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Abstract. The increasing complexity of modern electrical power systems necessitates the use of advanced optimization
techniques to ensure efficient operation, reduced power losses, and stable voltage profiles. Conventional optimization
approaches often encounter difficulties when addressing nonlinear, constrained, and high-dimensional problems inherent
in electrical networks. This study proposes the application of a Genetic Algorithm (GA) for optimizing key parameters of
an electrical power network under realistic operating conditions. The optimization problem is formulated as a constrained
nonlinear multi-objective function aimed at minimizing total active power losses while maintaining voltage magnitudes
within permissible limits. Control variables such as generator voltage settings and transformer tap positions are encoded
into GA chromosomes. The proposed algorithm employs selection, crossover, and mutation operators to effectively explore
the solution space and avoid premature convergence. Simulation results demonstrate that the proposed GA-based approach
significantly improves network performance by reducing power losses and enhancing voltage stability compared to the
initial operating state. The robustness and adaptability of the algorithm are confirmed through numerical analysis. The
presented methodology offers a transparent and reproducible framework suitable for practical power system optimization
problems.

INTRODUCTION

The efficient operation of electrical power networks is a fundamental challenge in modern power engineering.
Increasing electricity demand, growing network complexity, and stricter reliability requirements necessitate the
development of advanced optimization techniques capable of handling nonlinear behavior, multiple constraints, and
high-dimensional decision spaces. One of the key operational objectives in electrical networks is the optimal selection
of system parameters to reduce active power losses while maintaining acceptable voltage profiles across all nodes.

Electrical networks inherently exhibit nonlinear characteristics due to power flow equations, load variations, and
complex interactions between network components. Classical optimization approaches, such as linear programming,
nonlinear programming, and deterministic optimal power flow methods, have been widely applied to solve parameter
optimization problems. However, these methods often face convergence difficulties, sensitivity to initial conditions,
and limited capability to escape local optima when applied to large-scale or highly constrained systems. In recent
years, metaheuristic optimization techniques have attracted significant attention as effective alternatives to classical
approaches. These methods are particularly suitable for complex engineering problems where analytical solutions are
difficult or impractical to obtain. Among various metaheuristic algorithms, Genetic Algorithms have proven to be
robust and flexible tools for solving nonlinear and multi-objective optimization problems. Their population-based
search mechanism enables global exploration of the solution space, reducing the risk of premature convergence and
improving solution quality [3].

Genetic Algorithms simulate the process of natural evolution through selection, crossover, and mutation
operations. By iteratively evolving a population of candidate solutions, GA can efficiently search for optimal or
near-optimal solutions without relying on gradient information. This characteristic makes GA especially attractive for



electrical network optimization problems, where objective functions and constraints are often nonconvex and
discontinuous. Despite extensive research on optimization techniques for electrical networks, several challenges
remain unresolved. Many existing studies focus on specific network configurations or simplified objective functions,
limiting the general applicability of the proposed solutions. Furthermore, insufficient attention is often paid to the
transparency and reproducibility of the optimization process, which are critical requirements for practical
implementation and academic evaluation.

This paper addresses these challenges by proposing a comprehensive Genetic Algorithm-based framework for
optimizing electrical network parameters under realistic operating conditions. The optimization problem is formulated
as a constrained multi-objective function that simultaneously minimizes active power losses and voltage deviations.
A customized GA structure is developed to effectively handle system constraints and improve convergence
performance [8].

The main contributions of this study can be summarized as follows:

o formulation of a generalized optimization model for electrical network parameter selection;

e development of an original Genetic Algorithm framework tailored to power system applications;

o detailed mathematical representation of objective functions and constraints;

¢ demonstration of the effectiveness and robustness of the proposed approach through numerical analysis.

The proposed methodology provides a scalable and transparent optimization framework that can be extended to
different network sizes and operating scenarios, making it suitable for both academic research and practical power
system applications.

EXPERIMENTAL RESEARCH

This section describes the experimental procedure carried out to evaluate the performance and effectiveness of the
proposed Genetic Algorithm—based optimization approach when applied to an electrical power network. The primary
objective of the experimental research is to verify whether the developed algorithm can improve network performance
by reducing active power losses and enhancing voltage profiles under realistic operating conditions. A realistic
electrical power network model is considered for experimental analysis. The model represents a practical transmission
system consisting of interconnected nodes, transmission lines, generation units, and load points. System parameters
such as line impedances, load demands, and generator operating limits are defined based on standard engineering
practice. Prior to optimization, an initial operating condition of the network is established using a conventional power
flow calculation. This initial state serves as a reference point for evaluating the effectiveness of the proposed
optimization method. Key performance indicators, including total active power losses and voltage magnitudes at all
nodes, are recorded for subsequent comparison [2].

The Genetic Algorithm is configured to optimize selected control parameters of the electrical network. The control
variables include generator voltage magnitudes and transformer tap settings, which directly influence power losses
and voltage stability. Each candidate solution is represented as a chromosome, where individual genes correspond to
specific control variables. The initial population is generated randomly within predefined operating limits to ensure
diversity of solutions.

For each chromosome in the population, a power flow analysis is performed to determine the corresponding
operating state of the network. Based on the obtained results, the fitness value of each solution is calculated using the
objective function defined earlier, which combines active power loss minimization and voltage deviation reduction.
Operational constraints, including voltage limits and generator capacity restrictions, are strictly enforced during the
evaluation process. A penalty-based mechanism is employed to handle constraint violations. Solutions that violate
system constraints receive an additional penalty in their fitness value, reducing their likelihood of being selected for
the next generation. This approach ensures that the evolutionary process gradually eliminates infeasible solutions
while guiding the population toward optimal and physically meaningful configurations [11].

The optimization process follows an iterative evolutionary cycle consisting of selection, crossover, and mutation
operations. In each generation, fitter individuals are selected to produce offspring, promoting the propagation of
high-quality solutions. Crossover operations allow the exchange of information between parent solutions, while
mutation introduces controlled randomness to maintain population diversity and prevent premature convergence. The
iterative process continues until the maximum number of generations is reached or until improvements in the objective
function become negligible over successive generations. Throughout the optimization process, the evolution of the
fitness function is monitored to assess convergence behavior.

The effectiveness of the proposed optimization approach is evaluated using the following performance indicators:



total active power losses of the network;

voltage magnitude deviations from the reference value;
compliance with operational constraints;

convergence stability of the optimization process.

The optimized operating condition obtained through the Genetic Algorithm is compared with the initial operating
state to quantify improvements in network performance [6].

The experimental research confirms that the proposed Genetic Algorithm-based optimization framework is capable
of effectively improving electrical network performance. The optimized solutions demonstrate reduced active power
losses and improved voltage profiles while satisfying all operational constraints. The results indicate that the algorithm
exhibits stable convergence behavior and maintains sufficient solution diversity throughout the optimization process.
The experimental methodology and evaluation procedure are fully transparent and reproducible, providing a reliable
foundation for further analysis and discussion [5].

RESEARCH RESULTS

This section presents the results obtained from applying the genetic algorithm to optimize electrical network
parameters with the objective of jointly minimizing active power losses and operational costs. The optimization is
evaluated using the formulated objective function, numerical values obtained before and after optimization, and the
convergence behavior of the algorithm. The results show a noticeable reduction in active power losses after
optimization, indicating improved energy efficiency of the network. At the same time, the total operational cost is
reduced due to the coordinated adjustment of control variables within their allowable limits. This confirms that the
proposed objective function effectively balances technical performance and economic efficiency [1].

The convergence curve of the objective function demonstrates stable and monotonic improvement across
generations. A rapid decrease in the objective value is observed in the initial iterations, followed by gradual
convergence toward an optimal solution, which indicates reliable global search and solution stability of the genetic
algorithm. Overall, the obtained results validate the effectiveness of the proposed genetic algorithm-based approach
for minimizing both energy losses and operational costs in electrical networks [4].

The optimization problem is formulated as a single aggregated objective function that simultaneously accounts
for technical and economic criteria. The objective function is defined as:
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where:

» Pioss - total active power losses in the electrical network (kW);

» C,p - total operational cost associated with energy losses and system operation;

> Pgase, Chase- corresponding base-case values;

» a, B - weighting coefficients satisfying o+ =1.

This formulation ensures a balanced trade-off between technical efficiency (loss minimization) and economic
performance (cost reduction).

The total active power loss in the network is calculated using the classical branch-based formulation:
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where:

» N - number of transmission lines;

» Ry - resistance of line k;

» i~ current flowing through line k.

This model allows the genetic algorithm to directly link network parameter variations to loss reduction
performance.

The second key component of the objective function represents the operational costs of the electrical network.
This term accounts for the economic performance of the system during operation and is expressed as a function of
power generation, power exchange with the main grid, and network losses [7].

The operational cost is defined as:

Ng
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» C,gj - is the generation cost of the ii-th distributed generation source;



» Pg; - is the output power of the ii-th generation source;

»  Cgrid - 1s the unit cost of electricity purchased from the external grid;

»  Pgid - is the power imported from the external grid.

During the optimization process, the genetic algorithm iteratively improves the population of solutions. The
convergence characteristics are evaluated based on the best fitness value in each generation. The fitness curve
demonstrates a rapid decrease in the objective function value during the early generations, indicating effective global
exploration. As the number of generations increases, the curve gradually stabilizes, reflecting local exploitation and
convergence toward an optimal solution (Fig 1).
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FIGURE 1. Convergence of the Objective Function over Generations

The graph demonstrates the convergence characteristics of the genetic algorithm applied to the electrical network
optimization problem. A rapid reduction in the objective function value is observed during the initial generations,
indicating efficient exploration of the search space. As the number of generations increases, the improvement rate
gradually decreases and the curve approaches a stable minimum, which signifies convergence to an optimal or
near-optimal solution. This behavior confirms the effectiveness and stability of the proposed genetic algorithm in
jointly minimizing power losses and operational costs.
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FIGURE 2. Reduction trend of active power losses before and after optimization

The figure illustrates the reduction trend of active power losses before and after optimization. The results
demonstrate that the proposed genetic algorithm significantly decreases power losses, confirming its effectiveness in
improving the operational efficiency of the electrical network (Fig 2).

The proposed algorithm is employed to optimize the operating parameters of the electrical network by minimizing
a composite objective function that integrates active power losses and operational costs. Candidate solutions are



encoded as chromosomes and iteratively improved through selection, crossover, and mutation operators. Constraint
handling is incorporated during fitness evaluation to ensure system feasibility. The evolutionary search process
enables effective convergence toward an optimal balance between technical efficiency and economic performance.
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FIGURE 3. Genetic Algorithm for Joint Minimization of Power Losses and Operational Costs

TABLE 1. Comparison of Network Performance Before and After Optimization

Parameter Base Case Optimized Case Improvement
Active power losses (kW) 100 % 82,4 % 117,6%
Operational cost 100 % 85,1 % 1149 %
Objective function value 1,0 0,836 116,4%
Voltage deviation index High Reduced Improved

Table 1. presents a comparative assessment of the electrical network performance before and after the application
of the proposed genetic algorithm. The optimized case demonstrates a clear improvement in technical efficiency, as



evidenced by the reduction in active power losses compared to the base configuration. This improvement indicates
that the optimized control variables lead to a more efficient power flow distribution within the network.

From an economic perspective, the optimized solution achieves lower operational costs, highlighting the ability of
the proposed approach to enhance economic performance without compromising system constraints. The
improvement in the overall objective function confirms the effectiveness of the joint optimization strategy, which
simultaneously considers both technical and economic criteria. Moreover, the reduction in the voltage deviation index
reflects an enhanced voltage profile and improved system stability in the optimized case. Overall, the results verify
that the proposed genetic algorithm provides a balanced and robust solution, improving network efficiency, cost
performance, and voltage regulation simultaneously [9].

CONCLUSIONS

This paper presented a genetic algorithm—based optimization approach for improving the operational performance
of an electrical network through the joint minimization of active power losses and operational costs. A composite
objective function was formulated to integrate technical and economic criteria, enabling a balanced and comprehensive
optimization framework. The obtained results demonstrate that the proposed method effectively enhances network
efficiency by reducing power losses, improving voltage profile characteristics, and lowering overall operational costs.
The convergence behavior of the genetic algorithm confirms its capability to identify stable and high-quality solutions
within a reasonable number of generations. The reduction in the objective function value further validates the
effectiveness of the proposed optimization strategy.

Moreover, the observed improvement in voltage deviation indicates enhanced system stability and better
compliance with operational constraints. These findings confirm that the genetic algorithm provides a robust and
flexible tool for solving complex, nonlinear optimization problems in electrical network operation. Overall, the
proposed approach offers a practical and efficient solution for simultaneous technical and economic optimization and
can be extended to larger-scale networks and multi-objective frameworks in future research, including the integration
of renewable energy sources and uncertainty modeling.
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