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Abstract

The increasing global demand for energy and growing environmental concerns have necessitated a rapid
transition from conventional fossil-fuel-based energy systems to renewable energy sources. Among
various alternatives, solar and wind energy systems have emerged as the most promising due to their
abundance, sustainability, and technological maturity. However, the intermittent and variable nature of
renewable energy sources makes their design and performance evaluation challenging. In this context,
theoretical modelling and computational simulation play a vital role in understanding system behaviour
under varying environmental and operational conditions.

This paper presents an elaborate theoretical analysis of renewable energy system modelling and simulation
with a focus on solar photovoltaic (PV) and wind energy systems. Mathematical models and governing
equations of these systems are discussed to explain their operational characteristics. The role of
computational simulation tools in analysing system performance without physical experimentation is
highlighted. The study emphasizes that modelling and simulation serve as effective alternatives to
experimental studies, especially at the conceptual and planning stages. The paper focuses on how
theoretical and simulation-based approaches contribute to the advancement of renewable energy
technologies.
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Introduction

The continuous growth in population, industrialization, and technological advancements has led to a
significant increase in global energy consumption. Conventional energy resources such as coal, petroleum,
and natural gas are finite in nature and are major contributors to greenhouse gas emissions and
environmental degradation. These challenges have driven researchers and policymakers to explore
renewable energy sources that are sustainable, clean, and environmentally friendly.

Renewable energy systems such as solar and wind power are inherently dependent on environmental
factors like solar irradiance and wind speed, which vary with time and location. As a result, predicting
system performance through direct experimentation alone becomes costly and time-consuming. To
overcome these limitations, theoretical modelling and computational simulation are widely employed.
These approaches enable researchers to represent physical systems using mathematical equations and
analyse their behaviour under different operating conditions without conducting real-time experiments.
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The objective of this paper is to present a detailed theoretical analysis of renewable energy system
modelling and simulation. The paper focuses on the mathematical modelling of solar photovoltaic and
wind energy systems and discusses how computational simulation tools assist in performance analysis and
system optimization. This work is purely theoretical in nature and does not involve experimental or field
studies.

Overview of Renewable Energy Sources

Renewable energy sources are derived from natural processes that are continuously replenished and have
minimal environmental impact. Among the various renewable sources available, solar and wind energy
have gained significant prominence due to their scalability and technological feasibility.

Solar Energy

Solar energy is obtained from solar radiation emitted by the sun. Solar photovoltaic systems convert this
radiation directly into electrical energy using semiconductor materials based on the photovoltaic effect.
Solar energy is widely used in standalone as well as grid-connected systems due to its modular nature, low
maintenance requirements, and long operational life.

Wind Energy

Wind energy utilizes the kinetic energy of moving air to generate electrical power using wind turbines.
Wind energy systems are installed in onshore and offshore locations where wind potential is high. The
power output of wind turbines varies significantly with wind speed, making theoretical modelling essential
for performance estimation.

Theoretical Modelling of Renewable Energy Systems

Theoretical modelling involves representing physical systems using mathematical equations that describe
their behaviour. In renewable energy systems, modelling helps establish relationships between input
variables and system output.

Theoretical Modelling of Solar Photovoltaic Systems
A solar photovoltaic cell can be represented using an equivalent electrical circuit consisting of a current
source, a diode, series resistance (R;), and shunt resistance (R ). The output current of a PV cell is given
by:
I'=1In —Ihlexp((V +IRs)/(nVt)) — 1] = (V + IRs) /Ry,
where:
I is the output current of the PV cell
Ly, 1s the photocurrent generated due to solar irradiance
I, is the diode saturation current
V' is the output voltage
R, and Ry, are series and shunt resistances respectively
n is the diode ideality factor

V; 1s the thermal voltage
The photocurrent (1,5, is directly proportional to solar irradiance (G) and can be expressed as:
Lo G

ph
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The power output of a PV module is given by:

P=VxI
The current—voltage (I-V) and power—voltage (P—V) characteristics obtained from these equations are
essential for analysing system performance and identifying the maximum power point.

Theoretical Modelling of Wind Energy Systems
The power available in wind is a function of air density, rotor swept area, and wind speed. The theoretical
power extracted from wind is given by:
P,=05%XpxAxXv3

where:
e P, is the power available in wind (W)
e pis air density (kg/m?)
e A is the swept area of the turbine blades (m?)
e v is wind speed (m/s)
The actual power extracted by a wind turbine is limited by the power coefficient (Cp), leading to:

P, =05%xpXAXC,xv?
According to Betz’s law, the maximum theoretical value of C, is 0.593, which represents the upper limit
of wind energy conversion efficiency.
These theoretical equations help in estimating turbine output and understanding the influence of wind
speed variations on power generation.

Role of Computational Simulation

Computational simulation plays a pivotal role in the analysis and development of renewable energy
systems, particularly when studies are based on theoretical models rather than experimental investigations.
Simulation provides a virtual platform where mathematically derived system equations can be
implemented and analysed under controlled and repeatable conditions. This approach enables researchers
to study system dynamics, performance trends, and parametric sensitivity without the constraints
associated with physical experimentation.

In renewable energy research, computational simulation facilitates the translation of theoretical models of
solar photovoltaic and wind energy systems into executable system representations. By incorporating
governing equations, boundary conditions, and system constraints, simulations allow for the evaluation of
system response to varying environmental inputs such as solar irradiance, temperature, wind speed, and
air density. This process helps in understanding how fluctuations in environmental parameters influence
output characteristics such as voltage, current, power, and efficiency.

MATLAB/Simulink is widely recognized as a standard simulation platform in renewable energy studies
due to its modular, block-based architecture and extensive library support. The availability of predefined
functional blocks for electrical, mechanical, and control components enables the construction of
comprehensive system models with relative ease. Furthermore, MATLAB/Simulink supports numerical
computation, visualization, and parameter tuning, making it suitable for theoretical performance
assessment and system-level analysis.

Simulation-based analysis significantly reduces dependence on costly and time-consuming experimental
setups, especially during the conceptual and preliminary design stages of renewable energy projects. It
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enables rapid evaluation of multiple operating scenarios, design alternatives, and environmental conditions
within a short time frame. As a result, computational simulation serves as an essential tool for feasibility
assessment, system optimization, and decision-making, thereby reinforcing its importance in the
advancement of renewable energy technologies and aligning with the broader theme of computational
innovations in science and technology.

Theoretical Results and Discussion

The theoretical models discussed in the previous sections provide valuable insights into the behaviour and
performance characteristics of renewable energy systems under varying environmental conditions. Even
in the absence of experimental or simulation-based studies, these analytical expressions allow researchers
to predict trends, assess feasibility, and understand system limitations.

Theoretical Analysis of Solar Photovoltaic Systems

From the theoretical current—voltage relationship of a solar photovoltaic cell, it is evident that the output
current is strongly influenced by solar irradiance. As irradiance increases, the photocurrent (I, ) increases
proportionally, leading to higher output current and power. This establishes a direct relationship between
sunlight availability and PV system performance.

The power equation, P = V X [ indicates that maximum power output occurs at a specific operating point
known as the Maximum Power Point (MPP). Theoretical I-V and P-V curves show that variations in
temperature affect the voltage more significantly than the current. An increase in cell temperature results
in a reduction of open-circuit voltage, thereby decreasing the overall efficiency of the PV module. This
theoretical observation highlights the importance of thermal considerations in PV system design.

The inclusion of series and shunt resistances in the PV model further explains practical losses. Higher
series resistance leads to voltage drops and reduced fill factor, while lower shunt resistance results in
leakage currents. These theoretical insights help in understanding efficiency degradation mechanisms in
photovoltaic systems without the need for experimental validation.

Theoretical Analysis of Wind Energy Systems

The theoretical wind power equation demonstrates that wind speed is the most critical parameter affecting
energy generation, as power is proportional to the cube of wind velocity. This implies that even a small
increase in wind speed results in a significant rise in power output. Consequently, accurate assessment of
wind potential is essential before installing wind energy systems.

The introduction of the power coefficient (C,) in the turbine power equation reflects acrodynamic
efficiency. According to Betz’s law, no wind turbine can convert more than 59.3% of the available wind
power into mechanical power. This theoretical limit provides a benchmark for evaluating turbine
performance and emphasizes the inherent constraints in wind energy conversion.

Furthermore, theoretical models explain cut-in, rated, and cut-out wind speeds, which define the
operational range of wind turbines. Below the cut-in speed, power generation is negligible, while above
the rated speed, output power is regulated to prevent mechanical damage. These concepts are crucial for
understanding wind turbine operation and grid integration from a theoretical perspective.

Conclusion
This paper presented a detailed theoretical and computational analysis of renewable energy system model-
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ling and simulation, focusing on solar photovoltaic and wind energy systems. Mathematical models and
governing equations were discussed to explain system behaviour under varying environmental conditions.
The study emphasized the role of computational simulation as an effective alternative to experimental
studies, particularly in the early stages of research and development.

Theoretical modelling and simulation serve as essential tools in advancing renewable energy technologies
by enabling efficient system design, performance prediction, and optimization. Future work may extend
this theoretical framework to hybrid renewable energy systems and advanced simulation techniques.
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