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ABSTRACT: Battery Management Systems (BMS) are essential systems for the proper functioning of battery
equipment for electric vehicles (EVs) and energy storage systems to operate safely, reliably and efficiently. This paper
presents a comprehensive review of existing BMS technologies. We review the main aspects of BMS technologies,
including State of Charge (SOC) estimation, State of Health (SOH), cell balancing, thermal management, and fault
detection. Many research studies examined the different types of BMS architectures (central, modular, and distributed),
communication protocols, scalability/search challenges, and fault tolerance. The review also includes advanced real-
time state estimation of the battery, fault tolerance, etc., by use of advanced algorithms of neural networks and/or
machine learning.

KEYWORDS: Battery Management System, State of Charge, State of Health, Cell Balancing, Electric Vehicle, Fault
Diagnosis, Thermal Management.

I. INTRODUCTION

Battery systems impact electric vehicles (EVs) performance and safety and are at the forefront of mobility in the future.
As such, a reliable Battery Management System (BMS) must be in place to address challenges such as battery life,
range anxiety, and thermal risks. A BMS is in place to safely operate battery systems and improve battery lifespan and
energy usage by keeping tabs on parameters: voltage, current, temperature, State of Charge (SoC), and State of Health
(SoH). Design improvements in efficiency, reliability, and costs are needed for BMS, given the unique nature of EVs,
to increase the reliability of EVs, improve costs, and improve the adoption of clean mobility solutions. EVs are state of
the art mobility solutions due to the rapid transition to sustainability.
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Fig. 1 Workflow of BMS for EV

The battery system is the core component of any EV, affecting performance, safety, range and overall reliability.
However, aspects such as energy density, aging, safety concerns and varied environmental conditions require
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intelligent control systems. In this situation, Battery Management System (BMS) is important. An efficient BMS not
only monitors critical parameters including voltage, current and temperature, but also ensures safe energy management,
extended lifetime, and optimal energy utilization. Performance enhancements in EVs achieved through effective BMS
design include elements such as smart algorithms, thermal management, fault tolerance and energy balancing
capabilities.

II. LITERATURE REVIEW

In recent years, interest in electric vehicles (EVs) has increased exponentially with substantial emphasis on battery
performance, battery management systems, and optimization at the system level, involving instrumentation, intelligent
control, Al (artificial intelligence), and approaches for energy management. Studies employing instrumentation
(gathering data and measurements from vehicles) assessed electrical diagnostics, thermal diagnostics, and imaging
diagnostics to provide better evaluation of battery degradation and State of Health (SoH) estimation [1]. New methods
developed non-linear Model Predictive Control (NMPC) to maximize overnight cell balancing and State of Charge
(SoC) uniformity, and improve charging efficiency [2]. Systems evaluations showed that trolley-assisted dynamic
charging improved my duty cycle, efficiency, and productivity over a battery only configuration [3]. At the same time,
Al methods, which include domain knowledge guided strategies and hybrid attention deep reinforcement learning, have
advanced estimation of battery health, recycling methods, and thermal management [4], [5].

In future microgrids, approaches concerning electric vehicle (EV) charging are expected to improve grid stability,
quality, emission levels, and operational costs [6], while the use of multi-parameter diagnostics for second-life batteries
subjected to extreme duty cycles will ensure they provide maximum dependability [7]. Comparative studies depict a
similar trade off amps batteries with high energy density versus amps batteries with high energy density [8]. Multi-
mode energy management strategies enable optimized power flow for range-extended electric vehicles [9]. Battery
Management System (BMS) architectures enhanced for cybersecurity will provide data protection and resiliency of
operations, while robust and advanced fault-diagnosis techniques and grid-compatible BMS architectures will enable
reliable and safe EV operation [10][12].

Recent research from scholars and industry professionals recognizes significant improvements in battery management
and data combined management systems, were developed as intelligent energy systems. This is leading to new energy
trading platforms made possible, based on blockchain protocols, where multiple fleets of electric vehicles (EVs) can
now collectively interact with markets for electricity for cats the supply system's flexibility and thus creating more
economic efficiency for both fleets and the supply system. Additionally, hybrid thermal regulation systems that
leverage phase-change materials, in addition to cold-plate cooling techniques, have been subjects of research design
around demonstrating positive performance to improve battery thermal temperature stability with peak load design
conditions. In addition, studies related to energy-management systems have examined estimates of State-of-Charge
(SoC) attributes to offer evidence positive shifts in advancing accuracy for both estimating SoC attributes and battery
diagnostics in near real-time processes. Machine-learning-based models assessed experiences of optimizing battery-
swapping stations and developed spatial-temporal optimization techniques to improve resource allocation of fleets
while coordinating time-sensitive EV functionality. Conversely, federated learning applications have been shown to
create not only accurate processes for SoC forecasting, but while keeping user data confidential. Integrated battery-
energy storage systems also improve performance and thus have noticed a trend for increased participant participation
while improving resilience for the grid and market stability through participation of EV's in energy transactions.

III. PROBLEM STATEMENT

The lifetime and functionality of EV batteries are significantly affected by its Battery Management Systems (BMS).
Many BMS currently available do not have sufficient state estimation accuracy, monitoring of the state of charge and
state of health, equalisation of the cells, thermal oversight and fault detection/diagnosis which fasters an increase in
repair costs and around performance being less than desired. Contemporary BMS architectures struggle to accurately
estimated battery state and failure models therefore cannot detect problems until it is too late to evolve with batteries'
degrading state.
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IV. RESEARCH GAPS

e Many BMS lack predictive capabilities such as early fault detection, battery aging prediction, or failure forecasting
using machine learning or Al models.

e  Existing methods often lack accuracy under dynamic driving conditions or temperature variations, affecting energy
efficiency and safety.

e Current BMS designs struggle to manage thermal behaviour effectively under fast charging or high-load
conditions, leading to thermal stress and reduced battery life.

e Traditional BMS frameworks are not well-equipped to adapt to rapid charging infrastructure without
compromising battery health.

V. METHODOLOGY

The methodology for the above topic is as follows, explained step by step:

= In the methodology, gathering vital information from the battery cells is the first step in the Battery
Management System (BMS) process. Temperature sensors monitor the cell temperature, while voltage and
current sensors measure the electrical parameters. To ensure accurate readings, these values are filtered and
calibrated before being transmitted to the BMS controller. This stage forms the foundation for reliable battery
pack monitoring.

= Next, important tasks such as charge/discharge control, protection and safety logic, and State of Charge (SoC)
estimation are performed within the BMS controller. The safety logic continuously monitors for conditions
such as overvoltage, overcurrent, or overheating, while SoC estimation helps determine the remaining capacity
of the battery. Based on these checks, the controller regulates charging and discharging operations to ensure
safe functioning and prolong battery life.

*  Finally, the communication module transmits battery status information to external systems using Bluetooth or
CAN communication protocols. This enables real-time monitoring of critical parameters such as temperature,
SoC, and fault conditions.

= Overall, this methodology ensures that the BMS effectively monitors, protects, and controls the battery cells,
thereby enhancing performance, reliability, and safety.
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Fig.2 Block diagram of Battery Management System (BMS) functional architecture
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VI. TRENDS AND ADVANCEMENTS IN BMS TECHNOLOGY

The latest developments in Battery Management System (BMS) technology are centred on improving connectivity,
intelligence, and efficiency in order to satisfy the increasing needs of electric vehicles. Increased connectivity is one
significant trend that makes it possible for the BMS, vehicle control units, and cloud platforms to exchange data in real
time. Better analytics are made possible by this connectivity, which enables the system to process massive amounts of
battery performance data and anticipate possible failures before they happen. By increasing the precision of important
metrics like State of Charge (SOC) and State of Health (SOH), these intelligent analytics guarantee optimal energy use
and a longer battery life.

The improved integration of BMS with other vehicle and grid systems is another noteworthy development, allowing for
more efficient energy management and coordination for tasks like vehicle-to-grid (V2G) operations and regenerative
braking. loT adoption improves over-the-air updates, diagnostics, and remote monitoring, which increases the BMS's
responsiveness and adaptability. Furthermore, enhanced user interfaces now offer clear insights into battery health and
performance, guaranteeing that manufacturers and users alike can readily access useful data. The next generation of

sustainable electric mobility is being driven by these advancements, which collectively make contemporary BMS
solutions safer, smarter, and more effective.

Trends and advancements in
BMS technology
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Fig. 3 Trends and Advancements in BMS
VII. RESULT AND DISCUSSION

The designed BMS architecture significantly improved overall EV battery performance by Fault Detection, Cell
Balancing, Thermal Managing, SOC, Power Optimizing. And Effective cell balancing enables uniform charge and
discharge, while advanced thermal management maintained safe operating temperatures under dynamic conditions.

Data analytics and successfully tracked system parameters showed that the BMS could adjust to changing load and
environmental conditions. Predictive fault detection and real-time performance optimisation were made possible by
improving efficiency and safety. The efficiency of the system design was confirmed by the decrease in power losses
and the improvement in overall energy utilisation.
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Fig.4 BMS Architecture Safety Enhancements

This analysis also showed the real-time monitoring, fault detection, and adaptive energy management. While power
losses during operation decreased, the EV battery's overall energy efficiency rose. When compared to traditional BMS
architectures, the effective BMS demonstrated improved scalability, fault detection speed, and reliability for high-
capacity battery packs. These results demonstrate that integrating cutting-edge control algorithms, data analytics, and
communication technologies into BMS architectures can significantly improve the performance, safety, and lifespan of
EV batteries, making them more economical and environmentally friendly for use in future mobility solutions.

VIII. CONCLUSION

The advancement and obtaining of electric vehicles (EVs) is dependent upon the development of effective and
intelligent Battery Management Systems (BMS). A new-age BMS architecture allows, as much as possible, for precise
monitoring, control, and protection over battery packs for the purposes of achieving maximum performance, life, and
safety. Even in real-time, with the use of advanced sensing and data analytics, intelligent capability is deployed to
equitably regulate thermal and electrical processes to enhance the reliability and operational improvement of electric
vehicle powertrains.

The altered landscape of electric mobility will also feature emerging concepts like wireless communication based BMS,
adjustable or modular scalable system architecture, and Al based predictive maintenance. While these new offerings
address current challenges around energy density, cost of BMS system costs, and operational safety, they also lay the
groundwork for the development of sustainable, intelligent, and high-performance battery systems overall. As new
research and growing technology progresses and continues to grow, next generation BMS will continue to develop and
be key for the scaling needed for transportation systems to faster clean and efficient options.
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