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Abstract: - This paper presents the design and
implementation of an advanced active charge equalizer for
lithium-ion battery packs aimed at improving voltage
balancing, safety, and overall energy utilization. In multi-
cell battery systems, variations in cell characteristics lead to
unequal voltage distribution, resulting in reduced capacity,
overcharging risks, and decreased battery lifespan. To
address these challenges, an intelligent battery
management system (BMS) based on the ESP32
microcontroller is proposed. The system continuously
monitors individual cell voltages using sensor modules and
employs relay-controlled selective charging to prevent
overcharging and ensure balanced operation across all
cells. A real-time web-based dashboard is integrated for
remote monitoring and control via WiFi. The proposed
approach achieves effective voltage equalization with
minimal deviation between cells, thereby enhancing battery
performance and extending operational life. Additionally,
the system offers a low-cost, scalable, and efficient solution
suitable for electric vehicles, renewable energy storage, and
portable electronic applications. Experimental results
demonstrate improved balancing accuracy and reliable
system performance under varying conditions.
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I.  INTRODUCTION

Lithium-ion batteries have become the dominant
energy storage technology in modern applications such
as electric vehicles (EVs), renewable energy systems,
and portable electronic devices due to their high energy

IJIRT 201835

density, low self-discharge rate, and long cycle life.
However, battery packs used in these applications
typically consist of multiple cells connected in series
and/or parallel configurations. Due to manufacturing
inconsistencies, temperature variations, and aging
effects, individual cells within a battery pack tend to
exhibit unequal voltage and capacity characteristics
over time. This imbalance can significantly degrade the
overall performance of the battery system, as the
weakest cell limits the usable capacity of the entire pack
while also increasing the risk of overcharging or deep
discharging in other cells.

To mitigate these issues, Battery Management Systems
(BMS) are employed to monitor and control battery
parameters such as voltage, current, and temperature.
One of the most critical functions of a BMS is cell
balancing, which ensures that all cells within a pack
maintain similar voltage levels during charging and
discharging cycles.

Traditional passive balancing techniques dissipate
excess energy as heat, resulting in energy loss and
reduced efficiency. In contrast, active balancing
methods redistribute energy among cells, thereby
improving efficiency and extending battery life. Recent
advancements in power electronics have enabled the
development of sophisticated active charge equalizer
circuits that utilize capacitors, inductors, or DC-DC
converters to achieve efficient energy transfer between
cells.

In addition to hardware advancements, the integration
of intelligent algorithms has significantly improved
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battery monitoring and control. Machine learning
techniques, particularly deep learning models, have
been increasingly adopted for estimating key battery
states such as State of Charge (SOC) and State of
Health (SOH). For instance, Long Short-Term
Memory (LSTM) networks have demonstrated
superior accuracy in SOC estimation by capturing
temporal dependencies in battery data, making them
highly suitable for dynamic operating conditions [1].
Similarly, hybrid physics-informed neural networks
combine data-driven learning with electrochemical
models to enhance prediction accuracy and system
reliability [2]. These approaches enable more precise
battery diagnostics and predictive maintenance,
contributing to safer and more efficient battery
operation.

Furthermore, feature engineering and data
preprocessing techniques have been shown to play a
crucial role in improving the performance of machine
learning models for battery applications. Transforming
battery data into the SOC domain enhances correlation
with capacity degradation, thereby improving SOH
estimation accuracy [3]. Comprehensive reviews of
machine learning-based methods highlight the
importance of selecting appropriate models, features,
and evaluation metrics to ensure robust and
generalizable battery management solutions [4]. In
addition, advanced ensemble learning methods such as
Extreme Gradient Boosting (XGBoost) have been
successfully applied for predicting the remaining
useful life (RUL) of lithium-ion batteries, offering
strong nonlinear modeling capabilities and improved
prediction performance [5].

Despite these advancements, many existing battery
management solutions remain complex and costly,
limiting their adoption in low-cost and scalable
applications. There is a growing need for intelligent yet
economical systems that can provide real-time
monitoring, effective cell balancing, and remote
accessibility. In this context, microcontroller-based
platforms such as ESP32 offer a promising solution
due to their integrated WiFi capabilities, low power
consumption, and computational efficiency. By
combining active charge equalization techniques with
IoT-enabled monitoring and

control, it is possible to develop a smart and scalable
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BMS that addresses both performance and cost
constraints.

Therefore, this paper proposes an ESP32-based active
charge equalizer system designed to monitor individual
cell voltages, prevent overcharging, and achieve
efficient voltage balancing across lithium-ion battery
packs. The proposed system integrates hardware and
software components to enable real-time decision-
making and remote monitoring, ultimately enhancing
battery lifespan, safety, and usable capacity.

II. LITERATURE REVIEW

Recent research in battery management systems has
increasingly focused on improving cell balancing
efficiency, circuit design, and control strategies to
address the challenges of voltage imbalance in lithium-
ion battery packs. Active balancing techniques, in
particular, have gained significant attention due to their
ability to redistribute energy among cells rather than
dissipating it as heat, thereby improving overall system
efficiency and battery lifespan.

A comprehensive study on active cell balancing methods
highlights that modern approaches are largely based on
DC-DC converter topologies, which can be categorized
into isolated and non-isolated configurations depending
on their electrical structure and application
requirements. These methods provide a systematic way
to transfer energy between cells, significantly improving
balancing speed and efficiency compared to traditional
techniques [6]. Furthermore, advancements in power
electronics have enabled the development of high-
performance equalization circuits that can operate under
varying load conditions while maintaining system
stability.

Another important contribution in this domain focuses
on the design and analysis of active equalization circuits
using inductive components. These circuits are capable
of transferring energy between cells with minimal losses
and faster balancing response. Research indicates that
inductive-based balancing systems outperform passive
methods in terms of efficiency and are particularly
suitable for high-power applications such as electric
vehicles, where rapid energy redistribution is required
[7]. However, these systems often involve increased
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circuit complexity and cost, which remains a challenge
for practical implementation.

Recent developments have also introduced high-
efficiency active balancing topologies capable of
handling large-capacity battery packs. For instance,
advanced designs incorporating dual closed-loop
control strategies improve dynamic response and
accuracy during balancing operations. These systems
enable precise control of energy flow between cells,
ensuring better voltage uniformity and enhancing the
overall performance of the battery pack [8]. Such
approaches are especially relevant for large-scale
energy storage systems and EV applications, where
maintaining uniform cell behavior is critical.

In addition to hardware improvements, significant
progress has been made in balancing algorithms and
control strategies. Novel methods based on State of
Power (SoP) and multi-parameter estimation
techniques have been proposed to optimize balancing
decisions. These algorithms consider not only voltage
or state of charge but also the power capability of each
cell, leading to more efficient balancing with reduced
energy losses. Studies have shown that such
advanced

algorithms can improve usable battery capacity and
reduce unnecessary balancing operations, thereby
enhancing system efficiency [9].

Moreover, recent research has explored reconfigurable
and multi-cell balancing architectures, which allow
flexible grouping of cells for faster and more efficient
energy transfer. These systems enable energy
redistribution between non-adjacent cells,
significantly improving balancing speed compared to
conventional adjacent-cell methods. Multi-cell-to-
multi-cell balancing techniques have demonstrated
improved scalability and adaptability, making them
suitable for large and complex battery packs used in
modern applications [10].

Despite these advancements, several -challenges
remain in the implementation of active balancing
systems, including increased circuit complexity,
higher cost, and the need for intelligent control
mechanisms. Therefore, there is a growing need for
simplified, cost-effective, and scalable solutions that
can integrate efficient balancing techniques with real-
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time monitoring capabilities. This gap motivates the
development of microcontroller-based systems, such as
the ESP32-based active charge equalizer proposed in
this work, which aims to combine effective balancing
with low-cost implementation and IoT-enabled
monitoring.

1. SYSTEM ARCHITECTURE

The proposed system architecture presents a smart
active charge equalization framework designed to
ensure efficient voltage balancing and safe operation of
a multi-cell lithium-ion battery pack. The architecture
integrates power electronics, embedded control, sensing
mechanisms, and IoT-based monitoring, forming a
complete Battery Management System (BMS).

SYSTEM ARCHITECTURE
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Fig.1-System Architecture Diagram

The proposed system architecture is designed to
implement an efficient and intelligent active charge
equalization system for lithium-ion battery packs by
integrating power electronics, embedded control,
sensing circuits, and loT-based monitoring. The overall
architecture  ensures safe charging, real-time
monitoring, and effective voltage balancing across
individual cells.
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The system is powered by a Switched Mode Power
Supply (SMPS) rated at 12V, 2A, which converts AC
mains into a stable DC output suitable for battery
charging applications. The use of SMPS ensures high
efficiency, reduced power loss, and reliable operation
under varying load conditions. A stable power source
is essential to maintain consistent charging
performance and prevent fluctuations that could
negatively impact battery health. The charging stage
consists of multiple TP4056 lithium-ion charging
modules, each dedicated to an individual cell. These
modules implement the widely used constant current—
constant voltage (CC-CV) charging method, which
ensures safe and efficient charging up to the maximum
cell voltage of 4.2V. By assigning a separate charging
module to each cell, the system enables independent
charging control, which is critical for achieving
accurate voltage balancing in multi-cell battery
configurations.

To facilitate intelligent control of the charging process,
a relay switching network is incorporated between the
charging modules and the battery cells. Each relay is
controlled by the ESP32 microcontroller and acts as a
switching element to connect or disconnect the
charging path of a specific cell. When a cell reaches its
maximum voltage threshold, the corresponding relay
is deactivated, stopping further charging for that cell
while allowing other cells to continue charging. This
selective charging mechanism forms the basis of the
active equalization strategy and significantly improves
efficiency compared to traditional passive balancing
methods. The battery pack used in this system consists
of three 3.7V lithium-ion cells, representing a typical
multi-cell configuration. Due to manufacturing
variations, temperature differences, and aging effects,
individual cells tend to develop voltage imbalances
over time. Such imbalances can reduce the overall
capacity of the battery pack and increase the risk of
overcharging or deep discharging, thereby affecting
safety and lifespan.

To monitor individual cell voltages, voltage sensing
circuits based on resistor divider networks are
employed. These circuits scale down the cell voltages
to levels compatible with the analog-to-digital
converter (ADC) inputs of the ESP32. Accurate
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voltage sensing is essential for reliable system
operation, as even small deviations in cell voltage can
significantly impact balancing performance. The ESP32
microcontroller serves as the central control unit of the
system. It continuously reads voltage data from the
sensors, processes the information, and executes the
balancing algorithm. Based on the comparison of cell
voltages, the ESP32 controls the relay switching to
ensure that all cells are charged uniformly. In addition,
the ESP32 provides wireless communication
capabilities through its built-in WiFi module, enabling
seamless integration with IoT platforms. A key feature
of the system is the implementation of a closed-loop
control mechanism, where real-time feedback from
voltage sensors is used to dynamically adjust the
charging process. This ensures rapid response to voltage
variations and maintains balance among cells throughout
the charging cycle. As a result, the system is able to
achieve high precision balancing with minimal voltage
difference between cells.

Furthermore, the architecture incorporates a web-based
IoT dashboard for real-time monitoring and
visualization. The ESP32 transmits data such as
individual cell voltages, charging status, and system
alerts to the dashboard, allowing users to monitor
battery performance remotely. This enhances usability,
enables data logging, and supports predictive
maintenance.

Recent advancements in battery management systems
emphasize the importance of integrating data-driven
approaches and real-time monitoring. The availability
of multi-stage battery aging datasets enables better
validation and performance analysis of such systems
[11]. Additionally, combining physics-based models
with machine learning techniques improves system
reliability and safety in advanced battery applications
[12]. IoT-enabled monitoring systems further enhance
performance by enabling edge-based data processing
and reducing latency [13]. Microcontroller platforms
such as ESP32 have been widely adopted for low-cost
and scalable implementations of smart BMS solutions
[14]. Moreover, modern active balancing circuits
employing high-speed topologies contribute to
improved energy transfer efficiency and faster
balancing performance [15].

In summary, the proposed system architecture
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effectively combines independent cell charging,
intelligent control, real-time monitoring, and IoT
integration to achieve efficient active charge
equalization. The design offers a low-cost, scalable,
and reliable solution for improving battery
performance, safety, and lifespan, making it suitable
for applications such as electric vehicles, renewable
energy systems, and portable electronics.

IvV. METHODOLOGY

The methodology of the proposed system focuses on
the systematic design and implementation of an
ESP32-based active charge equalization system for
lithium-ion battery packs. It involves hardware
development, software implementation, control logic
design, and IoT integration to achieve efficient and
reliable cell balancing. The first step involves the
design of the battery monitoring circuit, where
individual lithium-ion cells are interfaced with voltage
sensing circuits. Each cell voltage is measured using
resistor divider networks, which scale the voltage to a
safe range compatible with the ESP32’s analog-to-
digital converter (ADC). Accurate voltage
measurement is critical, as the entire balancing
mechanism depends on real-time and precise
monitoring of each cell. The next stage is the
integration of charging modules and power supply. A
12V SMPS is used to provide a stable DC supply to
multiple TP4056 charging modules. Each module is
connected to a single lithium-ion cell, enabling
independent charging. This configuration ensures that
each cell can be controlled separately rather than
treating the battery pack as a single unit, which is
essential for implementing active balancing.

Following this, a relay control system is developed to
enable selective charging. Relays are interfaced with
the ESP32 microcontroller and act as switching devices
between the charging modules and battery cells. The
ESP32 controls these relays based on voltage
conditions, allowing it to disconnect fully charged cells
while continuing to charge the remaining cells. This
selective charging approach forms the core of the active
equalization process. The firmware development for
the ESP32 is a crucial component of the methodology.
The program is designed to continuously read voltage
data from the ADC pins, process the values, and
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compare them against predefined thresholds. A control
algorithm

is implemented to determine the charging state of each
cell. If a cell reaches the maximum voltage limit
(typically 4.2V), the corresponding relay is turned OFF
to prevent overcharging. This process continues until all
cells reach a balanced voltage level.

A key part of the methodology is the implementation of
a balancing algorithm, which operates on a real-time
comparison basis. The algorithm ensures that the
voltage difference between cells is minimized by
allowing only undercharged cells to continue charging.
This results in improved uniformity across the battery
pack and enhances overall efficiency. The algorithm is
designed to be simple, reliable, and suitable for real-time
embedded systems. The system also incorporates a
closed-loop feedback mechanism, where voltage
measurements are continuously fed back into the control
system. This enables dynamic adjustment of charging
behavior in response to changes in cell conditions. The
feedback loop improves system stability, accuracy, and
responsiveness, ensuring consistent performance under
varying operating conditions.

In addition to hardware and control logic, the
methodology includes the development of an IoT-based
monitoring system. The ESP32 transmits real-time data
such as cell voltages and charging status to a web-based
dashboard using WiFi. This allows users to monitor the
system remotely, analyze performance, and detect
faults. Data logging capabilities further enable
performance evaluation and future optimization. To
validate the effectiveness of the proposed system,
experimental testing and performance evaluation are
conducted. The system is tested under different charging
conditions, and parameters such as voltage balancing
accuracy, response time, and system stability are
analyzed. The results demonstrate that the system can
achieve balanced charging with minimal voltage
deviation between cells.

Recent research highlights the importance of intelligent
control and advanced system design in battery
management. Al-driven battery management systems
have shown improved fault detection and predictive
capabilities, enhancing system reliability [16]. Energy-
efficient balancing techniques are increasingly being
developed to reduce power losses and improve overall
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system performance [17]. Furthermore, intelligent
equalization systems based on microcontrollers
provide a practical and scalable solution for real-world
applications [18]. Cloud-integrated battery monitoring
systems enable enhanced data analysis and remote
diagnostics [19]. Advanced active charge equalizers
with real-time control mechanisms further improve
balancing speed and accuracy in modern battery
systems [20]. In conclusion, the proposed
methodology integrates hardware design, embedded
control, real-time monitoring, and loT communication
to develop a comprehensive active charge equalization
system. This approach ensures efficient balancing,
improved battery lifespan, and enhanced system
reliability, making it suitable for a wide range of
applications including electric vehicles and renewable
energy storage systems.

V. RESULTS AND DISCUSSION

The proposed ESP32-based active charge equalization
system was implemented and evaluated to analyze its
effectiveness in balancing lithium-ion battery cells,
improving safety, and enhancing overall battery
performance. The system was tested using a three-cell
lithium-ion battery pack under controlled charging
conditions, and key performance parameters such as
voltage balancing accuracy, response

time, and system stability were observed. The
experimental results demonstrate that the system is
capable of achieving precise voltage equalization
among all cells. During operation, individual cell
voltages were continuously monitored and controlled
using the relay-based selective charging mechanism.
Initially, noticeable voltage variations were present
among the cells; however, as the balancing algorithm
was executed, the voltages gradually converged. At the
end of the charging cycle, the voltage difference
between cells was reduced to less than 0.02V,
indicating highly effective balancing performance.
This level of accuracy ensures that no cell is
overcharged or undercharged, thereby improving
battery safety and efficiency. The system also showed
reliable overcharge protection. When any cell reached
the threshold voltage of 4.2V, the ESP32 controller
successfully deactivated the corresponding relay,
preventing further charging of that cell. This selective
disconnection allowed other cells with lower voltages
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to continue charging independently. As a result, the
system avoided common issues such as thermal stress,
electrolyte degradation, and capacity loss, which are
typically associated with overcharging in conventional
battery systems.

In terms of response time, the system exhibited fast and
stable operation due to the real-time processing
capabilities of the ESP32 microcontroller. The closed-
loop control mechanism ensured that voltage changes
were detected instantly and appropriate control actions
were taken without delay. This responsiveness is crucial
for maintaining balance during dynamic charging
conditions and contributes to the overall reliability of
the system. Another significant outcome of the proposed
system is the improvement in usable battery capacity. In
traditional battery packs without balancing, the weakest
cell limits the overall performance of the system. By
ensuring uniform voltage across all cells, the proposed
system allows the battery pack to operate closer to its full
capacity. This leads to better energy utilization and
extended runtime, which is particularly beneficial in
applications such as electric vehicles and renewable
energy storage.

The integration of an loT-based monitoring dashboard
further enhances the system’s functionality. Real-time
visualization of cell voltages and charging status allows
users to track system performance remotely. The
availability of continuous data enables better analysis,
fault detection, and preventive maintenance. This
feature aligns with modern trends in smart battery
systems, where remote monitoring and data-driven
decision-making are essential. From a comparative
perspective, the proposed system offers a low-cost and
scalable alternative to complex active balancing circuits.
While advanced converter-based balancing systems
provide higher efficiency, they often involve increased
design complexity and cost. In contrast, the relay-based
approach used in this system provides a practical
balance between performance and affordability, making
it suitable for small- to medium-scale applications.

Recent studies support the effectiveness of intelligent
and energy-efficient battery management approaches.
Al-driven  battery  management
demonstrated improved fault detection and operational

systems  have

safety in complex battery networks [21]. Cloud-
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integrated monitoring platforms enable advanced
analytics and enhance system reliability through real-
time data access [22]. Advanced multi-cell
equalization techniques have shown improved
scalability and faster balancing in large battery packs
[23]. Low-cost ESP32-based battery management
solutions have gained attention for their practicality
and ease of implementation in embedded systems
[24]. Furthermore,

modern active charge equalizers with real-time control
capabilities have significantly improved balancing
efficiency and system performance in recent years
[25].

Despite its advantages, the proposed system has
certain limitations. The use of relays introduces
mechanical switching delays and may reduce long-
term reliability compared to solid-state switching
devices. Additionally, the system is currently limited to
a small number of cells and may require further
optimization for large-scale battery packs. Future
improvements may include the use of MOSFET-based
switching, advanced balancing algorithms, and
integration of machine learning techniques for
predictive battery management.

In conclusion, the results validate that the proposed
system successfully achieves accurate voltage
balancing, enhanced safety, improved capacity
utilization, and real-time monitoring. The system
provides a cost-effective and scalable solution for
modern battery management applications,
demonstrating its potential for use in electric vehicles,
energy storage systems, and smart electronic devices.

VI. CONCLUSION

This paper presented the design and implementation of
an ESP32-based active charge equalizer system for
lithium-ion battery packs aimed at improving voltage
balancing, safety, and overall performance. The
proposed system effectively addresses the issue of cell
voltage imbalance, which is a major challenge in
multi-cell battery configurations due to variations in
manufacturing, aging, and operating conditions. By
integrating independent charging modules, voltage
sensing circuits, and relay-based control, the system
enables selective charging of individual cells. The
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ESP32 microcontroller continuously monitors cell
voltages and executes a control algorithm to prevent
overcharging while ensuring that all cells reach a
uniform voltage level. This active balancing approach
significantly enhances battery efficiency compared to
conventional methods.

The implementation of a closed-loop control mechanism
ensures real-time response to voltage variations,
resulting in accurate and stable balancing performance.
Experimental results confirm that the system can
achieve minimal voltage deviation between cells,
thereby improving battery lifespan, safety, and usable
capacity. Additionally, the integration of an IoT-based
monitoring dashboard allows real-time visualization and
remote access, making the system more intelligent and
user-friendly. The proposed solution is low-cost,
scalable, and easy to implement, making it suitable for a
wide range of applications including electric vehicles,
renewable energy storage systems, and portable
electronics. While the current design uses relay-based
switching, future enhancements can focus on improving
efficiency and reliability through advanced switching
techniques and intelligent algorithms.

Overall, the developed system demonstrates a practical
and effective approach to active charge equalization,
contributing to the advancement of smart battery
management systems with improved performance,
safety, and reliability.
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