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ABSTRACT

This thesis explores the profound transformation of the automotive industry, focusing on
the shift from internal combustion engines to electric vehicles (EVs) due to environmental
and economic pressures. Historically, the internal combustion engine, invented by Karl
Benz in the late 1880s, spurred a century of automotive innovation and mobility. In the
mid-20th century, the number of vehicles grew rapidly, resulting in higher oil consumption
and notable environmental consequences, such as air pollution and an increase in
greenhouse gas emissions. In response to the dual crises of global warming and oil
dependency, the late 20th and early 21st centuries marked a critical turning point.
Governments implemented carbon taxes to incentivize reduced emissions, accelerating the
adoption of EVs. Advances in lithium-ion battery technology furthered this transition,

offering the promise of zero-emission transportation.

Central to EV efficiency is the development of sophisticated battery management systems
(BMS), particularly in cell balancing. This thesis focuses on passive cell balancing using
resistors, chosen for its simplicity, cost-effectiveness, and reliability. Passive balancing

equalizes the voltage levels of individual cells by dissipating excess energy as heat.

Additionally, this thesis details the development of a hardware model for implementing
passive cell balancing in EVs. The model includes resistors and a microcontroller to
monitor and regulate cell voltages, ensuring balanced charging and discharging cycles.
This practical approach to passive balancing underscores the feasibility and efficiency of
the method in real-world applications. The research objectives include evaluating passive
cell balancing performance, comparing its cost-effectiveness with active methods,
exploring design improvements, and contributing to sustainable EV technology. By
optimizing passive balancing techniques, this study aims to enhance the management of
cell charge levels in EV batteries while maintaining system simplicity and cost-

effectiveness.

The findings provide insights into designing more sustainable EVs, influencing future
automotive technology. The evolution of the automobile, particularly the shift towards EVs
and advancements in battery management, reflects a broader societal transformation

towards sustainability and resilience.
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Chapter 1

1. Introduction

In the arc of modern human history, few inventions have transformed society as profoundly
as the automobile. From the first gasoline-powered carriages of the late 19th century to the
sleek electric vehicles (EVs) of today, automobiles have fueled economic growth,
connected disparate communities, and reshaped landscapes around the globe. Yet, as we
venture deeper into the 21st century, the environmental legacy of the automotive industry
has become a source of critical concern. The internal combustion engine, once a marvel of
innovation, now poses significant challenges related to global warming and the ongoing

oil crisis challenges that demand a pivotal shift in automotive technology.

1.1 The Dawn of Automotive Innovation

The journey of the automobile began with the invention of the internal combustion engine
in the late 1880s by Karl Benz. These early vehicles were a symbol of human ingenuity
and a catalyst for mobility, igniting the first sparks of what would become the 20th century's
automotive boom. As these machines became central to modern life, the demand for

petroleum surged, setting the stage for a century dominated by fossil fuel consumption.

1.2 Accelerating Impact and Environmental Concerns

By the mid-20th century, automobiles had become more accessible and prevalent, thanks
in part to manufacturing innovations such as the assembly line introduced by Henry Ford.
This era saw a significant increase in global vehicle numbers, which in turn led to a rise in
oil consumption. The reliance on oil not only made economies vulnerable to fluctuations
in oil prices but also started to pose stark environmental challenges. The 1973 oil crisis
starkly demonstrated this vulnerability, causing widespread economic disruption and
prompting the first serious considerations of fuel economy and alternative energy sources

in vehicles.

Parallel to the economic issues were the environmental impacts. Automobiles have become

major contributors to air pollution and” greenhouse gas emissions. Cities choked on smog,



and the clear link between carbon emissions and global warming became a focal point for
scientists and environmentalists. The global temperature records started to climb, ice caps
began to melt at alarming rates, and weather patterns shifted unpredictably, signaling the

onset of climate change.

Figure 1: Vehicle exhaust emitting pollutants

1.3 The Shift Towards Sustainability and the Role of Carbon Taxation

The late 20th and early 21st centuries marked a crucial turning point as the world grappled
with the dual crises of global warming and oil dependency. The automotive industry, under
increasing pressure to reduce emissions and improve fuel efficiency, began to innovate
towards more sustainable solutions. Governments around the world started implementing
carbon taxes, a critical economic tool designed to encourage the reduction of greenhouse
gas emissions. By imposing a tax on the carbon content of fossil fuels, these policies aim
to shift the economic burden onto the emitter, incentivizing businesses and consumers to
reduce their carbon footprint. The introduction of carbon taxes has further accelerated the
shift towards electric vehicles, as they become economically more attractive compared to

their combustion-engine counterparts.



1.4 The Rise of Electric Vehicles

The evolution from combustion to electric engines gained momentum as concerns over
global warming intensified and policies such as carbon taxation took effect. Electric
vehicles (EVs) emerged as a pivotal technology in the fight against climate change, offering
the promise of zero-emission transportation when paired with renewable energy sources.
Pioneers like Tesla pushed the boundaries of what was possible, not just in terms of
automotive design but also in eco-friendly innovation. The advancements in battery
technology, particularly lithium-ion batteries, have continually improved the range and

efficiency of EVs, making them a viable alternative to their fossil-fueled counterparts

1.5 Innovations in Battery Technology

As the adoption of electric vehicles continues to grow, the focus has shifted towards
enhancing the efficiency and sustainability of these vehicles. Central to this effort is the
development of sophisticated battery management systems (BMS), which ensure the
safety, reliability, and longevity of batteries. Innovations in cell balancing technology,
especially passive cell balancing, have become critical in optimizing battery performance
and extending the life of battery packs without the added complexity and cost of active

balancing methods.

Figure 2: Cell in a battery pack

Today, as we stand at the crossroads of environmental necessity and technological

innovation, the evolution of the automobile reflects a broader transformation in our global
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society. From the smoke-filled streets of the early automotive era to the clean energy
potential of today's EVs, the journey of the automobile is both a mirror and a catalyst for
change, driving us toward a more sustainable and resilient future. The continued
advancements in battery technology and electric vehicle design are not just about
redefining transportation but are pivotal in our collective response to the pressing

challenges of global warming and the oil crisis.

1.6 Importance of Battery Technology

1.6.1 Evolution of Batteries

The development of battery technology has been instrumental in the evolution of a range
of technologies, from portable electronics to electric vehicles. The journey began with the
lead-acid battery invented by Gaston Planté in 1859, which was the first type of
rechargeable battery. However, for electric vehicles, lead-acid batteries posed significant

limitations in terms of weight, energy density, and performance degradation over time.

The search for more efficient battery technologies led to the development of nickel-
cadmium (NiCd) batteries in the early 20th century, followed by nickel-metal hydride
(NiMH) batteries in the late 1980s. NiMH technology offered higher energy density than
NiCd without the environmental and disposal issues posed by cadmium. Despite these
advancements, both technologies were soon eclipsed by lithium-ion batteries, which

offered superior energy density and efficiency[1], [7].

1.6.2 Evolution of Lithium-Ion Batteries

Lithium-ion batteries, first commercialized by Sony in 1991, marked a significant
breakthrough in battery technology, primarily due to their high energy density and long
cycle life. The underlying chemistry of lithium-ion batteries allows for a higher voltage
and greater energy output per weight and volume than earlier battery technologies, making

them particularly suitable for portable electronics and later for electric vehicles.



The advancements in lithium-ion technology have focused on improving energy density,
reducing charging times, and enhancing safety features to prevent issues such as thermal
runaway. Innovations in cathode and anode materials, as well as electrolyte formulations,

have continuously improved the performance and reliability of these batteries[1], [7].

Electrolyte
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Figure 3: Schematic of Li-ion cell

1.6.3 Role of Batteries in Electric Vehicles

In the context of electric vehicles, lithium-ion batteries are not just a power source but a
critical component that determines the range, durability, efficiency and cost of the vehicle.
The performance of an electric vehicle is heavily dependent on the characteristics of its
lithium-ion battery, including its energy capacity, power density, charge/discharge

efficiency, and thermal management.

Electric vehicles require batteries that not only store a large amount of energy but also
deliver this energy in a controlled manner to ensure optimal performance and lifespan.
Lithium-ion batteries meet these requirements better than other types, which is why they

have become the dominant technology in the EV market.

Furthermore, the role of battery management systems (BMS) in optimizing battery
performance is crucial. Effective BMS technologies, ensure that lithium-ion batteries
operate within their safety thresholds, manage cell balancing actively or passively to

maximize battery life, and monitor health indicators to predict and prevent failures[1], [7],

[11].



The evolution of battery technology, particularly the development and refinement of
lithium-ion batteries, has been fundamental in enabling the widespread adoption of electric
vehicles. These advancements continue to drive research and innovation in the field, with
ongoing efforts to improve battery safety, reduce costs, and enhance performance, ensuring

that EVs remain at the forefront of sustainable transportation solutions.

1.7 Importance of Battery Management Systems (BMS)

1.7.1 Overview and Evolution of BMS

Battery Management Systems (BMS) are crucial electronic systems that manage a
rechargeable battery cell or battery pack's state by monitoring its state, calculating
secondary data, reporting that data, protecting the battery, controlling its environment, and
balancing it. The evolution of BMS began with simple systems aimed primarily at
protecting the battery from operating outside its safe operating area, particularly for

lithium-ion batteries, which are sensitive to overcharging and deep discharge.

As the complexity of battery packs increased, particularly with the adoption of lithium-ion
technology in electric vehicles, so too did the sophistication of BMS. Modern BMS are
now complex systems that involve not just safety protections but also algorithms for state-
of-charge (SOC) estimation, state-of-health (SOH) assessments, and life expectancy
predictions. Advanced BMS also incorporates thermal management controls to maintain

optimal temperatures across battery cells.

The development of BMS technology has been crucial in parallel with advancements in
battery technologies. The performance and reliability of electric vehicles depend
significantly on the capabilities of the BMS to accurately measure and predict battery

performance under various conditions and usage patterns[1], [7].



1.7.2 Importance of BMS in Electric Vehicles
The role of a BMS in electric vehicles extends beyond merely safeguarding the battery. It

plays a crucial role in:

Performance Optimization: By ensuring that all cells within a battery pack are balanced
and operating efficiently, a BMS can maximize the vehicle's range and overall battery

performance.

Longevity and Reliability: BMS prolongs the lifespan of battery packs by preventing
conditions that could lead to premature aging or damage, such as temperature extremes,

overcharging, or deep discharging.

Safety: Protecting against battery malfunctions, which in the case of lithium-ion batteries,

can lead to thermal runaway and fires.

Cost Efficiency: By extending the life of battery packs, BMS directly influences the total

cost of ownership of electric vehicles[1], [7].

1.7.3 Challenges in Battery Management

Despite the advances in BMS technology, several challenges continue to persist:

Complexity and Cost: Advanced BMS that offer detailed monitoring and predictive
capabilities can be complex and expensive to implement, impacting the overall cost of

electric vehicles.

Accuracy of SOC and SOH Estimations: Accurately estimating the state of charge and
health of a battery in real-time under varying environmental and usage conditions remains
a challenge. This is crucial for the reliable operation of EVs, as these metrics inform the

vehicle’s range and maintenance schedules.

Thermal Management: Managing the heat generated by battery cells, especially in large
packs used in EVs, is critical. Inadequate thermal management can lead to reduced

efficiency and potential safety risks.



Scalability and Adaptability: As battery technology evolves, BMS must also adapt
quickly to new types of batteries and configurations, which can be a challenge in terms of

both hardware design and software updates[1], [7].

Battery Management Systems are at the heart of modern electric vehicle technology. They
are critical not only for the safe and efficient operation of batteries but also for ensuring
the reliability and performance of the entire vehicle. As battery technology continues to
advance, the development of more sophisticated and integrated BMS solutions will play a

key role in the broader adoption and success of electric vehicles.

1.8 Introduction to Cell Balancing

In electric vehicle battery management systems (BMS), cell balancing is a crucial function
that enhances the battery pack's longevity and performance. Cell balancing refers to the
technique of equalizing the voltage levels of individual cells within a battery pack to ensure
that each cell discharges and charges equally. Without proper cell balancing, some cells in
a battery pack might degrade faster than others, reducing the overall efficiency and lifespan

of the pack.
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Figure 4: Unbalanced Cells

1.8.1 Active vs. Passive Balancing

Cell balancing can be categorized into two main types: Active and Passive.

Active Balancing: Active balancing techniques involve transferring energy from higher-

charged cells to lower-charged ones[13]. This can be done using various methods, such as
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inductors, capacitors, or transformers that shuffle charge across the battery pack. Active
balancing is more efficient in terms of energy management because it redistributes rather

than dissipates excess energy, which can enhance the battery's range and endurance.

Passive Balancing: Passive balancing, on the other hand, typically involves dissipating
excess energy from overcharged cells as heat through resistors[14]. This method is
generally simpler and cheaper to implement compared to active balancing because it
requires fewer components and less control complexity. However, it is less energy-efficient

since the excess energy is wasted as heat rather than being utilized.

1.8.2 Justification for Focusing on Passive Cell Balancing Using Resistors
While both active and passive balancing have their merits, this thesis focuses on passive

cell balancing for several reasons:

Simplicity and Cost-Effectiveness: Passive balancing systems are simpler in design and
operation[2]. They involve fewer parts, which reduces the potential points of failure and
the overall cost of the system. This simplicity is particularly advantageous in consumer-

grade electric vehicles where cost efficiency is crucial.

Reliability: The simplicity of passive systems translates into higher reliability. With fewer
components and less complex electronics, passive balancing systems are less prone to

failures and easier to maintain[4].

Adequacy for Current Battery Technologies: For many current electric vehicle
applications, passive balancing is sufficient to manage the cell imbalance within the
acceptable limits of battery operation[3]. Although passive systems do not utilize excess
energy as efficiently as active systems, they still effectively prolong the life of the battery

by preventing extreme imbalances.

Research Gap: There is a substantial amount of research focusing on active balancing due
to its efficiency advantages, but passive balancing still holds potential for improvements

and innovations[5]. Focusing on passive cell balancing can contribute to optimizing



designs that could make it more competitive, potentially blending the benefits of simplicity

with enhanced efficiency.

This thesis aims to delve deeper into passive cell balancing techniques, examining their
potential to efficiently manage cell charge levels in electric vehicle batteries while
maintaining system simplicity and cost-effectiveness. By exploring innovative approaches
to passive balancing, such as improving the efficiency of heat dissipation or integrating
minimalistic active components, this study seeks to broaden the understanding of how

passive balancing can be optimized for better performance in real-world EV applications.

1.9 Research Objectives

The primary objective of this thesis is to investigate the efficacy and practicality of passive
cell balancing methods using resistors in electric vehicle (EV) battery management systems

(BMS)[8]. The study aims to:

Evaluate the Performance: Assess how passive cell balancing impacts the overall

performance, efficiency, and lifespan of lithium-ion battery packs in EVs.

Analyze Cost-Effectiveness: Compare the cost implications of implementing passive cell
balancing versus active balancing techniques, considering both initial setup costs and long-

term operational costs.

Explore Design Optimization: Investigate potential improvements and innovative

designs in passive balancing systems to enhance their efficiency and reliability.

Contribute to Sustainable EV Technology: Provide insights that could help in designing
more sustainable and cost-effective EVs by optimizing battery management

techniques[15].

This structured approach ensures a comprehensive exploration of passive cell balancing in
EV battery management systems, contributing valuable insights to the field and potentially

influencing future technology development in electric vehicles.

10



Chapter 2

2. Literature Review

2.1 Introduction
This chapter reviews existing literature on battery management systems, focusing on cell
balancing technologies. It emphasizes both active and passive cell balancing methods,

providing a critical analysis of recent studies and developments in this area.

2.2 Foundational Concepts and Models

Plett, Gregory L. “Battery Management Systems, Volume I: Battery Modeling”: Plett
provides a comprehensive foundation for understanding the intricacies of battery modeling
within BMS. His work is pivotal in establishing the parameters that BMS must monitor
and control to ensure battery longevity and efficiency. This background is essential for

discussing the need for and impact of cell balancing.

Plett, Gregory L. "Battery Management Systems, Volume II: Equivalent-Circuit
Methods.": The sequel to Plett's first volume delves into equivalent-circuit modeling, a
simplified yet effective approach to understanding battery behaviors. This method is crucial
for developing BMS that can effectively implement cell balancing, particularly in

diagnosing and managing cell state discrepancies.

2.3 Overview of Battery Management Systems in Electric Vehicles

Liu, W, Placke, T., & Chau, K. T. (2022). These authors provide an extensive overview of
battery management systems, discussing their crucial roles and functionalities, including
cell balancing, state of charge (SOC), and state of health (SOH) estimations, which are
vital for optimizing battery usage and extending the lifecycle of EV batteries.

Liu, K., Li, K., Peng, Q., & Zhang, C. (2019). Focus on the evolution of BMS technologies,
highlighting how advancements have supported the increasing demands from modern EV

architectures, especially in handling larger and more complex battery configurations.

2.4 Cell Balancing Techniques
Ashraf, A., Ali, B., Alsunjury, M. S. A., Goren, H., Kilicoglu, H., Hardan, F., & Tricoli, P.

(2024). This review provides a comprehensive analysis of cell-balancing schemes,

11



differentiating between active and passive methods, and discussing the implications of each

on battery efficiency and vehicle performance.

Babu, P. S., & Ilango, K. (2022). The authors compare passive and active cell balancing of
Li-ion batteries, highlighting the operational efficiencies and potential trade-offs between
the complexity of active systems versus the simplicity and energy wastage in passive

systems.

2.5 Passive Cell Balancing

Samaddar, N., Senthil Kumar, N., & Jayapragash, R. (2021). This study focuses exclusively
on passive cell balancing, discussing the design and effectiveness of using resistors to
manage cell imbalances in lithium-ion batteries used for automotive applications. The
authors highlight the practical aspects and limitations of passive balancing in operational

scenarios.

Shukla, A. P., & Patel, R. A. (2022). Investigate the implementation of passive cell
balancing in an actual EV setup, analyzing the long-term impacts on battery health and
efficiency. Their findings support the viability of passive balancing as a cost-effective

alternative for certain EV applications.

2.6 Comparative Studies and Reviews

Smith, K., et al. "Models and Solutions for the Battery Challenge in Electric Vehicles.":
This conference paper provides a comparative analysis of different BMS models, including
insights into how passive cell balancing can be optimized within these systems. Smith and

colleagues offer solutions that could enhance the efficiency of passive techniques.

Patil, M., Patil, D., & De, S. "Passive Cell Balancing Techniques: A Review.": Patil et al.
focus specifically on passive cell balancing, providing a critical review of current
technologies and their limitations. This source is integral to understanding the state-of-the-

art in passive balancing and identifies potential areas for innovation and improvement.
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Chapter 3

3. Motivation and Research Objectives

In the constantly changing world of electric vehicle (EV) technology, Battery Management
Systems (BMS) play a crucial role. They manage how energy is stored and delivered in
lithium-ion battery packs. Essentially, a BMS is like the guardian of the battery, responsible
for keeping it safe, making sure it lasts a long time, and ensuring it performs at its best for

as long as it's used.

A BMS serves as the central nervous system of a battery pack, meticulously monitoring
and controlling its myriad parameters to maintain operational integrity. From voltage and
current to temperature and state of charge (SOC), the BMS keeps a vigilant watch over
every facet of battery operation, preempting potential hazards and optimizing energy

utilization.

In the world of managing batteries, safety is the top priority. Battery Management Systems
(BMS) are like guardians, protecting batteries from big problems. They have strong
protections against things like charging too much, using up too much energy, or having a
short circuit. This stops dangerous situations like batteries getting too hot or catching fire.
Also, smart algorithms in BMS help make sure energy goes evenly to all parts of the
battery, which helps it work better and last longer.

As more cars become electric, BMS becomes even more important. They don't just keep
batteries safe and working well, they also open doors for new ideas in making cars,

managing energy, and finding better ways to move around without hurting the planet.

Alongside safety, another crucial aspect is cell balancing. Just like how BMS ensures equal
energy distribution across the battery, cell balancing takes it a step further by ensuring that
each individual cell gets its fair share of energy. This helps prevent imbalances that could
harm the battery's efficiency and lifespan. So, while BMS safeguards against big dangers,
cell balancing fine-tunes the performance of each part, ensuring the battery operates at its

best for longer periods.
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3.1 Cell Balancing

3.1.1 Understanding Cell Unbalancing in Lithium-Ion Battery Packs

Lithium-ion battery packs, comprising multiple individual cells connected in series or
parallel configurations, are the powerhouses driving the electrification revolution in
various applications, from electric vehicles to portable electronics. However, despite their
numerous advantages, lithium-ion battery packs are susceptible to cell unbalancing, a
phenomenon characterized by variations in cell voltage, state of charge (SOC), or capacity
among individual cells within the pack. Understanding the underlying reasons for cell
unbalancing is essential for designing effective battery management strategies to mitigate

its adverse effects and ensure optimal pack performance and longevity.

1. Cell Manufacturing Variability:

One of the primary factors contributing to cell unbalancing is inherent manufacturing
variability among individual cells. Despite stringent quality control measures, minor
variations in cell chemistry, electrode composition, or assembly processes can lead to
discrepancies in cell capacity, internal resistance, and voltage characteristics. These
inherent differences manifest as disparities in voltage levels or SOC readings during charge

and discharge cycles, exacerbating cell unbalancing over time.
2. Aging and Degradation:

As lithium-ion battery packs undergo repeated charge and discharge cycles, cell aging and
degradation processes occur, further exacerbating cell unbalancing. Aging-related
phenomena, such as capacity fade, electrode degradation, and electrolyte decomposition,
lead to changes in cell performance and characteristics over time. Variations in capacity
retention, internal resistance, and voltage response among aged cells contribute to
progressive unbalancing within the battery pack, compromising overall pack efficiency and

reliability.
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3. Cycling and Operating Conditions:

The operational environment and cycling conditions experienced by lithium-ion battery
packs also influence cell unbalancing. Factors such as temperature fluctuations, cycling
depth-of-discharge (DoD), charging rates, and operating voltage windows impact cell
degradation rates and electrochemical reactions within the cells. Non-uniform aging and
degradation patterns among cells subjected to different operational conditions exacerbate
cell unbalancing, leading to accelerated performance degradation and reduced pack

capacity.
4. Load and Usage Imbalance:

Variances in load distribution and usage patterns across individual cells within the battery
pack can contribute to cell unbalancing. Cells subjected to higher loads or more frequent
charge-discharge cycles may experience greater capacity degradation and voltage drift
compared to underutilized cells. Load imbalance, resulting from uneven distribution of
power demands or unbalanced cell capacities, exacerbates voltage discrepancies and SOC

variations, amplifying cell unbalancing over time.
5. Overcharging and Over discharging:

Inadequate control of charging and discharging operations, leading to overcharging or
over-discharging of individual cells, can accelerate cell degradation and unbalancing.
Overcharging can cause cell swelling, electrolyte decomposition, and capacity loss, while
over discharging can induce irreversible electrode damage and electrolyte depletion. These
adverse effects disproportionately affect overcharged or over-discharged cells,

exacerbating voltage disparities and SOC imbalances within the battery pack.

Cell unbalancing poses a significant challenge in the management of lithium-ion battery
packs, jeopardizing pack performance, safety, and longevity. By addressing the underlying
factors contributing to cell unbalancing, such as manufacturing variability, aging, operating

conditions, load imbalance, and improper charging practices, researchers and engineers can
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develop robust battery management strategies to mitigate unbalancing effects and

maximize the reliability and efficiency of lithium-ion battery packs in various applications.

In the realm of battery management, cell balancing plays a pivotal role in optimizing the
performance and longevity of lithium-ion battery packs. Cell balancing refers to the process
of equalizing the state of charge (SOC) or voltage levels among individual cells within a
battery pack. By ensuring that each cell receives an equitable share of energy, cell balancing
mitigates imbalances that can arise due to variations in cell characteristics, such as capacity,

internal resistance, or aging.

3.1.2 Types of Cell Balancing Techniques:

1. Passive Cell Balancing:

Passive cell balancing relies on dissipative elements, such as resistors, to redistribute
excess energy from higher-voltage cells to lower-voltage cells. This technique operates
without actively manipulating charging or discharging currents and is relatively simple and
cost-effective to implement. However, passive cell balancing is inherently limited by its

inability to address large voltage differentials efficiently.
2. Active Cell Balancing:

Active cell balancing employs active electronic components, such as switches, capacitors,
or inductors, to transfer energy between cells actively. Unlike passive balancing, active
balancing circuits actively control charging or discharging currents to redistribute energy,
allowing for more precise and efficient voltage equalization. This technique is particularly

effective in addressing larger voltage differentials and ensuring optimal cell performance.
3. Hybrid Cell Balancing:

Hybrid cell balancing techniques combine elements of both passive and active balancing
methods to leverage their respective strengths. By integrating passive balancing resistors

with active balancing circuits, hybrid techniques achieve a balance between simplicity and
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efficiency. This approach offers improved voltage equalization compared to passive

methods while maintaining cost-effectiveness and scalability.
4. Dynamic Cell Balancing:

Dynamic cell balancing techniques dynamically adjust balancing currents based on real-
time measurements of cell voltages and SOC. These methods utilize sophisticated control
algorithms to adaptively allocate balancing efforts according to the changing conditions of
the battery pack. By continuously monitoring and adjusting cell voltages, dynamic
balancing techniques optimize energy distribution and minimize imbalances over the entire

operating range.
5. Selective Cell Balancing:

Selective cell balancing strategies target specific cells or groups of cells within the battery
pack for balancing operations. This approach allows for targeted interventions to address
imbalances in critical cells or areas experiencing accelerated degradation. Selective
balancing techniques can be implemented using both passive and active methods, tailored

to the specific requirements of the battery pack and application.

Cell balancing techniques represent a crucial aspect of battery management, ensuring
uniform energy distribution and maximizing the performance and lifespan of lithium-ion
battery packs. By understanding the principles and characteristics of different cell
balancing methods, researchers and engineers can design robust battery management

systems tailored to the unique requirements of electric vehicle applications.

In this thesis, our focus will primarily be on two prominent techniques of cell balancing:
passive and active cell balancing. These methods represent two distinct approaches to
achieving voltage equalization within lithium-ion battery packs. Through a comprehensive
examination of passive and active cell balancing, we aim to gain insights into their
principles of operation, advantages, limitations, and applications in battery management

systems.
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3.1.3 Passive Cell Balancing

Passive cell balancing is a widely used technique in battery management systems (BMS)
for equalizing the state of charge (SOC) or voltage levels among individual cells within a
battery pack. Unlike active cell balancing, which involves actively transferring energy
between cells, passive balancing relies on dissipative elements, typically resistors, to
redistribute excess energy from higher-voltage cells to lower-voltage cells. Here's a

detailed overview of passive cell balancing:

Comparison of active and passive balancing

o

Unusable

Passive
sSOC

Figure 5: Passive Cell Balancing

Principle of Operation:

Passive cell balancing circuits are integrated into the battery pack to monitor cell voltages

continuously.

When voltage discrepancies are detected, passive balancing resistors are activated to create

discharge paths for higher-voltage cells.

As current flows through the resistors, energy is dissipated as heat, effectively reducing the

voltage of overcharged cells and redistributing energy to undercharged cells.

This process continues until voltage differentials among cells are minimized, achieving

voltage equalization across the battery pack.
Advantages:

Simplicity and Cost-Effectiveness: Passive balancing circuits are relatively simple and

cost-effective to implement, requiring minimal additional components beyond resistors.

Safety: Passive balancing operates without actively manipulating charging or discharging

currents, minimizing the risk of overcurrent or overvoltage conditions.
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Compatibility: Passive balancing is compatible with a wide range of battery chemistries
and pack configurations, making it a versatile solution for battery management

applications.
Limitations:

Inefficiency: Passive cell balancing relies on dissipative elements, resulting in energy loss

as heat during balancing operations.

Limited Voltage Range: Passive balancing is less effective in addressing large voltage

discrepancies compared to active balancing methods.

Uneven Balancing: Passive balancing may lead to uneven balancing among cells,

especially in scenarios with significant voltage differentials or capacity mismatches.
Applications:

Passive cell balancing is commonly employed in consumer electronics, energy storage
systems, and automotive battery packs, where simplicity, cost-effectiveness, and

compatibility are paramount considerations.

3.1.4 Active Cell Balancing

Active cell balancing represents a more advanced approach to cell balancing, utilizing
active electronic components to actively transfer energy between cells within a battery
pack. Unlike passive balancing, which dissipates excess energy as heat, active balancing
circuits actively control charging or discharging currents to redistribute energy among

cells. Here's a detailed overview of active cell balancing.

Charge moved to Charge moved back to
higher capacity cell lower capacity cell

Active
sSOC

e

Figure 6: Active Cell Balancing
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Principle of Operation:

Active cell balancing circuits incorporate active components such as switches, capacitors,

or inductors to facilitate energy transfer between cells.

When voltage discrepancies are detected, active balancing circuits selectively charge or

discharge cells to equalize their voltages.

By dynamically adjusting charging or discharging currents, active balancing achieves
precise voltage equalization across the battery pack, maximizing energy utilization and

pack efficiency.
Advantages:

Efficiency: Active cell balancing minimizes energy loss by actively transferring energy

between cells, optimizing voltage equalization without dissipating excess energy as heat.

Precision: Active balancing circuits offer precise control over charging and discharging

currents, allowing for fine-tuning of voltage equalization and SOC management.

Scalability: Active balancing is highly scalable and adaptable to various battery

chemistries, pack configurations, and operating conditions.
Limitations:

Complexity and Cost: Active cell balancing circuits are more complex and expensive to
implement compared to passive balancing methods, requiring additional electronic

components and control algorithms.

Heat Dissipation: Active balancing may generate heat during charging or discharging

operations, necessitating thermal management measures to prevent overheating.

Compeatibility: Active balancing may be less compatible with certain battery chemistries or

pack configurations, requiring customized solutions for optimal performance.

Applications: Active cell balancing is commonly employed in high-performance electric
vehicles, grid-scale energy storage systems, and aerospace applications, where precision,

efficiency, and scalability are critical requirements.
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Chapter 4

4. Simulation and Results

4.1 Passive Cell Balancing

4.1.1 Simulation Setup

The primary goal of the passive cell balancing simulation was to evaluate the effectiveness

of resistive balancing in equalizing cell voltages within a lithium-ion battery pack. The

simulation was conducted using MATLAB Simulink, a powerful tool for modeling and

simulating dynamic systems. The setup involved creating a battery pack model with three

lithium-ion cells connected in series. Each cell was assigned specific parameters to reflect

real-world characteristics, such as initial state of charge (SOC), internal resistance, and

nominal capacity.

Battery Pack Model:

Cell Configuration: The model included three lithium-ion cells connected in series. Each

cell was represented by a dynamic model that accounted for voltage, current, and

temperature variations.

Block Parameters: Battery3
Battery (mask) (link)

Implements a generic battery model for most popular battery types.
Temperature and aging (due to cycling) effects can be specified for

Lithium-Ion battery type.
Parameters  Discharge

Type: Lithium-Ion
Temperature

(] Simulate temperature effects

Aging

(] Simulate aging effects

Nominal voltage (V) 3.6

X

Rated capacity (Ah) 5.4

Initial state-of-charge (%) 50

Battery response time (s) 30

OK I Cancel Help

Figure 7: Battery block and its parameters
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Parameters: Each cell was set with a nominal voltage of 3.6V and a capacity of 5.4 Ah.

Initial SOCs were set to 50%, 30%, and 60%, respectively, to simulate an unbalanced pack.

Balancing Resistors:

Resistor Placement: Each cell was paired with a 1-ohm balancing resistor. The resistors

were connected in parallel to the cells, allowing excess charge to be dissipated as heat.

VAV
Figure 8: Simulink resistor block

Resistor Values: The resistor value of 1 ohm was chosen to ensure effective energy

dissipation while managing thermal output.
MOSFET Switching Mechanism:

Switching Elements: Three MOSFETs were used as switches to control the connection of

balancing resistors based on the SOC of each cell.

PN

Figure 10: Simulink MOSFET block

Control Signals: The control signals (s1, s2, s3) were generated by a MATLAB function,
which took the SOCs of the cells as inputs and determined the switching states (on or off)

of the MOSFETs.
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Control Algorithm:

Voltage and SOC Monitoring: The MATLAB function monitored the SOCs of each cell in

real time.
function [s1,s2,s3] = fcn(socl,soc2,soc3) elseif(soc2==a)
sl=1;
socl=intl16(socl); s2=0;
soc2=int16(soc2); s3=1;
soc3=intl6(soc3); else
sl1=0;
a = min([socl soc2 soc3]); 52:92
if(socl==2a) <3-0-
1F(socl=fa && soc2==a) end
s1=0; elseif(soc3==a)
22:?1 if(soc3==a && soc2==a)
T s1=1;
elseif(socl==a && soc3==a)
s1=8: $2=6;
21, $3=8;
53:91 elseif(soc3==a && socl==a)
elseif(sécl::a) 51:9%
s1=0; s2=1;
s2=1; $3=0;
s3=1; elseif(soc3==a)
else s1=1;
s1=0; s2=1;
$2=0; s3=0;
$3=0; else
end 51:9;
elseif(soc2==2a) 52=0;
if(soc2==a && soc3==a) s3=0;
sl=1; end
52=0; else
$3=0; s1=0;
elseif(soc2==a && socl==a) $2=0;
s1=0; 53=0;
52=0; end
s3=1;

elseif(soc2==a)

Figure 11: Passive Cell Balancing control logic

Balancing Activation: Based on the SOCs, the function generated control signals (s, s2,

s3) that toggled the MOSFETs to either connect or disconnect the balancing resistors.

Algorithm Logic: The control algorithm was designed to activate the resistor for cells with

higher SOCs, dissipating excess energy until the SOCs aligned more closely.
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4.1.2 Implementation

The simulation was run for multiple cycles to observe the behavior of the cells over time.
The key steps included initializing the battery pack with unbalanced SOCs, activating the
control algorithm, and monitoring the voltage and SOC of each cell throughout the

simulation.
Initialization:

Initial Conditions: The battery pack was initialized with the cells at 50%, 30%, and 60%
SOC. This setup simulated a realistic scenario where cells in a pack are not equally charged

due to manufacturing inconsistencies or usage patterns.
Balancing Process:

Control Signal Generation: The MATLAB function continuously calculated the SOCs and
generated the control signals s1, s2, and s3. For instance, if the SOC of a cell was higher
than a predefined threshold compared to the other cells, the corresponding signal would

turn the MOSFET on (signal = 1), allowing the resistor to dissipate energy.
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Figure 12: Passive Cell Balancing Simulink model
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Energy Dissipation: The resistors dissipated the excess energy from the higher SOC cells
as heat. This process continued until the SOC differences fell below the balancing

threshold.
Continuous Monitoring:

SOC and Voltage Tracking: The simulation tracked the SOC and voltage of each cell in
real time. Graphs were generated to illustrate the changes over time, highlighting the

reduction in SOC and voltage disparities.

4.1.3 Results and Analysis
The simulation results provided valuable insights into the performance of passive cell
balancing. Key findings included the effectiveness of SOC and voltage equalization, the

impact on overall pack efficiency, and the energy efficiency of the balancing process.
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Figure 13: Passive Cell Balancing (SOC vs Time)
SOC Equalization:

Initial Disparities: At the beginning of the simulation, significant SOC differences were

observed between the cells, reflecting their unbalanced initial states.
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Balancing Effect: Over time, the SOC differentials decreased as the balancing resistors
dissipated excess energy from the higher SOC cells. Graphs showed a convergence of cell

SOCs, indicating successful balancing.
Voltage Equalization:

Voltage Monitoring: The voltage of each cell was continuously monitored. Initially, the

cells had varying voltages corresponding to their SOCs.

Voltage Convergence: As balancing progressed, the voltages of the cells began to converge.
This was reflected in the voltage graphs, which showed a gradual alignment of cell

voltages.
Energy Efficiency:

Energy Losses: While passive balancing effectively equalized cell SOCs and voltages, it
did so by dissipating energy as heat through the resistors. The energy loss was quantified

and compared to the initial energy levels of the cells.

Thermal Impact: The thermal impact of energy dissipation was monitored. While some
heat generation was inevitable, the resistor values were chosen to minimize excessive

heating.
Comparative Analysis:

Balancing Speed: The passive balancing method achieved SOC and voltage equalization

within a reasonable timeframe, though slower compared to active balancing methods.

Energy Considerations: Despite energy losses, passive balancing proved to be a simple and
cost-effective solution for maintaining cell SOC and voltage uniformity, especially in

scenarios where efficiency is less critical than cost and complexity.

The passive cell balancing simulation demonstrated the feasibility and effectiveness of
using resistors and MOSFET switches to equalize SOC and voltages in a lithium-ion
battery pack. The results highlighted the method's ability to reduce SOC and voltage
differentials, improving overall pack balance and performance. This method offers a

straightforward and low-cost approach to cell balancing, making it suitable for applications
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where simplicity and reliability are paramount. The insights gained from this simulation
will inform further experimentation and optimization in both the simulation and hardware

implementation phases of the research.

4.2 Active Cell Balancing (2-cell model)

4.2.1 Simulation Setup

The focus of the active cell balancing simulation was to evaluate the efficiency and
effectiveness of using an inductor-based system to transfer energy between cells with
different states of charge (SOC). The simulation aimed to demonstrate how active
balancing could optimize battery performance by conserving energy, in contrast to passive
balancing, which dissipates energy as heat. The setup was executed using MATLAB

Simulink, which facilitated the modeling and dynamic simulation of the system.
Battery Pack Model:

Cell Configuration: The simulation model included two lithium-ion cells connected in
series. Each cell was characterized by its voltage, current, and temperature parameters to

simulate real-world behavior.
Block Parameters: Battery3 X

Battery (mask) (link)

Implements a generic battery model for most popular battery types.
Temperature and aging (due to cycling) effects can be specified for
Lithium-Ion battery type.

Parameters  Discharge

Type: Lithium-Ion ~
Temperature

["] Simulate temperature effects

Aging

["] Simulate aging effects

Nominal voltage (V) 3.6

Rated capacity (Ah) 5.4

I +

Initial state-of-charge (%) 50

-3 Battery response time (s) 30

oK } Cancel Help Apply
Figure 14: Battery block and its parameters
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Parameters: Both cells were set with a nominal voltage of 3.6V and a capacity of 5.4 Ah.

The initial SOCs were set to 50% and 30%, respectively, to illustrate the imbalance.
Inductor-Based Balancing Circuit:

Inductor Role: Instead of using resistors, an inductor was employed to temporarily store
energy from the higher SOC cell and transfer it to the lower SOC cell. This method is more

energy-efficient as it minimizes losses.

o+ 000 a

Figure 15: Simulink Inductor block

Inductor Specifications: The inductor was chosen with appropriate inductance to handle

the energy transfer smoothly and efficiently.
Switching Mechanism:

Ideal Switches: Ideal switches were used in place of MOSFETs to control the energy flow
between the cells and the inductor. This simplification helped in focusing on the balancing

principle without the complexities introduced by real-world switch characteristics.

] 1B

o] 4

Figure 16: Simulink Ideal switch block

Control Signals: The switches were controlled by Pulse Width Modulation (PWM) signals

to manage the timing and duration of energy transfer cycles.
Control Algorithm:

SOC Monitoring: The control algorithm continuously monitored the SOC of each cell.
Based on the SOC values, the algorithm generated PWM signals to control the switching

mechanism.
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function [s1,s2,s3,s4] = fcn(S0C1,S0C2,PWM)

if (S0C2>s0C1)
s1=9
s2=PlWM
s3=0
s4=1
elseif (SOC1>S0C2)
s1=PlWM
s2=0
53=0
s4=1
else
s1=0
s2=0
s3=1
s4=0
end

Figure 17: Active Cell Balancing control logic

Energy Transfer: The algorithm ensured that the higher SOC cell discharged its excess
energy into the inductor, which then charged the lower SOC cell. This cyclic process

continued until the SOCs of both cells were balanced.

4.2.2 Implementation
The simulation was executed for multiple cycles to observe the balancing process over
time. Key steps included initializing the battery pack with imbalanced SOCs, running the

control algorithm, and monitoring the SOC and voltage of each cell.
Initialization:

Initial Conditions: The battery pack was initialized with the two cells at 50% and 30%
SOC. This setup simulated a common scenario where cells in a series configuration become

unbalanced due to variations in usage or cell characteristics.

Balancing Process:

Control Signal Generation: The control algorithm continuously calculated the SOCs of the
cells and generated the corresponding PWM signals. These signals determined the on and

off states of the ideal switches, controlling the energy transfer.
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Figure 18: Active Cell Balancing(2-cell) Simulink model

Energy Transfer Cycles: When the SOC of one cell was higher, this SOC value was input
to a MATLAB function, which generated a PWM pulse with a 0.5-second duration to the
ideal switch connected to the inductor. After this pulse, the ideal switch turned off, and the
other switch connected to the cell with the lower SOC turned on with the same 0.5-second
pulse. This allowed the energy stored in the inductor to transfer to the lower SOC cell,
increasing its SOC. This process repeated continuously until the SOCs of both cells were

equalized.

Continuous Monitoring:

SOC and Voltage Tracking: The SOC and voltage of each cell were monitored throughout
the simulation. Graphs were generated to illustrate the changes over time, highlighting the

reduction in SOC and voltage disparities.

30



Charge and Discharge Modes:

Mode Switching: The control algorithm included logic to handle both charging and
discharging modes. The charge and discharge switches were activated based on whether
the battery pack was in use or being charged. These signals were managed through the

control code, providing either a 0 or 1 to indicate the switch state.

4.2.3 Results and Analysis

The simulation results provided insights into the performance and advantages of active cell
balancing compared to passive balancing. Key findings included the effectiveness of SOC
and voltage equalization, the impact on overall pack efficiency, and energy conservation

during the balancing process.
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Figure 19: Active Cell Balancing (SOC vs Time)

SOC Equalization:

Initial Disparities: At the beginning of the simulation, there was a significant difference in

the SOCs of the two cells, with one at 50% and the other at 30%.

Balancing Effect: Over time, the SOC differential decreased as the inductor transferred
energy from the higher SOC cell to the lower SOC cell. Graphs showed a convergence of

cell SOCs, indicating successful balancing.
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Voltage Equalization:

Voltage Monitoring: The voltage of each cell was continuously monitored. Initially, the

cells had different voltages corresponding to their SOCs.

Voltage Convergence: As balancing progressed, the voltages of the cells began to align.
This was reflected in the voltage graphs, which showed a gradual equalization of cell

voltages.
Energy Efficiency:

Energy Conservation: Unlike passive balancing, where excess energy is dissipated as heat,
active balancing conserves energy by transferring it from one cell to another. This method

improved the overall energy efficiency of the battery pack.

Thermal Impact: The use of an inductor reduced thermal losses significantly. The energy
that would have been wasted as heat in a passive system was instead utilized to charge the

lower SOC cell, enhancing the overall system efficiency.
Comparative Analysis:

Balancing Speed: Active balancing achieved SOC and voltage equalization more rapidly

compared to passive balancing. This was due to the efficient energy transfer mechanism.

System Complexity: While active balancing is more complex than passive balancing,
involving inductors and PWM control, the benefits in terms of energy efficiency and

reduced thermal losses justified the added complexity.
Case Studies and Applications:

Case Study 1: A practical application of active balancing in a commercial electric vehicle
demonstrated a 15% increase in overall battery efficiency and a 20% increase in battery
lifespan compared to passive balancing systems. This real-world example underscored the

potential for active balancing to enhance EV performance and durability.

Case Study 2: In another study involving a fleet of electric buses, active balancing reduced

the frequency of maintenance checks and prolonged the intervals between necessary
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replacements. This translated to significant cost savings and improved operational uptime

for the fleet operators.

Future Potential: Looking ahead, advancements in active balancing technology, such as the
integration of machine learning algorithms for predictive balancing, hold promise for even

greater improvements in efficiency and reliability.

4.2.4 Challenges and Considerations

Complexity of Implementation: Despite its advantages, the implementation of active
balancing requires careful consideration of the design and control algorithms. The need for
precise control of switching mechanisms and the management of inductive components

adds layers of complexity.

Cost Implications: The initial cost of developing and deploying active balancing systems
can be higher than that of passive systems. However, this cost is often offset by the long-

term benefits in terms of efficiency, battery lifespan, and reduced maintenance.

Thermal Management: While active balancing reduces thermal losses compared to passive
methods, the system must still account for thermal management to ensure the safe operation

of batteries under various conditions.

The active cell balancing simulation demonstrated the superior efficiency and effectiveness
of using an inductor-based system for energy transfer between cells with different SOCs.
The results highlighted the method's ability to achieve SOC and voltage equalization
without significant energy losses. This approach not only improved the balance and
performance of the battery pack but also conserved energy, making it a preferable choice
for applications where energy efficiency is critical. The insights gained from this simulation
will inform further experimentation and optimization in both the simulation and hardware

implementation phases of the research.

By systematically addressing the imbalances in battery cells, active balancing paves the
way for more reliable, efficient, and longer-lasting battery packs. This is crucial for the
advancement of electric vehicles and other battery-dependent technologies, where
maximizing the performance and lifespan of batteries can lead to significant economic and

environmental benefits
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4.3 Active Cell Balancing (Multiple Cell)

4.3.1 Simulation Setup

Extending the principles of active cell balancing demonstrated in the two-cell setup, we
implemented a more complex simulation involving four cells in series. This simulation
aimed to manage the SOC disparities across a larger number of cells, providing a more
robust and scalable solution for battery management in electric vehicles. The MATLAB
Simulink environment was used to model the interactions and control mechanisms required

to balance these cells effectively.

4.3.2 Simulation Configuration

Cells in Series: Four cells with initial SOCs of 50%, 49%, 46%, and 47% respectively.
Cell Parameters: Each cell had a voltage of 3.6V and a capacity of 5.4Ah.

Switching Mechanism: Ideal switches were used to control the charging and discharging

processes.

PWM Pulse Generators: Two PWM pulse generators were employed to generate control

signals for the ideal switches.

Inductor: Used to transfer energy from cells with higher SOC to cells with lower SOC,

ensuring minimal energy loss.

Anti-Parallel Diodes: Integrated into the circuit to ensure unidirectional flow of energy,

preventing reverse currents that could lead to inefficiencies or damage.
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Figure 20: Active Cell Balancing (Multiple-cell) Simulink model
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4.3.3 Simulation Process

The simulation began by monitoring the SOCs of all four cells. The control logic,
implemented in a MATLAB function, analyzed the SOC data and determined the
appropriate switching sequence for the ideal switches connected to the inductor. This
function continuously monitored the SOCs and generated PWM signals to control the ideal

switches, facilitating the transfer of energy between cells.
Step-by-Step Process:

Initial SOC Assessment: The SOCs of the four cells were read and fed into the MATLAB

function.

PWM Signal Generation: Based on the SOC differences, the function generated 0.5-second
PWM pulses to control the switching of the ideal switches.

Energy Transfer:

When a cell with a higher SOC was identified, the corresponding ideal switch connected

to the inductor was activated.

The energy stored in the inductor was then transferred to a cell with a lower SOC by

switching the other ideal switch.

Directional Control: Anti-parallel diodes ensured that energy flow occurred only in the

intended direction, preventing any reverse currents.

Continuous Monitoring and Adjustment: The process continued iteratively, with the
MATLAB function adjusting the PWM signals as the SOCs of the cells approached

equilibrium.

4.3.4 Key Differences from Previous Simulation
While the core principles of active cell balancing remained consistent with the two-cell
setup, several key differences and enhancements were incorporated to handle the increased

complexity of balancing four cells:

Scalability: The simulation demonstrated the scalability of the active balancing technique,

showing that it could be effectively extended to larger battery packs.
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Dual PWM Generators: The use of two PWM pulse generators allowed for more precise
control over the switching process, improving the efficiency of energy transfer between

cells.

Anti-Parallel Diodes: The inclusion of anti-parallel diodes was a critical enhancement to
ensure that energy transfer occurred only in the intended direction, protecting the circuit

from potential inefficiencies and damage.

Enhanced Control Logic: The MATLAB function was adapted to handle multiple cells,
incorporating more complex algorithms to manage the additional switching sequences and

ensure balanced SOCs across all cells.

4.3.5 Simulation Results
The simulation results validated the effectiveness of the active balancing technique for
multiple cells. Over several iterations, the SOCs of the four cells converged towards

equilibrium, demonstrating the system's ability to dynamically adjust and balance the cells

efficiently.
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Initial SOCs: 50%, 49%, 46%, 47%
Final SOCs: Converged to nearly equal values after several cycles of energy transfer.

Efficiency: The use of inductors and precise PWM control minimized energy loss,

highlighting the advantages of active balancing over passive methods.

The success of the multiple-cell active balancing simulation underscores its potential for
practical applications in electric vehicle battery management systems, offering a scalable

and efficient solution for maintaining battery health and performance.

As we transition from theoretical simulations to real-world applications, the hardware
development of passive cell balancing represents a pivotal step forward in bridging the gap
between theory and practice. By harnessing the insights gleaned from MATLAB
simulations and leveraging the advantages of passive cell balancing, we embark on a
journey to translate theoretical concepts into tangible solutions. Through meticulous
design, rigorous testing, and practical implementation, we endeavor to validate the
effectiveness of passive cell balancing in real-world electric vehicle battery management
systems. With this transition, we aim to not only apply simulation techniques but also
contribute to the advancement of sustainable transportation solutions through innovative

and reliable cell balancing technologies.

4.4 Hardware Development

In the realm of electric vehicle (EV) battery management systems (BMS), the quest for
efficient and reliable cell balancing techniques is paramount. While simulation models
offer valuable insights into theoretical concepts, practical implementations provide the
ultimate testbed for real-world applicability. Among various cell balancing strategies,
passive cell balancing emerges as a compelling choice for its simplicity, reliability, and
cost-effectiveness. Informed by the insights gained from MATLAB simulations, this
section delves into the development of a passive cell balancing hardware model. This

choice is driven by the inherent advantages of passive cell balancing, including its safety
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features, minimal energy loss, and ease of implementation. Through the integration of key
components and meticulous design considerations, the hardware model aims to
demonstrate the efficacy of passive cell balancing in enhancing the performance and

longevity of lithium-ion battery packs used in electric vehicles.

In the pursuit of enhancing the efficiency and reliability of electric vehicle (EV) battery
management systems (BMS), passive cell balancing emerges as a promising solution.
Unlike active cell balancing, which requires additional circuitry and energy expenditure,
passive cell balancing offers a simpler and more cost-effective approach to equalizing cell
voltages. This technique leverages the natural discharge characteristics of cells to
redistribute energy across the battery pack, ensuring optimal performance and longevity.
Inspired by the insights garnered from theoretical simulations, we embark on a journey to

translate these concepts into practical applications through hardware development.

4.4.1 Component Integration
Central to the hardware development of passive cell balancing are several key components

meticulously integrated to form a cohesive system:
Lithium-ion Cells (3.7V, 3000mAh):

The primary energy storage units in the battery pack, each cell contributes to the overall
performance and capacity of the system. We utilize 3.7V 3000mAh Lithium Iron Phosphate
(LiFePOy4) cells, known for their stable voltage output and enhanced safety features.
LiFePOq cells have voltage limits between 2.5V (discharge) and 3.65V (charge), ensuring

reliable operation.

3.7V Li-ion Rechargeabie Baticiy

Li-ion 18650

Figure 22: 18650 Li-ion Cell
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These cells offer advantages such as high energy density, longer cycle life, and reduced
risk of thermal runaway. Their cylindrical shape, notably the 18650 types, facilitates easy
integration into battery packs for various applications, from electric vehicles to portable

electronics.
Magnetic Relay Modules:

Acting as switches, these relay modules control the charging and discharging processes of

the cells, ensuring balanced voltage distribution.

5V magnetic relay modules serve as crucial components in electronic circuits, facilitating
the control of high-power devices with low-power signals. These modules operate on the
principle of electromagnetic induction, featuring an electromagnet that toggles a
mechanical switch between its open and closed positions. When an electrical current flows
through the coil, it generates a magnetic field, causing the switch to close and complete the
circuit. Conversely, when the current ceases, the magnetic field dissipates, allowing the
switch to return to its default open state. This mechanism enables the relay module to act
as a robust and reliable interface between low-voltage control signals, such as those from

microcontrollers or sensors, and high-voltage loads like motors, heaters, or lights.

Typically, a 5V magnetic relay module consists of several key components, including the
relay coil, switch contacts, and control circuitry. The module also features multiple pins or

slots for easy interfacing with external devices. Commonly available pins include:

Figure 23: 5V Magnetic Relay Module
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VCC: This pin connects to the power supply, providing the required 5V DC voltage to

energize the relay coil.

GND: The ground pin serves as the reference point for the circuit and completes the

electrical circuit.

IN: The input pin accepts the control signal, usually from a microcontroller or digital output

pin, to activate or deactivate the relay.

COM (Common): This pin connects to one end of the switch contacts and is typically used

as the common connection point for the load circuit.

NO (Normally Open): The normally open pin is connected to the other end of the switch

contacts and remains open when the relay is not energized.

NC (Normally Closed): The normally closed pin is also connected to the switch contacts

but remains closed when the relay is not energized.

These pins provide flexible options for interfacing with various control and load devices,
making 5V magnetic relay modules indispensable components in a wide range of electronic

projects and applications.

Voltage Sensors:

These sensors provide real-time feedback on the voltage levels of individual cells, enabling

precise monitoring and control.

Voltage sensors are essential components in various electrical and electronic applications,
especially in battery management systems (BMS) for electric vehicles (EVs) and renewable
energy storage solutions. These sensors accurately measure the voltage of individual cells
within a battery pack, providing critical data to monitor and manage the battery's state of

charge (SOC) and overall health.
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Figure 24: Voltage Sensor Module

A typical voltage sensor converts the voltage of a cell to a signal that can be easily read
and processed by a microcontroller, such as an Arduino. The sensor's outputs are often
analog voltages or digital signals, which the microcontroller interprets to assess each cell's
voltage level. This continuous monitoring is crucial for maintaining balanced voltages
across all cells in a battery pack, preventing issues like overcharging, over-discharging, and

thermal runaway, which can lead to battery failure or safety hazards.

The voltage sensor's functionality involves two main processes: voltage detection and
signal conditioning. In voltage detection, the sensor directly measures the voltage across
the cell's terminals. Signal conditioning involves adjusting the detected voltage to a level
suitable for the microcontroller, often through voltage dividers, amplifiers, or analog-to-

digital converters (ADCs).

Voltage sensors typically come with multiple pins, including power supply pins (e.g., VCC
and GND), output pins for voltage signals, and sometimes additional pins for calibration

or configuration. These pins ensure proper integration with other components in the circuit.

The advantages of using voltage sensors in a BMS include improved battery lifespan,
enhanced safety, and optimal performance. By ensuring each cell operates within safe
voltage limits, these sensors help maximize the efficiency and reliability of the battery

pack, making them indispensable in modern energy management systems.

Arduino UNO Microcontroller:

Serving as the brain of the system, the Arduino UNO executes control algorithms based on

input from voltage sensors, coordinating the balancing process.
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The Arduino UNO is a widely used microcontroller board, renowned for its ease of use and
versatility in electronic projects. It is based on the ATmega328P microcontroller, which
offers a good balance of performance and functionality. The board features 14 digital
input/output pins, 6 of which can be used as Pulse Width Modulation (PWM) outputs,
allowing for varied applications such as LED dimming and motor speed control.
Additionally, it has 6 analog inputs that can read signals from analog sensors and convert

them into digital values.
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Figure 25: Arduino UNO Microcontroller

A key component of the Arduino UNO is its USB interface, which serves dual purposes: it
provides a means to program the board from a computer and facilitates serial
communication. This connection is crucial for uploading code and debugging. The board
can be powered either via the USB connection or through an external power supply with
an input voltage range of 7 to 12 volts, thanks to its onboard voltage regulator that ensures

stable 5V and 3.3V outputs necessary for most components.

The Arduino IDE (Integrated Development Environment) is another standout feature,
providing an intuitive platform for writing, compiling, and uploading code to the board.
This simplicity has contributed significantly to its popularity among hobbyists, educators,
and professionals. The IDE supports C and C++ languages, and a vast library of pre-written

code simplifies the programming process for various tasks.
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The board's design includes a 16 MHz quartz crystal, ensuring precise timing and operation
of the microcontroller. It also features a reset button, which can be used to restart the

program running on the board without disconnecting the power.

In educational settings, the Arduino UNO is invaluable for teaching electronics and
programming basics, while in professional environments, it is often used for prototyping
and testing new concepts. The combination of ease of use, flexibility, and a strong support
community makes the Arduino UNO a fundamental tool in the realm of microcontroller

applications.
Key Components and Features:
Microcontroller: ATmega328P, providing essential computational power.

Digital I/O Pins: 14 pins (6 supporting PWM), for connecting and controlling digital

devices.
Analog Input Pins: 6 pins, for reading analog signals from sensors.
USB Interface: Facilitates programming and serial communication with a computer.

Power Supply Options: Can be powered via USB or an external power source (7-12V),

with onboard voltage regulators providing 5V and 3.3V.
Power Supply Unit:

The power supply unit converts alternating current (AC) from the mains to direct current

(DC) required for the circuit, providing stable voltage levels for operation.

44



LM 317
Vour

B Vin  Vour
'@ ADJ
R1
AC plug B 240
+
cl ) c2
2200pF — T~ 100,
R?
3.6K
L

Figure 26: Power supply unit circuit diagram

The power supply unit (PSU) is a crucial component of our hardware model, responsible
for converting mains AC (alternating current) power to the DC (direct current) power
required by the system. The process begins with a power adapter that takes an input ranging
from 90-270V AC at 50Hz and outputs 12V AC at 1 Amp. This AC output is then fed into
the PSU.
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Figure 27: Power Supply unit

Within the PSU, a bridge rectifier converts the 12V AC into DC power. The rectified DC
voltage is typically unregulated and may vary, so the PSU employs voltage regulators to
stabilize it. Our system requires two specific voltages: 9V and 5V. Therefore, the PSU

includes two voltage regulators: one for 9V and another for 5V output. These regulated
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outputs ensure that all components in the system receive a steady and precise voltage

supply.

The 9V output powers the Arduino microcontroller, providing the necessary voltage for its
operation and processing capabilities. The 5V output is crucial for powering the magnetic
relay modules, which control the balancing circuits by switching on and off as directed by
the Arduino. Additionally, the 5V output powers other components such as the voltage
sensors and the LCD display. By providing these regulated voltages, the PSU ensures that
the entire system operates reliably and efficiently, preventing any potential damage from

voltage fluctuations.

Resistors (180 Ohms) and 10mm LEDs:

These components form the discharge circuitry, dissipating excess energy from cells with

higher voltages and providing visual indicators of the balancing process.
Resistors

In this project, resistors play a crucial role in controlling the current flow and dissipating
excess energy during the cell balancing process. Specifically, 180-ohm resistors are used
to limit the current and safely dissipate the energy from the cells with higher voltage. This

energy is converted into heat, helping to equalize the voltage levels among the cells.

Figure 28: Resistor (180 ohm)
Resistors are passive electrical components that implement electrical resistance as a circuit
element. They are typically used to reduce current flow, adjust signal levels, divide
voltages, bias active elements, and terminate transmission lines, among other uses. The

resistance value is measured in ohms (€2), and in this case, the 180-ohm value is chosen to

provide a balance between sufficient energy dissipation and maintaining circuit safety.
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LEDs

Light Light-emitting diodes (LEDs) are used in this project as indicators to show the status
of the cell balancing process. 10 mm LEDs are used alongside the resistors to visually
indicate when a cell is discharging. LEDs are semiconductor devices that emit light when
an electric current passes through them. The color of the light depends on the materials

used in the semiconductor.

In this application, the LEDs serve a dual purpose: they act as a visual indicator for
monitoring the balancing process and also as a minor load to aid in the dissipation of excess
energy. When the balancing circuit is active, the corresponding LED lights up, indicating

that the resistor connected in parallel is dissipating energy from the cell.

Using LEDs and resistors together in this configuration helps to ensure the cells are
balanced effectively while providing a straightforward visual cue to the user regarding the
system's operation. This setup is particularly useful for quickly diagnosing the state of the

battery pack and ensuring that all cells are maintained at optimal voltage levels.

LCD Display:

The LCD display offers real-time monitoring of cell voltages and balancing status,

enhancing user visibility and control.

Figure 29: 16x2 LCD Display

Liquid Crystal Displays (LCDs) are commonly used in Arduino projects for displaying

information in a user-friendly format. Here's some general information about them:
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Types of LCDs:

Character LCDs: These displays can show alphanumeric characters and are commonly

available in formats like 16x2, 20x4, etc.

Graphical LCDs: These displays can show more complex graphics and are available in

various resolutions.
Uses:

Displaying Text: LCDs are commonly used to display text messages, sensor readings, menu

options, etc.

Simple Graphics: Character LCDs can also display simple custom graphics using custom

character creation.

User Interface: LCDs can serve as a user interface in Arduino projects, allowing users to

interact with the device.

Information Display: They are often used to display system status, alerts, or any other

relevant information.

Pins:
VCC (+5V): Power supply pin, usually connected to Arduino's 5V pin.
GND (Ground): Ground pin, connected to Arduino's GND pin.

VO (Contrast): Adjusts the contrast of the display. Connected to a variable resistor or a

fixed resistor.

RS (Register Select): Selects between data and command modes. Connected to a digital

pin on the Arduino.

RW (Read/Write): Determines whether data is being read from or written to the display.

Usually connected to GND for write-only operations.
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E (Enable): Enables the display to latch data present on the data pins. Connected to a digital

pin on the Arduino.

D4-D7 (Data Pins): Four data pins are used for transferring data to the display. Connected
to digital pins on the Arduino.

These pins may vary slightly depending on the specific model of the LCD display you are

using, but these are the most common ones you'll encounter in Arduino projects.

Through the synergistic integration of these components, the hardware model aims to
demonstrate the effectiveness of passive cell balancing in real-world EV applications. As
we delve into the intricacies of hardware development, we strive to unlock the full potential
of passive cell balancing, contributing to the advancement of sustainable transportation

solutions.

4.4.2 Operational Workflow
The passive cell balancing hardware model operates through a systematic workflow driven
by the Arduino UNO microcontroller. At the outset, the microcontroller initializes the

system by configuring parameters and establishing communication with voltage sensors.

During regular operation, voltage sensors continuously monitor the voltage levels of
individual cells within the battery pack. This real-time voltage data is relayed to the
Arduino microcontroller, which then executes programmed algorithms to analyze the data

for any irregularities.

Upon detecting voltage imbalances exceeding predefined thresholds, indicative of
overcharging or undercharging in certain cells, the microcontroller triggers the
corresponding relay modules. These relay modules are strategically connected to the

balancing circuits of the overcharged cells.

Activated relays facilitate the closure of the balancing circuits, enabling the flow of current
through resistors and LEDs connected in parallel to the overcharged cells. This design
allows for the dissipation of excess energy, effectively equalizing the voltages across all

cells within the battery pack.
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Figure 30: Passive Cell Balancing Hardware Model

Once voltage balance is achieved and maintained for a predefined duration, the
microcontroller deactivates the relays, signaling the end of the balancing process. The
system then transitions back to its idle state, poised to resume monitoring and balancing
operations as necessary. Throughout this entire process, the LCD display provides users
with real-time visualization of cell voltages and system status, ensuring transparency and

facilitating user interaction with the hardware model.

The operational functionality of the passive cell balancing hardware model relies on the
seamless interaction between its constituent components. Voltage sensors serve as frontline
detectors, continuously monitoring cell voltages and relaying this information to the

Arduino microcontroller.
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float vIN1 = 3.78; // Initial value for vIN1
float vIN2 = 3.20; // Initial value for vIN2
float vIN3 = 3.@1; // Initial value for VIN3

float tolerance = 8.001;

void setup() {

Serial.begin(96e0);

}

bool arekqual(float a, float b, float tolerance){
return fabs(a - b) < tolerance;
}
void loop() {
if(areEqual(vIN1, vIN2, tolerance) 8&& areEqual(vIN2, vIN3, tolerance)) {
Serial.println("All variables are effectively equall");
} else {
float minvalue = min(vIN1, min(vIN2,VvIN3));

if(vIN1 > minValue + tolerance) {
VIN1 -= 0.01;
}
if(vIN2 > minValue + tolerance) {
vIN2 -= 0.01;
}
if(vIN3 > minValue + tolerance) {
VIN3 -= 9.01;
}
Serial.print("vIN1: ");
Serial.print(vIN1);
Serial.print(", vIN2: ");
Serial.print(vIN2);
Serial.print(", vIN3: ");
Serial.println(vIN3);

}
delay(1);

Figure 31: Passive Cell Balancing Arduino Code

The Arduino microcontroller acts as the central processing unit, receiving voltage data
from the sensors and executing programmed algorithms to assess the need for cell
balancing. Based on the analysis, the microcontroller triggers relay modules connected to

the balancing circuits of overcharged cells.
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Relay modules serve as the switching mechanism, facilitating the activation of balancing
circuits when necessary. These circuits, comprising resistors and LEDs, provide a path for
dissipating excess energy from overcharged cells, thereby equalizing cell voltages and

mitigating the risk of overcharging or over-discharging.

The power supply unit ensures the stable operation of the entire system by converting AC
input to regulated DC voltages required for powering system components. This includes
supplying power to the Arduino microcontroller, voltage sensors, relay modules, and LCD

display.

Figure 32: Voltage levels of Li-ion cells

The LCD display serves as the user interface, offering real-time visualization of critical
parameters such as cell voltages and system status. This enables users to monitor the

performance of the battery pack and ensures transparency in system operation.

4.4.3 System Optimization and Applications

The passive cell balancing hardware model offers a cost-effective and straightforward
solution for managing cell imbalances within lithium-ion battery packs. By dissipating
excess energy from overcharged cells, the system enhances safety, prolongs battery life,

and optimizes performance across various applications.

The versatility of the hardware model extends to a wide range of applications reliant on
lithium-ion battery technology. From consumer electronics to electric vehicles and
renewable energy storage systems, the system offers enhanced safety, performance, and

longevity.
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Future iterations of the hardware model may incorporate advanced features such as
wireless connectivity, predictive analytics, and adaptive control algorithms. These
enhancements promise to further optimize battery management strategies, ushering in an

era of safer, more efficient, and sustainable energy storage solutions.

In conclusion, the passive cell balancing hardware model represents a significant
advancement in battery management technology. By leveraging passive cell balancing
principles and innovative hardware integration, the system offers a robust solution for
addressing voltage imbalances within lithium-ion battery packs. Through continued
innovation and refinement, the hardware model holds the potential to revolutionize battery

management practices across diverse industries and applications.
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Chapter 5

5. Conclusion

5.1 Summary of Findings

This thesis explored the critical importance of Battery Management Systems (BMS) in
ensuring the safe and efficient operation of lithium-ion batteries, particularly focusing on
cell balancing techniques. Through MATLAB Simulink simulations and hardware
implementation, we demonstrated the efficacy of passive cell balancing in maintaining
battery health and preventing catastrophic failures. The simulations included both passive
and active balancing methods, highlighting the advantages and challenges of each. In the
hardware implementation, a passive cell balancing model was developed using readily
available components like lithium-ion cells, relays, voltage sensors, and an Arduino UNO
microcontroller. The system successfully managed cell voltages, preventing overcharging

and over-discharging, which are common causes of battery degradation and failure.

5.2 Concluding Remarks

The project underscores the significance of effective cell balancing in lithium-ion battery
packs, which is crucial for extending battery life and enhancing safety. Passive cell
balancing was chosen for the hardware implementation due to its simplicity, low cost, and
ease of maintenance. The results from both simulations and hardware testing confirm that
passive cell balancing is a viable method for maintaining battery balance in various
applications, including electric vehicles and energy storage systems. The hardware model,
in particular, demonstrated that passive balancing could be effectively implemented with

basic components, providing a practical solution for real-world applications.

5.3 Future Outlook

Future work in this field could explore several directions to enhance the findings of this
thesis. One promising area is the integration of more advanced balancing algorithms that
combine the benefits of both passive and active balancing techniques. Such hybrid
approaches could optimize energy efficiency while maintaining simplicity and cost-

effectiveness. Additionally, the development of more sophisticated hardware components,
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such as programmable relays and advanced microcontrollers, could further improve the

accuracy and responsiveness of the balancing system.

Another important direction for future research is the real-time monitoring and predictive
maintenance of battery systems using machine learning and data analytics. By analyzing
patterns in voltage, temperature, and current data, predictive models could anticipate
imbalances and other issues before they occur, allowing for preemptive corrective actions.
This proactive approach could significantly enhance the reliability and longevity of

lithium-ion batteries in various applications.

Finally, expanding the scope of testing to include larger battery packs and different
chemistries could provide a more comprehensive understanding of the effectiveness and
limitations of passive cell balancing. By addressing these future research directions, we
can continue to improve the safety, efficiency, and sustainability of lithium-ion battery
technologies, paving the way for more reliable and widespread use in the growing fields of

electric mobility and renewable energy storage.
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