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Abstract: Renewable energy systems have become a fundamental component of global sustainable
development due to increasing energy demand, depletion of fossil fuels, and environmental concerns.
Mathematical modelling plays a critical role in analyzing, designing, optimizing, and controlling
renewable energy systems such as solar, wind, hydro, and hybrid energy systems. This research paper
presents a comprehensive study of mathematical modelling techniques applied in renewable energy
systems. The paper discusses mathematical formulations for photovoltaic systems, wind turbines, and
hybrid renewable energy systems, along with optimization approaches used to improve system efficiency
and reduce operational costs. Simulation methodologies and modern computational tools are also
examined. The study concludes that mathematical modelling significantly enhances renewable energy
planning, operational reliability, and economic feasibility.
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I. INTRODUCTION

The increasing demand for energy and the adverse environmental effects associated with conventional fossil fuels have
accelerated the transition toward renewable energy sources. Renewable energy technologies such as solar photovoltaic
(PV), wind turbines, biomass, and hydroelectric systems provide environmentally friendly alternatives for sustainable
energy generation.
However, renewable energy systems are inherently variable and uncertain because they depend on environmental
conditions such as solar radiation and wind speed. Therefore, mathematical modelling is essential for predicting system
performance, optimizing energy generation, improving reliability, and minimizing costs.
Mathematical models help researchers and engineers:

e  Analyze renewable energy system behavior

e  Forecast power generation

e  Optimize energy storage and distribution

e Improve control strategies

e Evaluate economic feasibility
This paper explores mathematical modelling approaches in renewable energy systems and demonstrates how
optimization and simulation methods improve renewable energy performance.

II. LITERATURE REVIEW
Several researchers have contributed to mathematical modelling in renewable energy systems.
Hermann Scheer emphasized the importance of decentralized renewable energy systems for sustainable development.
Research published in MDPI Mathematics Journal demonstrates optimization models for hybrid renewable systems
integrating solar and wind energy.
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Studies in IEEE Xplore have presented advanced control systems for wind energy conversion using differential
equations and artificial intelligence techniques.
Modern renewable energy research increasingly integrates:
e Artificial intelligence
e  Machine learning
e  Optimization algorithms
e Dynamic system modelling
e  Stochastic analysis
These techniques improve prediction accuracy and system stability.

III. MATHEMATICAL MODELLING OF RENEWABLE ENERGY SYSTEMS
3.1 Solar Photovoltaic (PV) System Model
Solar photovoltaic systems convert solar radiation into electrical energy. The output power of a PV module depends on
solar irradiance, temperature, and panel efficiency.
The basic PV power generation equation is:

PPV=nAGP_{PV}=\eta A GPPV=NAG

Where:
PPVP_{PV}PPV = Output power of PV system (W)
n\etan = Efficiency of PV module
AAA = Surface area of the panel (m?)
GGG = Solar irradiance (W/m?)
The efficiency of the PV panel changes with temperature and environmental conditions.

Temperature-Dependent Efficiency Model
n=nref[ 1-f(T-Tref)]\eta=\eta_{ref}[1-\beta(T-T_ {ref})In=nref] 1-f(T—Tref)]
Where:
nrefieta_{ref}nref = Reference efficiency
B\betaP} = Temperature coefficient
TTT = Operating temperature
TrefT _{ref} Tref = Reference temperature

3.2 Wind Energy System Model

Wind turbines convert kinetic energy from wind into electrical power.

The mathematical expression for wind turbine power generation is:
P=12pAv3CpP=\frac{1} {2}\rho A v*3 C_ pP=21pAv3Cp

Where:

PPP = Wind turbine power output

p\rhop = Air density

AAA = Rotor swept area

vvv = Wind velocity

CpC_pCp = Power coefficient

The cubic relationship with wind speed indicates that small increases in wind velocity significantly increase power

generation.

3.3 Battery Storage System Model
Battery energy storage systems are essential for handling renewable energy intermittency.
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Battery state of charge is represented by:
SOC(t)=SOC(t—1)+Pch—PdisCbatSOC(t)=SOC(t-1)+\frac{P_{ch}-P_{dis}} {C_{bat}} SOC(t)=SOC(t—1)+CbatPch
—Pdis
Where:
SOCSOCSOC = State of charge
PchP_{ch}Pch = Charging power
PdisP_{dis}Pdis = Discharging power
CbatC_{bat}Cbat = Battery capacity

1V. HYBRID RENEWABLE ENERGY SYSTEM MODELLING

Hybrid renewable energy systems combine multiple energy sources such as solar, wind, and batteries to improve
reliability and efficiency.
The total generated power is expressed as:
Ptotal=Psolar+Pwind+PbatteryP_{total}=P_{solar}+P_{wind}+P_{battery}Ptotal=Psolar+Pwind+Pbattery
Hybrid systems reduce dependence on a single energy source and improve energy availability.
Advantages include:

e Improved reliability

e Lower operational cost

e Reduced greenhouse gas emissions

e Better load balancing

V. OPTIMIZATION TECHNIQUES IN RENEWABLE ENERGY
Optimization techniques are widely used in renewable energy planning and operation.
5.1 Linear Programming
Linear programming minimizes system cost while satisfying operational constraints.
Objective function:

min Z=)i=1nCixi\min Z=\sum_{i=1}"{n} C_i x_iminZ=}i=1nCixi

Subject to:
Ax<bAx\leq bAx<b
Where:
CiC _iCi = Cost coefficient
xix_ixi = Decision variables
AAA = Constraint matrix
bbb = Resource limits

5.2 Genetic Algorithms
Genetic algorithms are evolutionary optimization methods inspired by natural selection.
Applications include:

e  Optimal sizing of hybrid systems

e Load forecasting

e Energy management

e  Maximum power point tracking

5.3 Particle Swarm Optimization (PSO)
Particle swarm optimization is used for:

e Power dispatch optimization
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e  Voltage stability

e  Wind turbine parameter tuning
PSO offers fast convergence and computational efficiency.

VI. SIMULATION TOOLS FOR RENEWABLE ENERGY MODELLING
Several software tools are used for renewable energy simulation and optimization.

Tool Application

MATLAB/Simulink Dynamic system simulation
HOMER Pro Hybrid system optimization
RETScreen Energy feasibility analysis

Python Data analysis and machine learning
PSCAD Power system simulation

MATLAB/Simulink is widely used because of its flexibility in modelling nonlinear systems and control algorithms.

VII. APPLICATIONS OF MATHEMATICAL MODELLING
Mathematical modelling in renewable energy has numerous applications:
7.1 Power Forecasting
Forecasting models predict solar radiation and wind speed using statistical and machine learning methods.
7.2 Smart Grid Management
Mathematical models optimize electricity distribution in smart grids.
7.3 Energy Storage Optimization
Optimization algorithms improve battery charging and discharging efficiency.
7.4 Economic Analysis
Cost-benefit analysis determines financial viability of renewable projects.

VIII. CHALLENGES IN RENEWABLE ENERGY MODELLING
Despite significant advancements, several challenges remain:
e Intermittent nature of renewable sources
e  Uncertainty in weather forecasting
e High computational complexity
e  Storage limitations
e Integration with existing power grids
Advanced artificial intelligence and machine learning methods are increasingly used to overcome these challenges.

IX. FUTURE SCOPE

Future renewable energy modelling research may focus on:

e Artificial intelligence integration

e Real-time optimization

e Internet of Things (IoT)-based energy systems

e Blockchain-enabled smart grids

e  Hydrogen energy systems

e Digital twin technology
The integration of AI with renewable energy systems is expected to improve prediction accuracy and autonomous
energy management.
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X. CONCLUSION

Mathematical modelling is essential for the efficient design, optimization, and operation of renewable energy systems.

Renewable energy technologies such as solar and wind systems require accurate mathematical representations to handle
variability and uncertainty. Optimization techniques including linear programming, genetic algorithms, and particle
swarm optimization significantly improve system performance and economic feasibility.

Hybrid renewable systems combined with advanced computational tools provide sustainable and reliable energy
solutions for future energy demands. Continued research in artificial intelligence and smart energy management will
further enhance renewable energy system efficiency and reliability.
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