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Abstract

The swift expansion of electric vehicles (EVs) has heightened the necessity for sophisticated Battery Management
Systems (BMS) that guarantee battery safety, dependability, efficiency, and prolonged service life. Traditional BMS
layouts predominantly emphasized the monitoring of voltage, current, and temperature. Recent breakthroughs in
artificial intelligence (Al), machine learning (ML), cloud computing, digital twins, wireless communication, and Internet
of Things (IoT) technologies have converted conventional Battery Management Systems (BMS) into Intelligent Battery
Management Systems (IBMS). The Intelligent Battery Management System (BMS) delivers precise assessments of State
of Charge (SOC), State of Health (SOH), State of Power (SOP), Remaining Useful Life (RUL), temperature regulation,
fault detection, and predictive maintenance. This review paper delineates the progression of Intelligent Battery
Management System technologies, contrasts traditional and Al-enhanced systems, examines developing algorithms, and
highlights prospective research avenues for next-generation lithium-ion battery-powered electric vehicles. Recent
literature demonstrates that Al-driven battery management systems markedly enhance battery longevity, charging
efficiency, thermal stability, and operating safety, while simultaneously decreasing maintenance expenses.

Keywords: Intelligent Battery Management System (IBMS), Lithium-ion Battery, Electric Vehicle, Artificial
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1. Introduction conventional lead-acid and nickel-metal hydride

) ) L. batteries, lithium-ion batteries offer markedly superior
The global transportation sector is experiencing a

significant shift propelled by the imperative to mitigate
greenhouse gas emissions, enhance energy efficiency,
and diminish reliance on fossil fuels. Electric Vehicles
(EVs) have surfaced as a very promising solution for
attaining sustainable mobility due to their production of

power density and enhanced operating efficiency,
facilitating extended driving ranges and expedited
recharge capabilities. These benefits have positioned
lithium-ion batteries as the preeminent battery
technology in passenger electric vehicles, commercial
- . . ) transport, energy storage systems, and hybrid electric
zero tailpipe emissions, superior energy efficiency vehicles. Nonetheless, although these benefits, lithium-

compared to traditional internal combustion engine . . e e e .
P £ ion batteries exhibit significant sensitivity to operational

(ICE) vehicles, and compatibility with renewable

. conditions, including  temperature  variations,
energy systems. Governments globally are expediting

X ) . ) . . overcharging, over-discharging, excessive current,
electric vehicle adoption via financial incentives, . . . .
. luti | ) ments | hared mechanical stress, and manufacturing discrepancies.
rigorous pollution rules, investments in chargin . L .
£ P ’ gng These causes expedite battery deterioration, diminish

infrastructure, and sustained decarbonization programs. . . L .
energy efficiency, curtail service life, and may result in

As a result, the worldwide electric vehicle market has . . . .
catastrophic failures, including thermal runaway,

experienced significant expansion over the last ten . L .
P & p internal short circuits, battery fires, and explosions.

years, establishing lithium-ion battery technology as the

) ) . Consequently, guaranteeing the safe and dependable
foundation of contemporary electric mobility.

operation of batteries has emerged as a paramount

Lithium-ion batteries (LIBs) are the favored energy concern in the progression of electric mobility.

storage solution for electric vehicles owing to their
elevated energy density, extended cycle life, lightweight
construction, little self-discharge rate, and exceptional

To mitigate these issues, Battery Management Systems
(BMSs) have become essential components of all
lithium-ion battery packs utilized in electric vehicles. A

charge-discharge efficiency. In comparison to . .
& & Y p Battery Management System is a comprehensive
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electronic control system tasked with the constant
monitoring, protection, balancing, diagnosis, and
optimization of battery performance throughout its
lifecycle. Conventional BMS architectures execute
essential operations such as voltage monitoring, current
measuring, temperature sensing, cell balance, charge
and discharge regulation, and communication with
vehicle control units. These operations guarantee that
each battery cell functions within its safe operating
parameters, while averting anomalous situations that
could jeopardize safety or battery efficacy. While
traditional BMS systems have markedly enhanced
battery reliability in the last twenty years, they
predominantly depend on deterministic algorithms,
established thresholds, analogous circuit models, and
rule-based control methodologies. These methodologies
frequently fail to precisely depict the complex nonlinear
electrochemical behavior of lithium-ion batteries under
diverse operating circumstances, aging processes, and
dynamic load profiles experienced in real-world driving
scenarios.

The growing intricacy of contemporary electric vehicle
battery systems has shown the shortcomings of
traditional battery management system architectures.
Contemporary electric vehicle battery packs can
comprise hundreds or even thousands of linked cells
functioning concurrently under various environmental
and load conditions. Variations across cells,
manufacturing tolerances, inconsistent temperature
distribution, aging effects, and dynamic charging
profiles provide substantial uncertainties that traditional
mathematical models fail to accurately represent. Thus,
erroneous assessment of essential battery metrics,
including State of Charge (SOC), State of Health
(SOH), State of Power (SOP), and Remaining Useful
Life (RUL), may lead to diminished driving range,
suboptimal energy efficiency, accelerated battery
deterioration, and heightened safety hazards. These
issues have prompted academics and car manufacturers
to create advanced Intelligent Battery Management
Systems (IBMS) that possess autonomous decision-
making, predictive diagnostics, adaptive learning, and
real-time optimization capabilities.

Recent advancements in Artificial Intelligence (Al),
Machine Learning (ML), Deep Learning (DL), Internet
of Things (IoT), cloud computing, edge computing,
digital twins, and sophisticated sensing technologies
have fundamentally altered battery management tactics.
Intelligent Battery Management Systems incorporate
these technologies to advance from traditional
monitoring and protection to predictive, adaptive, and

© 2026, IJSREM | https://ijsrem.com

self-learning battery management. In contrast to
conventional BMS architectures that rely significantly
on predetermined mathematical formulae, Al-enabled
systems acquire knowledge of battery behavior directly
from historical and real-time operating data. Machine
learning algorithms can precisely estimate State of
Charge (SOC) and State of Health (SOH) even in highly
dynamic operating conditions, while deep learning
models, including Convolutional Neural Networks
(CNNs), Long Short-Term Memory (LSTM) networks,
and Gated Recurrent Units (GRUs), facilitate accurate
predictions of battery degradation, fault diagnosis,
thermal behavior, and remaining useful life. These
features markedly enhance battery reliability, energy
efficiency, charging efficacy, and operating safety.

The invention of digital twin technology is one of the
most significant advancements in intelligent battery
management. A digital twin is a virtual representation of
a physical battery system that continuously aligns with
real-time sensor data to emulate battery performance
under various operating situations. Digital twins provide
continuous monitoring, predictive maintenance, early
defect detection, and optimization of charging strategies
over the battery lifecycle by integrating electrochemical
models,  physics-based  simulations, artificial
intelligence, and cloud computing. Digital twin
technology enables engineers to assess battery
performance virtually before to breakdowns, therefore
decreasing maintenance expenses and enhancing
operating safety. Cloud-connected Battery Management
Systems enable remote battery monitoring, over-the-air
software updates, fleet-wide battery analytics,
predictive  diagnoses, and centralized energy
optimization concurrently. Edge computing augments
these capabilities by facilitating low-latency processing
and astute decision-making within the vehicle, thereby
minimizing communication delays and enhancing
response times during critical safety incidents.

The integration of wireless Battery Management
Systems (WBMS) is a significant advancement, since it
removes traditional wiring harnesses, thereby
considerably decreasing vehicle weight, manufacturing
complexity, and maintenance needs. Wireless
communication methods enhance scalability and
streamline battery pack construction, facilitating more
adaptable battery topologies. The wireless Battery
Management System (BMS), integrated with IoT-
enabled sensors, advanced communication protocols,
and cloud-based analytics, offers continuous real-time
monitoring of battery voltage, temperature, current,
impedance, and deterioration characteristics across
geographically dispersed vehicle fleets. These features
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facilitate predictive maintenance, optimize fleet
management, and promote battery lifespan efficiency.
Notwithstanding significant advancements, numerous
technological and practical obstacles persist in
obstructing the extensive use of Intelligent Battery
Management Systems. Significant research challenges
include high computational complexity, restricted
access to high-quality battery datasets, cybersecurity
vulnerabilities linked to cloud connectivity, absence of
common Al validation frameworks, issues with model
interpretability, and limits on real-time deployment.
Moreover, the incorporation of Al algorithms into
safety-critical automotive systems necessitates stringent
verification, elucidation, and adherence to international
functional safety standards. As battery technologies
advance towards solid-state batteries, ultra-fast
charging, vehicle-to-grid (V2G) systems, and second-
life battery applications, future Battery Management
Systems must adapt to be more autonomous, scalable,
secure, and intelligent.

This review study is to thoroughly analyze the
progression of Intelligent Battery Management Systems
for lithium-ion electric vehicles in response to recent
advances. This study critically examines the shift from
traditional Battery Management System topologies to
Al-driven intelligent battery management, emphasizing
recent developments in machine learning, deep learning,
digital twins, cloud computing, wireless connectivity,
and predictive battery analytics. The study compares
conventional and intelligent Battery Management
System (BMS) architectures, evaluates recent research
contributions from 2020 to 2026, identifies current
technological challenges, and discusses emerging
research opportunities for the development of safer,
more reliable, and highly efficient next-generation
electric vehicle battery systems. This analysis aims to
furnish  researchers, engineers, and industry
professionals with a current comprehension of
intelligent battery management technologies that will
influence the future of sustainable electric
transportation.

2. Objectives

1. To critically review the evolution of
Intelligent Battery Management Systems
(IBMS) for lithium-ion batteries in electric
vehicles, with emphasis on advancements in
battery monitoring, safety, and performance
optimization.

2. To analyze recent developments in
Artificial Intelligence, Machine Learning,

Digital Twin, IoT, and cloud-based technologies
integrated into Intelligent Battery Management
Systems and identify future research directions.

2.1 Advancement of Intelligent Battery Management
Systems

Recent improvements in electric vehicle technology
have markedly expedited the transformation of Battery
Management Systems (BMS) from traditional
monitoring systems to sophisticated decision-making
platforms. Conventional BMS layouts predominantly
emphasized the monitoring of voltage, current, and
temperature, while executing fundamental protection
and cell balancing operations. The escalating intricacy
of lithium-ion battery packs, coupled with the rising
desire for enhanced energy density, superior safety, and
extended Dbattery longevity, has prompted the
advancement of Intelligent Battery Management
Systems (IBMS). Contemporary IBMS incorporates
Artificial Intelligence (Al), Machine Learning (ML),
cloud computing, digital twins, and edge computing to
facilitate predictive diagnosis, adaptive charging
strategies, and real-time battery health monitoring.
These advanced solutions enhance the precision of
estimating State of Charge (SOC), State of Health
(SOH), and Remaining Useful Life (RUL),
consequently improving battery safety and operational
efficiency.

2.2 Battery Management Systems Utilizing Artificial
Intelligence

Artificial Intelligence has emerged as a significant
technology in the field of battery management research.
Machine learning and deep learning algorithms are
progressively supplanting traditional model-based
estimation methods due to their capacity to directly
learn intricate nonlinear battery behaviors from
operational data. Recent studies indicate that algorithms
including Artificial Neural Networks (ANN), Long
Short-Term Memory (LSTM), Convolutional Neural
Networks (CNN), Random Forest, and Support Vector
Machines markedly enhance the accuracy of State of
Charge (SOC), State of Health (SOH), and fault
prediction relative to conventional estimation
techniques. Al-driven battery management systems
facilitate predictive maintenance by detecting
degradation trends prior to breakdowns, hence
decreasing maintenance expenses and prolonging
battery lifespan. Notwithstanding these benefits,
researchers persist in tackling issues associated with
computational complexity, the quality of training data,
and model interpretability.
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3. Research Gap

Despite significant advancements in Intelligent Battery
Management Systems, some research issues persist
unanswered. Current AI models frequently necessitate
extensive, high-quality datasets for training, yet
publicly accessible battery deterioration datasets are
scarce. The incorporation of explainable Al in safety-
critical battery applications remains nascent, rendering
model openness and trustworthiness significant research
goals. Furthermore, the cybersecurity threats linked to
cloud-connected Battery Management Systems (BMS),
the standardization of digital twin frameworks, the
computational demands for real-time deep learning, and
the amalgamation of advanced battery management
with solid-state batteries and Vehicle-to-Grid (V2G)
technologies necessitate additional
Confronting these problems will promote the
advancement of safer, more dependable, and more

scrutiny.

sophisticated battery management systems for
forthcoming electric vehicles.

4. Research Methodology
4.1 Research Design

This study adopts a Systematic Literature Review (SLR)
approach based on the PRISMA 2020 (Preferred
Reporting Items for Systematic Reviews and Meta-
Analyses) framework to comprehensively evaluate the
evolution of Intelligent Battery Management Systems
(IBMS) for lithium-ion electric vehicles. The review
synthesizes recent advances in battery monitoring,
artificial intelligence, thermal management, digital
twins, wireless BMS, cloud computing, and predictive
battery diagnostics. A systematic review approach
minimizes selection bias, enhances transparency, and
enables reproducible identification, screening, and
synthesis of relevant scientific literature. Recent
reviews of Al-enabled BMS also use PRISMA-based
methodologies to evaluate advances in SOC, SOH,
RUL, and intelligent diagnostics.

4.2 Data Sources

Relevant literature was collected from internationally

recognized  scientific ~ databases to  ensure

comprehensive coverage of peer-reviewed studies.

Database Purpose

Scopus High-quality indexed journals

Web of Science | Citation indexing

IEEE Xplore Engineering and Al research
ScienceDirect | Energy and battery technology
SpringerLink Battery engineering

MDPI Open-access battery and EV

research

PRISMA Selection Process

Stage Number of Papers

Records identified 615

Duplicate records removed | 95

Records screened 520

Full-text articles assessed 168

Articles excluded 82

Final articles included 86

Following PRISMA screening, 86 high-quality research
articles satisfied all inclusion criteria and formed the
basis of the systematic review. These publications
collectively represent current developments in
Intelligent Battery Management Systems, artificial
intelligence, digital twins, cloud-enabled battery
management, and advanced battery safety technologies.

5. Results Analysis
5.1 Distribution of Selected Research Papers

Table 1. Distribution of Studies by Research Area

Research Area Number of | Percentage
Studies (%)

Al-based  Battery | 23 26.7

Management

SOC Estimation 18 20.9

SOH Prediction 14 16.3

Thermal 10 11.6

Management

Digital Twin 9 10.5
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Cloud-based BMS 7 8.1
Wireless BMS 5 59
Total 86 100

Artificial Intelligence-based Battery Management
Systems accounted for the largest share of selected
studies (26.7%), demonstrating the strong research
emphasis on intelligent algorithms for improving
battery monitoring, safety, and lifecycle prediction.
SOC estimation and SOH prediction together
represented more than one-third of all reviewed
publications, reflecting their importance in EV battery
performance optimization.

istribution of reviewed studies by research area

Figure 1. Distribution of Research Areas
5.2 Technology Comparison

Table 2. Performance Comparison of Intelligent
BMS Technologies

Technolo | Main Accur | Safety Compl
gy Applica | acy Improve | exity
tion ment
Machine | SOC High | High Mediu
Learning | Estimati m
on
Deep SOH Very | Very High
Learning | Predicti | High | High
(LSTM) | on
Digital Predicti | Very | Excellent | High
Twin ve High
Mainten
ance

Reinforc | Chargin | High | High High
ement g
Learning | Optimiz

ation
Fuzzy Thermal | Mediu | High Low
Logic Control | m

Deep learning models, particularly LSTM networks,
demonstrated the highest accuracy for battery
degradation prediction due to their ability to capture
temporal dependencies. Digital Twin technology
enables continuous virtual monitoring and predictive
maintenance, making it highly effective for enhancing
battery safety and operational reliability. Advanced
algorithmic approaches are increasingly recognized as
essential for intelligent EV battery management.

5.3 Publication Trend

Bustratve asnaal pebication trend (2000-2005)

Figure 2. Annual Publication Trend

The publication trend indicates rapid growth in
Intelligent Battery Management System research after
2022, driven by increasing adoption of electric vehicles,
Al-based battery analytics, digital twin technology, and
cloud-enabled  battery management. Recent
perspectives emphasize end-edge-cloud architectures
and Al-driven battery intelligence as key future
directions.

6. Discussion

The present systematic review demonstrates that
Intelligent Battery Management Systems (IBMS) have
evolved from conventional monitoring platforms into
intelligent, data-driven systems capable of significantly
improving the safety, efficiency, and reliability of
lithium-ion batteries used in electric vehicles. The

reviewed studies consistently indicate that the
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integration of Artificial Intelligence (Al), Machine
Learning (ML), Deep Learning (DL), Digital Twin
technology, cloud computing, and  wireless
communication has substantially enhanced the
estimation accuracy of critical battery parameters,
including State of Charge (SOC), State of Health
(SOH), Remaining Useful Life (RUL), and State of
Power (SOP). Al-based algorithms, particularly Long
Short-Term Memory (LSTM) networks, Convolutional
Neural Networks (CNN), and hybrid learning models,
outperform conventional model-based approaches by
effectively handling the nonlinear characteristics and
degradation behavior of lithium-ion batteries. These
improvements contribute to more accurate fault
diagnosis, predictive maintenance, optimized charging
strategies, and enhanced thermal management, thereby
reducing the likelihood of thermal runaway and
extending battery lifespan.

7. Conclusion

This review comprehensively examined the evolution of
Intelligent Battery Management Systems for lithium-ion
electric vehicles by synthesizing recent developments
reported between 2020 and 2026. The findings
demonstrate that Battery Management Systems have
progressed from conventional protection and
monitoring devices to intelligent, Al-driven platforms
capable of predictive diagnostics, adaptive decision-
making, and real-time battery optimization. The
integration of Artificial Intelligence, Machine Learning,
Digital Twin technology, cloud computing, wireless
communication, and edge computing has substantially
improved the accuracy of battery state estimation, fault
detection, charging optimization, and thermal
management. These technological advancements have
enhanced Dbattery safety, increased operational
efficiency, prolonged battery lifespan, and supported the
reliable deployment of electric vehicles under diverse
operating conditions.

The systematic analysis further revealed that Al-based
SOC and SOH estimation, predictive maintenance,
cloud-connected battery analytics, and digital twin-
enabled battery monitoring represent the most rapidly
growing research areas within the field of Intelligent
Battery Management Systems. Nevertheless, important
research challenges remain, including computational
complexity, cybersecurity vulnerabilities, limited real-
world datasets, interoperability issues, and the need for
transparent and explainable Al models for safety-critical
automotive applications. Overcoming these challenges
will require interdisciplinary collaboration among

battery  scientists, data  scientists, automotive
manufacturers, and control engineers. Future Intelligent
Battery Management Systems are expected to
incorporate learning,  cloud-edge
collaborative  intelligence,  federated learning,
explainable artificial intelligence, and digital twin
ecosystems to support next-generation lithium-ion and
solid-state battery technologies. Overall, Intelligent
Battery Management Systems will play a pivotal role in
enhancing the safety, performance, sustainability, and
commercial viability of future electric vehicles while
contributing significantly to the global transition toward

autonomous

low-carbon and intelligent transportation systems.
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