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Abstract: This work reviews battery modeling approaches for electric
vehicles, focusing on monitoring State of Health and estimating State of Charge.
Key modeling strategies including electrochemical, equivalent circuit,
mathematical, and data-driven methods are discussed in terms of their advantages
and limitations. Accurate models enable reliable state estimation, enhance battery
safety, optimize charging and discharging, and support extended battery life,
making them essential for efficient Battery Management Systems and sustainable
transport operation.
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In recent years, the urgent need to reduce greenhouse gas emissions and
mitigate the environmental pollution caused by fossil fuels such as gasoline and
diesel has accelerated the search for sustainable and eco-friendly alternatives.
Among the available renewable energy solutions, chemical energy storage systems
have emerged as highly reliable technologies. Their primary advantage lies in the
ability to provide portable power across a wide range of applications, making them
one of the most widely adopted forms of renewable energy storage.

Batteries, the focus of this study, are electrochemical systems that convert

stored chemical energy into electrical energy through specific electrochemical
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reactions. Lithium-ion batteries, in particular, have gained significant attention due
to their high energy density, superior power density, and excellent overall
performance. As a result, they are extensively employed in diverse applications,
including portable electronics such as laptop computers, household load-leveling
systems, and, most importantly, electric vehicles, which form the central subject of
this work. Batteries represent the most widely used technology for electrical energy
storage. Their importance has grown substantially in recent years, as modern
mobile systems, including electric vehicles, smartphones, and laptops. The depend
on the energy stored within these devices for operation. With the increasing
penetration of battery-powered technologies, the need for accurate modeling of
charging and discharging profiles has become critical to ensure optimal
performance, efficiency, and longevity. This paper provides a comprehensive
review of battery modeling approaches, including electrochemical models,
mathematical models, circuit-based models, and hybrid frameworks, applied to
different battery types.

The lifetime of a battery 1s largely governed by its intrinsic physical and
chemical properties. However, the aging behavior of battery cells is inherently
nonlinear and influenced by multiple operational factors. Extending battery life
cannot be achieved solely by reducing power consumption at isolated points in
time. Instead, it is determined by the overall usage profile, including patterns of
power demand, current extraction rates, and operating current levels.

The primary function of a Battery Management System is to ensure the safe
and efficient operation of batteries by regulating charging and discharging
processes, performing cell balancing, providing over-temperature protection, and
estimating the state-of-charge based on voltage, current, and temperature
measurements. In addition, the Battery Management System continuously
monitors key operational parameters such as state-of-charge, state-of-health, depth
of discharge, and temperature. Since these states cannot be directly measured, they
must be inferred through estimation techniques that rely on appropriate battery

models. Consequently, accurate battery modeling plays a critical role in studying,
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estimating, and predicting the real-time performance and reliability of battery
systems.

1. Significance of Battery Modeling

Mathematical modeling of batteries holds substantial importance for both
research and practical applications, as it enables a deeper understanding and
optimization of battery performance. The key reasons include:

Facilitating the development of efficient Battery Management Systems
(BMS): Accurate models serve as the foundation for advanced control strategies.

Improving charging and discharging techniques: Modeling contributes to
enhanced energy efficiency and maximized battery capacity.

Capturing the impact of power consumption patterns: Models allow
analysis of how load variations affect performance and degradation.

Preventing damage from overcharging or over-discharging: Reliable
models support the implementation of effective protection mechanisms.

Providing a safe and accelerated testing environment: Virtual simulations
based on models enable the study of battery behavior under diverse operating
conditions without physical risks.

Defining optimal operating limits: Modeling helps identify conditions that
maximize lifetime and ensure reliability for specific applications.

A wide range of battery models with varying levels of complexity have been
developed to address different application requirements. Based on the degree of
physical insight incorporated, these models are generally categorized into three
levels: white-box models (electrochemical models), grey-box models (circuit-
oriented models), and black-box models (data-driven approaches such as artificial
neural networks). A critical aspect of battery modeling is the accurate estimation
of model parameters, as these directly influence the precision of state estimation
and performance prediction. To this end, several modeling strategies have been
employed, including electrochemical models, mathematical formulations,
equivalent circuit models, and data-driven methods, each offering distinct

advantages and limitations depending on the intended application.
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Equivalent Circuit Models (ECMs) are among the most widely used
approaches for battery modeling due to their balance between simplicity and
accuracy. These models represent the dynamic electrical behavior of a battery
using electrical circuit components such as resistors, capacitors, and voltage
sources. The fundamental concept is to approximate the internal electrochemical
processes of the battery through equivalent electrical elements, thereby enabling
easier analysis and implementation.

The simplest ECM is the RINT model, which represents the battery as an
ideal voltage source in series with an internal resistance. While computationally
efficient, this model is limited in its ability to capture dynamic behaviors such as
transient response and diffusion effects. To address these limitations, more
advanced ECMs have been developed, such as the Thevenin model and the Randles
model, which incorporate additional resistor-capacitor (RC) networks. These
extensions improve accuracy in simulating dynamic characteristics like charge
transfer resistance, double-layer capacitance, and diffusion dynamics.

ECMs are particularly advantageous for real-time applications, including
integration into Battery Management Systems, because of their relatively low
computational cost and straightforward parameterization. However, they are
inherently empirical in nature and require periodic parameter identification to
maintain accuracy under varying operating conditions such as temperature, aging,
and load profiles.

Conclusion

Battery modeling plays a vital role in understanding, predicting, and
optimizing the performance of modern energy storage systems, particularly
lithium-ion batteries used in electric vehicles and portable electronics. Accurate
models not only support the development of efficient Battery Management
Systems but also enhance safety, extend battery lifetime, and enable reliable real-
time operation. Among the different approaches, electrochemical, equivalent
circuit, mathematical, and data-driven models each provide unique strengths,

making the selection of an appropriate modeling strategy highly dependent on the

https://scientific-jl.com/ 23-to’plam 1-son Sentyabr 2025



https://journal-web.uz/

Yangi O'zbekiston taraqqiyotida tadqiqotlarni o'rni va rivojlanish omillari

application requirements.
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