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Abstract 

This paper presents a mathematical model of a solar battery designed for analyzing 

energy processes in autonomous power supply systems. The model is based on the 

current-voltage (I–V) characteristic of a photovoltaic converter and takes into account 

the influence of key internal and external factors, including illumination, temperature, 

and the angle of incidence of solar radiation. Using computer simulation methods, the 

characteristics of a single solar cell as well as solar batteries formed by series, parallel, 

and series-parallel connections are investigated. The obtained simulation results 

confirm the adequacy of the developed model and its applicability for evaluating 

energy balance and designing power supply systems. 
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Introduction  

A rigorous mathematical representation of a solar battery has been formulated, 

grounded in contemporary approaches to the analysis of energy conversion processes 

within autonomous power supply systems. The proposed methodology relies on 

advanced computational modeling and simulation environments, enabling a detailed 

investigation of the dynamic and steady-state behavior of photovoltaic energy sources 

under varying external conditions. 

Photovoltaic generators, which ensure the direct transformation of solar radiation into 

electrical energy, are structurally composed of numerous interconnected photovoltaic 

elements-solar cells. When these elements are electrically integrated, predominantly 

through series and parallel configurations, they form a unified energy-converting 

system commonly referred to as a solar battery. Such systems are capable of 
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producing considerable electrical power under sufficient irradiance levels, which 

makes them indispensable both in aerospace applications—particularly for spacecraft 

power systems-and in terrestrial contexts, including autonomous and distributed 

energy supply units for industrial, residential, and remote installations [1]. 

From a structural standpoint, solar batteries may incorporate tens or even hundreds of 

thousands of individual photovoltaic cells. The specific topology of their 

interconnection is determined by the necessity to achieve prescribed electrical 

parameters, namely the required output voltage and current [2]. Series connections 

primarily increase the voltage level, whereas parallel configurations enhance the 

current-carrying capability, thus allowing for flexible adaptation of the system to 

diverse operational demands. 

The present study focuses on the development and analysis of a mathematical model 

of a solar battery that adequately captures its electrical characteristics. Central to this 

model is the volt-ampere characteristic (VAC), which describes the functional 

dependence between output current and voltage under fixed environmental 

conditions, such as solar irradiance and temperature. This characteristic serves as a 

fundamental tool for evaluating the performance and energy efficiency of 

photovoltaic systems [3]. 

In addition to the classical VAC-based description, the model incorporates the 

influence of key physical parameters, including semiconductor material properties, 

internal resistive losses, recombination mechanisms, and temperature-dependent 

effects. Such an extended formulation allows for a more accurate prediction of the 

solar battery’s behavior in real operating conditions, including partial shading, non-

uniform illumination, and thermal fluctuations. 

Furthermore, the application of numerical simulation techniques facilitates the 

optimization of system design and control strategies. By employing iterative 

computational methods, it becomes possible to identify optimal operating points-such 

as the maximum power point (MPP)-and to assess the impact of external disturbances 

on energy output [4]. This, in turn, contributes to improving the overall efficiency and 

reliability of solar power systems. 

Thus, the developed mathematical model not only provides a comprehensive 

description of the electrical behavior of solar batteries but also serves as a practical 

instrument for their design, analysis, and optimization in both spaceborne and 

terrestrial energy applications [5]. 
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At the present stage of development of autonomous power supply systems, the 

application of computer-based modeling and simulation methods has become a 

fundamentally important tool for analyzing energy conversion and distribution 

processes [6]. The complexity and variability of operating conditions, especially for 

systems incorporating renewable energy sources, necessitate the use of numerical 

approaches capable of reproducing both transient and steady-state regimes with high 

accuracy. 

The use of simulation techniques provides broad analytical capabilities. In particular, 

it enables the evaluation of the energy balance within an autonomous system when 

the energy parameters of primary and auxiliary (buffer) sources are predefined, and 

when the temporal profile of load consumption is specified. Such an approach allows 

for a comprehensive assessment of whether the generated and stored energy is 

sufficient to meet demand over a given time horizon [7]. 

In addition, computational modeling makes it possible to investigate the sensitivity of 

the system’s energy balance to variations in the characteristics of its components [8]. 

This includes analyzing how fluctuations in the output parameters of energy sources-

caused by environmental or operational factors-affect the overall stability and 

efficiency of the power supply system. Of particular importance is the ability to 

account for time-dependent changes in source behavior, which are typical for 

renewable energy technologies. 

A further critical aspect of the analysis is the study of external influences on system 

performance. Parameters such as solar irradiance, ambient temperature, seasonal 

variations, and geographic conditions have a direct and often nonlinear impact on the 

energy characteristics of the system, especially when photovoltaic generation is 

involved. Accurate consideration of these factors is essential for predicting real-world 

performance and ensuring reliable system operation [9]. 

To address these challenges, it is necessary to construct an adequate mathematical 

model of a solar battery that reflects its physical and electrical properties under 

varying environmental conditions. Such a model serves as a core component of the 

overall simulation framework, enabling quantitative analysis, optimization of system 

parameters, and validation of design solutions for autonomous energy supply systems. 
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Fig. 1. Equivalent circuit of a solar cell 

Fig. 1. Shows the equivalent replacement circuit of a solar cell (SC). It is described 

by the following expression: 

 

 
where I ÑÝ is the current through the external load, I0 is the reverse saturation current, 

q is the electron charge, T is the absolute temperature, K, k is the Boltzmann constant, 

U ÑÝ is the output voltage of the cell, and IÔ is the current of minority carriers 

generated by light (photocurrent). 

The influence of the illumination of the SC on the value of UÑÝ is expressed by the 

formula 

 

 
 

where W is the illumination of the SC. 

Let us implement the mathematical model of the SC. As an example, let us choose a 

SC with the following characteristics: Uxx = 0,55 В, Ikz = 5,5 A. => 9 0 2,061 10-9 I 

А. 

The circuit implementing the VAC of the solar cell described by expression (1) is 

shown in Figure 2. It allows one to assess the influence on the operation of the SC of 

such parameters as the illumination level of the SC (nominal value W = 1360 W/m²), 

ambient temperature (nominal value K = 298 K), as well as the angle of incidence of 

the light flux (nominal value α = 90° = π/2 rad). 
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Fig. 2. Mathematical model of the SC 

a - current-voltage characteristic, b - power-voltage characteristic 

Fig. 3. Characteristics of the SC described by equation (2) 

Let us test a solar battery consisting of 3 cells connected in series. In this case, the 

output voltage of the SB U_SB is determined by the formula UÑÁ = U ÝÊÂ = U ÑÝ× N,   

where N is the number of solar cells connected in series; 

IÑÁ= I ÝÊÂ = I ÑÝ figure 4 shows a model of the SB consisting of 3 SCs connected in 

series. 
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Fig. 4. Model of a solar battery consisting of 3 solar cells connected in series 
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   a       b 

a - current-voltage characteristic, b - power-voltage characteristic 

Fig. 5. Characteristics of the circuit shown in Figure 4 

As can be seen from Figure 5, the open-circuit voltage of the SB is 3 times greater 

than the open-circuit voltage of the SC (see Figure 3) => the model has been 

constructed correctly [10]. 

Let us test a solar battery consisting of 2 cells connected in parallel. In this case, the 

output voltage of the SB UÑÁ is determined by the formula 

UÑÁ = U ÝÊÂ = U ÑÝ × N,      IÑÁ= I ÝÊÂ = I ÑÝ× M, 

where M is the number of solar cells connected in parallel. 

 
   a              b 

a - current-voltage characteristic, b - power-voltage characteristic 

Fig.6. Characteristics of a circuit consisting of 2 solar cells 

 

 
   a       b 

a - current-voltage characteristic, b - power-voltage characteristic 
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Fig. 7. Characteristics of a circuit consisting of 6 cells connected in series-parallel 

As can be seen from Figure 6, the short-circuit current of the SB is 2 times greater 

than the short-circuit current of the SC (see Figure 3) => the model has been 

constructed correctly. 

Let us consider a model of a solar battery consisting of 6 solar cells connected in 

series-parallel. 

In this case, the output voltage of the SB UÑÁ is determined by the formula UÑÁ = U 

ÝÊÂ = U ÑÝ × N,   where N is the number of solar cells connected in series IÑÁ= I ÝÊÂ 

= I ÑÝ× M,   where M is the number of solar cells connected in parallel. 

 

Conclusion 

In the course of this study, a comprehensive mathematical model of a solar battery 

has been developed, providing an adequate and physically substantiated 

representation of its energy and electrical characteristics. The proposed approach, 

based on modern methods of computer simulation, makes it possible to analyze in 

detail the processes of generation, conversion, and distribution of energy within 

autonomous power supply systems. 

It has been demonstrated that the use of simulation modeling significantly expands 

the possibilities for evaluating the energy balance of such systems under both steady-

state and dynamically changing operating conditions. Particular attention has been 

given to the influence of external factors—such as solar irradiance, temperature, and 

seasonal variations—which have a decisive impact on the performance and efficiency 

of photovoltaic sources. 

The constructed model, based on the volt-ampere characteristic of the solar battery, 

allows not only for accurate prediction of output parameters but also for the 

investigation of system behavior under non-ideal and time-varying conditions. This 

creates a foundation for optimizing system configuration, improving energy 

efficiency, and ensuring reliable operation of autonomous power supply systems. 

Thus, the results obtained confirm the effectiveness of the proposed modeling 

methodology and its practical relevance for the design, analysis, and optimization of 

modern photovoltaic energy systems in both terrestrial and aerospace applications. 
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