV inverter to connect
the inverter to the grid. These inductors help minimize the ripple in the inverter’s

output current. The design of the interfacing inductors is based on equation (3.40)

_ \/ngdc
12k fsAi

where Ai is the current ripple, taken as 10% of the inverter current, f; is the

Ly (3.40)

switching frequency, taken as 10 kHz in the present work, and / is the overload
factor, taken as 1.2. The calculated value of the interfacing inductor Ly is '7.5 mH
for the proposed system.

3.3.6 Design of Inverter

®

Vbc = (e N— ¢ Three Phase

& &

FIGURE 3.6: Equivalent circuit of three phase voltage source inverter

Page 100 of 255 - Integrity Submission Submission ID  trn:oid:::27535:114751885



z'l_.l turnitin Page 101 of 255 - Integrity Submission Submission ID  trn:oid:::27535:114751885

50 Chapter 3. DESIGN AND ANALYSIS OF SOLAR PV SYSTEMS

‘o The output of the DC-DC converter is transformed into AC voltage using a
three-phase inverter. A two-level, three-phase Voltage Source Inverter (VSI) with
six IGBT switches, as illustrated in Fig. 3.6, is employed for this purpose. Each
IGBT switch must be capable of blocking the full DC link voltage; therefore, the

‘e voltage rating of the switches should be selected accordingly. The current rating of
each switch is determined by the total current flowing through it, which includes
both the PV array current and the harmonic compensating current.

3.3.7 Inverter Control Algorithms

Various control algorithms are available for generating reference currents for the

.Q Voltage Source Inverter (VSI). Synchronous reference frame theory (SRFT)
algorithm and Instantaneous Reactive Power Theory (IRPT) is used for the
control of VSL

3.3.7.1 Synchronous Reference Frame Theory (SRFT) algorithm

Voltage Control

(Sensed DC | i P
Link Voltage :Vdc
£ ): Y Controller
:
E (Reference DC

Vie ™ Link Voltage) i |

Synchronization Control ': {oTTTTTTTTTTTTn T aaTaasennamnaannanmeeTmTy

.=

abc

]

dq

(Sensed Load
Currents)

Three Phase
PLL

(Sensed PCC
Voltages)
™y N

...............................................................

FIGURE 3.7: Block diagram of SRFT algorithm for inverter control

Synchronous Reference Frame Theory (SRFT) is one of the most widely adopted
techniques for controlling three-phase grid-connected power electronic
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converters, including inverters used in photovoltaic (PV) systems, active power
filters (APFs), and other power quality enhancement devices as in Fig. 3.7. SRFT
enables effective decoupled control of active and reactive power by transforming

the three-phase system variables _stationary abc frame to a
synchronously rotating 70 reference frame aligned with thelgrid voltage vector.

This transformation simplifies the control structure by converting sinusoidal
signals into DC quantities, thereby allowing the use of conventional PI
controllers for current regulation and improving the dynamic response of the
system under varying grid and load conditions.

In a three-phase balanced system, the fundamental components of voltages
and currents are sinusoidal and oscillate at the grid frequency. The SRFT
transforms these quantities into a synchronously rotating dg reference frame
using & Phase-Locked Loop (PLL) to track the grid phase angle: In fhis|frame, the
fundamental frequency components become direct current (DC) quantities,
which significantly simplifies their control using conventional PI controllers.

This approach enables independent and precise regulation of active and reactive

power exchange between the inverter and the grid. The implementation of the

SRFT involves the following steps:

Measurement of System Quantities: Initially, the instantaneous three-phase

voltages and currents at the point of common coupling (PCC) are measured:

Ua iy

e = |i)
le
oltages of the three- system,

measured at the point of common coupling (PCC). _instantaneous

phase currents of the three-phase system, also measured at the PCC.

Clark’s Transformation: The measured phase variables are first transformed
into & tworaxis stationary orthogonal feference frame'|(«p) using the Clark’s

(3.41)
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Xa
| _201 =5 =
== X (3.42)
) 3o ¢ -]
Xc

where x,, xp, X are the original three-phase signals (voltage or current), and
Xy, Xp are the transformed two-phase signals in a stationary orthogonal system.
This transformation is applied to both voltage and current signals.

Park Transformation: Subsequently, the stationary af components are
converted into the synchronously rotating dq reference frame by employing the
Park transformation:

Ti2o x4 cos sind| |

= (3.43)
Xg —sinf cosf Xg

where 6 denotes the instantaneous grid voltage angle estimated by the PLL;

L @ xq are the direct-axis (d-axis) component and x4 are quadrature-axis (g-axis)

component. .

Current Control Strategy: In the dq reference frame, the direct-axis component
(i;) primarily determines the active power exchanged with the grid, while the
quadrature-axis component (i;) governs the reactive power.  Accordingly,
reference currents (iy, i;) are generated based on the desired active and reactive

power set-points. Typically, the active power reference is derived from the

- @ output of a maximum power point tracking (MPPT) algorithm in PV systems,

whereas the reactive power reference is often set to zero to maintain unity power

factor. The current tracking errors are defined as:

e = i5—ig, e =15 —i (3.44)

These errors are processed by independent PI controllers to generate the

voltage commands in the dg frame:

vg = Pl(eq), vy = Pl(eq) (3.45)
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*

*
where v, (o

are reference/control voltages in the dq frame generated by the PI
controllers.

Inverse Transformations: The computed dq reference voltages are then
transformed back to the stationary «p frame and subsequently to the three-phase

abc frame using the inverse Park and Clarke transformations, respectively:

v* —sinf *
o — - i , (3.46)
vz sinf cos@ v;‘

v i o .

v
ol =1-1 2| (3.47)
o* 1 _@ U.B
c 2 2

where v;ﬁ,vg voltages in the stationary af frame. v;,v;,v; actual three-phase

voltage references to be applied at the inverter output.

Pulse Width Modulation:
employed to generate the gating signals for the inverter switches using a pulse

Finally, the three-phase reference voltages are

width modulation (PWM) technique, typically sinusoidal PWM or space vector
PWM, to ensure precise voltage synthesis.

3.3.7.2 Instantaneous Reactive Power Theory (IRPT) Algorithm

The Instantaneous Reactive Power Theory (IRPT), also known as the pg Theory,
is @ fundamental approach for the real-time analysis and control of power flow in
three-phase power systems, particularly in active power filtering and power
quality enhancement applications. First proposed by Akagi et al., this theory
enables the decomposition of instantaneous power into its active and reactive
components directly in the time domain without requiring frequency-domain
transformations.

In a three-phase system, instantaneous voltages and currents are generally
unbalanced and non-sinusoidal due to nonlinear loads. The IRPT transforms the
three-phase quantities into an orthogonal ap stationary reference frame using the

Clarke transformation. This transformation allows for the instantaneous
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FIGURE 3.8: Block diagram of IRPT algorithm for inverter control

computation of real and reactive power components, which can be used to
design control strategies for power compensation as in Fig. 3.8. The
implementation of the IRPT consists of the following steps:

.° The instantaneous three-phase voltages and currents at the point of common

coupling (PCC) are measured:

(& g
Vabe = |Op | » iubc = ib (348)
U, i

Clarke Transformation: The measured phase variables are transformed to the

two-axis stationary reference frame (af) using the Clarke transformation:

1 1 1 Xa
Xu \/E —7 T3
=14/= X (3.49)
xg 3 1o \/Tg _ V3 b
Xc
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where x, is the a-axis component, alighed with an arbitrary reference in the
stationary frame. xg is the B -axis component, perpendicular to the a -axis (90°

phase difference).

Instantaneous Power Calculation° In the & frame, the instantaneous active (p)

are

(3.50)

olta stationa currents l

-statlonary ap frame. p is the instantaneous active power. 4 is the instantaneous

Reference Compensation Currents: For power compensation, the desired
reference currents are computed by eliminating the unwanted components (e.g.,
reactive power and harmonic power) from the total instantaneous power. The
desired instantaneous powers (p*, ") are defined according to the compensation
objective (e.g., to achieve unity power factor and harmonic-free source current).

The reference currents in the af frame are then calculated in equation (3.51).

where i3, i*i are the reference currents in the stationary af frame;

stationary - p.q -reference active and reactive

voltages

powers.

Inverse Clarke Transformation: Finally, the reference currents in the a8 frame

are transformed back to the original fhree-phase system using the inverse Clarke
_using equation (3.52).

i* 1 0

2 iy
s =4 /2|1 V3 «
iy 3 5 % N (3.52)

1
i* _1 V3| LB
c 2 2
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where i}, i; are the reference currents in the stationary ap frame; i;, iy, i} are
the reference three-phase currents to be applied at the inverter output.

These reference currents are then used to generate the gating signals for the
active filter or inverter using an appropriate current control method, such as

hysteresis or PWM current control.

3.4 Results and Discussions

- @ In this study, FSSO-based MPPT is implemented for both standalone and
grid-connected PV systems, while IRPT and SRFT algorithms are applied for
inverter control in the grid-connected PV system. The performance results of
P&O, FLC, and FSSO MPPT controllers obtained through MATLAB simulations
are presented, along with the outcomes of SRFT and IRPT-based inverter control
strategies for the grid-connected PV system.

O 3.4.1 Performance analysis of standalone PV system with FSSO

MPPT controller under variable solar irradiances

The simulation was implemented in MATLAB 2017 and executed on a system
equipped with an Intel Core i3 processor and 16 GB of RAM. Fig. 3.9 presented
the dynamic performance of the proposed Flying Squirrel Search Optimization
(FSSO) based Maximum Power Point Tracking (MPPT) algorithm under varying

- @ solar irradiance levels. The simulation was carried out for irradiance levels of
1000 W/m?, 600 W/m?, and 400 W/m?, which represent a wide range of
real-world operating conditions. The corresponding output power response of
the photovoltaic (PV) system was monitored over time to assess the tracking
capability of the algorithm.

The results clearly demonstrate that the FSSO-based MPPT controller
achieves effective and reliable tracking of the maximum power point across all
irradiance conditions. = The controller exhibits fast convergence, minimal
steady-state oscillations, and negligible overshoot, indicating its high tracking
precision and dynamic responsiveness. As expected, the output power decreases
proportionally with the reduction in solar irradiance, confirming the consistency
of the algorithm’s operation with the fundamental characteristics of PV systems.
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FIGURE 3.9: Simulation results of FSSO controller under different
irradiations

Notably, the transitions between irradiance levels are handled smoothly by the
controller, without any instability or performance degradation. This highlights
the robustness and adaptability of the FSSO algorithm in dynamically changing

environmental conditions.

3.4.1.1 Comparison of FSSO MPPT Controller with Conventional MPPT
Techniques

To evaluate the tracking performance of the proposed flying squirrel search
optimization (FSSO)-based MPPT technique, a comparative simulation study
was conducted alongside fuzzy logic controller (FLC) and conventional perturb

and observe (P&O) algorithms. The PV system was subjected to step changes in

1] 24 solar irradiance levels at 1000 W/m?, 600 W/m?, and 400 W/m?, and the

corresponding output power responses were observed.
Fig. 3.10 shows that the FSSO-based MPPT algorithm consistently achieves
rapid convergence to the maximum power point (MPP) with minimal

steady-state oscillations across all irradiance levels. In contrast, the FLC offers
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FIGURE 3.10: Comparison of PV output power using FSSO, FLC,
and P&O algorithms under different irradiance levels.

moderate performance—better than P&O but inferior to FSSO in tracking speed
and accuracy, particularly under low irradiance. The conventional P&O method
exhibits noticeable delay, deviation from the true MPP, and increased transient
oscillations. At high irradiance (1000 W/m?), all three algorithms achieved
near-MPP operation; however, at 400 W/m?, the superiority of FSSO became
evident. FSSO maintained stable and precise power tracking, while P&O
suffered significant performance degradation and FLC exhibited intermediate
behavior. These results confirm that the proposed FSSO algorithm is both
effective and computationally efficient, making it suitable for real-time
embedded implementation.

The performance metrics such as overshoot, undershoot, and settling time are
quantitatively evaluated and summarized in Table 3.3. Among the three
algorithms, the FSSO-based MPPT controller exhibits the shortest settling time
and minimal transient error.

The efficiency of the MPPT tracking is calculated using the equation (3.53).

P tracked
%n = —————— x 100 3.53
T Vmpp X Impp (3:53)

L @ where Piacked denotes the power tracked by the PV system, with Vypp and
Inpp representing the voltage and current at the maximum power point.
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TABLE 3.3: Comparison analysis between P&O, FLC, and FSSO
MPPT controller

Irradiance (W/m?)  Overshoot (%) Undershoot (%) Settling Time (sec.)

P&O FLC FSSO P&O FLC FSSO P&O FLC FSSO

1000 121 074 073 942 223 O 0.15 012 0.05
600 561 557 0 094 0 0 0.12 0.08 0.06
400 1589 945 0 087 0 0 0.13 0.11 0.06

Table 3.4 summarizes the maximum power extracted and tracking efficiency
of the proposed FFSO technique against conventional methods. At 1000 W/m?,
the FFSO extracts 10.86 kW, compared to 10.80 kW by FLC and 10.69 kW by P&O.

TABLE 3.4: Output power and efficiency of different MPPT
techniques

P&O FLC FSSO
Irradiance (W/m?)

Pvipp (kW) 77 (%) Pvpp (KW) 77 (%) Pvpp (KW) 77 (%)

1000 10.69 97.27 10.80 99.44 10.86 99.99
600 4.60 95.25 4.68 97.07 4.80 99.56
400 2.40 96.19 2.33 97.24 2.37 99.24

3.4.2 Performance Analysis of Grid Connected PV System with
FSSO MPPT Controller

L @ This section presents a detailed performance evaluation of a grid-connected solar
photovoltaic (PV) system incorporating control strategies for both maximum
power extraction and efficient grid interfacing.

To regulate the voltage source inverter (VSI) and ensure power quality during

- @ grid integration, two control strategies are Instantaneous Reactive Power Theory
(IRPT) and Synchronous Reference Frame Theory (SRFT) are employed. These
schemes generate precise current references for active and reactive power

management while mitigating grid-injected harmonics.  Key parameters,

Z"—.I turnltln Page 110 of 255 - Integrity Submission Submission ID  trn:oid:::27535:114751885



7 turnitin

Page 111 of 255 - Integrity Submission

60 Chapter 3. DESIGN AND ANALYSIS OF SOLAR PV SYSTEMS

including grid power, load power, current quality, and dynamic stability, are
evaluated to assess the performance of the FSSO-based MPPT controller with
these inverter controls. Both IRPT and SRFT are analyzed under solar irradiances

Submission ID trn:oid:::27535:114751885

of 1000 W/m?, 600 W/m?, and 400 W/m? to provide a comparative evaluation.
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FIGURE 3.11: Analysis of grid voltage, grid current, load current,
compensating current, and DC-link voltage using IRPT-based
inverter control.

3.4.2.1 Analysis of IRPT based Inverter Control Algorithm for Grid Connected
PV System under Constant Load Demand

Instantaneous Reactive Power Theory (IRPT) control is also analyzed under the
same varying solar irradiance conditions of 1000 W/m?, 600 W/m?, and 400
Fig. 3.11 shows that the IRPT

controller maintains the three-phase source voltages in a balanced and sinusoidal

W/m? to provide a comparative perspective.

form, with source current amplitudes adjusting appropriately to match the
available PV power.

The load currents remain constant due to load connected to syetm. The
compensating currents dynamically adapt to inject the necessary harmonic and

reactive components, ensuring that the grid currents stay close to sinusoidal.
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Fig. 3.12 illustrates the behaviour of active and reactive power components,
supply voltage and current, and PV power generation for the grid-connected PV
system controlled using the Instantaneous Reactive Power Theory (IRPT) under
varying irradiance levels of 1000 W/ m?, 600 W/m?, and 400 W/m?2.
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FIGURE 3.12: Grid active power (P;), load power (P}), compensating
power (P.), and PV power (Ppy) under varying irradiance for IRPT-
controlled PV system.

The active power supplied by the grid (P;) remains nearly constant to meet
the load demand, compensating for the reduction in PV generation as irradiance
decreases. The grid’s reactive power (Qy) also stays within acceptable limits,
indicating that the IRPT controller provides necessary reactive power support.
The load active (P;) and reactive (Q;) power are stable around 40 kW and 2 kVAr,
respectively, confirming constant load conditions. The inverter’s compensating
power (P; and Q) dynamically adjusts to manage the reactive and harmonic
currents. However, slight fluctuations can be seen compared to the SRFT control,
especially at lower irradiance levels. The supply phase voltage and current
waveforms confirm that the current remains sinusoidal and mostly in phase with

the voltage, demonstrating acceptable power factor correction. The PV array
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power output (Ppy) clearly decreases from about 3 kW at 1000 W/m? to around
1.2 kW at 400 W/m?, as expected.

In summary, IRPT provides reliable active and reactive power balancing and
maintains acceptable power quality under varying irradiance, but exhibits
slightly higher ripple and less precise voltage and harmonic control compared to
SRFT. Thus, SRFT is preferred for applications demanding stringent power
quality. The harmonic spectrum shows a fundamental at 50 Hz with a THD of
4.75%. Fig.3.13 show the total harmonic distortion (THD) of grid current for the
nonlinear load which is under IEEE standard.

Fundamental (50Hz) = 67.78 , THD=4.75%
T T T T T

Mag (% of Fundamental)

0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

FIGURE 3.13: THD of grid current for nonlinear load using IRPT
control

.a 3.4.2.2 Analysis of IRPT based Inverter Control Algorithm for Grid Connected

PV System under Varying Load Demand

The performance of the instantaneous reactive power theory (IRPT) based
inverter control algorithm is evaluated for a grid-connected photovoltaic (PV)
system under dynamic load conditions. Two cases are analyzed: a sudden load
decrease at t = 1.0s and a load increase at t = 2.0s. The corresponding grid
voltage and current, load and compensating current and dc link voltage are
illustrated in Fig. 3.14.
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FIGURE 3.14: Voltage and current waveforms of the IRPT-based
inverter control algorithm under varying load conditions.

Fig. 3.14 shows the three-phase grid voltages (Vs;, Vp, Vic) along with the
associated grid currents (iss, i, isc), load currents (ij,, i, 15c), and _
-). During the load change events, the IRPT controller ensures that the
grid currents remain nearly sinusoidal and balanced, despite sudden transients
in the load. This indicates effective harmonic and reactive power compensation
by the inverter. The DC-link voltage (V) remains stable around 700V, with only
minor fluctuations during load disturbances, validating the robustness of the
control strategy.

The power flow response, presented in Fig. 3.15, further confirms the
controller’s effectiveness. The real and reactive power supplied by the grid
(Pg, Qg), the inverter (Pr,Qj), and the compensator (P, Q) are tracked. At
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t = 1.0s, when the load decreases, the inverter instantaneously adjusts its output
by reducing the real power injection. Conversely, at t = 2.0s, when the load
demand increases, the inverter supplies the required additional real power while
maintaining reactive power support. The PV power output (Ppy) remains nearly
constant at around 3 kW, confirming that the IRPT controller effectively manages

power sharing between the PV source, grid, and local load.

T T T — . T T T T lc" \‘ T
o | LS Py
c. L I [ Q] |
o [ o
o - : | | . i
/ Load Decrease Load Increase | ;:
g A 4 —
a0 - }‘
I 1 1 A S I I
0F T T T T /\_ T T T T T T
o "/ Pc
a -Qc
. -
o - \
o / \
Py ; ; ; ! I ! I T e
(aaaann | N | ; i I AVG U
f UL ——lsa H
b GRnatananaanRananaaRnaanuaaRanat annnnunaATENNRNNY
| Al FEFTTRIITE
2 2l - - i
2 1r ‘ .
a9 1 I 1 L ! ! I I L I I
0.4 0.6 0.8 1 1.2 14 1.6 1.8 2 22 24

Time (seconds)

FIGURE 3.15: Power flow response of the IRPT-based inverter
control algorithm under varying load conditions.

3.4.2.3 Analysis of SRFT based Inverter Control Algorithm for Grid Connected
PV System Under Constant Load Demand

The dynamic behavior of the grid-connected photovoltaic (PV) system controlled
by the Synchronous Reference Frame Theory (SRFT) is demonstrated for varying

levels of solar irradiance, specifically 1000 W/ m?, 600 W/m?2, and 400 W/m?2. The
waveform plots indicate that the three-phase source voltages (vs,, vgp, and vsc)
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remain balanced and purely sinusoidal with peak amplitudes close to £325 V,
.@ corresponding to an RMS voltage of about 230 V per phase. This confirms that
the connection to the utility grid maintains stable voltage levels, and the inverter

operation does not introduce any voltage distortion under different irradiance
conditions as in Fig. 3.16.
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FIGURE 3.16: Analysis of grid voltage, grid current, load current,
compensating current, and DC-link voltage using SRFT-based
inverter control.

The three-phase source currents (isq, is, and isc) exhibit an amplitude that
changes proportionally with the available solar power. When the irradiance is
1000 W/m?, the source current peaks at approximately +50 A. As the solar
irradiance drops to 600 W/m?, the source current magnitude reduces to around
+35 A, and further decreases to approximately 25 A at 400 W/m?2. This
demonstrates that the PV array generates less active power under reduced
sunlight, and the controller responds accordingly by reducing the current drawn
from the source while maintaining the sinusoidal shape and synchronization
with the grid voltages. This behavior verifies the SRFT controller’s capability to
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.° FIGURE 3.17: Waveforms of grid power (P,), load power (F),

compensating power (P.), and PV power (Ppy) under varying
irradiance with SRFT control.

ensure high power quality and unity power factor operation even during
fluctuating power generation.

The load currents (ij,, iy, i) remain nearly constant at £50 A, confirming
steady load demand independent of PV variations. As PV power decreases, the
grid compensates for the deficit without distortion in grid current waveforms.

The compensating currents (icq, icp, icc) adapt dynamically to ensure sinusoidal
source currents and proper power sharing. At 1000 W/m?, their peaks are 20 A,
increasing to £35 A and +45 A at 600 W/m? and 400 W/m?, respectively, thereby
injecting the required harmonic and reactive components.

The DC-link voltage (Vpc) remains well-regulated, varying only from 703 V
(1000 W/m?) to 698 V (400 W/m?), demonstrating the robustness of the controller
and MPPT algorithm.

Overall, the SRFT-based control strategy ensures high-quality grid currents,
stable DC-link voltage, and reliable PV grid power sharing under fluctuating
irradiance, confirming its suitability for practical grid-connected PV applications.

Fig. 3.17 shows the performance of the SRFT-controlled grid-connected PV
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system under irradiance levels of 1000, 600, and 400 W/m?2. Grid power (P, Q¢)
remains stable as it compensates for reduced PV output, while load power stays
constant at 40 kW and 2 kVAr. The inverter compensator injects about -5 kW
and -15 kVAr, with active power decreasing as irradiance drops, but reactive
compensation remaining steady.

The supply voltage stays sinusoidal (+325 V) and the current remains in
phase, with amplitude reducing alongside PV power, indicating good power
factor and harmonic control. PV generation drops from 3 kW to 1.2 kW as
irradiance decreases. Overall, the SRFT controller ensures stable, high-quality
power flow under varying solar conditions.

The harmonic spectrum shows a fundamental at 50 Hz with a THD of 4.03%.
Higher-order harmonics are very low, confirming that the SRFT control keeps grid
current nearly sinusoidal and within IEEE 519-2014 limits as in Fig. 3.18.

Fund tal (50Hz) = 69.53 , THD= 4.03%
‘ : : : ‘ ;
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FIGURE 3.18: THD of grid current for non linear load using SRFT
control

.“ 3.4.2.4 Analysis of SRFT based Inverter Control Algorithm for Grid Connected

PV System under Varying Load Demand

The synchronous reference frame theory (SRFT) based inverter control algorithm
is implemented and analyzed for a grid-connected photovoltaic (PV) system
under varying load conditions. Two disturbance scenarios are considered: a
sudden load decrease at t = 1.0s and a load increase at t = 2.0s. The grid
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voltage and current, load and compensating currents and dc link voltage are

shown in Fig. 3.19.
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FIGURE 3.19: Voltage and current waveforms of the SRFT-based
inverter control algorithm under varying load conditions.

Fig. 3.19 illustrates the three-phase grid voltages (Vs,, Vp, Vsc) along with grid

. It can

be observed that the SRFT controller maintains nearly sinusoidal and balanced
grid currents, even during load transients. The load decrease at t = 1.0s results
in a corresponding drop in current amplitude, while the increase at t = 2.0s
produces a proportional rise in current. The filter currents compensate effectively
for harmonics and reactive components, ensuring the quality of grid currents.
Moreover, the DC-link voltage (Vj,) is regulated around 700V with only slight
fluctuations during disturbances, confirming the stability of the SRFT algorithm.
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FIGURE 3.20: Power flow response of the SRFT-based inverter
control algorithm under varying load conditions.

The power flow response in Fig. 3.20 shows the real and reactive power of the
grid (Pg, Qg), inverter (Pr, Qy), and compensator (P, Qc). During load reduction,
both real and reactive power demand decrease, and the inverter lowers its
contribution accordingly. When the load increases at t = 2.0s, the inverter
quickly supplies additional real power to support the grid. The PV output (Ppy)
remains nearly constant at about 3 kW, confirming that the SRFT controller
efficiently utilizes PV power while maintaining power balance among grid and
load.

3.4.2.3 Comparative Analysis of IRPT and SRFT Control Agorithms for Grid
Connected PV System with FSSO MPPT Control

To evaluate the effectiveness of the implemented control strategies, a
®0 comparative analysis is carried out between the Instantaneous Reactive Power
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Theory (IRPT) and Synchronous Reference Frame Theory (SRFT) controllers for
the grid-connected PV system. Table 3.5 summarizes the key performance
metrics, highlighting their behavior under varying irradiance conditions in terms
of power quality, voltage stability, harmonic distortion, and overall control
complexity.

TABLE 3.5: Comparison of SRFT and IRPT control strategies for grid-
connected PV system with FSSO MPPT Control

Parameter IRPT Control SRFT Control
Grid Voltage Balanced, sinusoidal Balanced, sinusoidal
Source Current Slightly more ripple Highly sinusoidal,

minimal ripple

Reactive Power Less robust under more accurate

varying irradiance

DC-Link Voltage Minor fluctuations Very stable
THD 4.75% 4.03%
Power Control Good, minor Smooth, minimal
fluctuations oscillations
Complexity Simpler, uses a8 frame  Requires PLL and dg
transformation
Power Quality Acceptable Superior

3.5 Concluding Remarks

L ° In this chapter, the design and simulation of stand-alone and grid-connected

solar PV systems have been systematically carried out. The performance of
conventional and intelligent MPPT techniques was compared, showing that the
bio-inspired FSSO method achieved faster tracking and higher efficiency under
varying irradiance levels. For grid-connected operation with FSSO MPPT
Control, both SRFT and IRPT control strategies ensured acceptable power quality
and stable inverter performance. However, the comparative analysis revealed
that the SRFT control with FSSO MPPT provided superior harmonic
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suppression, more stable DC link voltage, and better overall power quality than
the IRPT approach.
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Chapter 4

TECHNO-ECONOMIC ANALYSIS
OF SOLAR PV PLANT

41 Introduction

The previous chapter presented the design and simulation of stand-alone and
grid-connected PV systems, comparing MPPT methods (P&O, FLC, and FSSO),
where FSSO showed the best performance. For grid integration, SRFT and IRPT
inverter controls were analyzed, with SRFT proving superior in terms of power
quality, lower THD, and stable DC-link voltage.

In continuation, this chapter presents a comprehensive techno-economic
analysis of grid-connected photovoltaic (PV) systems, focusing on both rooftop
and floating configurations. It evaluates the performance of a 1.34 kW rooftop
PV plant at Delhi Technological University and a 2 MW floating solar PV (FSPV)
plant in Chandigarh. Using simulation tools, a detailed comparative study is
conducted between monofacial and bifacial modules in floating installations,
analyzing parameters such as energy generation, performance ratio (PR),
efficiency, levelized cost of energy (LCOE), payback period, and CO, emission
reductions. Unlike previous studies that often focus solely on monofacial
systems or technical performance, this work adopts an integrated approach such
as combining technical, economic, and environmental assessments to address
existing research gaps and highlight the enhanced feasibility and benefits of
bifacial floating PV technology for large-scale sustainable deployment.
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4.2 Types of Solar Photovoltaic (PV) Plants based on

Location

Solar photovoltaic (PV) systems are categorized based on their site of installation
and structural configuration into two primary types: terrestrial solar PV plants
and floating solar PV plants as in Fig. 4.1. Each type has specific technical, spatial,
and economic considerations that influence its deployment and performance in

different geographic and environmental settings [126, 127].

Types of Solar
Photovoltaic (PV)
Plants

Terrestrial Floating Solar
Solar PV Plants PV Plants

Rooftop Ground-Mounted
Solar PV Plant Solar PV Plant

FIGURE 4.1: Classification of Solar Photovoltaic (PV) Plants

4.2.1 Terrestrial Solar PV Plants

Terrestrial PV systems are installed on land and can be further classified into the
following two subcategories:

* Rooftop Solar PV Plants: These systems are mounted on the rooftops of
residential, commercial, or institutional buildings. They are typically used

for small- to medium-scale decentralized power generation, particularly in
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urban and semi-urban areas. Rooftop systems are connected either to the

grid or operate as standalone systems, depending on the application.

* Ground-Mounted Solar PV Plants: These installations are deployed on
open plots of land, often optimized for utility-scale power generation.
Ground-mounted systems require dedicated land, usually in rural or
industrial areas, and involve higher capital investment due to site

development and mounting infrastructure.

In the present study, only the rooftop solar PV plant configuration is
considered for detailed analysis. This focus is driven by the growing relevance of
rooftop systems in decentralized energy planning, particularly in urban
environments where land availability is limited. Rooftop PV systems also
support net metering policies and contribute significantly to national solar
energy targets under missions such as the Jawaharlal Nehru National Solar
Mission (JNNSM) [128].

4.2.2 Floating Solar PV Plants

Floating solar PV plants, also known as floating photovoltaic (FPV) systems,
involve the installation of PV modules on floating platforms placed over water
bodies such as reservoirs, lakes, ponds, or irrigation canals. This innovative
approach leverages otherwise unused water surfaces for clean energy
generation. Floating solar PV plants offer several advantages over terrestrial
systems:

¢ Efficient Land Use: By utilizing water surfaces, FPV systems reduce the
demand for scarce land resources, which is particularly valuable in densely

populated regions or areas with limited available land.

* Enhanced Performance: The presence of water beneath the PV modules
provides a natural cooling effect, reducing the operating temperature of the
modules and improving their efficiency and lifespan.

* Reduction of Water Evaporation: FPV systems can help reduce water
evaporation from reservoirs, contributing to better water resource

management.
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¢ Synergy with Hydropower: Floating solar installations on hydropower
reservoirs can complement existing infrastructure, enabling hybrid energy
generation and grid stability.

Despite these advantages, floating solar PV plants pose unique challenges,
including the need for robust anchoring systems, potential impacts on aquatic
ecosystems, and additional considerations for corrosion and maintenance in

humid environments.

4.3 Key Components of Terrestrial and Floating Solar

Power Plant

Both terrestrial and floating solar power plants have similar basic components
needed to convert sunlight into electricity. However, each type has some unique
parts and design requirements based on where and how it is installed. The main

components are described below.

4.3.1 Photovoltaic Modules

PV modules are the primary components responsible for converting solar energy
into direct current (DC) electricity through the photovoltaic effect. These
modules are composed of multiple solar cells connected in series and /or parallel
configurations to achieve the desired output power.

In this study, two different systems are considered: a rooftop PV plant and
a floating solar PV (FSPV) plant. Both systems employ monocrystalline silicon
technology but differ in the module types and configurations, as described below.

4.3.1.1 Rooftop Solar PV Plant Module

The rooftop PV system utilizes monocrystalline silicon PV modules, known for
their higher efficiency and compact design. The selected module complies with
international standards IEC 61730 and IEC 61215 [129]. The technical
specifications of the module (ENVIRO PVM6-335) are provided in Table 1 in
Appendix.
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4.3.1.2 Floating Solar PV (FSPV) Plant Modules

Solar PV modules is one the root element of the FSPV plant. The PV modules can
be classified as: Monofacial PV modules is capture sunlight only from the front

- @ side. They are simple and cost effective whereas bifacial PV modules are capture

sunlight from both front and rear sides, taking advantage of reflected light from
water, resulting in higher energy generation. The FSPV system incorporates both
monofacial and bifacial PV modules, allowing a comparative evaluation of their
performance under similar environmental conditions. Bifacial modules,
equipped with a transparent backsheet or glass-on-glass construction, can
capture reflected sunlight from the rear side in addition to direct irradiation on
the front surface. This enhances their energy yield, particularly over reflective
surfaces such as water.

Front Passivation & AR

5 Front contact

/\/\/\/\/\/\/\/\/\/\/\T’\/\/\

Emitter (n+5i)

P-type Wafe
Al -BSF type ater

I P
. | |

FIGURE 4.2: Construction structure of a monofacial PV module
(FSPV plant).

Fig. 4.2 illustrate the basic structures of monofacial silicon solar cells,
respectively. The monofacial solar cell is constructed using a p-type wafer with
an n* emitter layer and a rear Al-BSF (Back Surface Field). It is designed to
absorb light only from the front surface, and it includes a front surface
passivation layer and an antireflection coating to enhance efficiency. In contrast,
the bifacial solar cell, depicted in Fig. 4.3, uses an n-type wafer with p* emitter
and n* BSF regions, and includes passivation layers on both the front and rear
surfaces. This architecture enables it to absorb light from both sides, increasing
the overall energy yield. These structural distinctions significantly impact the
light absorption capability and energy conversion efficiency of the solar cells.
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Rear Passivation

FIGURE 4.3: Construction structure of a bifacial PV module (FSPV
plant).

The specifications of the monofacial and bifacial PV modules used in the
study are shown in Table 2 in Appendix. Both modules have the same peak
power of 540 Watt. However, the bifacial module has a higher open-circuit
voltage and conversion efficiency. The bifacial module also features a bifacial
factor of 70%, which allows it to harvest additional energy from the rear side.
This characteristic enhances its energy yield, especially under high albedo or
reflective surface conditions.

4.3.2 Solar PV Inverter

- @ Photovoltaic (PV) inverters convert variable DC output from solar panels into
AC for grid integration or local consumption. They ensure efficient energy
conversion, maintain grid compliance, and support system stability. Modern
inverters incorporate Maximum Power Point Tracking (MPPT) to maximize
energy extraction, along with advanced grid features such as synchronization,
fault detection, and power quality control. The technical specifications of
inverters used in the rooftop and floating solar PV (FSPV) plants are summarized
in Table 3 and 4, respectively in Appendix.
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FIGURE 4.4: Mounting structures for terrestrial Plants

4.3.3 Mounting Structures

Mounting structures provide mechanical support and ensure stable, efficient
operation of solar PV systems. Their design varies based on the installation type
viz. terrestrial (ground-mounted or rooftop) or floating.

4.3.2.1 Terrestrial Plants

For ground-mounted systems, metal frames or trackers hold the PV modules at
the right tilt and direction. Rooftop systems use racks fixed securely to building
roofs, as in Fig. 4.4.

4.3.2.2 Floating Plants

Floaters, also called pontoons, are one of the main components of FSPV. It is a
rugged structure that holds solar panels and other components during the entire
project time. Floaters are usually made of fiber-reinforced plastic (FRP),
high-density polyethylene (HDPE), medium-density polyethylene (MDPE),
polystyrene foam, hydroelastic floating membranes, or ferro-cements to provide
sufficient buoyancy and stability to the entire system [100]. Different types of
floaters are utilized for different FPV installations, based on factors such as
geographical location, material availability, transportation options, construction
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FIGURE 4.5: Floater structure made from high-density polyethylene
(HDPE).

plans, and other relevant considerations. Fig. 4.5 is a floater which is made of
HDPE material and was used at the study site.

4.3.4 Anchoring and Mooring System for FPV Plant

As floating solar PV modules and other equipment are placed in water bodies,
they are susceptible to fluctuations in water levels that may arise from factors
such as the monsoon, wind speed, or changes in the amount of water. To mitigate
these challenges, FSPV plants are anchored and moored to prevent fluctuations
in water levels. The optimal method for mooring an FPV depends on its location,
soil quality, and water level. Among these factors, the anchor tension type is the
most widely used method in FPV technology [130].

4.4 Performance Parameters of Solar PV plant

441 Technical Parameters

For assessing the effectiveness and economic viability of solar power plants,
technical performance is crucial, encompassing factors such as energy
production, yields, performance ratio, capacity factor, module and system
efficiency, and array and inverter losses [131]. In this study, several parameters

.@ were employed to evaluate the performance of the grid-connected PV system.
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4.4.1.1 Array Yield (Y4)

The yield of a PV array is a measurement of the energy output in relation to the
rated power output. It is commonly stated as a percentage of the array’s daily,
monthly, or yearly DC energy output to its rated power output, as specifed in
equation (4.1). Numerous variables, including the weather, shade, orientation,
and tilt of the array, might have an impact on this yield [132].

Ea

Y= -2
PPV, rated

(4.1)

where Ppy yaeq denotes the PV system’s rated output power in kWp, and E»4
is the total DC energy production from the PV arrays in kWh.

4.4.1.2 Final Yield (Yf)

The final yield of a PV system can be obtained by dividing the total AC energy
output over a specifc amount of time (daily, monthly, or annually) by the rated
power output of the PV array, as stated in equation (4.2) [133].

Eg

Yr=—"—
P PV, rated

(4.2)
where E is the total AC energy output from the inverter in kWh, and Ppy rated
is the rated output power of the PV system in kWp.

4.4.1.3 Reference Yield (YR)

The reference yield is calculated by dividing the total in-plane irradiance (H;) by
the PV reference irradiance (Gp). The maximum energy that can be produced
under perfect circumstances is represented by this measurement, as described in
equation (4.3). YR serves as an indicator of the solar radiation resources available
to the PV system and is influenced by factors such as location, PV array

orientation, as well as month-to-month and year-to-year variability [133].

Hy

Yp =t
F Go

(4.3)
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- 6 where, H; is the total horizontal irradiance on the array plane (W/m?) and G
is the global irradiance at the STC (W/m?).

L] o 4.4.1.4 Performance Ratio (PR)

The performance ratio (PR) indicates the relationship between final yield (Yr) and
reference yield (YR), as stated in equation (4.4).

_ Y
-7

The PR of a PV plant falls within the range of 60% to 90% due to the variability of
the operating environment and system characteristics. A high PR indicates

PR (4.4)

efficient functioning, as it signifies a significant proportion of incident solar
energy being converted into usable electricity. Conversely, a low PR suggests
significant losses or inefficiencies within the system [134].

4.4.1.5 Capacity Utilization Factor (CUF)

CUF is defined as the deviation between a plant’s actual output and its theoretical

maximum out-put, as given in equation (4.5) [135].

Actual annual output in MWh

F =
U 365 x 24 x Installed capacity of plant (MW)

(4.5)

4.4.1.6 PV Array Efficiency (17py)

Solar PV module efficiency is defined as its ability to convert solar energy into

electrical energy, as given in equation (4.6) [133]:

ey = XAHT x 100 (4.6)

where E 4 is the DC energy produced at the PV array (kWh), A is the total area

covered by the PV module (m?), and Hr is the net daily solar radiation falling on
the PV module (kWh/ m2/ day).
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4.4.1.7 String Inverter Efficiency (7;ny)

String inverter efficiency is the ratio of output AC energy (Eg) to input DC energy
(Ea)- Eg represents the energy produced at the grid side, while E,4 is the energy
produced at the PV array. This efficiency is given by equation (4.7) [136]:

E
Hiny = i x 100 (4.7)

4.4.1.8 System Efficiency (77sys)

System efficiency is the ratio of energy produced at the grid to the net daily solar
radiation falling on the surface area of solar modules, as defined by equation (4.8)
[133]:

Eg
Nsys = Ax Hy x 100 (4.8)

4.4.1.9 Array Capture Losses (L)

The losses incurred in array capture, denoted as L4, signify the operational
inefficiencies of the array, indicating its inability to fully harness the available
irradiance. These losses are calculated as the variance between the reference
yield and the array yield, as given in equation (4.9) [133]:

La=Yr—Ya (4.9)

Array losses are typically related to PV module losses, such as soiling losses

- @ and incidence angle modifier (IAM) losses. IAM losses occur when the array

surface is not perfectly perpendicular to the sun’s rays, leading to energy losses
due to reflection from the surface materials. Weather conditions at the site can

further influence these losses.

4.4.1.10 System Losses (L)

System losses occur when DC energy is converted into AC energy. These losses
are primarily attributed to the inverter and other system components, as defined
in equation (4.10) [133]:
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Ls=Ya—Yr (4.10)

System losses are significantly influenced by the efficiency of the system
components, particularly the inverter.

4.4.2 Economic Parameters

Solar power plants are becoming increasingly popular as a source of renewable
energy, and their economic analysis is an important consideration for invest in this
technology. The total cost of the project, including installation, running costs, and
maintenance, must be estimated accurately to calculate the LCOE and revenue
generation potential [135]. The following are some key factors that are typically

considered when conducting an economic analysis of a solar power plant.

4.4.2.1 Net Present Value (NPV)

The net present value (NPV) of a project’s cash inflows and outflows during its
lifetime is given by equation (4.11). A positive NPV indicates that the project is
financially viable and can generate a return on investment over its lifetime. If the
NPV is positive, the investment is economically acceptable; if it is negative, it is
not [135].

N .
NPV =) Ci (4.11)
i=0

= (1+ D)

where C; is the net cash flow in time period i, D; is the discount rate, and N is

the total number of years in the PV system’s lifetime.

4.4.2.2 Internal Rate of Return (IRR)

The internal rate of return (IRR) is the discount rate that makes the net present
value (NPV) of the project’s cash inflows equal to the net present value of its cash
outflows, as shown in equation (4.12). In other words, it is the rate of return at
which the project’s NPV becomes zero. A higher IRR indicates a more profitable
investment or project [135].
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N
C:
0= 7t 4.12
1-220 (1+Dy)’ w1

4.4.2.3 Payback Period (PBP)

The payback period (PBP) is the duration required for a project to generate
sufficient revenue to offset the initial capital expenditure. The payback period of
a solar power facility is influenced by various factors, such as the plant’s size and
capacity, the expenses associated with equipment and installation, and the
quantity of electricity produced and sold. Typically, the payback period for a
solar power plant is between five and ten years. It is given by equation (4.13):

PBP — Investment in project

413
Annual savings (4.13)

4.4.2.4 Levelized Cost of Energy (LCOE)

The levelized cost of energy (LCOE) is computed by dividing a power plant’s
lifetime electricity production by the total cost of constructing and maintaining
that plant. The LCOE accounts for all costs associated with building and
operating the power plant, including the initial capital cost, ongoing
maintenance and operating costs, and the cost of fuel or other resources. It is
given by equation (4.14):

LCOE — Investment in project

4.14
Generation of energy over lifetime (4.19)

4.4.3 Environmental Impact and CO, Mitigation Potential of
Solar PV Systems

A common misconception persists that solar photovoltaic (PV) systems are
entirely emission-free. While this holds true during the electricity generation
phase, it overlooks emissions generated across the full life cycle of the PV
system. These include emissions associated with raw material extraction,
module manufacturing, transportation, installation, routine maintenance, and

eventual decommissioning [137, 138]. = Consequently, any comprehensive
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environmental assessment of solar PV technologies must account for these
life-cycle emissions to accurately estimate their overall environmental impact.

To evaluate the environmental benefits of solar PV deployment, particularly
in terms of carbon dioxide (CO,) mitigation, a set of standard equations is
employed. Equation (4.15) estimates the total CO, emissions resulting from the
PV system itself, based on its life-cycle emission factor and annual energy
generation. Equation (4.16) quantifies the potential CO, reductions achieved by
offsetting grid electricity, while Equation (4.17) provides the net annual
mitigation by subtracting the system’s own emissions from the avoided grid
emissions.

This analysis focuses solely on emissions from PV modules; emissions from
other system components such as mounting structures, inverters, or floatation
devices (in the case of floating solar PV systems) are not included.

Annual CO; emissions from PV plant = Ex x LC, (4.15)
Annual CO; reduction by PV plant = Ep x EFg (4.16)
Net CO, mitigation = CO; reduction — CO, emissions (4.17)

where E, is the annual energy generation (kWh/year); LCe is the life-cycle ; CO,
emission factor of the PV module (kg CO,/kWh); EF is the grid emission factor
(kg CO,/kWh).

For example, considering a grid emission factor of 0.936 kg CO,/kWh and a
module life-cycle emission factor of 0.049 kg CO,/kWh, a PV plant with an
annual energy output of 1,000,000 kWh would result in approximately 936
tonnes of avoided grid emissions and 49 tonnes of life-cycle emissions. Thus, the
net annual CO; mitigation would be approximately 887 tonnes.

In addition to carbon-related benefits, floating photovoltaic (FPV) systems
present unique interactions with the aquatic environment. Typically deployed on
water bodies such as reservoirs, lakes, and irrigation tanks, FPV installations can
affect ecological balance by limiting sunlight penetration—a critical factor for

photosynthesis in aquatic ecosystems. While controlled shading may suppress
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harmful algal blooms and improve water quality in drinking reservoirs,
excessive shading might also hinder primary producers such as microalgae,
potentially leading to reduced oxygen levels [139]. Therefore, the deployment of
FPV systems necessitates careful ecological assessment and management
strategies to ensure a balance between renewable energy production and aquatic
ecosystem sustainability.

4.5 Description of Case Study Site

This section outlines the geographical and climatic characteristics of the selected
case study sites for performance evaluation. A 1.34 kW rooftop solar PV system
located at Delhi Technological University and a 2 MW floating solar PV (FSPV)
plant in Sector 39, Chandigarh, have been considered. These sites represent
distinct configurations are urban rooftop and large-scale floating facilitating a
comprehensive comparative analysis under varying environmental conditions.

4.5.1 Site Description for Roof Top Plant

For this study, a grid-connected solar photovoltaic (PV) plant located in Delhi,
India’s capital city, has been chosen as the case study site. Delhi lies in northern
India with a humid subtropical climate marked by hot summers, a moderate
monsoon, and mild winters. The PV system is installed at the Rooftop of the
Electrical Engineering Department of Delhi Technological University,
representing a typical urban rooftop or ground-mounted installation.
Geographically, Delhi is at about 28.6° N latitude and 77.2° E longitude, with an
elevation of 216 meters. The site receives good solar radiation year-round, with
an average daily global horizontal irradiance (GHI) of about 5.2 kWh/m?/day
and an average temperature of 25 °C, providing favorable conditions for efficient

solar power generation.

4.5.2 Site Description for FSPV Plant

For analysis of FSPV, a 2 MW FSPV sited in Sector 39, Chandigarh, was selected

as the focus area for this case study. Located in the western part of Chandigarh, it
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is approximately 8 km from the city center as in Fig. 4.6.

FIGURE 4.6: Geographical map location of study area from google
Earth.

The site’s geographic coordinates are 35° 75 22”7 latitude and

76° 72’ 85” longitude. The waterworks depicted in Fig. 4.6 covers an area of 0.45

.@ km?. The daily average global horizontal irradiance (GHI) is 4.09 kWh/m?, the

average wind speed is 7.5 m/s, and the ambient temperature is 23.8 °C at the site

of installation. The solar radiation, temperature, and velocity of wind data for
Chandigarh taken from Metronorm 8.1 software has presented in Appendix ??.

4.6 Performance Evaluation of Roof Top SPV Plant

This section presents a performance evaluation of a 1.34 kW grid-connected
rooftop PV system at Delhi Technological University (DTU), New Delhi, based
on monitored data from February—-August 2023 and February—-August 2024. The
study analyzes the system’s operational behavior and performance trends under

real environmental conditions.
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4.6.1 Technical Analysis

Delhi Technological University (DTU), located in north-west Delhi with a humid
subtropical climate, provided solar irradiation and ambient temperature data via
the plant SCADA system over 211 days across two years. As the rooftop system
primarily monitors AC-side data, DC-side parameters such as _(YA),
final'yield(Yr), feferenceyield (Yx), PV module efficiency, and inverter efficiency
could not be obtained. Consequently, performance evaluation is based on
available metrics: monthly energy generation, performance ratio (PR), capacity
factor (CF), and overall system efficiency.

4.6.1.1 Irradiations and Temperature

Fig. 4.7 illustrates the comparison of solar irradiation and ambient temperature
(in °C) from February to August for the years 2023 and 2024.
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FIGURE 4.7: Solar irradiation and ambient temperature data of
experimental location
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Solar irradiation in year 2023 is consistently higher across all months
compared to year 2024. In year 2023, irradiation values increase from February,
peak in May, and gradually decline towards August. This trend reflects the
seasonal variation of solar insolation, with May typically receiving the highest
irradiation due to longer daylight hours and clearer skies. Similarly, in year 2024,
solar irradiation follows the same seasonal pattern but remains lower
throughout the observed period.

In year 2023, the higher solar irradiation coincides with relatively lower
ambient temperatures, creating favorable conditions for efficient photovoltaic
(PV) operation. Conversely, in year 2024, despite slightly reduced irradiation, the
higher ambient temperatures likely further diminish PV efficiency, underscoring
the importance of temperature management in PV system design.

Ambient temperatures in year 2023 gradually rise from February, peak
around May-June, and slightly decline by July-August, reflecting typical
seasonal weather patterns. In contrast, year 2024 experiences consistently higher
ambient temperatures than year 2023, particularly from April to June, with a
more pronounced peak in May-June. This suggests the possibility of increased
heatwaves or warmer weather conditions during this period. The elevated
temperatures in year 2024 may negatively impact solar PV performance, as high

module temperatures are known to reduce efficiency.

4.6.1.2 Energy Generation

Fig. 4.8 compares monthly energy generation (kWh) from a 1.34 kW system
between years 2023 and 2024. In 2024, energy production is more consistent,
slightly surpassing year 2023 from February to June but dipping in August.
Notably, July 2024 shows a significant improvement ( 150 kWh) over year 2023 (
110 kWh), while April and August 2023 exhibit higher peaks ( 180-200 kWh).
The trends suggest seasonal variability, with higher generation during longer
daylight months. Overall, the year 2024 performance indicates greater stability,
though the year 2023 system outperformed in peak months like April and
August.
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FIGURE 4.8: Monthly energy generation by the 1.34 kW SPV plant

4.6.1.3 Performance Ratio

Fig. 4.9 compares the monthly performance ratios (PR) for a 1.34 kW solar power
plant between years 2023 and 2024. Across the months from February to August,
the data reveal notable variations in PR, reflecting differences in system efficiency
or external conditions impacting energy output.

In February, both years exhibit high PRs, with years 2023 slightly
outperforming year 2024. This trend continues in March, where the performance
ratio in year 2023 remains superior, though both years show a consistent
decrease. April and May highlight a significant drop in year 2024 compared to
year 2023, with May showing the largest performance gap. From June to August,
the performance ratio in year 2024 improves, closing the gap with year 2023 but
still generally remaining lower. However, August presents a slight exception, as
both years perform similarly.

When averaging across all months, year 2023 shows a higher overall PR than
year 2024, indicating better operational efficiency or favorable conditions for
energy production during the earlier period. The fluctuation in PR across both

years suggests that seasonal variations, maintenance practices, or external
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FIGURE 4.9: Monthly performance ratio of 1.34 kW plant

environmental factors might have influenced the solar plant’s overall

performance.

4.6.1.4 Capacity Factor

Fig. 4.10 illustrates the capacity factor (CF) of a 1.34 kW solar power plant for the
period from February to August, comparing data between years 2023 and 2024.
The capacity factor is generally higher in year 2023 than in year 2024, reflecting
better system utilization or more favorable environmental conditions in the
earlier year. February starts with similar CFs for both years, but from March
onward, year 2023 consistently outperforms year 2024, with noticeable
differences in May and June, where the year 2023 values are particularly higher.
In July and August, the trend remains, though the gap narrows in August, where
the year 2024 CF approaches that of year 2023. On average, year 2023 exhibits a
higher overall capacity factor than year 2024, suggesting reduced efficiency or
lower solar insolation in the latter year. These trends may indicate seasonal
effects or system-related factors that require further investigation for
optimization of performance in year 2024.
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The major variation in the performance ratio and capacity factor of the plant
mainly depends on the total energy generation of the PV plants. The
performance ratio is directly correlative to the solar irradiation fall on the surface
of the PV modules. On the other hand, the capacity factor of the plant depends
on the running time of the plant.
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FIGURE 4.10: Monthly capacity factor of 1.34 kW SPV plant
4.6.1.5 System Efficiency

Fig. 4.11 compares system efficiency (%) between year 2023 and year 2024 across
the months from February to August and shows a slight overall decline in
efficiency in year 2024. While February exhibited similar high efficiency for both
years, with values around 16%, there was a noticeable drop in efficiency in year
2024, especially from April to June, where the plant’s performance significantly
lagged behind year 2023. In contrast, March and July saw relatively smaller
differences between the two years. The average plant efficiency across the
months was higher in year 2023, indicating an overall reduction in year 2024
performance. This suggests that operational or external factors may have
impacted the plant’s efficiency more in year 2024.
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FIGURE 4.11: Monthly system efficiency of the 1.34 kW plant

4.6.2 Economic Analysis

A comprehensive economic analysis has been conducted to evaluate the financial
analysis Of the|1.34 kW ooftop solar photovoltaic!(PV) system installed a the
Electrical Engineering Department of Delhi Technological University The

analysis considers actual capital expenditure, estimated annual cost savings,

payback period, and the levelized cost of electricity (LCOE) over the system’s
operational lifetime.
4.6.2.1 Annual Energy Generation

Based on the monitored performance data, the rooftop PV system generates an
average of approximately 163.53 kWh per month, resulting in an estimated total
annual energy generation of about 1144.65 kWh.

4.6.2.2 Net Present Value|(NPV)
The Net Present Value (NPV) is used foassess the'economic viability offthe

rooftop PV system by comparing the present value of future cash inflows with
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- @ the initial investment. Assuming an annual savings of 13,440 INR, for a system
lifetime of 25 years, and a discount rate of 8%, the NPV is calculated using
standard discounted cash flow analysis. The resulting NPV is approximately
11,841 INR, indicating that the project is financially feasible. A positive NPV
confirms that the investment will yield returns above the assumed cost of capital
over its operational life, thereby supporting its long-term economic justification.

4.6.2.3 Capital Cost and Payback Period Analysis

The total capital cost for the installation of the 1.34 kW rooftop solar photovoltaic
(PV) system is estimated to be 120,000 INR. This investment covers the
procurement of PV modules, inverter, mounting structures, electrical wiring,
labour charges, and system commissioning.

Based on the monitored performance, the system generates an estimated
1144.65 kWh of electricity per year. Considering an average electricity tariff of 7
INR per kWh in Delhi, the resulting annual savings are calculated as follows:

Annual Savings = 1,920 kWh/year x 7 INR per kWh = 13,440 INR per year.

Accordingly, the simple payback period for the rooftop PV system is
determined by dividing the total capital cost by the annual savings:

120, 000
13,440

This indicates that the initial investment can be recovered in approximately

Payback Period = = 8.9 years.

nine years through savings on electricity bills. The payback duration may be
further reduced if government subsidies, incentives, or net metering benefits are

availed.

- @ 4.6.2.4 Internal Rate of Return and Levelized cost of energy

The IRR for the rooftop plant is 11% , indicating project yields around a 10%
- @ return per year over its life. The Levelized Cost of Electricity (LCOE) is an

important parameter for assessing the long-term economic competitiveness of
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- @ the PV system. It represents the average cost per unit of electricity generated
over the system’s lifetime. The LCOE for this plant is 3.13 INR per kWh.

4.6.2.5 Reduction in Carbon Emission

The 1.34kW rooftop solar photovoltaic (PV) system significantly contributes to
the reduction of carbon emissions by generating clean and renewable electricity,
thereby reducing dependency on fossil fuel-based power sources. Based on the
average grid emission factor in India, which is approximately 0.82 kg of CO, per
kilowatt-hour (kWh), the system helps in avoiding around 1,574 kg of CO,
emissions annually. Over its expected operational lifetime of 25 years, this leads
to an estimated total mitigation of approximately 39 metric tonnes of CO,. Such
reductions play a vital role in combating climate change and support national
and global efforts toward achieving sustainable and low-carbon energy systems.

4.7 Performance Evaluation of FSPV Plant

The PVsyst software is utilized for modeling and simulating the proposed FSPV
plant, incorporating PV modules, inverters, and grid interface circuits. It is
specifically designed to assist in system design and accurately estimate energy
output while accounting for the influence of geographical and climatic
conditions. The software provides detailed monthly insights into parameters
such as energy yield, system losses, performance ratio, and overall efficiency.

PVsyst supports customization of system parameters and offers flexibility in
selecting component configurations, tilt angles, orientations, and design
constraints. It is widely used in both academic research and industrial
applications for evaluating PV system performance prior to installation. These
steps are depicted in the flowchart as shown in Fig. 4.12. The simulation
methodology is structured into three primary steps: project definition, system
variant creation, and simulation with results analysis.

1. Project Definition: Navigating to the project design menu, inputting
location and meteorological data, and creating a new project for a
grid-connected PV system.
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(Select the geographical site of selected area)

Y
(Se]ect the tilt angle & azimuth angle of PV]

Y

[Se]ect the type of PV module, PV material, inverter according to load req‘ujrement]

L )
[Choosing the string arrangement & controller of the PV module with respect to the rating of invert erj

L
[Run the simu_lationj

¥
[Display the cost & lost analysis of PV syst emj

FIGURE 4.12: Flow chart of PVsyst software

2. Creating a System Variant: Specifying system design details, including PV
module selection, orientation, installation parameters, system sizing, load

profile, and inverter characteristics.

3. Simulation and Analysis: Executing simulations using the defined system
variant, generating performance reports and graphical results. This stage
provides a detailed evaluation of energy generation and system behavior,
discussed in subsequent sections.

4.7.1 Technical Analysis

The findings from the FSPVy; and FSPVjy installations are based on simulated
data, utilizing equipment specifications tailored to each plant. In the absence of
an actual FSPVp system operating under comparable environmental conditions,
simulations were employed for both monofacial (FSPVy) and bifacial (FSPVp)
configurations. These simulations were carried out using PVsyst software,
providing a comprehensive assessment of key performance indicators such as

energy generation, performance ratio, system efficiencies, and greenhouse gas
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TABLE 4.1: Energy production evaluation for monofacial module
with different tilt angles

Tilt Global Yearly IAM Lj Ls PR (%) CUF (%)
angle Irradiations energy factor
in (°) on PV produced (%)

Module
5° 1467.7 2103.2 -2.82 1.05 0.08 66.69 12
10° 1503.9 2154.7 260 1.08 0.08 66.83 12.29
15° 1531.4 2193.7 -241 1.10 0.09 66.95 12.51
20° 1550 2220.1 -2.25 112 0.09 67.05 12.67
25° 1559.4 2233.5 212 112  0.08 67.14 12.74
30° 1559.6 2234.1 -2.04 112 0.09 67.20 12.75
35° 1550.6 2221.7 201 1.11 0.09 67.24 12.68

(GHG) emissions. Additionally, the study includes an economic evaluation of the

proposed systems.

4.7.1.1 Monofacial Floating Solar Power (FSPV),) Plant:

Table 4.1 displays the maximum energy output of monofacial modules at various
tilt angles. The recommended tilt angle for solar modules is influenced by the
site’s latitude, generally aligning them with the latitude to optimize direct
sunlight absorption. The highest energy output, totaling 2234.1 MWh, is
observed at a 30° tilt angle. Deviating from this angle, above or below, results in
reduced annual energy production. In FPV plants, the tilt angle may be
constrained by floating structure design and wind load impact. Typically, FPV
plants opt for tilt angles not exceeding 20° to mitigate wind load effects on solar
modules. Consequently, a 20° tilt angle is chosen for this specific monofacial
floating solar power plant.

Fig. 4.13 depicts the energy at PV array (Ep) and energy at grid (Eg) values of
the FSPV) plant, influenced by its specific design, configuration, and installation
conditions. In May, the FSPV); plant reached its maximum E of 231.9 MWh,
attributed to increased solar irradiance, while January saw the minimum E4 of
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FIGURE 4.13: Energy produced at array (Ex), energy supplied to grid
(Eg), array capture loss (La) and system loss (Ls) for FSPVy plant.

137.3 MWh due to lower solar irradiance. The annual averages for energy
production at the PV array and energy generated at the grid are 190.49 MWh and
185 MWh, respectively. Array losses (Ls) and system losses (Ls) were analyzed
using PVsyst software, revealing reduced losses during low insolation periods
from November to February. The higher losses were observed from March to
September, correlating with increased monthly insolation during the hot season
in Chandigarh, India.

The analysis identified the highest array loss (46.35 MWh/MW) and system
loss (3.15 MWh/MW) in May, correlating with more sunlight hours and intense
sunlight. The lowest array loss occurred in January, with an average PV array
loss of 33.89 MWh/MW and a system loss of 2.77 MWh/MW. Array losses in
orange are likely associated with PV module factors influenced by weather
conditions, while system losses in grey are linked to equipment efficiency
unaffected by seasons.
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FIGURE 4.14: Monthly values of Y, Yr and Yr in FSPVyy plant.

Fig. 4.14 illustrates the average array, final, and reference yields for the FSPVyy
plant. The array yield (Ya) peaks in May at 115.95 kWh/kWp and reaches a low
of 68.65 kWh/kWp in January. The final yield (Yf) varies from 66.35 kWh/kWp
in January to 112.8 kWh/kWp in May. Similarly, the reference yield (Yr) ranges
from 88.6 kWh/kWp in January to 162.3 kWh/kWp in May. The annual averages
for YR, Ya, and Y are 137.64 kWh/kWp, 95.27 kWh/kWp, and 92.50 kWh/kWp,
respectively.

The yield analysis of the FSPV); plant reveals a clear seasonal trend, with the
highest energy yields observed in May and the lowest in January, corresponding
to variations in solar irradiance. The close alignment between the array yield and
final yield throughout the year indicates efficient system performance, while the
gap between reference and final yields highlights system losses. Overall, the

plant demonstrates strong annual performance with an average final yield of
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FIGURE 4.15: Monthly performance ratio of FSPVy; plant of 2 MW.

92.50 kWh/kWp, affirming its effectiveness in converting available solar energy
into usable output.

In Fig. 4.15, the average performance ratio of FSPV); plants is shown as
71.90%, with peak performance observed from October to February. January
recorded the highest PR at 74.88%, while May had the lowest at 69.51%. Solar
module efficiency may decline in the summer due to higher temperatures, as
they typically operate more efficiently at around 25°C. Beyond this temperature,
their efficiency begins to decrease.

Fig. 4.16 illustrates the monthly efficiency trends of the PV array, inverter, and
overall plant. Array efficiency was highest in January (16.19%) due to lower cell
temperatures, and lowest in May (14.93%) owing to thermal losses. Inverter
efficiency peaked in June at 97.35%, with the lowest in January (96.65%). Plant
efficiency followed a similar pattern, ranging from 15.65% in January to 14.53%
in May. The annual average efficiencies were 15.41% for the array, 97.13% for the
inverter, and 14.97% for the plant.

The overall plant efficiency is closely linked to PV module efficiency, which
declines with increasing cell temperature due to the negative temperature
coefficient of the modules. During peak summer (May), ambient temperatures
can soar up to 60°C, raising cell temperatures and reducing efficiency to 14.93%.
Conversely, in cooler months like January and December, reduced thermal stress

enhances performance, with peak efficiency reaching 16.19%.
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FIGURE 4.16: Monthly PV module, inverter and system efficiencies
of FSPV) plant.

Additionally, soiling from dust accumulation further impacts efficiency. In
May, higher dust levels combined with inadequate cleaning lower system
performance, while cleaner module surfaces during winter months contribute to

improved efficiency.

4.7.1.2 Bifacial Floating Solar Power (FSPVp) Plant:

Table 4.2 shows the maximum energy output of bifacial modules at various tilt
angles, with the optimal angle determined by the site’s latitude. Aligning
modules with the latitude is recommended for maximum sunlight absorption.
The highest energy output, 2890.7 MWh, occurs at a 25° tilt angle. Deviating
from this angle reduces annual energy production. However, for FSPVp plants,
the tilt angle may be limited to mitigate wind load and bifacial factors leading to
the selection of a 20° tilt angle for this specific PV plant.

The energy production by the array (Ea) and the energy supplied to the grid
(Eg) in the FSPVg plant. The FSPVp plant reached its peak Ep value of 297.9
MWh in May, attributed to higher solar irradiance, and the lowest E value of
175.8 MWh in January, due to lower solar irradiance as depiced in Fig. 4.17.
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TABLE 4.2: Performance and energy metrics at different tilt angles

Tilt  Global Yearly [IAM La Ls PR (%) CUF (%)
Angle Incident in Energy Factor
(°) Coll. Plane Produced (%)
5° 1573.2 2768.4 -2.78 7815 20.25 8795 15.81
10°  1608.4 2825.4 -251 83.65 20.65 87.81 16.12
15°  1634.6 2864.5 -229 875 20.85 87.59 16.35
20°  1651.7 2887 -212 894 21.05 87.35 16.48
25°  1659.7 2890.7 -2.01 89.7 21.05 87.06 16.49
30°  1658.5 2880.3 -1.95 8695 21 86.80 16.45
35°  1648.3 2855.6 -193 816 209  86.59 16.30
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FIGURE 4.17: Analysis of Ea, Eg, La and Ls for FSPVp plant.
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The average monthly energy generation of the FSPVg plant was recorded as
244.07 MWh, with an average grid export of 240.56 MWh. As depicted in
Fig. 4.17, the plant consistently exhibited higher array capture losses compared
to system losses throughout the year. The maximum array loss (La) of 13.75
MWh/MW was observed in May, primarily due to extended daylight hours and
elevated solar irradiance levels. In contrast, the lowest Lo occurred in January,
corresponding to reduced solar insolation. System losses (Ls) peaked at 2.5
MWh/MW in December and reached a minimum of 1.4 MWh/MW in
November, with an annual average of approximately 1.80 MWh/MW.
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FIGURE 4.18: Monthly YR, Ya and Yf in FSPVg plant.

Fig. 4.18 presents the monthly yield characteristics of the FSPVp system. The
reference yield (YR) ranged from a maximum of 162.7 kWh/kWp in May to a
minimum of 88.8 kWh/kWp in January, reflecting seasonal variation in solar
resource availability. The array yield (Y4) varied between 148.95 kWh/kWp in
May and 87.9 kWh/kWp in January, while the final yield (Yr) ranged from
146.85 kWh/kWp to 86.55 kWh/kWp for the same respective months. The
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FIGURE 4.19: Monthly performance ratio of FSPVy plant.

annual average values for YR, YA, and Yr were computed as 129.19 kWh/kWp,
122.08 kWh/kWp, and 120.28 kWh/kWp, respectively, indicating the overall
energy conversion efficiency of the system.

Fig. 4.19 depicts the FSPVp plant’s average annual PR at approximately 93%,
with optimal performance from November to March. January shows the highest
PR of 97.47%, while May records the lowest at 90.26%. Bi-facial PV modules
contribute to a competitive edge with a back-yield advantage. Solar radiation
variations in Chandigarh, influenced by climate and seasons, impact energy
production. In Fig. 4.20, the PV module exhibits peak efficiency of 20.73% in
January and 19.03% in April. The PV inverter maintains a consistent efficiency of
around 98.5%, indicating weather resilience. Plant efficiency peaks at 20.41% in
January and reaches a low of 18.90% in May, with average efficiencies for PV
modules, PV inverters, and the plant at 19.73%, 98.57%, and 19.45%, respectively.

4.7.1.3 Technical Comparative Analysis of FSPVy; and FSPVp Plants:

The FSPV); and FSPV3 plants, both with a 2 MWp rated capacity, produce 2231
MWh and 2887 MWHh of energy, respectively, as shown in Table 4.3.

z'l—.l turnltln Page 156 of 255 - Integrity Submission Submission ID  trn:oid:::27535:114751885



7 turnitin

106

Page 157 of 255 - Integrity Submission

Submission ID trn:oid:::27535:114751885

Chapter 4. TECHNO-ECONOMIC ANALYSIS OF SOLAR PV PLANT

PV module and plant efficiency (%)

7 turnitin

CPlant efficiency —#—PV module efficiency

—o— |nverter efficiency

22 98.7
21.5 98.65
21 —
20 98.6 2:;
20 98.55 2
195 98.5 %
8
19 H |_| 98.45 E
18.5 £
18 |_’ 98.4
17.5 — = = 98.35
Month
FIGURE 4.20: Monthly PV module, inverter and system efficiencies
of FSPVp plant.
TABLE 4.3: Comparison of FSPVy; and FSPVg plants
Parameters FSPVy; Plant FSPVg Plant
Rated Capacity (MWp) 2 2
Annual Energy Output (MWh) 2231 2887
No. of modules 3712 3705
Module Tilt Angle (°) 20 20
Each module Rated Capacity (Wp) 540 540
No. of Inverters 16 16
Inverter Capacity (kW) 2000 2000
Performance Ratio (%) 71.90 92.90
Capacity Factor (%) 12.73 16.45
Area Available (km?) 0.45 0.45
Area Covered by Solar PV Modules (m?) 9572 9554
Energy/m? (MWh/m?) 0.23 0.30
Specific =~ Production  of  Energy 1108 1443
(kWh/kWp/year)
Array Losses in MWh 42.37 7.37
System Losses in MWh 2.77 1.80
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The FSPV) plant, with 3712 modules at 20° tilt over 9572 m?, achieves a 71.9 %
average PR, while the FSPVy plant, with 3705 modules over 9554 m?, attains 92.9
% PR. Both have 16 inverters rated 2000 kW with 98.7 % efficiency. FSPVg delivers
higher energy per m?, greater daily output, and lower losses. Capacity factors are
12.73% (FSPVy1) and 16.47% (FSPVp), with bifacial performance gains attributed
to rear-side irradiance and reduced thermal losses, confirming the advantage of
bifacial modules in floating PV systems.

Table 4.4 summarizes the loss analysis of monofacial (FSPVy) and bifacial
(FSPV3) floating solar PV plants. The FSPV); plant receives 1590 kWh/m? of
effective irradiation, with 20.67% efficiency, and delivers 3107 MWh of nominal
energy, but faces higher temperature (-3.98%) and LID losses (-2.00%), resulting
in 2231 MWh of grid injection.

TABLE 4.4: Loss analysis comparison between monofacial and
bifacial floating solar PV (FSPV) plants

Loss Category FSPVy plant FSPV3 plant
Global Horizontal Irradiation 1531 kWh/m? 1531 kWh/m?
Effective  Irradiation ~ on 1590 kWh/m? 1660 kWh/m?
Collectors

Efficiency at STC 20.67% 20.94%

Array Nominal Energy 3107 MWh 3404 MWh
Module Degradation Loss -0.20% -0.40%
Irradiance Level Loss -0.73% -1.01%
Temperature Loss -3.98% -0.30%
Light-Induced Degradation -2.00% -0.74%

(LID)

Mismatch, Ohmic, Wiring -2.06% (Mismatch), -0.30% (each: MV +
Losses -0.21% (Ohmic) Transformer)
Inverter Loss (Operation) -1.44% -1.46%
Available Energy at Inverter 2262 MWh 2929 MWh
Output

Auxiliary Losses -0.03% -0.01%

AC Ohmic Loss -0.00% -0.00%
Transformer Loss -1.11% -0.30%

MYV Line Ohmic Loss 0.00% -0.30%
System Unavailability -0.27% -0.21%
Energy Injected into Grid 2231 MWh 2882 MWh
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In comparison, the FSPVp plant benefits from rear-side irradiation, receiving
1660 kWh/m? with 20.94% efficiency. Despite slightly higher degradation losses,
it shows reduced thermal and LID losses, achieving 2887 MWh of energy injection

and superior overall performance.

4.7.2 Economic Analysis of FSPVy; and FSPV3 Plants

In the development of any project, financial analysis plays a pivotal role in
decision-making. Key economic metrics essential for decision-making include

the LCOE, annualized cost, and simple payback time.

4.7.2.1 Cost Analysis

The total capital cost of the solar plant includes installation, approvals, and
certificates. Scholars analyzed both FSPVy; and FSPV5 plants expenses, ranging
from 0.51 USD to 2.05 USD per watt [140]. Monofacial and bifacial solar PV
modules cost 0.23 USD and 0.29 USD per watt, while the inverter costs
approximately 0.12 USD per watt [141] [142]. The estimated installation costs for
FSPVy; and FSPVg plants are 6.29 million USD and 8.79 million USD per MW,

(155 respectively. Annual energy production, rated capacity, and PV array area for

both plants were simulated using PVsyst software. These factors, along with the

total capital cost, are crucial for evaluating the PV plant financial viability.

4.7.2.2 Internal Rate of Return

The IRR for the FSPV)y plant is 27.69% whereas 45.66% for the FSPVpg plant. The
higher IRR of the FSPVp plant is mainly due to the additional energy gain from the

bifacial modules, which improves annual generation and boosts project returns.

4.7.2.3 Payback Period

The FSPVp and FSPVy plants exhibit a payback period of 8.3 years and 12.7 years,
respectively. Both plants demonstrate economic feasibility, with payback periods
shorter than the 25-year system lifetime, ensuring a relatively swift recovery of
the initial investment. Notably, the FSPVy plant’s payback period is shorter than
the FSPV) plant.
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4.7.2.4 Levelized Cost of Energy (LCOE)

To compute the LCOE for FSPV); and FSPVy plants, factors like capital costs,
operating expenses, maintenance costs, and expected energy output over the
system’s lifetime are considered. Despite the FSPVy plant having higher capital
and operating and maintenance costs than the FSPVy, plant, its LCOE is lower.
The LCOE is 0.067 USD per kWh and 0.050 USD per kWh for the FSPV); and
FSPV3 plants.

4.7.2.5 Economical Comparison of FSPV); and FSPVyg Plants

Table 4.5 compares capital costs between FSPVy and FSPVp plants, indicating an
additional 1.55 million USD per MW for the FSPVg plant. The cost of FSPVy
and FSPVp plants is 6.29 million USD and 8.79 million USD, respectively. Annual
operating costs are 0.20 million USD and 0.24 million USD per MW for FSPVy
and FSPV3 plants. The specific cost per watt is 0.63 USD for FSPVy; and 0.78 USD
for FSPV5 plants.

TABLE 4.5: Cost calculation of FSPV)y; and FSPVp plants

Parameters FSPV\ plant / MW FSPVg plant / MW
Total capital cost (million USD) 6.29 8.79
Operating cost with 9% inflation 0.20 0.24

per year (million USD/year)

IRR (%) 27.69 45.66

Rate of Return (ROI) (%) 299.6 1572.2
Payback Period (Year) 8.3 12.7

LCOE (USD/kWh) 0.067 0.050
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4.7.2.6 Reduction in Carbon Emission

A FSPVg plant could result in lower total CO, emissions compared to a FSPVy
plant, depending on a variety of factors as per Tables 4.6 , 4.7 and 4.8. Bifacial solar
modules have the ability to produce more electricity per unit surface area than
monofacial solar panels, which could lead to the requirement of fewer panels to
generate the same amount of electricity. The total CO, saved by the FSPVy; plant
was 3,655,081 kg CO, while 3,433,113 kg CO, was saved by the FSPVp plant.

TABLE 4.6: System lifecycle emission details of modules used in

FSPVy and FSPVg plants
Item LCe PV Array Nominal  Total CO,
(kgCO,/kWp)  Power (kWp) Emission (kgCO5)
Monofacial 1713 2134 3,655,081
Bifacial 1713 2004 3,433,113

TABLE 4.7: System lifecycle emission details of supports used in

FSPVy and FSPV3g plants
Item LCe (kgCO,/kg) Weight (kg) Total CO, Emission (kgCO,)
Monofacial 6.24 39,520 246,728
Bifacial 6.24 37,120 231,745

TABLE 4.8: System lifecycle emission details of inverters used in

FSPVy and FSPVg plants
Item LCe (kgCOy/unit) No. of Units Total CO, Emission (kgCO,)
Monofacial 619 16 9,896
Bifacial 619 16 9,896
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4.8 Concluding Remarks

This chapter presents a comprehensive techno-economic assessment of
grid-connected solar photovoltaic (PV) systems and floating solar PV plant,
focusing on the comparison between terrestrial rooftop installations and floating
solar PV (FSPV) systems utilizing monofacial and bifacial modules. The rooftop
PV system at Delhi Technological University exhibited stable performance, with
favorable technical metrics, a payback period of around nine years, and a
competitive levelized cost of electricity, affirming its viability for urban
applications.

The comparative evaluation of monofacial (FSPV);) and bifacial (FSPV3)
floating solar PV plants underscores the superior performance of bifacial
technology in floating applications. Simulation results indicated that the bifacial
FSPV plant yielded approximately 29% higher annual energy output than its
monofacial counterpart, primarily due to the additional rear-side irradiation
capture. Furthermore, the bifacial system exhibited higher module, inverter, and
overall plant efficiencies, along with significantly lower array and system losses.

From an economic perspective, although the bifacial floating PV system
requires a higher initial investment, it demonstrated a shorter payback period
and a considerably higher internal rate of return, reaffirming its economic
viability for large-scale clean energy generation. The lifecycle carbon emission
analysis further corroborated the environmental benefits of deploying FSPV
systems, contributing meaningfully to carbon footprint reduction goals.

Overall, the findings presented in this chapter highlight the potential of
integrating bifacial module technology with floating solar PV systems as an
effective strategy to enhance energy yield, optimize land and water resource
utilization, and achieve economic and environmental sustainability in solar
power generation. These insights provide a robust foundation for further
exploration into advanced system configurations, such as the incorporation of
tracking mechanisms and hybrid renewable energy integrations, to unlock
additional performance gains and drive the global transition towards sustainable
energy solutions.

The following chapter presents a detailed loss analysis of floating solar PV
(FSPV) systems implemented with different tracking configurations, including
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tixed-tilt, single-axis, and dual-axis tracking. By comparing these systems, the
study evaluates how sun-tracking mechanisms influence various loss
components such as shading, soiling, temperature, mismatch, and inverter
losses. The analysis highlights the performance improvements achieved through
enhanced solar capture, particularly in dual-axis systems, and assesses their
impact on overall energy yield and system efficiency. This chapter also discusses
the impact of ambient temperature on various performance parameters of dual

axis tracking configurations.
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Chapter 5

ENHANCEMENT OF ENERGY
YIELD IN FLOATING SOLAR PV
PLANT USING DIFFERENT
TRACKING CONFIGURATIONS

5.1 Introduction

Floating Solar Photovoltaic (FSPV) systems have emerged as a promising
advancement in renewable energy, providing an effective solution to address
both land scarcity and the increasing global demand for clean electricity. By
utilizing the surface of water bodies such as reservoirs, lakes, and canals, FSPV
installations not only alleviate pressure on land resources but also benefit from
the inherent cooling effect of water, which contributes to improved efficiency and
extended lifespan of photovoltaic (PV) modules. Despite these advantages, the
majority of current FSPV deployments rely on fixed-tilt configurations, which
limit their capability to capture optimal solar irradiance across different times of
the day and seasonal variations.

The incorporation of solar tracking technologies within FSPV systems
presents a viable pathway to enhance energy capture by dynamically aligning
the PV modules with the sun’s trajectory. Tracking systems, including single-axis
and dual-axis mechanisms, have been shown in several studies to improve
energy yields by approximately 10% to 50%, depending on geographic and

climatic conditions. However, the deployment of tracking configurations in
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- @ floating environments introduces distinct technical and economic challenges.
These include increased structural complexity, higher initial capital expenditure,
and the requirement for robust anchoring and mooring solutions to ensure
mechanical stability and operational reliability under varying water conditions.
Til now, most studies on fixed-tilt, seasonal tilt-adjustable, and horizontal
single-axis tracking (HSAT) systems have primarily focused on ground-mounted
solar PV installations. This chapter addresses a critical gap in the literature by
extending the analysis of these configurations specifically fixed-tilt, HSAT, and
dual-axis tracking systems to floating solar photovoltaic (FSPV) plants.

The novelty of this chapter lies in its systematic evaluation of tracking
technologies integrated into FSPV systems. It presents a detailed analysis of the
operational principles, technical performance, and energy generation potential
associated with each configuration, offering new insights into the feasibility and

effectiveness of solar tracking in floating environments.

5.2 Solar Trackers Configurations

Solar tracking technologies allow PV panels to follow the sun’s path, optimizing
their angle to maximize solar energy capture. These systems are typically

classified into four main configurations.

5.2.1 Fix Tilt Solar Tracker

In FSPV plants, fixed tilt PV modules mounted on floaters platforms at a set tilt
angle. Unlike ground-mounted systems, their design must consider not only
latitude and seasonal sun angles but also water movement, wind forces, and
structural stability. Typically set between 5° and 15°, the tilt angle balances
energy capture and stability while minimizing wind loads. Fixed tilt systems
offer a cost-effective, stable alternative to tracking systems, with lower
complexity and maintenance requirements, as shown in Fig. 5.1.

Additionally, their integration with water bodies helps mitigate overheating
of PV modules, enhancing efficiency compared to land-based systems. The

implementation of fixed tilt configurations in floating solar plants is particularly
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advantageous in regions with high diffuse radiation, where the benefits of

tracking systems are less pronounced.

Tilt 10° Azimuth 0°

West ) East

—r"’#‘

South

FIGURE 5.1: Fix tilt FSPV plant

5.2.2 Seasonal Adjustable Tilt Tracker

A Seasonal Adjustable-Tilt Floating Solar Photovoltaic (FSPV) plant is designed
to optimize solar energy generation by adjusting the tilt angle of PV modules
according to seasonal variations in solar irradiance in Fig. 5.2. Unlike fixed-tilt
.@ systems, this approach enhances energy yield by aligning the panels more
effectively with the sun’s position throughout the year. In floating solar
applications, adjusting the tilt seasonally can be particularly beneficial due to the

reflective properties of water surfaces, which can enhance energy capture.

Tilt S=10"/W=35" Azimuth 0°
Winter
West East
Summer
South

FIGURE 5.2: Seasonal adjustable tilt FSPV plant
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Tilt limits/10°/80° Axis azimuth 0°
L ]
/ West ] + | East

South

FIGURE 5.3: Horizontal Axis Solar Tracker in FSPV Plant

5.2.3 Horizontal Axis Solar Tracker (HSAT)

A HSAT is a type of single-axis tracking system where photovoltaic (PV)
modules are mounted on a structure that rotates around a horizontal axis to
optimize solar energy capture as shown in Fig. 5.3. The axis of rotation can be
oriented either east-west or north-south, depending on site-specific conditions
and energy yield optimization. In an east-west configuration, the panels remain
tixed along this axis while adjusting their tilt throughout the day to maximize

L @ sunlight absorption. In contrast, a north-south orientation allows the panels to

follow the sun’s movement from east to west, improving energy generation,
particularly in locations with high direct solar irradiance.

The horizontal axis tracking system enhances energy output by reducing the
angle of incidence between incoming sunlight and the PV surface. Compared to
tixed tilt systems, it can increase energy generation by 15-25%, depending on
location and climatic conditions. This tracking method is particularly beneficial
in areas with high solar exposure and minimal cloud cover, where direct
irradiance significantly contributes to energy production. Additionally,
horizontal axis trackers improve performance during early morning and late

afternoon hours, extending the effective energy harvesting period.

5.2.4 Dual Axis Solar Tracker (DAT)

The integration of dual-axis solar tracking in floating solar photovoltaic (FSPV)
systems presents a potential advancement in optimizing energy generation by
maximizing solar irradiance capture as shown in Fig. 5.4. Unlike fixed-tilt or
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Tilt limits 10°/80° Axis azimuth 0°
) »
&*
West _ East
South

FIGURE 5.4: Dual axis solar tracker in FSPV plant

single-axis tracking systems, dual-axis trackers adjust both azimuth and tilt
angles dynamically, ensuring optimal panel orientation throughout the day and
across seasons. This capability enhances energy yield by reducing cosine losses
and improving the direct normal irradiance (DNI) reception.

In the context of floating solar installations, dual-axis tracking introduces
both technical advantages and engineering challenges. The cooling effect of the
water surface can mitigate thermal losses, leading to improved module
efficiency. However, the additional mechanical complexity associated with
continuous movement, increased structural loads due to wind and water
currents, and the need for robust anchoring mechanisms necessitate careful
design considerations. Furthermore, the energy consumption of the tracking
system must be analyzed in relation to the net gain in energy generation to assess
overall feasibility.

5.3 Technical Performance Parameters

The technical performance parameters of the FSPV plant, such as yields (Y4, YF,
YRr), performance ratio (PR), capacity factor (CUF), PV module efficiency (ypy),
PV inverter efficiency (7iny), system efficiency (7sys), array capture loss (L), and
system loss (Ls), have been considered for evaluating the system performance.
These parameters have been described in detailed in subsection 4.4.1 of Chapter
4, and will later be employed in this Chapter to analyze and compare different

solar tracking system configurations.
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5.4 Energy Losses

Energy losses in floating solar photovoltaic (FSPV) plants arise from various
factors that affect the overall efficiency of energy conversion. These losses can be
categorized into optical, thermal, electrical, and environmental losses. Optical
losses, in particular, are influenced by factors such as reflection, refraction, and
the incidence angle of sunlight on the PV module surface. Understanding and

quantifying these losses is crucial for optimizing system design and operation.

5.4.1 Incidence Angle Modifier (IAM) Factor Loss

The Incidence Angle Modifier (IAM) factor represents the reduction in irradiance
absorption due to the angle of sunlight on the PV module surface. In FSPV plant,
IAM losses are influenced by tilt variations from wave-induced movements,
seasonal sun path changes, and dynamic water reflections. These losses are more
pronounced in fixed-tilt systems, especially during morning and evening hours.

Mathematically, JAM is given by:

_Go
-2

where Gy and Gy are the irradiance values at incidence angle 6 and normal

IAM(0) (5.1)

incidence, respectively. Using the ASHRAE model, IAM is approximated as:

IAM(0) =1—b(1 — cosb) (5.2)

where b (0.02-0.05) is an empirical loss coefficient. The effective irradiance

after IAM correction is:

Geff = Gt X IAM(@) (5.3)

and IAM losses are calculated as:

LIAM = GT X (1 — IAM(@)) (54)

LIAM(O/O) = (1 - IAM(Q)) x 100 (55)
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IAM losses can be mitigated by seasonal tilt adjustments, tracking systems,
and anti-reflective coatings, which help optimize energy yield in FSPV plants.

5.4.2 Soiling Loss

Soiling loss in floating solar power plants (FSPVs) occurs due to the accumulation
of dust, algae, and bird droppings, reducing energy generation. The soiling loss
factor (SLF) quantifies this effect and is expressed as:

SLF=1—17, (5.6)

- @ where 75 is the soiling efficiency, defined as the ratio of energy output from a

soiled panel (E;) to a clean panel (E,):

Es
= — 5.7
UE EC ( )
The cumulative soiling loss over n days follows an exponential model:
SLF(n) =1—eF" (5.8)

where B is the soiling accumulation coefficient. Soiling also affects the
performance ratio (PR), given by:

PR, = PR, - (1 — SLF) (5.9)

The total energy loss due to soiling over a period T is:

Eloes = i E.(t)- SLE(t) (5.10)
t=1

Mitigation strategies include hydrophobic coatings, optimized panel tilt for
rainwater cleaning, automated cleaning systems, and bird deterrents. Accurate
modeling and mitigation of soiling loss are crucial for maximizing the

performance of the FSPV plant.
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5.4.3 Module Degradation Loss

Module degradation loss in FSPV plant refers to the gradual decline in
photovoltaic (PV) module performance over time due to environmental and
operational factors. While FSPVs generally experience lower
temperature-induced degradation compared to ground-mounted systems due to
water-based cooling effects, they are still susceptible to degradation mechanisms
such as UV exposure, moisture ingress, and potential-induced degradation
(PID).

The module degradation factor (MDF) quantifies the reduction in module

efficiency over time and is expressed as:

MDEF(t) =1 —n,(t) (5.11)

where 77, (1) is the module efficiency at time ¢, typically modeled as:

Hm(t) = mo - (1 — DR - #) (5.12)

where, 77,50 is the initial module efficiency, DR is the degradation rate (typically
0.5-1.0% per year for silicon PV modules) and ¢ is the time in years.
The energy loss due to module degradation over a period T can be calculated

as:

Eloss = i E.(t) - MDF(t) (5.13)
t=1

where E.(t) is the clean energy output without degradation.

To mitigate degradation losses, FSPVs can utilize anti-reflective coatings,
improved encapsulation materials, and periodic electrical insulation testing to
minimize PID effects. = Regular maintenance and real-time performance
monitoring are essential to ensure optimal long-term operation of floating PV

systems.

5.4.4 Loss Due to Temperature

Temperature-induced losses in floating solar power plants (FSPVs) occur due to

the negative temperature coefficient of photovoltaic (PV) modules. Although
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FSPVs benefit from water-induced cooling, reducing temperature stress
compared to ground-mounted systems, temperature variations still impact
module efficiency and overall energy output.

The temperature loss factor (TLF) quantifies the reduction in power output

due to module temperature (T;;) and is given by:

TLF =1—1nr (5.14)

where 77 is the temperature efficiency correction factor, expressed as:

nr = 1+ ’Y(Tm - Tref) (515)

- @ where, 7 is the temperature coefficient of power (typically -0.3% to -0.5% per

°C for silicon PV modules), T), is the module temperature (°C), T, is the reference
temperature (usually 25°C).
The energy loss due to temperature effects over a period T is:

T
Ejoss = Z EC(t) ) (1 - 77T(t)) (5.16)
t=1

where E((t) is the expected energy output without temperature loss.

To mitigate temperature-related losses, FSPVs can use high-efficiency PV
modules with lower temperature coefficients, enhanced module cooling designs,
and floating structures that improve convective heat dissipation. Understanding
and minimizing temperature losses is crucial for maximizing energy yield in

floating solar power plants.

5.4.5 Light Induced Degradation

Light-Induced Degradation (LID) is a performance loss that occurs in
photovoltaic (PV) modules when they are exposed to sunlight for the first time.
This degradation is mainly caused by the interaction of oxygen and boron in
silicon wafers, leading to a temporary reduction in efficiency. Although floating
solar power plants (FSPVs) experience lower operating temperatures due to

water cooling, LID still affects their initial performance.
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The LID factor (LIDF) represents the relative efficiency drop due to light

exposure and is given by:

LIDF=1-1; (5.17)

where 771 is the efficiency factor after degradation, modeled as:

7L = 1mo - (1 — Drip) (5.18)

where, 77,0 is the initial module efficiency before light exposure, Drjp is the
LID degradation rate (typically 1-3% for monocrystalline silicon modules).

The total energy loss due to LID over the exposure period T is:

T
Eioss = Y _ Ec(t) - LIDF (5.19)
t=1

where E.(t) is the clean energy output without degradation.

To mitigate LID, FSPVs can utilize low-boron or gallium-doped silicon
wafers, preconditioning treatments like light soaking or electrical biasing, and
improved cell passivation techniques. Understanding and minimizing LID is
crucial for ensuring stable long-term performance in floating solar power

systems.

5.4.6 Mismatch Loss

Mismatch loss occurs in photovoltaic (PV) systems when modules within the

same string operate at different electrical conditions, leading to a reduction in

overall system efficiency. In floating solar power plants (FSPVs), mismatch losses

can arise due to variations in shading, soiling, temperature differences, and

manufacturing tolerances. These losses prevent modules from operating at their

maximum power point (MPP) simultaneously, reducing the overall energy yield.
The Mismatch Loss Factor (MLF) is defined as:

MLF =1— 1y (5.20)

where 7)1 is the mismatch efficiency factor, given by:
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where, Parray is the actual power output of the array, P; is the power output of
the ith module in the string and N is the number of modules in the array.
The total energy loss due to mismatch over a period T is:

T
Eioss = Y Ec(t) - MLF (5.22)
t=1

where E.(t) is the clean energy output without mismatch losses.

To minimize mismatch losses, FSPVs can utilize module-level power
electronics (MLPE) such as power optimizers and microinverters, careful string
design, bypass diodes, and periodic performance monitoring. Optimizing
system design and maintenance can significantly improve the energy yield of
floating solar power plants.

5.4.7 Ohmic Wiring Losses

Ohmic wiring losses occur due to the resistance in electrical cables connecting
photovoltaic (PV) modules, inverters, and other system components. These losses
result in power dissipation as heat and can be quantified using Ohm’s Law:

Pioss = I’R (5.23)

where, P is the power loss in the wiring, I'is the current flowing through
the cable, R is the resistance of the cable.
The total ohmic loss percentage in a PV system is given by:

P array — Ploss

Nohmic = 1- (5-24)

P array

where Pyrray is the total power generated by the PV array. To minimize wiring
losses, FSPVs should use appropriately sized cables, high-conductivity materials,
and optimized cable routing.
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5.4.8 Inverter Loss

Inverter loss represents the efficiency reduction when converting DC power
generated by PV modules into AC power suitable for grid connection. The

inverter efficiency 7,y 18 given by:

P
e = B (5.25)
DC

where, Pxc is the AC power output from the inverter, Ppc is the DC power
input to the inverter.
The total energy loss due to inverter inefficiency over a period T is:

T
Elossinv = Z Ppc(t) - (1 - Winv) (5.26)
=1

Inverter losses can be minimized by selecting high-efficiency inverters,
operating within optimal loading conditions, and implementing proper cooling
strategies.

5.4.9 Medium Voltage Loss

Medium voltage (MV) loss occurs when transmitting power from inverters to the
grid substation via medium voltage cables and transformers. These losses include

resistive and inductive losses and can be expressed as:

Puv = I°R (5.27)

where, [ is the current flowing through the MV cable, and R is the resistance
of the MV line.
The percentage MV loss is given by:

Pdelivered (5 28)

My = L= ¥ sent

where, Psent is the power injected into the MV system and Pyejivered is the power
received at the substation.

Reducing MV losses requires the use of optimized conductor sizes, improved

transformer efficiency, and reactive power compensation techniques.
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5.5 Probability Distribution Analysis of Solar

Trackers

Probability distribution analysis in the context of a solar power plant involves
the use of probability theory and statistical analysis to investigate several facets
of solar energy generation and operation such as PV modelling parameters,
uncertainty in inverter efficiency, soiling and mismatch, and degradation
uncertainty.  Probability distributions give a mathematical structure for
representing and analyzing uncertain situations. Probability distributions are
used in solar power plants to measure and assess the uncertainty and forecast of
energy output, which is influenced by variables such as solar radiation and
temperature. Probability distribution analysis can be applied in several major

areas:

* Modeling of Solar Irradiance: The amount of solar energy that a solar panel
receives depends on several variables, including the time of day, season,
weather, and location. It is possible to use probability distribution analysis
to depict the distribution of solar irradiance values over a certain period. It
is usual practice to represent sun irradiation using the normal (Gaussian),

Weibull, and gamma distributions.

* Uncertainty Quantification: The generation of solar energy is influenced
by multiple factors that introduce unpredictability, such as variations in
weather patterns, cloud cover, atmospheric conditions, and the functioning
of equipment. Probability distribution analysis allows for the measurement
of the level of uncertainty related to these parameters and offers valuable
information regarding the probability of various energy production
outcomes. This information is vital for the evaluation of risks, formulation

of financial plans, and execution of decision-making procedures.

The P50 or P90 values are determined by calculating the cumulative

distribution function (CDF) of the normal distribution, assuming that the data

L @ distribution also follows a normal distribution. The normal distribution, often

known as the Gaussian distribution, is a type of continuous probability
distribution. The shape is defined by the mean y and standard deviation . The
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mean and standard deviations were calculated using the Maximum Likelihood
Estimation (MLE). The P50 value represents the median value, whereas the P90
value can be derived by evaluating the cumulative distribution function (CDF) of
the normal distribution, as shown in equation (5.29). The P90 value is

determined when the function F(x) equals 0.1.

1 (x—p)?

\ 2710

e 27 (5.29)
where, f (x) represents a probability density function. x is the variable.j is the

flx) =

mean of the distribution. ¢ is the standard deviation of the distribution. e is the
base of the natural logarithm.

5.6 Results and Discussions

This section provides a detailed evaluation of the performance of the proposed
solar tracking configurations are Single Axis Tracker (SAT), Horizontal Single
Axis Tracker (HSAT), and Dual Axis Tracker for a Floating Solar Photovoltaic
(FSPV) system. A detailed discussion of the performance parameters is provided
in section 4.4.1. The PVsyst program acquires simulation data by taking into
account the system’s technical specifications, design factors, and location-specific
weather conditions that are provided as input.

Fig.5.5 depicts the monthly variations in the amount of solar radiation
received by the solar PV modules. The fixed-tilt power plant receives an average
solar irradiation of 123.95 kWh/m?, whereas the SAT plant, HSAT plant, and
DAT receive average solar irradiation of 130 , 133.95 , and 152.85 kWh/m?
respectively. The solar irradiation gain on the DAT plant is 18.90% greater than
that of the FT plant.

5.6.1 Estimation of Energy Production

Table 5.1 provides a comparative evaluation of the annual energy yield and
capacity factor for solar PV plants configured with different tracking
technologies: Fixed Tilt (FT), Seasonal Adjustable Tilt (SAT), Horizontal
Single-Axis Tracking (HSAT), and Dual-Axis Tracking (DAT) plants. Among the
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FIGURE 5.5: Monthly solar irradiation on FT, SAT, HSAT, and DAT
plants

TABLE 5.1: Comparison of Annual Energy Yield and Capacity Factor
of FT, SAT, HSAT, and DAT Plants

Comparison of Different FT SAT HSAT DAT
Configurations

Annual energy yield (MWh) 2133.7 22365 23028 2711.6

Capacity factor (%) 12.17% 12.76% 13.14% 15.47%
Energy production gain over - 459%  7.34%  21.32%
FT plant

four configurations, the DAT plant demonstrates the highest annual energy yield
of 2711.6 MWh, followed by the HSAT plant (2302.8 MWh), SAT plant (2236.5
MWh), and FT plant (2133.7 MWh). The capacity factor follows a similar trend,
with the DAT plant achieving the highest value of 15.47%, while the FT plant
records the lowest at 12.17%. Compared to the FT plant, the SAT, HSAT, and
DAT plants exhibit energy production gains of 4.59%, 7.34%, and 21.32%,
respectively. These results underscore the enhanced performance of PV plants
employing tracking mechanisms, especially the dual-axis tracking system, in

maximizing energy generation.
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4 Energy generation by FT plant & Energy generation by SAT plant
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FIGURE 5.6: Monthly energy generation by FT, SAT, HSAT, and DAT
plants

Fig.5.6 illustrates the monthly energy production for different plant schemes.
The FT plant generates an average of 177.81 MWh, while SAT, HSAT, and DAT
plants produce 186.38 MWh, 191.91 MWh, and 225.95 MWHh, respectively. Lower
sun angles in November reduce generation, but adjustable tilt trackers optimize
panel orientation. The DAT plant achieves the highest output by tracking the sun
both horizontally and vertically, maximizing solar radiation capture.

5.6.2 Capacity Factor

Fig.5.7 presents the monthly capacity factors for various plant configurations.
Among these configurations, the FT (Fixed Tilt) plant exhibits the lowest capacity
factor at 12.17%, while the SAT (Single-Axis Tracking), HSAT (Horizontal
Single-Axis Tracking), and DAT (Dual-Axis Tracking) plants demonstrate
slightly higher capacity factors at 12.76%, 13.14%, and 15.47%, respectively.
Multiple factors intricately link the capacity factor of solar power plants,
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FIGURE 5.7: Monthly capacity factor of FT, SAT, HSAT, and DAT
plants

including the availability of solar irradiation, the orientation and location of the
site, and the prevailing weather conditions at the installation site.

5.6.3 Performance Ratio

Fig.5.8 illustrates the performance ratios of several plant systems. The
recommended DAT plants exhibited superior performance compared to FT, SAT,
and HSAT plants, particularly across all seasons of the year. The performance
ratios of the FT plant vary seasonally, with the minimum and maximum values
observed in May and January, respectively. The SAT, HSAT, and DAT plants
have minimal performance ratios of 69.65%, 69.74%, and 71.94%, respectively.
On the other hand, their highest performance ratios are 74.61%, 74.46%, and
76.75%, respectively. Average performance ratios for the FT, SAT, HSAT, and
DAT plants are 66.74%, 67.20%, 71.88%, and 74.17%, respectively.  The
performance ratio of DAT plants has been seen to be 11.13% superior than that of
alternative tracking systems.
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FIGURE 5.8: Monthly performance ratio of FT, SAT, HSAT, and DAT
plants
N 32 The rated performance ratio of the plants cannot be achieved under actual

environmental conditions due to various losses, including array capture losses
and system losses. During the summers in Chandigarh, elevated ambient
temperatures can markedly increase the temperature of the water surface
supporting floating solar panels. This temperature rise can adversely affect the
efficiency of the solar panels, as their performance generally declines at higher
temperatures.

Additionally, the summer season is associated with increased dust and
particulate matter, which can reduce the amount of sunlight reaching the panels
and further diminish efficiency through dust accumulation. Although higher
solar irradiance might enhance electricity generation, it also raises panel

- @ temperatures, potentially negating these benefits. Although floating solar panels
benefit from the cooling effect of the water, this advantage is diminished if the
water temperature rises significantly.

In the FT, SAT, and HSAT plants, the performance ratio remains the same from
April to September because all experience identical changes in energy generation
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FIGURE 5.9: Monthly array yield of FT, SAT, HSAT, and DAT plants

and irradiance.

5.6.4 Array Yield

Fig.5.9 illustrates variations in monthly array yields among different
photovoltaic (PV) tracker technologies. The array yield denotes the energy
output produced by a photovoltaic (PV) module array. Observations revealed
distinct array yield values across different months. The FT, SAT, HSAT, and DAT
plants recorded minimum array yields of 1.99, 2.39, 2.29, and 2.75 kWh/kW /day
in January, respectively. Conversely, the maximum array yields occurred in May,
reaching 3.77, 3.70, 3.91, and 4.48 kWh/kW /day for the FT, SAT, HSAT, and DAT
plants, respectively. On average, the array yield values for the FT, SAT, HSAT,
and DAT plants were 3.01, 3.15, 3.24, and 3.81 kWh/kW /day, respectively.

The optimized exposure to sunlight significantly influences this yield. It is
imperative to ensure that solar radiation is consistently perpendicular to the PV

module for optimal energy capture. Factors such as the tilt angle, shading,
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geographical location, and prevailing weather conditions also play pivotal roles
in determining the array yield.
Significantly, the output of the array usually declines significantly throughout

.@ the winter months because to the shorter days and lower angle of the sun. In

contrast, during the summer season, the amount of energy produced by the array
often shows a progressive rise due to the extended duration of daylight, resulting

in more direct solar exposure on the PV modules.

5.6.5 Final Yield
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FIGURE 5.10: Monthly final yield of FT, SAT, HSAT, and DAT plants

The monthly variations in the final yields of several photovoltaic (PV) tracker
technologies are illustrated in Fig. 5.10. The energy produced by the inverter’s
output side is referred to as the final yield. Notably, different values surfaced over
the months. For the FT, SAT, HSAT, and DAT plants in January, the corresponding
minimum final yields were 1.91, 2.31, 2.21, and 2.67 kWh/kW /day. On the other
hand, the FT, SAT, HSAT, and DAT plants had top final yields in May of 3.67,
3.60, 3.81, and 4.37 kWh/kW /day, respectively. Averaging across months, the
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final yield values for FT, SAT, HSAT, and DAT plants were 2.92, 3.06, 3.15, and
3.71 kWh/kW /day, respectively. The incident solar radiation on the PV array
typically increases from January to May, resulting in a corresponding boost in
output energy. However, beyond the midpoint of the year, the PV arrays receive

reduced incident solar energy, leading to a decrease in production yield.

5.6.6 Reference Yield

Fig.5.11 illustrates variations in monthly reference yields among different
photovoltaic (PV) tracker technologies. Observations revealed distinct reference
yield values across different months.
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FIGURE 5.11: Monthly reference yield of FT, SAT, HSAT, and DAT
plants

In January, the FT, SAT, HSAT, and DAT plants recorded minimum reference
yields of 2.55, 3.1, 2.98, and 3.81 kWh/kW/day, respectively. Conversely, the
maximum reference yields occurred in May, reaching 5.27, 5.17, 5.46, and 6.08
kWh/kW /day for the FT, SAT, HSAT, and DAT plants, respectively. On average,
the reference yield values for the FT, SAT, HSAT, and DAT plants were 4.07, 4.27,
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440, and 5.02 kWh/kW/day, respectively. The PV module calculates the
reference yield based on incident solar radiation. From January to May, solar
radiation rises due to longer days, whereas it decreases in the monsoon and
winter seasons because of shorter days.

5.6.7 Array Capture Loss

Fig.5.12 illustrates the monthly array losses for four distinct solar photovoltaic
(PV) tracking technologies.
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FIGURE 5.12: Monthly array side loss of FT, SAT, HSAT, and DAT
plants

The SAT plant shows array losses ranging from 1.46 kWh/kW /day in May to
0.70 kWh/kW/day in January. For the HSAT plant, losses peak at 1.55
kWh/kW/day in May and drop to 0.68 kWh/kW/day in January. The DAT
plant records the highest array loss of 1.59 kWh/kW/day in May and 0.72
kWh/kW/day in January. Annual average panel-side losses are 0.08, 0.09, 0.10,
and 0.12 kWh/kW /day for FT, SAT, HSAT, and DAT plants, respectively. Array
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capture loss, largely driven by shading and dirt accumulation, notably intensifies
during Chandigarh’s dry May season, further reducing performance.

5.6.8 Inverter Loss

Fig.5.13 shows monthly system losses for four PV tracking technologies. FT
losses range 0.01-0.06 kWh/kW /day, SAT 0.07-0.10, HSAT 0.07-0.10, and DAT
0.08-0.11, with annual averages of 0.08, 0.09, 0.09, and 0.10 kWh/kW/day,
respectively. Losses arise from PV module and inverter degradation, mismatch,

cable/transmission losses, and temperature effects.
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FIGURE 5.13: Monthly inverter losses of FI, SAT, HSAT, and DAT
plants

5.6.9 Solar PV Module Efficiency

Fig.5.14 graphically illustrates the monthly average efficiencies for four distinct
solar photovoltaic (PV) tracking technologies. Specifically, the FT plant’s panel
efficiency (y7py) varies from 14.79% in May to 16.06% in January. Similarly, the
SAT plant displays an efficiency range of 14.79% in May to 15.92% in January.
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Notably, the HSAT plant registered the lowest efficiency of 14.80% in May and
the highest efficiency of 15.85% in January. Meanwhile, the DAT plant
demonstrates an efficiency range from 14.76% in May to 15.83% in January.
Additionally, the annual average panel efficiencies for the FI, SAT, HSAT, and
DAT plants are 15.28%, 15.15%, 15.25%, and 15.20%, respectively.

The improvement in PV module efficiency indicates a higher conversion rate
for incident sunlight into electricity. However, in Chandigarh, as May approaches,
the onset of hot weather leads to a decrease in PV module efficiency. The negative
temperature coefficient of solar PV modules, which reduces the efficiency of PV

cells as temperatures rise, is the cause of this decline.
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FIGURE 5.14: Monthly PV module efficiency of FT, SAT, HSAT, and
DAT plants

5.6.10 Plant Efficiency

Fig.5.15 depicts the monthly average plant efficiencies of four distinct solar
photovoltaic (PV) tracking technologies. The FT plant’s system efficiency 7sys
fluctuates from 14.56% in May to 15.68% in January. Similarly, the SAT plant

z'l—.l turnltln Page 187 of 255 - Integrity Submission Submission ID  trn:oid:::27535:114751885



Z'I_.I turnitin Page 188 of 255 - Integrity Submission Submission ID  trn:oid:::27535:114751885

5.6. Results and Discussions 137

exhibits an efficiency range of 14.56% in May to 15.60% in January. Notably, the
HSAT plant recorded the lowest efficiency of 14.58% in May and the highest
efficiency of 15.56% in January. Meanwhile, the DAT plant demonstrates an
efficiency range from 15.04% in May to 16.03% in January, as illustrated in
Fig.5.15. Additionally, the annual average panel efficiencies for the FT, SAT,
HSAT, and DAT plants are 15.01%, 15.04%, 15.02%, and 15.50%, respectively.
System efficiency denotes the overall efficiency of the plant, which is primarily
reliant on the efficiency of PV modules. An increase in PV module efficiency
corresponds to a rise in system efficiency; conversely, a decrease in PV module

efficiency leads to a decline in system efficiency.
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FIGURE 5.15: Monthly system efficiency of FT, SAT, HSAT, and DAT
plants

5.6.11 Analysis of Energy losses

Predicting energy losses with high accuracy in a photovoltaic (PV) system is
challenging, but it is crucial for designing and installing an appropriately sized

PV system that accounts for all factors contributing to energy loss. The
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anticipated energy losses at the proposed site over a year, as determined by the

PVsyst simulation methodology are presented in Table 5.2.

TABLE 5.2: Energy Losses in FT, SAT, HSAT, and DAT Plants

Description FT Plant SAT HSAT DAT
Plant Plant Plant
Global incident on array +4.2% +8.6% +11.6%  +26.2%
IAM factor on global -2.85% -2.14% -1.92% -1.07%
Soiling loss factor -4.00% -4.00% -4.00% -4.00%
Module degradation loss ~ -9.80% -9.80% -9.80% -9.80%
DO PV loss due to irradiance -0.87%  -0.78%  -0.72%  -0.48%
level
PV loss due to temperature -5.96% -6.07% -6.24% -6.60%
Module quality loss =3.00% -3.00% -3.00% -3.00%
Light-induced degradation -2.50% -2.50% -2.50% -2.50%
Mismatch losses -6.42% -6.42% -6.42% -7.42%
Ohmic wiring loss -0.96% -1.01% -1.03% -1.12%
Inverter loss -1.54% -1.52% -1.50% -1.42%
Auxiliaries” losses -0.20% -0.20% -0.19% -0.16%
Medium voltage loss -1.18% -1.17% -1.19% -1.16%

Energy losses ranged from -0.16% (auxiliaries) to -9.80%, with AC ohmic losses

on the inverter side at 1.07%. Module orientation significantly affects incident
solar radiation, with increases of +4.2%, +8.5%, +11.6%, and +26.2% for FT, SAT,
HSAT, and DAT plants, respectively. FT plants receive less radiation due to fixed

arrays, while DAT plants maximize capture via vertical and horizontal tracking.
PV losses from irradiance deviations are 0.87%, 0.78%, 0.72%, and 0.48% for FT,
SAT, HSAT, and DAT plants, respectively, with DAT plants achieving the highest

radiation and lowest irradiance loss.
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5.6.12 Effect of Ambient Temperature on Various Performance
Parameters of DAT Plant

Ambient temperature strongly impacts solar PV performance. Due to the
negative temperature coefficient of modules, higher temperatures reduce
efficiency, lowering power output and energy generation. Elevated temperatures
also affect key metrics Performance Ratio (PR), Capacity Factor (CF), and Plant
Load Factor (PLF) used to assess the DAT plant’s overall effectiveness and
reliability.

5.6.12.1 Impact of Ambient Temperature on Capacity Factor

Fig.5.16 shows a moderate positive correlation (R? = 0.54) between ambient
temperature and the DAT plant’s CUF, with higher summer temperatures and
longer daylight increasing CUF. The linear regression model is given in equation
(5.30).

y = 0.2374x +9.9245 (5.30)

20
y =-0.0539x + 16.333
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FIGURE 5.16: Variation of capacity factor due to ambient
temperature in DAT plants
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FIGURE 5.17: Deviation of performance ratio due to ambient
temperature in DAT plants

Ambient temperature affects the capacity factor of FSPV plants, which
generally rises with increasing temperature. Optimal capacity factors are
observed when ambient temperatures are between 25-30°C.

5.6.12.2 Impact of Ambient Temperature on Performance Ratio of Plant

Fig.5.17 shows the inverse relationship between ambient temperature and the
performance ratio (PR) of a solar plant. The DAT plant outperforms FT by
capturing more solar radiation, reducing angle-of-incidence losses. Rising
temperatures lower module and inverter efficiency, decreasing energy output
and the overall PR.

The expression for the correlation between the performance ratio and the
ambient temperature is shown in equation (5.31).

y = —0.2336x + 79.617 (5.31)

z'l—.l turnltln Page 191 of 255 - Integrity Submission Submission ID  trn:oid:::27535:114751885



z'l_.l turnitin Page 192 of 255 - Integrity Submission Submission ID  trn:oid:::27535:114751885

5.6. Results and Discussions 141
16.2
y =-0.0489x + 16.639
e R? =0.9723
16 Q
.,
. R

15.8 .
s
z
2 156
g . -
S
§ 154 L
o .
z s o

.. [ ]
15.2 L
[ ]
15
14.8
0 5 10 15 20 25 30 35

Ambient temperature in °C

FIGURE 5.18: Impact of ambient temperature on the PV module
efficiency of DAT plants

5.6.12.3 Impact of Ambient Temperature on Solar PV Module and Plant
Efficiency

Fig.5.18 plots the monthly average efficiency of the PV module against the
ambient temperature at the location. The graph shows a clear trend, indicating a
strong correlation between module efficiency and ambient temperature.
Statistical analysis confirms this, with a correlation coefficient (R?) of 0.9723,
highlighting a strong negative relationship. This suggests that as ambient
temperature rises, the PV module efficiency declines. The regression equation
describing this relationship is presented in (5.32), providing a quantitative basis

for predicting efficiency variations with temperature.

y = —0.0489x + 16.34 (5.32)

where y is the PV module’s efficiency and x represents the independent
variable, ambient temperature. Almost every point on the regression line

indicates that there is a direct proportionality between the two variables.
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FIGURE 5.19: Impact of ambient temperature on the performance of
plant efficiency of DAT plants

Fig.5.19 shows the plant’s monthly average efficiency values plotted against
the ambient temperature at the location. This graph illustrates the negative
relation between plant efficiency and ambient temperature. The correlation
coefficient between ambient temperature and plant efficiency is 0.97, which
indicates that the relationship between plant efficiency and ambient temperature

is somewhat positive. The regression equation in (5.33).
y = —0.0489x + 16.339 (5.33)

x signifies independent variable ambient temperature, and y signifies dependent

variable plant efficiencies.

5.6.13 Probability Distribution Analysis of Solar Trackers

Additionally, PVsyst performs a probability distribution analysis to evaluate the
system’s total annual energy output, potentially affecting its integration into the
grid network. Multiple factors influence the variability in the probability
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distribution of the production forecast for the plant.The uncertainties of PV
modules, inverters, soiling, mismatch uncertainties, and degradation are 1.0%,
0.5%, 1.0%, 0.5% 1.0%, and 1.0% respectively. The probability law posits that
over the numerous years of operation of the PV system, the distribution of
annual yield will adhere to a statistical law, with the assumption that this law
follows a normal or Gaussian distribution.

The P50-P90 metric delineates varying levels of yield, signifying the
probabilities that the production for a given year exceeds these values by 50%,
90%, and 95% respectively. The probability distribution analysis for all the
considered cases PV plant’s energy generation forecast is shown in Fig.5.20.

Probability distribution Probability distribution
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FIGURE 5.20: Probability distribution analysis for FT, SAT, HSAT,
and DAT plant

Based on simulation results, the anticipated annual production probabilities
for the FT plant are as follows: P50 = 2134 MWh, P90 = 1986 MWh, and P95 = 1944
MWh, with a variance of 115 MWh. Similarly, for the SAT plant, the figures are
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2237 MWHh, 2082 MWh, and 2038 MWh with variability of 121 MWh, whereas for
the HSAT plant, they are 2303 MWh, 2143 MWh, and 2098 MWh with variability
of 124 MWh. Regarding the DAT plant, the yearly production probabilities for
P50, P90, and P95 are 2712 MWh, 2524 MWh, and 2471 MWh, respectively, with
variability of 147 MWh.

P50 serves as a reference point or center for analysis. The statistic offers a
measure of the most typical value in a dataset and is commonly seen as a reliable
indicator, particularly in cases when the data may be skewed. The average energy
generation by the FT, SAT, HSAT and DAT plant is 2134 MWh, 2237 MWHh, 2303
MWh and 2712 MWh respectively.

5.7 Concluding Remarks

In this chapter, the performance of a a 2 MWp floating solar photovoltaic (PV)
system has been discussed using different types of tracking technologies. The
investigation encompassed PV module efficiency (#py ), plant efficiency (#pjant),
array capture losses (L), and system losses (Lg). We obtained the outcomes
through simulations using PVsyst software, which incorporated technical
specifications, design parameters, and site-specific weather conditions.

The performance analysis revealed variation in monthly and annual
efficiencies for different tracking technologies. Panel efficiency (#py) and system
efficiency (7pjqnt) fluctuated across months, with annual averages ranging from
14.97% to 16.56% and 14.56% to 16.03%, respectively. Additionally, array capture
losses (L) and system losses (Lg) were illustrated, showcasing the impact of
inefficiencies within the PV array and the DC-to-AC conversion process on
overall system performance.

The subsequent results and discussions delved into the comparative
performance of seasonal adjustable tracking (SAT), horizontal single-axis
tracking (HSAT), and dual-axis tracking (DAT) configurations. A comprehensive
analysis included monthly solar irradiation, capacity factors, and energy
generation. DAT configuration demonstrated superior performance, yielding
energy production gains of 4.59%, 7.34%, and 21.32% compared to FT, SAT, and
HSAT, respectively.
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The study finds that dual-axes solar tracking (DAT) plants offer better
performance compared to FT, SAT, and HSAT plants.
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Chapter 6

IMPROVING ENERGY OUTPUT IN
FLOATING SOLAR PV PLANTS
VIA INVERTER LOADING RATIOS

6.1 Introduction

- Q The growing demand for clean and renewable energy has made solar power one

of the most promising solutions for sustainable electricity generation. Among
various solar technologies, floating solar power plants have gained attention for
their ability to maximize space utilization while reducing water evaporation and
improving panel efficiency.

The inverter loading ratio (ILR) is a key factor in optimizing solar power
systems’ performance. It determines how efficiently the system converts solar
energy into usable electricity. While a higher ILR can increase energy production,
excessive values may lead to power losses due to inverter limitations. Therefore,
finding the right balance is essential to maximizing efficiency and minimizing
energy wastage.

So far, all studies related to inverter loading ratio (ILR) have been conducted
on ground-mounted solar power plants. There has been no significant work on
ILR in the context of floating solar PV plants. In this study, various inverter
loading ratios have been analyzed specifically for floating solar installations,
including both technical performance assessment and economic analysis.

This study explores the impact of different ILRs on floating solar PV systems
by analyzing energy production, efficiency, and economic feasibility. The findings
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PLANTS VIA INVERTER LOADING RATIOS
1. Acquisition of PV plant
attributes
2. Insert data in SAM
software
(Weather, PV system
data etc.)
/ 3. Data sorting /
4. Development of
Scenarios
5. System performance
parameters
FIGURE 6.1: Flow diagram of System Advisor Model (SAM)
- e aim to provide useful insights for engineers and policymakers to improve the

design and performance of floating solar PV plants.

6.2 Methodology

This study investigates the influence of varying DC to AC ratios on the

performance of a commercial-scale floating solar photovoltaic (FSPV) plant

located in Chandigarh, India. The simulation-based analysis was carried out

using the System Advisor Model (SAM), version 2020.2.29, developed by the

National Renewable Energy Laboratory (NREL), USA. The overall modeling
framework adopted in this study is illustrated in Fig. 6.1.

A key parameter explored in this analysis is the DC to AC ratio, also referred

- @ to as the Inverter Loading Ratio (ILR). This ratio is defined as the quotient of the
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- o total installed DC capacity of the PV array to the rated AC capacity of the inverter,
and is mathematically expressed as:
b
DC to AC ratio (ILR) = —2<-5T¢ (6.1)
P AC, rated
- @ where Ppc, stc is the total DC power output of the photovoltaic modules under

standard test conditions (STC), and Pac rateq 18 the nominal AC power rating of
the inverter. The ILR is a critical design parameter that influences the energy yield,
inverter utilization, clipping losses, and overall techno-economic performance of
the system. A higher ILR may improve energy capture under low irradiance but
can result in energy clipping during periods of peak insolation due to inverter
capacity limitations.

The simulation was conducted for multiple ILR configurations by adjusting

6] the PV array sizing relative to inverter capacities. Site-specific meteorological
data comprising global horizontal irradiance (GHI), ambient temperature, wind
speed, and albedo were employed, alongside detailed system parameters such as
module characteristics, inverter efficiency, and losses due to soiling, mismatch,
and wiring.  These datasets were preprocessed to ensure completeness,
consistency, and compatibility with the SAM simulation environment.

- @ To assess the robustness of the simulation outputs, a comprehensive
sensitivity analysis was performed. Key input variables were systematically
perturbed within realistic operational bounds to evaluate their impact on
essential performance indicators, including annual energy generation,

- @ performance ratio (PR), capacity factor (CF), clipping loss, and levelized cost of
energy (LCOE). This analysis facilitated the quantification of input uncertainty
propagation and enabled the derivation of confidence intervals for the
simulation results.

Finally, the simulation outcomes were cross-verified against theoretical
expectations and validated through comparison with published literature
benchmarks. The following subsections describe the system configuration, data
acquisition and preprocessing methodologies, modeling approach, scenario

definitions, and the evaluation of system performance metrics.

Z"—.I turnltln Page 200 of 255 - Integrity Submission Submission ID  trn:oid:::27535:114751885



z'l_.l turnitin Page 201 of 255 - Integrity Submission Submission ID  trn:oid:::27535:114751885

=D

Z"—.I turnltln Page 201 of 255 - Integrity Submission Submission ID  trn:oid:::27535:114751885

Chapter 6. IMPROVING ENERGY OUTPUT IN FLOATING SOLAR PV
PLANTS VIA INVERTER LOADING RATIOS

150

6.2.1 Characteristics of FPV system Components

The floating photovoltaic (PV) system is situated in a town in Chandigarh, India,
and was commissioned in 2023. The system has a capacity of 2 MWp and is
composed of 3,704 solar PV modules, each with a rating of 350 Wp, installed on a
floating platform with an azimuth angle of 0° and a tilt angle of 10°. The outline
of the characteristics of the rated PV module (monofacial module; model
JKM-540M-72HL4-TV). The module rated power is 540 W and the open circuit
voltage, short circuit current, Maximum Power Voltage, Maximum Power
Current and efficiency of the module is 37.38 V, 18.18 A ,31.46 V, 17.17 A and 20.7
% respectively are presented in Table 2 in Appendix.

The specifications of the solar inverter installed, which has a 125 kW capacity
are presented in Table 4 in Appedix. This inverter is designed for use in
self-consumption systems and is equipped with two MPPTs that have a broad
operational range, as well as a 5-year product warranty. It includes a metering
system to monitor solar PV parameters at both the array level and the inverter
output.

6.2.2 Simulation Input for SAM Software

The 2 MW FPV plant located in Sector 39, Chandigarh, situated approximately 8
km west of the city center. The site is positioned at geographic coordinates 35°
75" 22" N latitude and 76° 72" 85" E longitude and covers an area of 0.45 km?2. The
average daily global horizontal irradiance (GHI) at the site is 4.09 kWh/m?, with
an average wind speed of 7.5 m/s and an ambient temperature of 23.8 °C. Table
5 provides solar radiation, temperature, and wind velocity data for Chandigarh,
sourced from Metronorm 8.1 software. Meteonorm 8.1 was chosen as the GHI
data source due to its long-term historical data (since 1981) and hybrid approach,
combining ground-based and satellite data for improved accuracy.

Several key parameters related to the PV system configuration, inverter
characteristics, system design, and loss assumptions were considered. These
parameters ensure a realistic assessment of system performance under varying
operational conditions. A summary of the input parameters used in the SAM

simulation is provided in Table 6.1.
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TABLE 6.1: Input parameters used in SAM simulation

Parameter Type Description

Meteorological Data Solar irradiation, ambient temperature, wind
speed

PV Module Model type, rated power, efficiency,

Specifications temperature coefficient, degradation rate

Inverter Characteristics Rated AC power, MPPT voltage range,
maximum efficiency

System Design Factors DC to AC ratio (ILR), tilt angle, azimuth
angle, ground coverage ratio

Loss Assumptions Soiling losses, wiring losses, degradation
losses, shading factors

The SAM simulations were conducted at an hourly temporal resolution,
which matches the resolution of the real energy output data recorded by the
plant’'s data logger. = While sub-hourly simulations may better capture
momentary clipping events, the use of hourly data ensures consistency between
simulated and measured datasets, providing a valid basis for performance

comparison.

Y64 The data for this study was collected through a combination of onsite visits

and an installed data logger. The data logger continuously recorded key

performance parameters, including energy generation, solar irradiance, and

- @ ambient temperature. The data for this study was collected through a

combination of onsite visits and an installed data logger. The data logger
continuously recorded key performance parameters, including energy
generation, solar irradiance, and ambient temperature. To verify and direct
inspection site, the authors conducted field visits to the site in Year 2023 and
2024.

6.2.3 Data Preprocessing Methods

The energy consumed by the load, Ej, is calculated through an energy balance, as
outlined in equation (6.2).
Ep = Epy — Eg (6.2)
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The grid energy Eg, is positive when energy is fed into the grid and negative
when energy is drawn from it. It is important to note that E;, remains positive
when the PV system is not generating power, and Eg becomes negative when
there is an energy demand. The self-consumed energy from the PV system, Epy,

is derived using equation (6.3).

Epy —Eg iftEg >0
Epvioad = (6.3)
Epy if Eq <0

Here, Epy indicates the energy produced by the PV system, while Eg refers to
the grid energy. According to equation (6.3), when there is excess energy, the
PV system produces more energy than needed to satisfy the demand, leading to
surplus energy being fed into the grid (Eg > 0). Conversely, when the system fails
to meet the demand, the grid provides the additional energy required, as reflected
by Eg <.

6.2.4 Case Study Considering Different ILRs

To assess the effects of varying DC to AC ratios, simulations of seven different DC
to AC ratio scenarios for 2 MW floating solar PV plant were performed as in Table
6.2. The current DC to AC ratio of the PV system is 1. To increase the DC to AC
ratio, the rated DC capacity of the solar array was maintained constant, while the
rated AC output capacity of the inverter was reduced.

The physical layout, module spacing, and overall footprint of the floating
structure do not change across scenarios. Therefore, environmental impacts
typically associated with oversizing—such as increased self shading due to
tighter module spacing or elevated thermal loading on the platform are not
applicable in this case.

The decision to vary the inverter loading ratio (ILR) by reducing the inverter
AC output rather than oversizing the DC capacity was primarily
methodological, aimed at isolating the impact of inverter sizing on performance
metrics while maintaining a fixed PV generation profile. This approach ensured
that the same PV system characteristics (orientation, irradiance exposure, and

module type) were retained across scenarios, allowing a clearer comparison of
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TABLE 6.2: DC to AC power ratios for different DC to AC ratios

Energy generation in MW(Pyc) DC to AC Ratio(Rpc.ac)

1.81 1.11
1.56 1.28
1.38 1.45
1.20 1.67
1.09 1.85
0.99 2.04
0.90 2.22

clipping losses, energy yield, and LCOE solely as functions of ILR. In this study,
the inverter DC to AC power ratio (ILR) is defined by equation (6.4).

ILR = 1€ (6:4)
Pac

where Ppc represents the input power from the PV arrays to the solar
inverter, and Pac denotes the output power of the solar inverter, which is the
energy supplied by the entire PV system.

The ILR values considered in this study are 1.11, 1.28, 1.45, 1.67, 1.85, 2.04, and
2.22. This set was chosen to systematically assess the performance and economic
impact of increasing DC-to-AC ratios.

To accurately assess the impacts of inverter clipping, several assumptions were
implemented. The system was configured with a double subarray, excluding both
self-shading and external shading effects. DC losses were estimated at 4.4%, with
2% attributed to module mismatch and 2% to DC wiring losses. Furthermore, AC
losses of 1%, resulting from wiring, were incorporated into the analysis. A soiling
loss of 5% was considered for the floating solar PV plant. Although FPV systems
generally exhibit lower soiling rates compared to ground-mounted systems due
to the cooling and dust-suppressing effect of the water body, the selected value
accounts for potential bird droppings, pollen accumulation, and limited cleaning

frequency observed in the specific project location.
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6.2.5 System Performance

To comprehensively evaluate the influence of varying the DC to AC ratio,
simulation results were analyzed across annual, monthly, and daily timescales,
capturing both long-term and short-term performance dynamics of the
photovoltaic system. This study focused on two optimization criteria: enhancing
the performance ratio as an energy-related measure and reducing the levelized
cost of energy (LCOE) as an economic measure. The total system generation was
determined by summing the inverter’'s AC output throughout the year,
considering AC losses.

To evaluate the results, several energy metrics were utilized. The capacity
tactor (CF, %) is calculated as the ratio of the system’s anticipated electrical
output during its first year of operation to its nameplate capacity. This metric
indicates the amount of energy the system would generate if it operated at its
nameplate capacity continuously throughout the vyear. Therefore, for
photovoltaic (PV) systems, the capacity factor represents the AC-to-DC ratio, as
demonstrated in equation (6.5):

EAC total
F = .
¢ Ppc * 24 % 365 (65

Here, EAc total Fepresents the net annual energy output in KWh/year, Ppc denotes
the DC nameplate capacity of system in kW, and 24 * 365 corresponds to the total
number of hours in a year.

Power lost due to clipping (Pip in MW) refers to the power limit loss that
occurs when the AC power output of inverter surpasses the nameplate AC
capacity of inverter during specific time steps. During these periods, SAM
adjusts the inverter output to match the inverter-rated capacity without altering
the inverter’s input voltage. The total generation loss due to clipping is the

cumulative sum of P, over time, as described by equation (6.6):

lip

Ppc — P , if Poc > P,
Pclip _ AC AC, rated AC AC, rated ( 6. 6)

0, it P AC <P AC,rated
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where Pac represents the AC power generation, and Pac rateq denotes the rated
capacity of inverter.

The inverter model equation employed by SAM to calculate the AC power
(Pac) is given by equation (6.7). Additionally, SAM assumes the inverter operates
in night mode when the DC input power is less than the operating power losses
(Poc < Psp). Under these conditions, equation (6.8) is applied.

P AC, rated
P DC, rated — P S,0

2
Pac = - (Poc — Pso,0) (6.7)
where Pac rated Tepresents the maximum AC power, Ppc rateq denotes the rated
maximum DC power of inverter, P is the power consumption during operation,

and Psp g is the inverter’s power consumption loss.

Pac = —Pato (6.8)

where Py represents the power consumption (in night).

Additionally, the system performance has been assessed using the concept of
effective energy. This is defined as the energy obtained from the difference
between the overproduction relative to the base case and the clipping losses
(Eqiip), as illustrated in equation (6.9). This equation represents the net gain in
usable energy output compared to the base case, after subtracting clipping
losses. This metric is proposed by the authors as a practical means to evaluate
the real benefit of increasing ILR, considering both increased DC generation and
associated energy losses.

Eeffective = (EPV - EPV, base Case) - Eclip (6-9)

where Epy page case Fepresents the energy generated and supplied by the PV system
in the base case, which refers to the current installation configuration with slope
of 10°, and a DC to AC ratio of 1.11.

Finally, the discounted payback period (DPB) serves as an economic criterion.
It is used to determine the number of years (1) required to reach the break-even
point from the initial expenditure, by discounting future cash flows and
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accounting for the time value of money, as specified in equation (6.10).

156

Al AS,

Lrdy Lty

.° where y represents the number of years, DPB is the minimum number of years
RCOHENAINANESHHEREEOSE  Fere, Afiderotes the TEOHEREINAVESEER!
costs, and AS represents the annual savings net of future annual costs (elg., AS

(6.10)

includes incremental energy costs, incremental non-fuel operation, maintenance,

salvage costs). The variable dlis the annual nominal discount rate, which was

considered to be 8.35%.

®0 The LCOE is calculated by dividing the total cost of constructing and operating
a power plant over its lifetime by the total electricity generated during the same

period. It accounts for all expenses, including initial capital investment, ongoing

maintenance, operational costs, and fuel or resource expenditures, as shown in
equation (6.11).

E Ct+Ot+Ft
(1+4r)t

=1
LCOE = D (6.11)

E 1+r)

where Cy is Capital investment (CAPEX) if year § O is Operational and
maintenance costs (OPEX) i ear £ i i fuel costs in year f (Negligible or zero in
case of FSPV plant); Exc is AC energy generated _
and N is the lifespan of the PV plant (25 Years).

6.3 Results

This section presents the detailed analysis of key performance parameters
including energy generation, clipping losses, performance ratio, and capacity
factor across different inverter loading ratios (ILRs). All simulations and
evaluations were conducted using the System Advisor Model (SAM) software.
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The SAM result data files were carefully checked to make sure they were
complete and then validated. After validation, calculations were done on the

data, and the final dataset was carefully filtered to ensure it was accurate and
relevant.

6.3.1 Energy Generation

Fig. 6.2 presents a comparison between the actual AC generation and the
simulated output from the SAM model. The largest discrepancy between the real
AC generation and the SAM model’s estimated energy output occurs in
November, with a difference of 197.75 MWh, attributed to unpredictable weather

fluctuations.
400 Error Metrics:
MAPE =90.55% , RMSE =111.18 MWh, R =0.72
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FIGURE 6.2: Real energy generation and energy generation by SAM
model

In addition to the visual comparison presented in Fig. 6.2, three statistical error
metrics were calculated to quantify the accuracy of the SAM simulation relative to

=D real energy generation data: the Mean Absolute Percentage Error (MAPE), Root
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Mean Square Error (RMSE), and the Pearson correlation coefficient (R). MAPE
is calculated as the average of the absolute percentage differences between the

simulated and actual values, expressed as:

———| x 100 6.12
— | (6:12)

1

1 n
MAPE = = )
nis

where A; and P; represent the actual and predicted values, respectively. A
higher MAPE indicates greater relative error in prediction. RMSE is used to

measure the average magnitude of the error and is given by:

1 n
RMSE = \/ - ;(Ai — P;)2 (6.13)

It provides an absolute measure of fit in the same units as the original data
- @ (MWh). The Pearson correlation coefficient (R) quantifies the linear relationship
between actual and predicted values and is computed as:

Re  D(Ai-A(E-P)
VI (A — A2 [T, (P — P)?

. @ where A and P are the means of the actual and predicted datasets. R values

close to 1 indicate a strong positive correlation.For the current dataset, MAPE,

RMSE, and R were found to be 90.55%, 111.18 MWh, and 0.72, respectively. The
high MAPE highlights significant overestimation by SAM, especially during

(6.14)

low-generation months. RMSE confirms considerable deviations in absolute
terms, while the R value indicates a moderately strong positive correlation,
suggesting SAM captures the seasonal pattern of energy generation but

overestimates its magnitude.

6.3.2 Clipping loss

Fig. 6.3 illustrates the comparison between the actual AC energy generation and
the ideal AC energy generation, assuming no clipping losses at the inverter. The
term “difference” denotes the clipping loss caused by the inverter.

- Q It is observed that increasing the DC to AC ratio significantly boosts energy
generation, although clipping losses begin to occur from a ratio of 1.11 onward.
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FIGURE 6.3: Comparison of energy generation with and without
clipping losses across all ILRs

As the ratio increases, energy production continues to rise, reaching about 4 MWh
at a ratio of 2.22. Although clipping reduces some of the potential output, the
overall energy yield remains higher at larger DC to AC ratios, indicating that
systems with higher ratios can still produce considerably more energy. The linear
growth in the gap between clipped and unclipped energy suggests that, up to
a certain point, the increased energy production outweighs the clipping losses,
making higher DC to AC ratios advantageous for maximizing energy generation
in solar PV systems.

At lower DC to AC ratios (e.g., 1.11, 1.28, 1.45, 1.67), the difference in energy
generation is minimal, indicating that the system operates efficiently with little or
no energy being clipped. However, as the ratio exceeds 1.85, a more noticeable
divergence between the clipped and non-clipped values is observed. The linear
trendline for the difference emphasizes that clipping losses become progressively
significant with higher DC-to-AC ratios.

Therefore, optimizing the DC to AC ratio is critical to balancing energy yield
and minimizing losses in systems with high inverter loading ratios.
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6.3.3 Performance Measures

Fig. 6.4 illustrates the relationship between the DC to AC ratio and three key
performance measures in a solar photovoltaic (PV) system: clipping loss,
performance ratio, and capacity factor. As the DC to AC ratio increases, clipping
loss rises significantly, particularly beyond a ratio of 1.85, indicating greater
energy loss due to inverter capacity limits. Concurrently, the performance ratio
and capacity factor gradually decline, suggesting reduced system efficiency and
underutilization of inverter capacity as the system becomes increasingly
oversized on the DC side. This decline is likely due to the increased frequency of
inverter clipping and other system inefficiencies. These trends underscore the
importance of optimizing the DC to AC ratio to balance the trade-offs between
maximizing energy capture and minimizing efficiency losses. The data suggests
that a ratio near 1.85 may offer an effective compromise, as it maximizes energy

output while keeping clipping losses and efficiency reductions manageable.
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FIGURE 6.4: Variation of capacity factor (CF) and clipping loss
percentage across all inverter loading ratios (ILRs).
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6.3.4 Monthly Fluctuations in Energy Generation and Clipping
Losses

Fig. 6.5 illustrates the monthly energy generation in megawatt-hours (MWh) for
a solar photovoltaic (PV) system, plotted across various DC to AC ratios ranging
from 1.11 to 2.22. The analysis reveals significant seasonal variability in energy

m111 m128 m145 167 m185 m2.04 m222

JAN FRB UN JUL  AUG SEP OCT NOV DEC

MAR APR MAY J

Monthly energy generation in MWh
- [N N N w w N
(6] o (0] o w o (O o
o o o o o o o o

o

Month

FIGURE 6.5: Monthly energy generation at multiple ILRs

production, with peaks occurring between March and July, and troughs from
December to January. Notably, higher DC to AC ratios, particularly 2.22,
generally result in increased energy output during months with higher solar
irradiance, underscoring the system’s enhanced capacity to capture available
solar energy. However, the diminishing returns observed at the highest ratios in
certain months suggest the presence of clipping losses, where the inverter’s
capacity limits prevent full utilization of the generated DC power. This pattern
underscores the need for an optimal DC to AC ratio that maximizes energy yield
while minimizing inefficiencies due to inverter clipping. The figure highlights
the critical balance required in system design to optimize performance across
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FIGURE 6.6: Monthly clipping losses at multiple values of DC to AC
ratios

varying seasonal solar conditions, emphasizing the nuanced interplay between
system capacity and energy production efficiency.

The analysis suggests that ILR 1.85 is an efficient and balanced choice for
maximizing energy generation across all months, providing stable output
without significant clipping losses. While higher ILRs such as 2.04 and 2.22 may
generate more energy during peak months, they may not be as consistent
throughout the year, making ILR 1.85 a solid middle ground for reliable
performance.

The Fig. 6.6 illustrates monthly clipping losses across various DC to AC
ratios, with higher ratios like 2.22 experiencing significant losses, particularly in
spring months (March to May), where losses exceed 80 MWh. Lower ratios, such
as 1.11 and 1.28, show minimal clipping but generate less energy. Clipping
decreases during summer (June to August) and rises slightly in the late fall
months. Mid-range ratios (1.85 and 2.04) provide a better balance, offering
higher energy generation with moderate clipping losses, making them more
suitable for optimizing energy yield and overall system efficiency throughout the
year.
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6.3.5 Daily and Seasonal Clipping Losses

Fig.6.6 offers valuable insights into seasonal trends but does not depict the
variations in clipping losses occurring on a day-to-day basis. Fig. 6.7 illustrates
the hourly distribution of clipping losses for each month. As anticipated, the
highest clipping losses occurred mid-month, coinciding with peak radiation

levels. Seasonally, the greatest clipping losses were observed in the spring

months (March, April, and June), while the lowest were in the winter months
(November, December, and January). This pattern aligns with the expected
_a -with a fixed slope angle matching the site’s latitude.

Additionally, the data indicates that higher DC to AC ratios result in increased
hourly clipping losses.

Inverter AC clipping in MWh

(a) DC to AC ratio= 1.11 (b) DC to AC ratio= 1.28

1
£
=
T 1
=

(c) DC to AC ratio= 1.45 (d) DC to AC ratio= 1.67

(e) DC to AC ratio= 1.85 (f) DC to AC ratio= 2.04

(g) DC to AC ratio= 2.22

FIGURE 6.7: Hourly generation lost (MW) due to clipping for
inverter DC to AC ratio variations
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6.3.6 Levelized Cost of Energy (LCOE)

It is crucial to consider the economic perspective. The DC to AC ratio varies
between 1.11 and 2.22 to illustrate the results obtained from applying equation
(6.11). As previously mentioned, a lower DC to AC ratio results in a shorter
LCOE, as fewer PV inverters are needed as in Fig. 6.8. The lowest LCOE occurs
at 1.85 ILR due to a lesser number of inverters and lowest clipping loss. Table 6.3
presents the cost estimation of a 1 MW floating solar PV (FSPV) plant, covering

capital and operating costs along with key financial metrics. The plant shows

®O strong economic viability, with an IRR of 27.69%, ROI of 299.6%, a payback

period of 8.3 years, and a levelized cost of electricity (LCOE) of 0.067 USD /kWh.
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FIGURE 6.8: LCOE at the multiple values of DC to AC ratios

Table 6.4 reveals that an inverter loading ratio (ILR) of 1.85 offers the best
performance, delivering the highest annual energy generation (1054.8 MWh) and
the lowest levelized cost of energy (0.091 USD/kWh). ILRs lower than 1.85, such
as 1.11 and 1.28, result in reduced energy output and higher LCOE, indicating
underutilization of inverter capacity. Conversely, ILRs above 1.85, specifically

2.04 and 2.22, show a sharp decline in energy generation and a slight increase in
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TABLE 6.3: Cost calculation of FSPV plants

Parameters ESPV plant / MW

Total capital cost (million USD)

Operating cost with 9% inflation
per year (million USD/year)

IRR (%)
Rate of Return (ROI) (%)

6.29
0.20

27.69
299.6

LCOE due to increased clipping losses. The inclusion of uncertainty bounds

(5% for energy and +3% for LCOE) reinforces these trends, confirming ILR 1.85

as the most efficient and cost-effective configuration.

TABLE 6.4: LCOE and Annual Energy Generation with Uncertainty

Bounds

ILR LCOE LCOE +3% Annual Energy

(USD/kWh) (USD/kWh) (MWh)

Energy +5%
(MWh)

1.11 0.100 0.097-0.103 688.19
1.28 0.100 0.097-0.103 779.32
1.45 0.099 0.096-0.102 910.35
1.67 0.095 0.092-0.098 915.05
1.85 0.091 0.088-0.094 1054.80
2.04 0.092 0.089-0.095 783.35
222 0.093 0.090-0.096 640.82

653.78-722.60
740.35-818.29
864.83-955.87
869.30-960.80
1002.06-1107.54
744.18-822.52
608.78-672.86

6.3.7 Sensitivity Analysis

Sensitivity analysis offers a structured approach to evaluating how variations in

critical parameters, such as inverter loading ratio (ILR), influence solar PV plant

performance metrics, including energy yield, capacity factor, clipping losses, and

inverter efficiency. By quantifying the effects of different ILR values, alongside
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economic and operational considerations, sensitivity analysis enables the
identification of configurations that optimize output while balancing efficiency
and cost. This approach is particularly applicable in contexts where solar
resources, ambient conditions, and economic factors fluctuate, highlighting the
limitations of a standardized design approach.

This study conducts a sensitivity analysis to assess the performance of a solar
PV system across varying ILRs, aiming to determine an optimal range that
maximizes energy production while balancing efficiency and cost-effectiveness.
This study investigate the impact of different ILR values on key performance
indicators and assess their influence on the LCOE. The outcomes of this analysis
provide valuable insights into system configurations that improve both technical
and economic performance for solar PV plants.

c 100.00%
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G
o 60.00%
2 = 40.00%
= 0
w g 20.00%
o 2 0.00%
S @ -20.00%
c 3
= o -40.00%
2 -60.00%
©
= -80.00%
>

-100.00%

1.11 1.28 1.45 1.67 1.85 2.04 2.22
Different Inverter loading ratios

FIGURE 6.9: Effect of variation of inverter loading ratio on clipping
loss

This study examines clipping losses in PV systems for various inverter
loading ratios (ILRs). Clipping occurs when PV generation exceeds inverter
capacity, causing energy loss and affecting overall system efficiency. Fig. 6.9
shows that at lower ILRs (1.11 to 1.67), clipping losses are significantly reduced,
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with negative variations observed from a baseline, indicating that the inverter
capacity is well-matched to the PV array’s output, thus minimizing energy
losses. However, as the ILR increases beyond 1.85, clipping losses rise markedly,
reaching up to 80% above the baseline at an ILR of 2.22, demonstrating that an
oversized PV array leads to frequent and severe energy clipping. These results
suggest a critical threshold around an ILR of 1.85, where clipping losses shift
from negative to positive, signifying an optimal balance point. For system
design, this implies that maintaining an ILR within 1.11 to 1.67 may optimize
energy yield while keeping clipping losses low, enhancing overall system
efficiency and cost-effectiveness.

Fig. 6.10 demonstrates the relationship between the changes in energy
generation with respect to different inverter loading ratios. Fig. 6.10 reveals that
at lower ILRs (1.11 to 1.45), energy generation improves, with percentage change
in energy generation compared to reference case i.e. ILR 1.85 (AEgen) showing

positive deviations from the baseline.
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FIGURE 6.10: Percentage change in annual energy generation AEgen
relative to the baseline ILR of 1.85.

This trend reaches its peak at an ILR of 1.45, indicating that, in this range, the
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inverter capacity is well-matched to the PV array output, resulting in optimal
energy harvesting with minimal losses. However, as the ILR increases to 1.67
and higher, a negative trend emerges, with AEgen showing a marked decline,
particularly at ILRs of 2.04 and 2.22. This drop suggests that at higher ILRs,
energy clipping, and system inefficiencies become more prevalent, as the inverter
is frequently unable to process the excess power generated by the oversized PV
array. These findings suggest that while a moderate increase in ILR can boost
energy generation, excessive oversizing beyond an ILR of approximately 1.45
leads to diminishing returns and reduced efficiency. This analysis underscores
the importance of carefully selecting an ILR that maximizes energy output
without incurring significant clipping losses, contributing valuable insights for
optimizing PV system design to enhance overall performance and

cost-effectiveness.

15

10 g

APR (%) and ACF (%)
(]

0 0.5 1 1.5 2 2.5
5
-10
-15
ILR
—e—APR (%) ACF (%)

FIGURE 6.11: Percentage change in performance ratio (APR) and
capacity factor (APR) compared to the base case ILR = 1.85.

Fig. 6.11 shows solar plant performance at different inverter loading ratios

(ILRs) via changes in performance ratio (APR) and capacity factor (ACF) relative
to a baseline ILR of 1.85. Both metrics peak at ILRs of 1.0-1.2 (10% APR, 8% ACF),
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reflecting optimal inverter utilization with minimal clipping. Beyond this range,
performance drops sharply—at ILR 1.85, APR nearly equal to —-8% and ACF nearly
equal to —10%, and at ILR 2.5, —-15% and —16%, respectively—highlighting the
negative impact of excessive ILR and the optimal range of 1.0-1.5 for maximal

efficiency.
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FIGURE 6.12: Impact of soiling loss on the energy generation

Analysis of inverter loading ratios (ILRs) shows that while ILRs of 1.45-1.67
provide marginal gains in performance ratio (APR) and capacity factor (ACF), an
ILR of 1.85 is optimal overall. It maximizes total energy generation (AE) by
balancing energy capture and clipping losses, offering higher financial returns
and alignment with grid demand. Over a 25-year FSPV lifespan with 1.18%
annual degradation, ILR = 1.85 consistently delivers superior annual yield and
stable performance, making it the best choice for long-term efficiency and
reliability.

Fig. 6.12 illustrates the variation in energy generation with respect to different
inverter loading ratios (ILRs), showing an increasing trend up to the ILR range of
1.67-1.85. Within this range, energy yield reaches its maximum before declining
due to increased inverter clipping losses. Additionally, higher soiling losses are
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observed to consistently reduce energy generation across all ILRs. For instance,
a soiling loss of 9% can lead to an energy reduction of up to 8%. Among the
evaluated ILRs, the range of 1.67-1.85 yields the highest energy output, with ILR
=1.85 emerging as the most optimal choice in terms of balancing system efficiency
and associated losses. Furthermore, maintaining soiling losses below 3% is critical
to preserve more than 97% of the potential energy generation. This highlights the
importance of regular module cleaning, particularly in regions susceptible to dust
accumulation, to ensure sustained performance and efficiency of the PV system.

Fig. 6.13 shows the effect of mismatch losses on energy generation across
different ILRs. As mismatch losses rise from 0.5% to 3%, energy output declines
for all ILRs. Higher ILRs generally produce more energy, with ILR 1.85 achieving
the maximum, highlighting its optimal performance. The results emphasize
minimizing mismatch losses, especially at higher ILRs, to maximize system
energy yield.

ILR
-8 111 128 —- 145 -9 167 —— 1.85 —&— 2.04 2.22
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FIGURE 6.13: Impact of mismatch loss on energy generation across
different ILRs
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The heatmap analysis in Fig. 6.14 reveals a clear trend in clipping loss across
different inverter loading ratios (ILRs). At an ILR of 1.11, there is no visible
clipping loss, indicating that the inverter capacity is sufficient to handle the
generated power. As the ILR increases to 1.28, minor clipping losses appear,
primarily during peak irradiance months (April and May), but remain minimal.
At 1.45, clipping loss becomes more noticeable, especially from March to June, as
the inverter starts reaching its capacity limits more frequently. The trend
continues with ILR 1.67, where clipping losses extend from March to August,
particularly around midday hours, signifying that a larger portion of generated
energy is curtailed. At an ILR of 1.85, the clipping loss peaks during summer
months, covering a significant part of the day. This ILR appears to be the
threshold where the trade-off between increased energy generation and inverter
clipping loss becomes critical. As the ILR rises further to 2.02 and 2.22, clipping
losses become widespread throughout the year, particularly from April to
August, leading to significant energy curtailment. The analysis indicates that
while higher ILRs increase energy capture, excessive clipping losses beyond 1.85
ILR diminish the benefits. Seasonal variations also play a crucial role, with
clipping losses being more pronounced in high-irradiance months and minimal
in winter. Therefore, an ILR around 1.85 offers an optimal balance between

energy generation and system efficiency, minimizing unnecessary energy losses.
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FIGURE 6.14: Heatmap graph for the clipping loss at different ILR
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To further substantiate the selection of ILR = 1.85 as the optimal
configuration, a multi-objective optimization plot is presented in Fig. 6.15. This

L) @ chart compares the variation of performance ratio (PR), annual energy

generation, and levelized cost of energy (LCOE) for each ILR scenario. The plot
reveals that at ILR = 1.85, the system achieves a high energy yield, low LCOE,
and a moderate PR, representing an optimal trade-off among these competing
objectives. Beyond ILR = 1.85, although energy generation continues to rise
slightly, the increase in clipping losses leads to diminishing gains in effective
energy and a rise in LCOE. This reinforces ILR = 1.85 as the technically and
economically optimal point under the given site and design constraints.

0.1100 4 ILR=1.28
| 68
0.1075 A
- 66
0.1050 - —_
R
o
-_ o
= 0.1025 A )
584 o
= =
= 3
—
£ 51000 1B=1.11 v
w
=
@] ILR=1.45
- 62 2
B S
0.0975 - 8
&
0.0950 4 @ LR=1.67 60
.ILR:2,22
0.0925 -
ILR=2.04
® 58
. ILR+=1.85
2700 2800 2900 3000 3100 3200 3300

Energy Yield (MWh)

FIGURE 6.15: Multi-objective optimization plot comparing PR, CF,
energy yield, and LCOE across ILRs.

6.4 Concluding Remarks

This chapter investigated the influence of varying DC-to-AC ratios on the
performance and efficiency of 2 MW floating solar PV plant. The study employs
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- @ simulations to analyze different DC-to-AC ratios, focusing on energy production,
clipping losses, and system performance metrics. The findings revel that as the
ILR increases from 1.11 to 1.85, energy generation improves by 23.2% due to the
higher DC capacity, which allows the system to capture and convert more solar
energy. However, the performance ratio decreases by 8.7% and the capacity
factor declines by 8.0%, primarily due to increased inverter clipping losses that
limit the effective utilization of the generated energy. Despite these efficiency
reductions, the LCOE decreases by 9%, as the significant rise in total energy
generation offsets the cost per unit of electricity. Seasonal analysis shows that
higher DC to AC ratios perform better during periods of high solar irradiance,
such as spring and early summer, where they capture more energy. However, in
months with lower solar irradiance, the advantage of higher ratios diminishes,
highlighting the need for a balanced approach to system design. The study also
demonstrates that higher DC to AC ratios result in greater clipping losses during
peak irradiance periods, suggesting a trade-off between maximizing energy
capture and minimizing efficiency losses. Economic evaluation through the

- @ discounted payback period (DPB) indicates that while higher DC to AC ratios
can increase initial energy production, they may also extend the payback period
due to increased inverter costs and clipping losses. Thus, a ratio of around 1.85
represents an effective balance between enhanced energy capture and acceptable
clipping losses, offering an optimal compromise between performance and
economic viability. In summary, this study underscores the need for strategic ILR

optimization to balance performance and economic viability.
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Chapter 7

CONCLUSION AND FUTURE
SCOPE OF WORK

7.1 Inroduction

This thesis presents an in-depth study on the performance analysis and control
of grid-connected and floating solar photovoltaic (PV) systems. The research
integrates theoretical modeling, simulation, algorithm development, and
techno-economic analysis to enhance the efficiency, reliability, and
cost-effectiveness of PV systems under varying environmental conditions. The
work begins by establishing the increasing significance of solar energy in the
context of global and national energy demands, particularly highlighting India’s
rapidly expanding solar infrastructure. A detailed design and simulation of both
stand-alone and grid-connected PV systems are carried out using conventional
and advanced control techniques. In particular, bio-inspired algorithms such as
Flying Squirrel Search Optimization (FSSO) for maximum power point tracking
(MPPT) demonstrate superior performance over traditional tracking methods,
offering improved tracking speed, reduced power losses, and better dynamic
response.

The study also implements and evaluates two inverter control strategies:
Synchronous Reference Frame Theory (SRFT) and Instantaneous Reactive Power
Theory (IRPT). SRFT control method is delivers enhanced power quality and
harmonic suppression than IRPT control method. These insights contribute to
developing more robust control strategies for grid integration. Furthermore, a

techno-economic analysis is conducted comparing monofacial and bifacial
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floating solar PV systems. Bifacial systems, benefiting from water surface albedo,
yield significantly higher energy output and demonstrate lower levelized cost of
energy (LCOE), thereby proving their economic and operational superiority for
floating applications.

The thesis further explores the impact of solar tracking technologies—fixed
tilt, seasonal adjustable tilt, single-axis, and dual-axis—on the energy yield of
floating solar PV systems. The results indicate that dual-axis trackers offer the
highest gain in performance but require careful evaluation due to increased
structural complexity and cost. Additionally, the influence of inverter loading
ratios (ILR) on system performance and economics is studied using
simulation-based approaches. An optimal ILR range is identified that maximizes
energy generation while minimizing clipping losses and cost inefficiencies.
Seasonal variability is also taken into account, offering practical insights into
inverter sizing for floating solar PV deployments.

This work contributes a comprehensive framework for improving the
technical and economic performance of solar PV systems. It addresses critical
gaps in existing research related to real-time MPPT under dynamic conditions,
inverter control optimization for grid-tied systems, bifacial PV applications in
floating platforms, and the application of tracking and inverter sizing strategies
tailored for water-based PV installations. The outcomes of this thesis support the
deployment of efficient, land-saving, and sustainable solar energy solutions,
aligning with India’s and the world’s renewable energy goals.

7.2 Main Conclusions

The following outlines convey the key notable conclusions extracted from the

research examination, which is structured in a chapter-wise manner:

1. The significance of solar photovoltaic (PV) technology in addressing energy
security, sustainability, and climate change challenges. It highlighted the
global and Indian renewable energy scenarios, follwed by different types of
PV systems than the different configuation of solar Pv plants..

2. The modeling and simulation of both stand-alone and grid-connected PV
systems. FSSO-based MPPT control showed superior performance over
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conventional P&O and fuzzy logic in extracting maximum power under
dynamic irradiance conditions. For inverter control in grid-connected
systems, SRFT and IRPT algorithms were implemented. SRFT
demonstrated better harmonic suppression and steady-state performance
than IRPT control method.

3. A case study compared rooftop and floating solar PV systems using
monofacial and bifacial modules. Bifacial FSPV systems showed higher
energy yield and better performance ratios due to albedo gains from water
surfaces. Economically, bifacial modules resulted in a lower levelized cost
of energy (LCOE), improving the return on investment. The study
concluded that bifacial floating PV systems are more efficient and
economically viable than monofacial and rooftop systems in water-rich,

land-constrained areas.

4. Various solar tracking technologies i.e. fixed tilt, seasonal adjustable tilt,
horizontal single-axis, and dual-axis—were analyzed for their impact on
energy generation in floating solar PV systems. Dual-axis tracking
achieved the highest performance improvements but required higher
investment and structural complexity. The analysis of energy losses (e.g.,
soiling, mismatch, and thermal) showed that tracking can mitigate some of
these losses. This study confirmed that smart tracking significantly

enhances energy yield and efficiency in FSPV plants.

5. The effect of varying DC-to-AC ratios (ILR) on the performance of FSPV
systems using simulation. Results showed that increasing ILR enhances
energy generation up to a certain point but also increases clipping losses.
An optimal ILR was identified (e.g., around 1.85), balancing energy output,
clipping loss, and system cost. Seasonal variations and sensitivity analysis
confirmed the robustness of these results. This study highlighted that
careful ILR selection can significantly impact technical and economic

performance.
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Sustainable Development Goals (SDGs)

* Environmental Goals

6. Clean Water and Sanitation

7. Affordable and Clean Energy
12. Responsible Consumption and
Production

13. Climate Action

14. Life Below Water

15. Life on Land

* Social Goals

1. No Poverty

2. Zero Hunger

3. Good Health and Well-being

4. Quality Education

5. Gender Equality

10. Reduced Inequality

11. Sustainable Cities and Communities
16. Peace, Justice, and Strong Institutions

* EconomicGoals
8. Decent work and Economic growth
9. Industry, Innovation and Infrastructure

* Cross-Cutting/ Enabling Goal
17. Partnerships for the Goals

SDG 7 — Affordable and Clean Energy
Directly contributes to increasing clean energy sources

SDG 13 — Climate Action
Research on climate change modeling, mitigation strategies, renewable
energy, carbon capture. Studies on how climate change impacts
ecosystems or human systems.

SDG 3 — Good Health and Well-being
Research in public health, epidemiology, mental health, healthcare
access, disease prevention. For example, studies on air pollution and its
effect on respiratory health.

| Research into income inequality, access to services among marginalized

SDG 10 — Reduced Inequality

populations, gender/racial equity, policy interventions to reduce
disparity.

SDG 9 — Industry, Innovation and Infrastructure

" | Advances innovation in industry and enhances productivity and resilience.

techniques.

FIGURE 7.1: SDGs targeted by the research work

resilience as in Fig. 7.1.

settings.

7.3 Social Impact of Research Work

The outcomes of this research have significant social implications, particularly in
the context of sustainable development, energy accessibility, and climate
By focusing on the performance enhancement and
economic optimization of solar photovoltaic (PV) systems including advanced
control strategies, bifacial floating PV technologies, and inverter sizing
This study contributes to making solar energy more efficient,

affordable, and deployable across diverse geographic and socio-economic

One of the key social benefits of this research is its potential to promote

life and enabling socio-economic development.

decentralized and clean energy generation, especially in rural and remote areas
where grid infrastructure is either weak or absent. The optimized stand-alone PV
system designs and improved MPPT control strategies presented in this work
can ensure reliable power supply for lighting, communication, education, and

healthcare services in underserved regions, thus directly improving quality of

Furthermore, the investigation into floating solar PV systems supports the
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sustainable use of natural water bodies while addressing the challenges of land
scarcity a critical concern in densely populated and agriculturally intensive
countries like India. This land-efficient approach to solar deployment reduces
competition for land, preserves agricultural productivity, and mitigates potential
conflicts related to land acquisition for energy infrastructure.

The research also contributes to environmental and public health
improvements by accelerating the transition from fossil fuels to renewable
energy. Reduced dependence on conventional energy sources lowers greenhouse
gas emissions, air pollution, and associated health hazards, especially in urban
areas. Additionally, the improved efficiency and cost-effectiveness of bifacial PV
modules and inverter configurations may encourage faster adoption of solar
technologies, further amplifying their environmental and social benefits.

Finally, this work supports national and international clean energy goals,
including India’s targets under the National Solar Mission and global
commitments like the United Nations Sustainable Development Goals (SDGs),
particularly SDG 7 (Affordable and Clean Energy), SDG 13 (Climate Action), and
SDG 11 (Sustainable Cities and Communities). By advancing PV system design
and deployment strategies, this research helps create a more equitable, resilient,
and sustainable energy future for all.

7.4 Future Work

For future advancements in this thesis work, the following recommendations are
proposed:

1. Focus on real-time FSSO implementation, hybrid optimization, adaptability
to environmental changes, comparison with emerging MPPT techniques,

and integration with grid-connected PV systems.

2. The study on comparative analysis of bifacial and monofacial floating solar
power plants presents several avenues for future research and
development.Future research can explore hybrid floating solar-wind
systems, assess long-term performance and maintenance strategies, analyze
economic incentives for large-scale adoption, and evaluate environmental

impacts on aquatic ecosystems for sustainable energy development.
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3. Future research can explore Al-driven tracking algorithms for better energy
capture and advanced materials for enhanced durability and stability of
floating solar platforms.

4. Future research can refine economic models for large-scale deployment,
assess floating PV’s environmental impact, and enhance inverter

technology for better efficiency and reliability.
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199

Specification of Roof Top and

Floating PV Plant

TABLE 1: PV module specifications for rooftop PV plant

Specification (ENVIRO PVM6-335)

Module Type
Module Efficiency

L e Maximum Power (Ppyax)
Voltage at Pmax (Vimp)
Current at Pmax (Imp)
Open Circuit Voltage (Vo)
Short Circuit Current (Is.)
Operating Temperature Range

Monocrystalline
17.28%
335 W
379V
8.85 A
46.27 NV
9.41A
—40°C to +85°C
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TABLE 2: Comparison of monofacial and bifacial PV modules for
FSPV plant
Models JKM-540M-72HL4-TV  JKM-540M-72HL4-BDVP
(Monofacial PV module) (Bifacial PV module)
Peak power (Ppeak) 540 Wp 540 Wp
L @ Open circuit voltage (Vo) 37.78 V 49.73V
Short circuit current (Is) 18.18 A 13.89 A
Max. Power Point voltage (Vinpp) 3146V 4113V
Max. Power Point current (Impp) 17.17 A 13.13 A
Efficiency at STC 20.7% 20.94%
Coeff. of Ppay, in °C —0.34%/C —0.35%/C
Coeff. of V., in °C —0.25%/C —0.28%/C
Coeff. of I, in °C 0.04%/°C 0.048%/°C
Bifacial factor - 70 4+ 5%

TABLE 3: PV inverter specifications at roof-top of DTU, Delhi

Specification (Hoymiles MI 1200)

Input

DC power Maximum 1520 W
DC voltage Maximum 60V
PV voltage at MPP 48V
Output

Nominal output voltage 230 V AC
AC power Maximum 1200 W
Max. Output current 6 A
Maximum efficiency 96.5%
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TABLE 4: Technical specifications of MAX125KTL3-XLV inverter at
FSPV plant in Chandigarh
Parameter
Model MAX125KTL3-XLV
L @ Max. Input Voltage

Nominal DC Voltage

Max. Input Current per MPPT

Total Input Current

Rated Output Power

Max. Output Power

Max. Output Current

Nominal AC Voltage 340440 V

Max. Efficiency

TABLE 5: Monthly global horizontal irradiation (GHI), wind velocity,
and ambient temperature data for Chandigarh
L @ Month GHI (kWh/m?/day) Wind Speed (m/s) Temperature (°C)

January 2.46 4.56 11.84
February 3.42 5.10 15.49
March 4.47 5.27 21.06
April 5.19 5.28 26.99
May 5.65 525 31.54
June 5.49 4.64 31.27
July 4.85 3.84 30.21
August 4.55 3.57 29.33
September 4.63 3.75 27.51
October 3.99 3.93 24.35
November 2.96 429 18.28
December 2.57 4.38 13.44
Annual Average 4.09 4.48 23.48
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