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CN 7 ABSTRACT

Lithium-ion batteries have been widely used in electric vehicles, renewable energy
generation systems, and portable electronics because of their energy storage capability, long-
term operation, and efficiency. However, there are several problems associated with the use
of lithium-ion battery packs, such as SOC estimation error, cell imbalance, energy loss, and
battery degradation due to an inaccurate charging/discharging process. Therefore, an

effective BMS can provide improvement on battery performance and efficiency.

In this dissertation, an innovative SOC estimation method and an intelligent single-inductor
active cell balancing scheme for lithium-ion battery packs will be designed using
MATLAB/Simulink. The combination of Coulomb counting and the Kalman filter method
can result in higher accuracy in estimating SOC and minimize SOC estimation error.
Moreover, an adaptive PWM balancing control scheme will also be implemented to balance

the difference in SOC among cells.

The active balancing control uses a single-inductor active balancing approach to transfer the
energy from the cells with high SOC to those that have low SOC. Thus, it minimizes
balancing energy loss compared to other passive balancing schemes.

The Battery Management System model as a whole is simulated using MATLAB/Simulink
software for a battery pack containing four series-connected lithium-ion cells. Different
simulation results, like SOC estimation output response, voltage balancing effect, balancing
current, and varying PWM duty cycle, are presented with the objective of evaluating the
performance of the system.

Based on the different results found through simulations, it could be inferred that a hybrid
approach to estimate SOC would be more efficient. Additionally, an intelligent active
balancing method reduces cell imbalance along with energy dissipation while balancing.

This technique will improve the efficiency and performance of lithium-ion batteries.
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Chapter 1
INTRODUCTION
1.1 OVERVIEW
.@ High demand for effective energy storage systems has arisen due to the rapid growth|in

the number of EVs, renewable energy storage systems, portable electronic devices and
smart grids. Compared to the different types of rechargeable batteries, lithium-ion
batteries are one of the most efficient and long-lasting energy storage options, as they have
a higher energy density, are lighter, are less subject to self-discharge, and are more
efficient. This makes them ideal for use in electric vehicles, industries, aircrafts, and in the
current portable electronics.[1] Lithium-ion batteries are typically comprised of numerous
cells in series and/or parallel to obtain the required voltage and capacity.. Unfortunately,
due to differences that occur in the manufacturing processes, variations in internal resistance,
self-discharge properties, degradation through aging and operation environments, battery
cells do not behave consistently when charging and discharging. This is what causes battery
imbalances, lowers battery capacity, reduces efficiency, increases energy losses, and affects
the longevity of the batteries.[2]

1. Electric Vehicles 2. Solar Energy Storage
Used in EVs for high Stores solar energy for
energy density and later use and improves
long driving range. ( Y energy reliability.
Lithium-lon
Battery
3. Mobile Devices + 4. Grid Energy Storage
Provides compact power + Supports grid stability,
for smartphones, tablets peak shaving and
and portable devices. = renewable energy
& ) integration.
5. Laptops

Delivers reliable and
long-lasting power for
laptops and notebooks.

Figure 1.1: Applications of Lithium-ion Battery

L Lo) ]
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To ensure safe, reliable and efficient operation, a Battery Pack (Lithium-ion battery pack)
should include a Battery Management System (BMS). It is the task of the BMS to control
and monitor various parameters of the battery, such as voltage, current, charge/discharge
state, and State of Charge (SOC), in order to ensure smooth and effective performance of the
battery system. Moreover, the BMS performs the crucial task of balancing the batteries, in
which the state of charge among the battery cells is kept uniform for optimising the
performance of the battery. [1][2]

The SOC estimation is an important task performed by the BMS due to the significance that
it holds for efficient energy management, charging, protection of batteries, and balancing
operation. The main problem in estimating the State of Charge is that the behaviour of the
lithium-ion batteries with regard to SOC is highly non-linear and depends on various factors
such as temperature and discharge rates. The conventional methods of SOC estimation
include simple but commonly used methods like Coulomb Counting, which have estimation

errors and hence limited accuracy.[3]

Table 1.1 Comparison of Different Battery Technologies

Battery Type Energy Cycle Charging | Efficiency Applications
Density Life Time
Lead-Acid Low Low Moderate Moderate UPS, backup
systems

Nickel- Moderate | Moderate | Moderate Moderate Industrial tools
Cadmium (Ni-
Cd)
Nickel-Metal Moderate | High Moderate Good Hybrid vehicles
Hydride (NiMH)
Lithium-lon (Li- | High High Fast High EVs, portable
ion) electronics
Lithium- Very High Fast High Drones, mobile
Polymer (Li-Po) | High devices

Based on Table 1.1, it is evident that lithium-ion batteries have high energy density, greater
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efficiency, fast charging speed, and a long cycle life when compared to regular battery
systems. Lithium-ion batteries are favoured for use in electric cars due to their numerous
advantages
A further difficulty associated with the lithium-ion battery system is that of cell balancing.
In passive cell balancing methods used traditionally, excess energy from high-energy cells
is released into the environment as heat using balancing resistors; thus, the efficiency of
balancing is low, and the loss of energy is increased. Active cell balancing techniques
overcome the drawbacks of the aforementioned method by making use of energy-storing
elements, such as capacitors, transformers, or inductors, for energy transfer from high-
energy cells to low-energy cells. [4]
In the present dissertation work, the design of a hybrid SOC estimation and intelligent single-
inductor active balancing system for lithium-ion batteries using MATLAB/Simulink is
presented. A combination of Coulomb Counting and Kalman Filtering algorithms has been
used for enhancing the performance of SOC estimation during dynamic charging and
discharging. Moreover, an adaptive PWM-based balancing controller has been designed for
balancing control based on the SOC mismatch in cells.
In the adopted balancing method, energy is effectively transferred from high SOC cells to
low SOC cells by employing one inductor. The intelligent balancing controller ensures
switchings and reduces the loss of energy, enhances balancing efficiency, and improves
battery utilization. The complete BMS is modelled by using the MATLAB-Simulink tool
for a series lithium-ion battery pack of four series cells.[5]

Simulation results show that the proposed SOC estimation is more efficient compared to
the traditional SOC estimation method, whereas the intelligent active balancing method

helps minimize cell imbalance and balancing energy loss

1.2 NEED FOR BATTERY MANAGEMENT SYSTEM (BMYS)

The effectiveness of lithium-ion batteries relies heavily on the operating parameters,
including over-charging, over-discharging, over-currents, and cell imbalances. When it
comes to the use of lithium-ion batteries in electric vehicles or energy storage purposes, a
number of batteries are interconnected in a series and/or parallel fashion to offer necessary

voltages and power outputs. However, since each battery is produced through different

3
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manufacturing processes, the resistance level, self-discharge, and deterioration processes
will not be similar. Thus, the cells in a battery pack will exhibit inconsistency when it comes
to charging and discharging cycles.[1] [5]

Such inconsistencies cause cell imbalances in voltage and State of Charge (SOC). A
Battery Management System (BMS) is defined as a control system that ensures the effective

operation of lithium-ion batteries.
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Figure 1.2: Basic Architecture of Battery Management System

SOC estimation is one of the key features of BMS. Since SOC is not directly measurable in
lithium-ion batteries, algorithms of SOC estimation should be used to determine the
remaining charge of a battery. The purposes of SOC estimation include efficient energy
management, charging and discharging control, preventing overcharge and deep discharge
and performing balancing operations [6]. Classical methods of SOC estimation, such as
Coulomb Counting, have very simple algorithms, but their errors occur due to accumulations
during estimation procedures. Thus, advanced estimation algorithms are employed
nowadays; for example, such algorithms include the Kalman Filter Approach [7].

Battery balancing is another crucial task performed by BMS. Due to charging and
discharging procedures, the SOC and voltage differences become greater among individual
cells. If a battery is not properly balanced, some cells will get into an overcharged or deep

4
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discharge state quicker than other cells, causing poor efficiency of the battery and a shorter
lifetime of the battery. In the passive balancing procedure, the excess energy is dissipated
from the battery in the form of heating through resistors. Thus, energy loss occurs while
balancing the battery. In contrast, active balancing includes energy transfer from the battery
cells with higher energy to lower energy cells [7].

Besides, the BMS increases reliability and efficiency of operations by constraining the
charging and discharging within the parameters of safety. Improved battery management
brings about high efficiency of the battery, high charge efficiency, reduced balancing losses,
and improved performances of the EVs or power applications.

In this thesis, an intelligent single-inductor active balancing battery management system for
a lithium-ion battery pack is developed using a hybrid SOC estimation technique in
MATLAB/Simulink. This is aimed at enhancing the accuracy of SOC estimation, reducing
SOC imbalance among the batteries, minimizing balancing losses, and maximizing battery
efficiency

1.3 IMPORTANCE OF STATE OF CHARGE (SOC) ESTIMATION

e State of Charge (SOC) is one of the most important variables in BMS. SOC is defined as the
amount of charge available from a battery relative to its fully charged state. The relevance
of estimating SOC is explained by the necessity to effectively monitor batteries with regard
to their charge, discharge, energy, and safety issues in lithium-ion battery systems. Hence,
an adequate estimation of SOC may contribute to efficient operation and ensure battery
safety by avoiding overcharge or deep discharge.[7]

The State of Charge of a lithium-ion battery is unattainable by means of battery terminals
since the nonlinearity of the electrochemical properties of a battery under different
conditions requires estimation of SOC based on specific algorithms that define SOC as the
amount of charge available on the basis of certain variables like battery voltage and
currents.[8]

An elementary SOC estimation algorithm is referred to as Coulomb counting. This algorithm
uses integration of battery currents to estimate SOC. While being a widely applied algorithm
because of its simplicity, the Coulomb counting method faces challenges due to errors in the
measurements of sensor currents and initial condition problems.[1] The SOC estimation

Z"—.I turnltln Page 21 of 84 - Integrity Submission Submission ID  trn:oid:::27535:142304569



7) turnitin

>0

g'r—.| turnitin

Page 22 of 84 - Integrity Submission Submission ID trn:oid:::27535:142304569

using Coulomb Counting is mathematically represented as:

_I(DAt

S0C(t) = SOC(t — 1) [1.1]

n

Where,

SOC (t) = Present State of Charge
SOC(t — 1) = Previous State of Charge
I(t) = battery current

At = sampling interval

C,, = battery capacity

Coulomb Counting is an easy technique that requires less computation, but the accuracy

in estimation reduces gradually owing to measurement errors.

It should be noted that model-based estimation algorithms, such as Kalman Filter
Estimation, are very popular in today's Battery Management Systems since they allow
attaining extremely high accuracy of SOC estimation through elimination of the estimation
uncertainty by minimizing the estimation error through real-time SOC adjustment based on

measured battery parameters [9].
Xk = A X1 + B ug + K(yx — C Xx) [1.2]
where:
Xk = estimated system state
A = state transition matrix
B = input matrix
uy = control input
K = Kalman gain

yk = measured output
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e C = output matrix

The Kalman Filter continuously adjusts for error in estimation using measured values of the

battery, which makes SOC estimation more accurate.
The SOC estimation error can be represented as:
SO0Cerror = SOCqctuar — SOCestimatea [1.3]
Where:
e SO0C,or = SOC estimated error
o SOC,ctyaqr = Actual battery SOC
e  SOC.stimatea = EStimated SOC obtained from the estimation algorithm

Lower SOC estimation error indicates better estimation accuracy and improved
reliability of the Battery Management System.

Another factor that emphasizes the importance of accurate SOC estimation is that it
ensures an optimal cell balancing process within a multi-cell Lithium-ion battery pack.
During the charging and discharging processes, certain battery cells may operate at uneven
levels of SOC because of their internal resistance, battery degradation, or manufacturing
variations. The consequence of an increased disparity of SOC between cells is that weak
cells will be overcharged and/or deeply discharged even before other cells, which adversely
affects the battery life. Hence, SOC balancing outperforms voltage balancing in terms of
performance.[10][11]

The approach to SOC estimation, presented in this thesis, relies on the use of the
Coulomb counting algorithm combined with the Kalman Filter estimation algorithm in order
to maximize the accuracy of SOC estimation. The estimated value of SOC will then serve as
the basis for the active balancing process in the BMS.

1.4 Need for Intelligent Cell Balancing
For lithium-ion battery packs, there are numerous cells that are connected together either in
series or in parallel form, which help achieve the required voltages and capacity for the

7
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battery pack based on its usage, whether in an electric vehicle or energy storage system.
Nevertheless, since each of the cells may differ from one another in terms of its voltage due
to tolerances, different internal resistances, self-discharge rate, and other factors, including
ageing effect, all cells will have varied State of Charge [1].

While battery pack is being operated in a charging process, it leads to the condition where
the full charge of some cells occurs before others. This same phenomenon can occur while
the battery is being discharged, whereby some weak cells tend to achieve the cutoff voltage
level at an earlier time compared to the stronger ones. It will result in the situation where the

weakest cells will determine the performance of the battery pack [11].

d N\
BEFORE BALANCING AFTER BALANCING
Unequal Cell Voltages Equalized Cell Voltages
® ®
Balancing
Process

G L = @ e L 1

Cell 1 Cell 2 Cell 3 Cell 4 Cell 1 Cell 2 Cell 3 Cell 4

420V 3.90V 410V 3.80V 400V 4.00V 4.00V 400V |

Figure 1.3: Cell Balancing Process in Lithium-lon Battery Pack

Conventional means passive balancing consists of discharging the excess charge present in
high-energy cells in the form of heat through a balancing resistor. Although passive
balancing is simple and affordable method, it is inefficient, with significant energy losses,
and also requires relatively longer balancing times compared to active balancing. Active
balancing is also inefficient in the balancing of large electric vehicle batteries since a lot of
energy is wasted during balancing [12]. In active balancing, energy transfer is carried out
from high State-of-Charge (SOC) cells to low SOC cells through energy storage components
such as inductors, capacitors, and transformers. Compared to passive balancing, active
balancing is efficient and entails minimal energy losses, less balancing time, improved
battery usage, and overall better performance. There exist various kinds of active balancing,
with examples being Single Inductor Active Balancing, which is simpler and controlled

energy transfer [4][13].
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Table 1.2 Comparison of Conventional and Intelligent Balancing

bnventional Balancing Proposed Adaptive Active
Balancing
Fixed PWM Adaptive PWM
Energy Dissipation Energy Transfer
Passive resistor Single Inductor
High switching loss Reduced switching loss
Low efficiency High efficiency
No intelligent control Intelligent SOC-based switching

In the modern Battery Management System, intelligent balancing control techniques have
been integrated to dynamically control switching operations depending on the SOC
mismatch between different cells. Intelligent balancing control improves the efficiency of
balancing, reducing energy losses due to unwanted switching actions. Moreover, adaptive

PWM balancing control has also been employed to enhance balancing effectiveness.

1.5 Problem Statement

The battery packs, which are made from the Li-lon batteries used in electric
vehicles(EVs) and power sources, generally suffer from an imbalance of charging and
discharging of cells due to variations in internal resistance, ageing, different manufacturing
processes. The unbalanced discharge of cells leads to inefficiency, loss of energy,
deterioration, and shortened life span of batteries. Generally, the BMSs used in the current
applications use fixed threshold balance techniques that result in an inefficient balancing
process and a waste of energy. Furthermore, the existing methods of state of charge
estimation, including Coulomb counting, suffer from the accumulation of estimation error

problems that prevent the estimation of the actual conditions of the battery.

Moreover, the current balancing devices do not offer a regulating mechanism for the
balancing process using the difference in state of charge between battery cells. As result, this

leads to switching operations without balancing, wastage of energy, and poor performance

9
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of batteries. There is a requirement for designing an intelligent Battery management system.

Table 1.3: Limitations of Existing Battery Management Techniques

Existing Technique Limitation
Coulomb Counting Method Accumulation of estimation error over time
Passive Cell Balancing High energy loss due to heat dissipation
Fixed Threshold Balancing Poor adaptability under varying conditions
Conventional BMS No intelligent decision-making capability
Voltage-Based Balancing Inaccurate SOC mismatch detection

1.6 Objectives of the Proposed Work
The development of an intelligent Battery Management System (BMS) of Li-lon battery
pack in MATLAB/Simulink would be the main goal of this research paper. In this thesis,
efforts would be made to enhance the accuracy of SOC estimation and balancing of the
battery pack through an intelligent control mechanism. The specific objectives of the

proposed work are as follows:

o To study the characteristics and behavior of Li-lon battery systems.

o To develop a mathematical and MATLAB/Simulink model of a Li-lon battery pack.

o To implement the SOC estimation using the Coulomb counting method.

o To improve the SOC estimation accuracy using Kalman filter-based correction techniques.

o To develop a hybrid SOC estimation approach for reducing estimation error.

o To design an intelligent adaptive cell balancing technique based on voltage and SOC

mismatch.

10
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To reduce balancing energy loss and improve battery efficiency.

To implement adaptive PWM-based balancing control for intelligent switching operation.
To analyze the performance of proposed system under different charging and discharging
condition using MATLAB/Simulink.

To compare the Proposed intelligent balancing technique with conventional balancing
methods.

Proposed work aims to enhance and improve balancing performance, battery safety, increase

battery lifespan, and provide a reliable battery management solution for electric vehicle (EV)

applications.
Table 1.4 Comparison Between Existing and Proposed System
Feature Existing System Hybrid System
SOC Estimation Technique Conventional Coulomb Hybrid SOC Estimation
Counting
Balancing Topology Conventional Resistor based Active Single-Inductor
Energy Transfer Dissipative Non-dissipative
PWM Control Fixed Adaptive PWM Control
Switching Logic Conventional Intelligent Switching
Battery Efficiency Moderate Improved
Energy Loss High Reduced
System Reliability Medium High

From Table 1.4, it can be observed that the hybrid soc and single-inductor active balancing
provides improved SOC estimation accuracy, reduced balancing loss, enhanced balancing
efficiency, and better operational reliability compared to conventional battery management

methods.

11
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Chapter 2

REVIEW OF LITERATURE
2.1 INTRODUCTION

Lithium-lon batteries have become popular in electric cars, renewable energy and portable
electronics, as well as in industrial applications because of their high energy density, long
battery life, low self-discharge properties and efficiency. But if a battery pack employs
lithium-ion batteries, the performance capabilities of battery management systems and
monitoring systems are essential. Consequently, the battery management system (BMS) has
become critical in today's scenario for safe and reliable operation of batteries [1]. BMS's key
functions include battery monitoring, estimation of battery state of charge, battery state of
health calculation, cell balancing, fault detection and the prevention of abnormalities in the
battery. Among these, the most critical operations carried out by BMS are the estimation of
SOC and cell balancing [4].

Quite a number of studies have been conducted for estimating SOC using Coulomb
Counting, Open-circuit voltage, Neural networks, and Kalman filter methods. Likewise,
there have also been quite a few experiments in cell balancing techniques such as passive,

capacitor balancing, transformer, and inductor-based active cell balancing. [13]

Despite the tremendous success observed in battery management system technology, there
still remain a few problems such as inaccuracy in estimation, losses through balancing, heavy
computation burden, and unbalance in the batteries. This explains why research into accurate
SOC estimation and cell balancing for the Li-lon battery is continuously carried out. The
chapter provides a thorough review of all the literature available on three main areas
including the Battery Management System, SOC estimation techniques, and cell balancing
method. Among other things, the chapter outlines the shortcomings associated with the
current approach and the research gap that led to design of the intelligent Battery

Management System.
2.2 Overview of Lithium-lon Battery Technology

The importance of BMSs (Battery Management Systems) can hardly be overstated since

12
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they offer safety, reliability, and efficient work of Li-lon batteries employed in electric cars,
renewable energy sources, and portable devices [1]. BMS is engaged in monitoring battery
indicators such as voltage, current, temperature, SOC (State of Charge) and providing
protection from overcharging, overdischarging, overcurrent, and other malfunctions during

the operation of batteries.[2]

Battery management was examined by Rahimi-Eichi et al. [1]. These scholars provided a
comprehensive review of BMS (Battery Management System). The authors stressed the
importance of Battery Management Systems for Smart Grids and Electric Vehicles. The
authors specified SOC estimation, cell balancing, battery protection, and communications as
the key responsibilities of BMSs. The authors pointed out that efficient monitoring played
an important role in the enhancement of batteries' properties. A thorough analysis of major
Battery Management Systems for electric cars was performed by Liu et al. [2]. The scientists
discussed such components of battery management as battery modeling, SOC estimation,
SOH (State of Health) prediction, thermal management, and balancing. The authors
suggested that sophisticated estimation algorithms and better balancing techniques were
needed to ensure effective functioning of batteries.

An innovative approach involving a BMS, wireless charging, and 1oT was implemented by
M. S., S. S. Sundar, K. Kumaran, and M. Thirumeni [15]. The authors provided evidence
proving the requirement for an intelligent monitoring process and information about the
functioning of BMS.The application of wireless battery management systems for EVs via
Bluetooth connection was presented by Na et al. [16]. In this regard, the research revealed
the potential of wireless technology for reducing the number of connections required to
implement a BMS, thus allowing scalability of the system.

Bansal and N. PR [17] performed a study on the potential of the integration of wireless
battery management systems in electric vehicles, indicating how the employment of wireless
communication technology reduced weight and expanded installation options. A similar idea
is presented in studies conducted by Rincon Vija et al [18][19]. Thus, recent years' studies
indicate considerable progress in BMS systems, such as battery monitoring, communication,
and protection. Nevertheless, there are still areas that require improvement in BMS

technologies, including SOC estimation and battery balancing methods. That’s why
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advanced BMS is necessary, which would be capable of using intelligent battery monitoring

and balancing approaches.
2.3 Review of State of Charge (SOC) Estimation Techniques

The State of Charge (SOC) is considered among the crucial parameters for battery
management systems since it gives information regarding the remaining charge in the battery
compared to its nominal capacity [11]. An accurate estimation of SOC is required for battery
monitoring, battery charging control, energy management systems, and safe battery
management. However, SOC cannot be measured directly; hence several approaches have
been proposed for estimating the SOC of lithium-ion batteries [20]. Coulomb Counting is
one of the widely employed SOC estimation approaches. The approach determines SOC
through the integration of battery current. Coulomb Counting is easy to implement and
computationally cheap; however, its accuracy depends heavily on the initialization state of
the battery charge and battery current measurement. The small errors in measurement are

accumulated over time and lead to high error in estimation during long-term operation. [21]

Another estimation technique for SOC is the Open-Circuit VVoltage (OCV). OCV estimation
involves using the dependency between the open-circuit voltage of the battery and the state
of charge [12]. Although this technique gives accurate results, it requires the battery to be at
open circuit voltage for quite some time, thus making it unsuitable for real-time EVs
application. Some of the approaches that can help overcome deficiencies of the existing
methods of state-of-charge estimation techniques are estimation by Kalman Filter
algorithms. This approach allows for both SOC estimation using the battery model and the
correction of estimation errors according to measurements of battery voltage and current
[22].

As was stated above in [12], SOC Estimation by non-linear Kalman filter algorithm taking
into consideration the influence of cell balancing in Li-lon batteries was studied. As the
result of investigation, the efficiency of the proposed method compared to conventional SOC
estimation techniques was confirmed; however, the SOC estimation by Kalman Filter
algorithm requires an appropriate battery model and considerable computational capacity.

Also, recently researchers have started considering hybrid SOC estimation methods. The

14
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point is that this type of SOC estimation involves different estimation methods used together,
thereby benefiting from advantages of each of them but avoiding their weaknesses. For
example, the estimation accuracy can be increased by supplementing Coulomb Counting

with Kalman Filter.

2.4 Review of Cell Balancing Techniques

Cell balancing is a vital function carried out by the Battery Management System (BMS)
which helps in maintaining an even state of voltage distribution as well as State of Charge
(SOC) across battery cells. Due to differences in their manufacture, internal resistance, and
aging effects among others, lithium-ion battery cells can experience imbalance over time

[23]. Cell imbalance can reduce battery utilization efficiency and affect its life span.

- o Consequently, it is imperative to adopt efficient cell balancing techniques.[24]

Cell balancing techniques are broadly classified into passive balancing and active balancing
techniques. In passive balancing techniques, excess energy generated in high SOC cells is
consumed in the form of heat energy by balancing resistors. While passive balancing
techniques are economical and relatively easy to implement, they are not efficient in
balancing due to losses incurred during energy consumption [25]. In order to overcome the
inefficiency and loss of energy experienced in passive balancing techniques, several active
balancing techniques have been developed. These are techniques where energy from cells
with a high SOC level is shifted to those with lower SOC levels with the aid of energy storage
units such as capacitors, inductors, transformers, and DC-DC converters. [4] [26]

The paper [4] examined an active balancing circuit using only one inductor for balancing Li-
lon batteries. In this paper, the researchers have shown that the circuit with a single inductor
is effective in transferring energy between battery cells with reduced complexity of
balancing circuits and losses from balancing. The analysis of different topologies of active
balancing circuits was carried out in the paper [5], where several balancing circuits along
with cell modeling techniques were compared. It was concluded that the use of active
balancing is more effective than passive balancing, since active balancing circuits ensure a
higher efficiency and better use of energy stored in batteries.

Detailed literature review on lithium-ion battery balancing was provided in [26] and [27].
Several types of balancing such as passive balancing, capacitive balancing, transformer-
based balancing, and inductor-based balancing were analyzed. As a result, it was found that
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the implementation of active balancing is preferable for electric vehicles due to higher
efficiency and minimal energy losses. As has been found out from the experiments carried
out, the use of active balancing has various advantages than the use of passive balancing
techniques. If we consider the possible topologies for active balancing, then it can be found
out that the one involving the use of one inductor will be the right topology because it offers

good results.

2.5 Research Gaps Analysis

After a thorough literature review, one can observe that there is already enough research
done regarding BMS, state of charge estimation, and balancing of batteries. Several methods
for state of charge estimation such as coulomb counting, open circuit voltage, and Kalman
filter based methods have been proposed in order to improve the accuracy of estimation[27].
In addition to this, different balancing methods both passive and active have been developed
in order to reduce imbalance among lithium ion batteries. However, there are numerous

issues still left unresolved by current technologies when it comes to batteries.

Table 2.1: Research Gap Analysis

('TJ turnitin

Major Contribution

Identified Limitation

Single-Inductor Active Balancing for

Lithium-lon Battery Packs

No Hybrid SOC Estimation integrated

Analysis of Active Cell Balancing

Topologies

Focus mainly on balancing topology; SOC

estimation not considered

Review of Cell Balancing Techniques

Review study only; no implementation of

intelligent balancing

Adaptive Passive Cell Balancing

Energy loss still exists due to passive

balancing approach

SOC and Remaining Charge Estimation

for Cell Balancing

No active balancing topology implemented

Coupled Inductor Design for Active
Balancing

Focus on energy transfer efficiency; SOC
estimation not addressed
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The majority of the researchers are focused on state of charge estimation while excluding
any efficient technique for battery balancing. Although Kalman filter based methods
improve accuracy, they require accurate models along with being computationally intensive.
On the other hand, the traditional method of coulomb counting suffers from drift problem
after some time period.[28]

In addition, there have been other balancing studies that focused on enhancing the efficiency
of energy transfer in the balancing process by the use of active balancing circuits. But most
balancing systems do not incorporate SOC estimation as well as intelligent control strategies
to achieve adaptive balancing. Moreover, passive balancing schemes are still characterized
by energy losses and inefficient balancing operations. [29]

2.6 Chapter Summary

- @ A literature review has been performed for Battery Management System (BMS), state of

charge estimation, and cell balancing technique applied to lithium-ion batteries in this
chapter. All the techniques related to BMS, state-of-charge estimation, and active and

passive cell balancing have been explored in depth.

The conclusions from the literature review reveal that despite the development of new
technology and better techniques used in the battery management system, further
improvement is required especially in the aspect of state of charge estimation and cell
balancing techniques. This review has also brought up that the existing literature lacks
relevant information about the use of hybrid state of charge estimation and intelligent active

cell balancing techniques in the BMS.

With the help of the above findings, this paper will design an intelligent BMS incorporating
hybrid state of charge estimation based on coulomb counting and Kalman filter with single

inductor active cell balancing via adaptive PWM.
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CHAPTER 3
MODELING OF LITHIUM-ION BATTERY PACK

3.1 INTRODUCTION

With more demand for new energy storage technologies that are more effective and
efficient, numerous projects have been undertaken to study lithium-ion batteries for
technology implementation in electric vehicles, renewable resources, portable devices,
aerospace applications and the smart grid [1]. The reasons for the popularity of lithium-
ion batteries are their energy density, lightweight, low self-discharge rate, good cycle life
and charge rate. The above features make lithium-ion batteries extremely useful in the
present-day challenges [2]. The performance and efficiency of a lithium-ion battery system
highly rely on the lithium battery system model. While implementing Li-Ion batteries into
practical applications, one should keep in mind that different Li-lon batteries are used in
the form of series and parallel connections in order to get the required voltage and power
output [3]. This connection of batteries results in the lithium-ion batteries being

imbalanced in terms of SOC and voltage [30].

Modeling of batteries is an important concept in the process of developing and implementing
BMS. Proper battery model plays an important role in the proper estimation and
determination of battery parameters such as current, voltage dynamics, state of charge, and
charging/discharge dynamics. Equally, battery models are essential in SOC estimation, smart
balancing, performance analysis, and simulation of Li-lon battery through
MATLAB/Simulink platform.

There exist different approaches, including electro-chemical battery model, mathematical
model, empirical models, and equivalent circuits models in Li-lon battery modeling
approaches. Out of all the battery modeling methods, equivalent circuits models are
preferred in Li-lon batteries due to their accuracy and efficiency. Equivalent circuits models
are more suitable for implementation and application in battery management systems. For
example, Li-lon battery pack model is constructed in MATLAB/Simulink platform in this

dissertation work. The objective of constructing a battery model in this case is to perform
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battery performance analysis including SOC estimation, voltage dynamics,
charging/discharge dynamics, and balancing of battery cells. Thus, the battery modeling
method employed in this case is quite effective in analyzing the performance of the BMS
system.

3.2 BATTERY STRUCTURE AND WORKING

A Li-lon battery refers to an electrochemical device, which means that the energy storage in
this kind of battery is in chemical energy, which is then converted to electricity through
reversible electrochemical reactions. The lithium-ion batteries are highly applied in electric
cars, renewable sources of energy, electronic gadgets, and industries because of its high
energy density, light weight, longevity, and efficiency [31].
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Figure 3.1: Structure and Working Principle of Li-lon Battery

Figure 3.1 illustrates the structure and working principle of a lithium-ion battery during
charging and discharging operations. A typical lithium-ion battery mainly consists of four
important components:

* Anode

» Cathode
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» Electrolyte

e Separator

The anode refers to the negative electrode, and in the case of lithium-ion batteries, the anode
contains graphite materials. On the other hand, the cathode means the positive electrode, and

it is made up of lithium metal oxides. Electrolytes serve as the means of transporting ions

L) Q from the cathode to the anode and back. Lastly, the separator is used to avoid direct contact

between the two electrodes and prevent the occurrence of a short circuit [31].

As far as the charging process is concerned, ions transfer from cathode to anode, hence
storing energy in the form of chemical energy in the battery. However, in the discharge
process, ions transfer from anode to cathode via electrolyte to supply stored chemical energy

in the form of electricity. Transfer of electrons through the circuit produces electricity[32].

Practically speaking, the use of more than one lithium ion cell through series and parallel
connections can help one make a battery pack capable of delivering increased voltage and
increased energy storage capacity. However, since there could be variations caused by
manufacturing tolerances, resistance differences, and others, each cell can have its own
charging and discharging characteristics. This can lead to problems such as voltage
imbalance, inefficient performance, decreased capacity, and shortened life cycle of the
batteries. Therefore, battery management systems and balancing techniques need to be put

into practice [33].

3.3  Battery Equivalent Circuit Model

Equivalent Circuit Modeling (ECM) represents the approaches used for Li-lon battery
system modeling in the BMS modeling process. This approach involves modeling of a Li-
lon battery using various electrical components like voltage, resistors and capacitance to
represent battery voltage under charging and discharging situations. These equivalent circuit
models are highly recommended for use in MATLAB/Simulink battery modeling, thanks to
their simple structure, easy computation, and high accuracy levels [34].

Open-circuit voltage, internal resistance, and RC network components model an equivalent
circuit of a lithium-ion battery. An open-circuit voltage represents the voltage level at which

the battery operates under a no-load situation, while internal resistance is defined as the
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voltage drop in the battery as a result of the flow of current through it [35].
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Figure 3.2: Second-order RC Equivalent Circuit Model of Li-lon Battery

The terminal voltage of the battery is represented as:
Vi=V,. -IRy —V; - 1, [3.1]
Where:
e I, = Battery terminal voltage (V)
e V.. =Open-circuit voltage (V)
e | = Battery current (A)
e R, = Internal resistance (Q2)

e V; =Voltage across first RC branch
e V,=Voltage across second RC branch
e (,, C, =Polarization capacitance

The dynamic equations of the RC branches are given by:

av, v I

at ~ RiC, Gy [3.2]
v, _ W 1
Tl + o [3.3]

An equivalent circuit model is a highly appropriate method that could be used to investigate
the performance of the battery in response to voltage changes, charging and discharging, and
state of charge variations in different scenarios. The equivalent circuit model method is
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In reality, for example, in electric vehicles and battery packs, there is insufficient voltage

and sufficient energy storage capacity from a single Li-ion cell to get the desired results.

Thus, a number of Li-ion cells combined both in series and parallel arrangements to form a

battery pack. Battery pack formation is essential because it affects the battery voltage,

current capability, and many other parameters.

In a series arrangement, the positive end of one battery is connected to the negative

end of another battery. In a series arrangement, the overall voltage will increase, but the

current remains constant, like that of a single battery. The voltage and capacity equation of

a series—connected battery pack are given as:

Vpack =

Vpack

Cpack =

Where:

Vpack = Total battery pack voltage
V..u = Voltage of individual cell
Cpack = Battery pack capacity

C..;; = Capacity of individual cell

n = Number of cells connected in series

Page 38 of 84 - Integrity Submission
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Figure 3.3 Series-connected Li-lon Battery Pack

In order to implement the hybrid SOC estimation and active balancing in the proposed work,
a battery pack having four serially connected lithium-ion batteries is used. This combination
makes it easy to study the performance aspects of the cell voltage change, balancing SOC,

charging-discharging process, and balancing efficiency.

3.5 Chapter Summary

In this chapter, the modeling and design considerations of the proposed Intelligent Battery
Management System for lithium-ion battery packs have been described. Basic properties of
lithium-ion batteries, and the method of equivalent circuit modeling have been explained for
better understanding of batteries under various operating conditions.

Also, series connection of battery packs used in the proposed system has been explained. In
addition, the proposed intelligent Battery Management System architecture, using Hybrid
SOC Estimation, Single-Inductor Active Cell Balancing, and Adaptive PWM Control
methods has been introduced. The proposed system architecture facilitates SOC estimation,
energy transfer between battery cells, minimized SOC variation, and utilization of batteries.

The hybrid SOC estimation algorithm is thoroughly discussed in the following chapter
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LN 22) CHAPTER 4
HYBRID STATE OF CHARGE(SOC) ESTIMATION

4.1 Introduction

The State of Charge (SOC) parameter can be considered to be one of the most important
parameters used in Lithium-lon Battery Management Systems (BMS). The State of Charge

is the charge capacity of the battery based on the rated capacity of the battery [7]. Therefore,
the State of Charge represents the amount of energy present in the battery that can be
discharged from the battery. There are various complexities in determining the state of
charge because the state of charge depends on the non-linear response and voltage
characteristics of the lithium-ion batteries. Changes in current flow, internal resistance, and
battery ageing affect the estimation of the state of charge. Consequently, state-of-charge
estimation techniques need to be developed[13].

Coulomb Counting, OCV, Neural Network, and Kalman Filter are some of the techniques
used for estimating the state of charge in lithium-ion batteries. Of all these state-of-charge
estimation techniques, Coulomb counting is widely used due to its simplicity and lower
complexity level. But there are integration errors while using the coulomb counting
estimation method. However, Kalman filter-based techniques continually correct the
estimation errors, unlike other methods [36]. The suggested system consists of an intelligent
algorithm for estimating SOC based on combination of the Coulomb Counting technique
and Kalman filter adjustment. The SOC estimation algorithm for the suggested system will
help improve the precision of the estimated SOC value and minimize estimation errors. It
should be noted that this SOC estimation system will be modelled in MATLAB/Simulink.

4.2 Coulomb Counting Method
- @ Coulomb Counting is the most frequently used algorithm for estimating the State of Charge
(SOC) of Li-lon batteries in Battery Management Systems (BMS). Coulomb Counting
estimates the SOC based on current flowing through the battery during its charging and
discharging. Coulomb Counting is one of the commonly used algorithms due to its simple
implementation and minimal computational needs.[37]
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Coulomb Counting relies on the initial value of the battery's SOC and current when

determining its SOC at any instant in time. Coulomb Counting is mathematically defined as

follows:

DO Where,

S0C(t) = SOC(t — 1)

e SOC (t) = present state of charge

¢ SOC (t-1) = previous state of charge

s () = battery current
e At =sampling interval

e (C, = battery capacity

_I(t)At

[4.1]

The SOC value increases during the battery charging process due to the entry of the charge

into the battery; while during discharge process of the battery, the SOC value will decrease

according to the load current. The main drawback of the Coulomb counting method is it

needs accurate current measurement and initialization of the SOC.

Lithium-lon | ¢y | Current
|
Battery ' Measurement

i(t)

Charge
Integration

i Hall Sensor /
1 Shunt Resistor

t
10 =f i(r)dr
0

(Coulomb)

Q)

Normalization

A50C(t) = %‘2

Estimated
SoC

(0% — 100%)

Q®)

i
|
1
|
i
SOC Calculation ' S0c(t)
i
50C(t) = SOC(ty) ———= ]
CYI 1
]
1
|

Initial Condition

50C(ty)

(Known or Assumed)

_________________________________________________________________________________

Figure 4.1: Coulomb Counting SOC Estimation Process

Some advantages of the Coulomb Counting method include simple implementation,

quick computation, and practicality. Nevertheless, the disadvantage of this method is the

potential error accumulation in current measurement and SOC initialization. This results in
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growing errors during calculations with time. For this reason, in the proposed approach, the

use of Kalman Filters for correcting the results of Coulomb Counting is recommended.[12]

4.3 Kalman Filter-Based SOC Estimation

The Kalman Filter Estimation Technique is a very useful advanced estimation algorithm
that is widely used in BMS systems for improving the accuracy of SOC estimates. The
Kalman Filter uses the estimates of battery parameters, such as voltage and current to predict
and adjust the estimated value of SOC [11]. The Kalman Filter algorithm improves the

estimation accuracy compared to conventional approaches.[23]

The Kalman Filter functions on the basis of the prediction-correction approach. The estimate
of the next value of SOC is obtained during the prediction process, whereas the estimated
value of SOC is adjusted during the correction process using the measurements of battery

output parameters.

The mathematical representation of the Kalman Filter is given as:

Xk = A X1 + B ug + K(yx — C Xx) [4.2]
where:
e Xi = estimated system state
* A =state transition matrix
* B = input matrix
* ux = control input
« K =Kalman gain
* yx = measured output
e C = output matrix
26
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Kalman Filter increases the estimation accuracy owing to its ability to reduce the estimation
errors caused by sensors, parameter variations, and current integration. Therefore, SOC
estimation algorithms based on Kalman Filter algorithms are efficient for managing Li-lon

batteries.

KALMAN FILTER-BASED SOC ESTIMATION PROCESS

i(t)

(Current)

Lithium-lon
Battery

Measurement Update
(Correction)
Ky = Py CT(CP; CT +R)™? =
Current Sensor 27 = A%y + By, ’f « * ) EA
+ R = X5 + KO — CZi)
Voliace Py = AP, AT +Q
oltage Sensor Py = (I — Ky C)P;

> Measurement
Acquisition

Estimated
State

State Prediction
(Time Update)

Inputs

25 Uy »| SOC Extraction
SOCkr = h(%y)

v(t)
(Voltage)

1 Measured Output T

Vi

Initial State

%0, Po

Figure 4.2: Kalman Filter-Based SOC Estimation Process

On the other hand, the Kalman Filter algorithm requires an accurate model of the battery as
well as demanding computational resources compared to the traditional technique used for
state of charge estimation. As such, in the proposed technique, the Kalman Filter will be
combined with the Coulomb Counting method [18]. On the other hand, the Kalman Filter
algorithm requires an accurate model of the battery as well as demanding computational
resources compared to the traditional technique used for state of charge estimation. As such,
in the proposed technique, the Kalman Filter will be combined with the Coulomb Counting
method.

Hybrid SOC Estimation Technique

The new method for estimating SOC is proposed in this research based on using the
Coulomb Counting technique together with the Kalman Filter correction. By utilizing the
hybrid approach, the state of charge can be estimated in a more reliable way as it combines

the strengths of both estimation methods while avoiding their weaknesses.
First of all, it is necessary to note that the strength of the Coulomb Counting technique

is related to the simplicity and fast calculation of SOC because it consists of integrating the
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current flowing through a battery. At the same time, it should be recognised that there are
many errors during estimating the SOC by using Coulomb Counting since there are
inaccuracies in sensor readings and a lack of knowledge regarding the initial SOC. Unlike
the mentioned estimation technique, the Kalman Filter takes the readings of battery voltage
and current and makes corrections to its SOC estimation. Therefore, it is clear that the hybrid

approach will ensure better accuracy of the SOC estimation results.

At first, the state of charge is estimated using the Coulomb Counting technique. Afterwards,
the Kalman Filter adjusts SOC estimation based on battery voltage and current values.The
new hybrid estimation technique may lead to better accuracy and fewer errors in SOC
estimation than those obtained using conventional methods. The new hybrid SOC estimation

technique was developed using the Simulink/ MATLAB simulation software for a lithium-

ion battery.
P S R S S S O — S
PROPOSED HYBRID SOC ESTIMATION PROCESS t
i
|
|
|
: i
i(t) i
Lithium-lon (Current) | )
Battery > t i Coulomb Co'untmg S0Cee (k) I
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Figure 4.3: Hybrid SOC Estimation Process

In this work, a hybrid state of charge (SOC) estimation technique is developed by combining
the Coulomb counting method with a Kalman Filter-based correction. The hybrid estimation
approach utilizes the fast response of Coulomb counting and the high accuracy of the Kalman

filter to achieve reliable SOC estimation and reduced long-term estimation drift.

First, the SOC is estimated using the Coulomb Counting method as:

i(k)At
Cn

SOCec(k) = SOCqc(k—1) — [4.3]
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where SOC.-(k) is the SOC estimated by Coulomb Counting at time step k, i(k) is the

battery current, At is the sampling time and C,, is the nominal battery capacity.

The estimated SOC.(k)is then used as the a-priori (predicted) state in the Kalman Filter.
The Kalman Filter corrects this value using the measured battery voltage. The correction can

be expressed as:
SOChyb (k) = S0Ccc(k) + K [vmeas (k) — Vst (k)] [4.4]

Where SOCy,,, (k) is the corrected (hybrid) SOC, K is the Kalman gain, meas (k) is the

measured terminal voltage, and V., (k) is the estimated voltage obtained from the battery
model using SOC. (k).

The Kalman gain Ky is calculated as:

Ky = P CT(CP;CT +R)™?! [4.5]

The error covariance is updated as:
Py = (I — K, C)P; [4.6]

where P, is the a-priori error covariance, Py is the a-posterior error covariance, C is the

observation matrix, R is the measurement noise covariance, and [ is the identity matrix.

The corrected SOC, SOCy,,;, (k), is continuously updated at each sampling instant, providing

improved accuracy, reduced cumulative error, and better dynamic performance under

varying operating conditions.

4.5 SOC Estimation Error Analysis
- G The State of Charge (SOC) estimation is one of the most important functions of the
BMS management system. There may be some undesirable effects due to errors in SOC
estimation, which are included but are not restricted to battery management, battery charge
management, battery balancing, etc. It is therefore necessary that the SOC estimation error

be studied to analyze the performance of the hybrid SOC estimation algorithm.[41]
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Mathematically, the SOC estimation error can be represented as the difference between
actual SOC and estimated SOC through the estimation algorithm. That is,

SO0Cerror = SOCqctuai— SOCestimated [4.7]
Where :
* SOC,pror = SOC estimation error
*  SOC,.tyq = Actual battery State of Charge

*  S0Cu.srimatea = EStimated battery State of Charge

As per the conventional Coulomb counting algorithm, it can be seen that the integral-based
error increases with an increase in battery operating time due to errors in sensor reading,
current noises, errors in the initial value of SOC, etc.

The Kalman filter uses a correction technique for estimating the SOC through the use of
measurements made through the readings of battery voltage and currents. The integral
property used in Coulomb counting, along with the correction technique of the Kalman filter,
forms the hybrid SOC estimation.

The proposed technique for calculating the state-of-charge is capable of providing better
estimation accuracy, improved dynamics, and reliable measurement of SOC in different
charging and discharging operations. The performance analysis of the suggested system can
be performed using simulation in MATLAB/Simulink using the SOC and estimated SOC

data.

4.6 Advantages of Hybrid SOC Estimation

The hybrid State of Charge (SOC) estimation algorithm is an integration of the benefits
associated with the Coulomb counting technique as well as Kalman filter correction, thus
enhancing the SOC estimation performance with regards to lithium-ion battery technology.

The major advantages of the hybrid SOC estimation technique are as follows:

o Improved SOC estimation accuracy
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« Reduction of cumulative integration error

« Better dynamic response under varying load conditions

« Continuous correction of estimated SOC using measured battery parameters

o Improved reliability during charging and discharging operations

« Suitable for real-time Battery Management System applications

e Reduced estimation drift compared to conventional Coulomb Counting methods

o Effective MATLAB/Simulink implementation for lithium-ion battery systems

4.7 Chapter Summary

In this chapter, the Hybrid SOC Estimation technique applied in the suggested battery
management system has been discussed. The Coulomb Counting technique and the SOC
Estimation technique through the application of Kalman Filter has been studied and
incorporated to develop the Hybrid SOC Estimation technique. Analysis of the estimation
errors has been performed for both methods to evaluate the performance of the proposed
method and discuss their advantages. The developed Hybrid SOC Estimation subsystem
provides high accuracy along with lower estimation drift, which becomes very important to
provide the necessary inputs for the suggested balancing module in the next chapter.
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CHAPTER 5:
SINGLE-INDUCTOR ACTIVE CELL BALANCING

5.1 Introduction

Cell Balancing is one of the key functions carried out by a Battery Management System
(BMS). Due to the fact that batteries are made up of a number of Li-lon cells connected in
series and parallel, the differences in their properties, due to manufacturing errors, different
internal resistances, charging and discharging characteristics of the cells, and other reasons,
may result in cells having different levels of voltage and charge state [4]. Such disparities
lead to lower efficiency of the battery, reduced capacity, and decreased energy, as well as
shorten its life.[6]

Passive balancing entails the dissipation of excess energy of cells with high energy levels
into heat. Even though this method is relatively simple and cheap, it has its disadvantages,

- @ including low efficiency, sluggishness, and energy loss. In active balancing, the energy

stored in batteries with a high charge level is transferred to the ones with a lower charge
level with the use of energy storage elements, including capacitors, transformers, and
inductors.[7][8]

Various methods for active balancing can be found. Nevertheless, the most promising
solution for the multi-cell balancing of Li-ion batteries is the single-inductor active balancing
method since it does not only simplify circuit implementation but also guarantees efficient
energy flow. Intelligent balancing control techniques further improve balancing efficiency
by controlling switching actions according to cell state of charge difference. For this purpose,
in this study, an intelligent single-inductor active balancing method with adaptive PWM

control technique for Li-ion battery packs has been proposed using MATLAB/Simulink.

5.2  Cell Balancing Techniques
Balancing methods are used in BMS to achieve evenness in the voltages and states of
charge of the lithium-ion batteries when configured as a battery pack. Balancing helps to

optimize the performance of the batteries through increasing their capacities, reducing losses
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of energy, and extending their longevity. The balancing methods of lithium-ion battery cells

can be classified either as active or passive balancing.[5][7]

5.2.1 Passive Cell Balancing

Passive balancing of cells in a lithium-ion battery is among the easiest balancing
techniques. The excess energy in the high-voltage cells is wasted in the form of heat energy
during balancing using resistors.[7] Passive balancing techniques are simple to execute and
cheap, but they waste more energy, have low efficiencies in balancing, and consume long

periods to balance large battery packs in EVs and ESS.[8]

5.2.2 Active Cell Balancing

In active balancing techniques of cells, energy from high-state-of-charge cells is
shifted to the lower state of charge cells using energy storage units such as capacitors,
inductors, transformers, and DC-DC converters.[23]
As far as different active balancing methods are concerned, the advantages associated with
single inductor active balancing include simplicity, high energy transfer efficiency, and
effectiveness in balancing multi-cell battery systems. This makes active balancing more
appropriate for electric cars compared to passive balancing.

Table 5.1 Comparison of Passive and Active Cell Balancing Techniques

Parameter Passive Balancing Active Balancing
Energy Loss High Low
Balancing Efficiency Low High
Balancing Speed Slow Fast
Circuit Complexity Simple Moderate
Heat Generation High Low
Energy Transfer Dissipative Non-Dissipative
Application Suitability Small Battery Packs EV and Large Battery Packs

From Table 5.1, it can be observed that active balancing techniques provide improved
balancing efficiency, reduced energy loss, and better battery utilization compared to passive

balancing methods.
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Single-Inductor Active Balancing Topology

The topology of single-inductor-based active balancing is used to achieve effective
energy transfer between lithium-ion batteries. In the proposed topology, energy Is transferred
from cells with a higher state of charge (SOC) to the cells with a lower SOC in order to
minimize SOC variation and improve balancing performance [42]. In contrast to the
traditional balancing method, the single-inductor-based balancing method is simpler to
implement and offers effective use of energy.[43]

The basic components of the active balancing topology include the balancing inductor,
power switches, diodes, and Li-lon batteries. In the balancing process, the balancing inductor
is used to store energy from the cell with a higher SOC and to transfer the stored energy to
the cell with a lower SOC by the process of switching action.
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Figure 5.1: Single-Inductor Active Balancing Topology

The voltage-current relationship of the balancing inductor is represented as:

_ qaiL
v, = L% [5.1]
Where:
V, = Inductor voltage
L = Inductance
34
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% = Rate of change of inductor current

The energy stored in the inductor during balancing operation is given as:

E, = S Lif
Where:
E; = Energy stored in inductor
L = Inductance

i; = Inductor current

Inductor Current during balancing operation is given as:
iL(t) = i,(0) +7 J, V. (2)dr
Where:
i, (0) = Initial inductor current (A)
i, (t) = Initial inductor current
V; (t) = Inductor voltage
L = Inductance

Current Ripple in the inductor during switching is given as:

. VLT,
ALLI Lion

Where:

T,,, = Switch on time (s)

Power Transferred during balancing operation is given as:

Pypar = V;wg'lbal
Where:

Py, = Average power transferred (W)
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e V,yg = Average voltage across the inductor(V)

5.4 Adaptive PWM Control

In the active balancing system introduced above, an adaptive pulse width modulation (PWM)
control technique is utilized to control the switching process of the balancing circuit based on
the variations of state of charge (SOC). The use of adaptive PWM control allows for changing
the duty cycle during balancing to make sure that balancing is executed efficiently, with
minimal energy consumption and the shortest balancing time.

The adaptive balancing control method continuously detects the state of charge (SOC) of
each battery. When there are large differences between the SOCs, the adaptive balancing
controller recognizes the battery with the highest SOC as the source battery, while the battery
with the lowest SOC is the destination battery. A PWM control signal will then be created to
control the switching process of balancing MOSFETS.

The adaptive PWM controller system controls the duty cycle by comparing the differences in
the states of charge of the battery cells. If the difference in state of charge is high, the balancing
is performed with a high duty cycle. On the other hand, a lower difference in state of charge
results in low balancing switching operations to conserve power.

The intelligent adaptive PWM controller system ensures that there is efficient balance
operation and minimizes balancing losses. The following equations are used in the proposed

intelligent adaptive PWM control.

1. Duty Cycle Of PWM signal

— Ton
D= [5.6]
Where:
e D=Dutycycle (0<D<1)
e T,, =Switch ON time (s)
e T=Total switching period (s)
2. Switching Frequency
fi=z [5.7]
Where:
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f s = Switching frequency (Hz)
T = Switching period (s)

SOC Difference Between Cells

ASOC = SOC, 00— SOCmin
Where:
ASOC = Difference between highest and lowest SOC
SO0C,nqx = Maximum (highest) cell SOC

S0Ci, = Minimum (lowest) cell SOC

Advantages of Single Inductor Active Balancing

[5.8]

The single inductor active balancing method has many advantages compared to the

current traditional passive balancing methods that are commonly utilized with lithium-ion

batteries. Using a single inductor to transmit power alongside adaptive PWM balancing can

increase balancing efficiency, reduce balancing losses, and boost battery performance.

The major advantages of the single inductor active balancing technique are as follows:

Reduced energy loss during balancing operation

Improved balancing efficiency through energy transfer between cells

Faster balancing speed compared to passive balancing methods

Reduced State of Charge (SOC) deviation among battery cells

Improved battery utilization and usable capacity

Reduced heat generation during balancing operation

Adaptive PWM-based intelligent switching control

Enhanced battery lifespan and operational reliability

Suitable for electric vehicle and energy storage applications

Effective MATLAB/Simulink implementation for Battery Management Systems
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The proposed intelligent active balancing system improves the overall performance and
reliability of lithium-ion battery packs by maintaining uniform SOC distribution and

minimizing balancing losses during battery operation.
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CHAPTER 6:
MATLAB/SIMULINK IMPLEMENTATION

6.1 Introduction
MATLAB/Simulink simulation software is widey used for modelling, simulating, and
analyzing BMS of lithium-ion batteries. The simulation tool provides an effective platform
to create battery models, estimation methods, balancing algorithms, and power electronic
converters.
In the methodology, the whole BMS has been modelled using MATLAB/Simulink
simulation environment that includes the lithium-ion battery pack, SOC hybrid estimation
algorithm, single-inductor active balancing circuit, adaptive PWM control algorithm, and
balancing algorithm in MATLAB/Simulink platform only.
The battery management system model is capable of sensing the battery voltages, currents,
and SOC values for performing smart balancing operations on batteries. The SOC estimation
block uses Coulomb counting and Kalman filter methods for hybrid estimation of SOC
values, whereas the active balancing algorithm controls the flow of energy between batteries
for intelligent balancing operations.
Simulation of the suggested system in MATLAB/Simulink allows the study of such
parameters as the charging/discharging parameters of the battery, changes in the state of
charge, balancing, switching behavior, and energy conversion processes when operating
dynamically. The suggested simulation model will be a valuable tool in the analysis of

performance of the suggested Battery Management System.

6.2 Overall MATLAB/Simulink Model of Proposed System

In fact, the whole simulation design of the proposed battery management system involves
the use of SOC estimation with hybrid estimation and intelligent active cell balancing of
lithium-ion battery packs. Some of the key aspects in the simulation design include modeling
of the lithium-ion battery pack, hybrid SOC estimation, adaptive PWM control of balancing,
single-inductor active balancing, switching control, and output monitoring blocks.

The lithium-ion battery pack is modeled by using a subsystem of four cells of battery which
are connected in series. The voltage and current sensing blocks are included to provide

continuous monitoring of the battery cells' operational state during charging and discharging
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stages. The measured battery parameters help in facilitating SOC estimation and balancing
operations.
The SOC estimation involves the combination of Coulomb counting and Kalman filtering to
improve SOC estimation and reduce SOC estimation errors. The updated SOC values are
provided to the balancing controller to carry out balancing operations.

- @ The balancing process utilizes single-inductor balancing in order to balance the battery cells
by transferring energy from high SOC battery cells to low SOC battery cells. The balancing
process uses the SOC values of all battery cells using adaptive PWM control process.
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Figure 6.1 Overall MATLAB/Simulink Model of Proposed System
The developed MATLAB/Simulink implementation provides an effective platform for
analyzing battery voltage characteristics, SOC variation, balancing performance, switching

operation, and energy transfer behavior under different operating conditions

6.3 Battery Pack Subsystem
Battery pack subsystem means the lithium-ion battery pack to be incorporated in the design
of the proposed Battery Management System. Therefore, in the MATLAB/Simulink system
design, four lithium-ion batteries have been interconnected in series to generate the required

voltage of the battery pack.
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A lithium-ion battery cell is depicted by a battery subsystem block in MATLAB/Simulink
using the electrical properties of the batteries. Interconnection of the battery cells in series
facilitates evaluation of their behavior during the charging and discharging processes,
voltages, and imbalance in the battery cells.

Battery cells' voltage sensing and current sensing are monitored using sensing blocks
incorporated in the subsystem. These battery properties are utilized in calculating the state-
of-charge of the battery management system and active balancing of the battery management
system.

MATLAB/Simulink Battery Pack Subsystem
(4-Series Lithium-lon Battery Cells)
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Figure 6.2 shows the MATLAB/Simulink battery pack subsystem used in the proposed
work.
The developed battery pack subsystem provides an effective platform for analyzing battery
voltage variation, charging/discharging characteristics, SOC deviation, and balancing
performance under different operating conditions.
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The total battery pack voltage for series-connected cells is represented as:

Vpack = ?=1 Vi [6.1]
Vpack = NVeey [6.2]
Cpack = Ceent [6.3]

Where:
*  Vpack = Total battery pack voltage
* V. =Voltage of individual cell
*  Cpqcr = Battery pack capacity
* (.o = Capacity of individual cell

* 1 =Number of cells connected in series

6.4 Hybrid SOC Estimation Subsystem

The SOC Estimation Subsystem-Hybrid has been designed specifically to give precise
estimations of the State of Charge of each of the batteries in the proposed battery
management system. The SOC Estimation Subsystem is based on the combination of
Coulomb Counting Methodology and Kalman Filtering Methodology in order to accomplish
the above-mentioned objective.

The input for the SOC estimation subsystem comes from the battery pack subsystem as the
battery voltages and currents. Initially, the value of the SOC is estimated through the
Coulomb counting methodology taking into account the current values. After that, the
obtained SOC value is corrected through the Kalman filtering methodology using the
voltages as inputs.

The SOC estimation using the Kalman filter includes correcting the estimated value of the
SOC according to measured battery parameters to restrict possible errors in the estimation
process. After the SOC estimation through the proposed estimation approach, the final
output will be processed further by the balancing control algorithm to enable intelligent
active balancing.
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Figure 6.3 shows the Hybrid SOC Estimation Subsystem implemented in
MATLAB/Simulink.

The SOC estimation subsystem that has been developed is able to offer precise SOC
estimation, restrict any drift error, be responsive to input changes, and ensure proper battery
monitoring ability. The final hybrid SOC is generated using the weighted equation:

SOCHbe‘id = w150CCC + a)150CkF [64]

Where SOC is the SOC obtained from Coulomb Counting SOC;r is the SOC obtained
from the Kalman Filter and w, and w, are weighting factors. The value of w; and w, are

selected such that:

w;+ wy =1 [6.5]
In the proposed Simulink implementation, the hybrid SOC estimator consists of current
measurement, integrator, gain, Kalman Filter correction block, weighting block, summation
block, and display/scope blocks. The output of this estimator provides a stable and accurate

SOC value for monitoring and control purposes.

6.5 Intelligent Active Balancing Subsystem

Intelligent Active Balancing Subsystem is developed to minimize the SOC mismatch among

the lithium ion battery cells that are arranged in series configuration within a battery pack.
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The energy transfer will occur between high SOC and low SOC batteries in a smart way
through an inductor active balancing method based on adaptive PWM.

The estimated SOC values obtained from the Hybrid SOC Estimation Subsystem are
regularly updated to the balancing controller. By comparing the SOC values of all battery
cells within the battery pack, the maximum SOC value of a battery cell is considered as
source cell and the minimum SOC value of a battery cell is taken as destination cell.

The SOC deviation among battery cells is calculated as:
ASOC = SOC, 00— SOCmin [6.6]
Where:
ASOC = SOC deviation among battery cells
SO0Cy,q = Highest cell SOC

SOC,;n = Lowest cell SOC

The balancing operation is activated when the SOC difference exceeds a predefined
balancing threshold and is represented as:

ASOC > ASOC,, [6.7]
Where:
ASOC = SOC deviation among cells
ASOC,; = Predefined balancing threshold

The average balancing power transferred during the balancing process is given by:

Poar = Vilpar [6.8]
Where:
P,,; = Balancing power
V, = Inductor voltage
1,4, = Balancing current
44
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Figure 6.4: shows the MATLAB/Simulink Intelligent Active Balancing Subsystem

The developed intelligent active balancing subsystem improves balancing efficiency,
reduces energy loss, minimizes SOC deviation among cells, and enhances the overall

performance and lifespan of the lithium-ion battery pack.

6.6 Adaptive PWM Control Implementation

Introduction of the Adaptive PWM Control Implementation will serve as a feedback
mechanism for the switching mechanism of the intelligent active balancing subsystem
depending on the state-of-charge (SOC) of each individual cell battery. Feedback
mechanism will constantly receive SOC data through the Hybrid SOC Estimation Subsystem
and send the respective PWM outputs.

Adaptive PWM control is achieved by the calculation of the SOC difference among various
cells and determining that there is a requirement for balancing. In case the SOC difference
exceeds the balancing threshold, the adaptive PWM control system will start a balancing
operation where it sends PWM signals to the balancing switches. The PWM signal depends
on the magnitude of the SOC difference.
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T,
D=-"2 [6.9]
T
Where:
D =Dutycycle (0<D<1)
T,,, = Switch ON time (s)
T=Total switching period (s)
The switching frequency of the PWM controller is given by:
1
fs = o [6.10]
Where:
fs = Switching frequency (Hz)
T = Switching period (s)
Figure 6.5 MATLAB/Simulink Adaptive PWM Control Subsystem
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Figure 6.5: MATLAB/Simulink Adaptive PWM Control Subsystem used in the proposed

system

The developed adaptive PWM controller provides intelligent switching control, improved

balancing efficiency, reduced energy loss, and reliable operation of the proposed active

balancing system.
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The suggested intelligent Battery Management System has been modelled and studied

through MATLAB/Simulink simulation by considering a four-cell lithium-ion battery pack.

The simulation has been performed using different electrical and control parameters for

studying the performance of the suggested hybrid SOC estimation system and intelligent

active balance system under various operating conditions.

Table 6.1: Simulation Parameters

Parameter Symbol Value
Battery Type — Lithium-lon
Number of Cells n 4
Nominal Cell VVoltage Veeu 3.6V
Fully Charged Cell Voltage Vnax 4.2V
Cut-off Cell Voltage Vinin 3.0V
Cell Capacity Ceent 3.07 Ah
Balancing Inductor L 1 mH (or as per model)
Load Resistance Ripaa 1 Q (or as per model)
Switching Frequency fs 500 hz (or as per model)
SOC Balancing Threshold ASOC,, | 5%
Sampling Time At 0.1s
Simulation Time Tsim 75s

These simulation parameters have been chosen depending on the characteristics of the

lithium-ion battery and requirements of the balancing control strategy. Through these

parameters, the performance of the battery voltage, accuracy of SOC estimation, battery

balancing, pulse width modulation, and energy transfer can be analyzed.
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6.8 Working Operation of Proposed System

The proposed Battery Management System can be described in terms of applying the hybrid
state of charge estimation along with intelligent active balancing of the batteries in one
unified MATLAB/Simulink environment. Continuous observation of the voltage, current,
and SOC parameters is made for efficient monitoring and balancing process.

First of all, the subsystem 'Battery Pack' receives information concerning the voltages and
currents of each cell inside the lithium-ion battery. This data is then transmitted to the
subsystem 'Hybrid SOC Estimation’, where the estimations of the state of charge of each cell
are computed according to the Coulomb Counting approach. After that, SOC values are
further refined with the use of a Kalman Filter.

At last, refined SOC values are passed into the subsystem 'Intelligent Active Balancing'.
Inside it, the balancing controller checks out the SOC values of all cells within the battery
and calculates the SOC difference. If the SOC difference is greater than the specified
balancing threshold value, the controller starts the balancing process.

The PWM Switching Signals Generating Block manages the switching process of signals
depending on the difference in SOC among the cells. In case the controller’s decision is to
do balancing, the balancing switches are switched ON, and the extra energy of the cell having
a higher SOC level is transferred to another cell with the help of the balancing inductor.
The process of balancing will be carried out until the SOC levels among all cells are equal
or the SOC deviation is below the threshold value for balancing. While doing balancing, the
monitoring of the battery voltage, current, SOC deviation, balancing current, and switching
signals is done in MATLAB/Simulink Output Blocks.
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Figure 6.6: Overall Working Process of Proposed System
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CHAPTER 7

RESULTS AND DISCUSSION
1.1 INTRODUCTION

In this chapter, simulations results are provided concerning the performance analysis of the
intelligent BMS design that has been carried out in MATLAB/Simulink. This intelligent
BMS comprises hybrid state of charge estimation technique, intelligent active cell balancing

strategy, and adaptive PWM controller to enable efficient working of lithium-ion batteries.

The performance of the proposed design is tested under different test cases, such as SOC
estimation error, battery voltage behavior, energy transfer, balancing efficiency, PWM
switching characteristic, and so forth. The simulation results have been performed using the
MATLAB/Simulink platform introduced in chapter six.

In Hybrid SOC Estimation Subsystem, the application of Coulomb counting SOC estimation
technique with Kalman filter correction will be utilized to enhance the estimation accuracy.
In the Intelligent Active Balancing Subsystem, a single inductor balancing method will be
used for transferring energy from high state of charge cells to low state of charge cells in
order to lower SOC estimation error. Further, PWM Adaptive Control Subsystem will be
used for controlling the balancing process through generation of switching signals based on
the difference between SOC values.

Results of Simulation: The results of simulation discussed in this chapter have confirmed the
efficiency of the suggested intelligent Battery Management System in attaining balance in
SOC, efficient utilization of the battery, minimal energy losses, and efficient performance
of the battery system. In the next few sections, we shall talk about analysis of SOC
estimation, battery voltage, balancing, PWM control, and system performance.

7.2 Hybrid SOC Estimation Results

The performance evaluation process for the recommended hybrid SOC estimation method
was carried out when the device was being charged or discharged. The calculated SOC for
the recommended hybrid SOC estimation model was compared to that of the actual SOC of
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the lithium-ion battery pack.

7.2.1 SOC Estimation During Charging Condition

Actual_SOC =

581 T 1 T Actual_SOC H
Hybrid SOC/Estimated_SOC

56 I I I I i
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8
) 52
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Figure 7.1 Comparison of Actual SOC and Hybrid Estimated SOC During Charging

Condition

The graphical illustration of the comparison between the Actual SOC and Hybrid Estimated
SOC isillustrated in Fig. 7.1. From the following graph, it can be observed that the estimated
SOC value coincides with the actual SOC value as the process of charging continues. This
is because both SOC estimates have similar behavior during the charging process without
significant deviation from each other.

The Hybrid SOC Estimation method is highly efficient in SOC estimation, giving quite
accurate results. The small variation between both SOC values is insignificant because it

remains within the permissible limit.

7.2.2 SOC Estimation During Discharging Condition
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Figure 7.2 Comparison of Actual SOC and Hybrid Estimated SOC During Discharging

Condition

Figure 7.2 displays the comparison of Actual SOC and Hybrid Estimated SOC during
discharging of the battery. Similar to the behavior during charging, there is a very close

similarity between the actual and the hybrid estimated SOC.

It can be seen from the graphs above that the Hybrid SOC Estimation subsystem suggested
by the authors is able to track SOC loss quite accurately. It is known that Kalman Filter
correction is required to minimize any potential estimation errors associated with the
Coulomb counting technique. A high correlation between actual SOC and estimated SOC

shows the effectiveness of the authors' proposal.

Discussion

The simulation done under charging and discharging mode shows that the suggested hybrid
SOC estimation method is effective. From the results obtained, it can clearly be observed
that the SOC estimation value obtained is very close to the real SOC value, indicating that

there is a great improvement in SOC estimation accuracy as well as in battery management.
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The use of Coulomb Counting alongside Kalman filtering improves SOC estimation

accuracy to a large extent.
7.3 Cell Balancing Performance During Charging Condition

The performance of the intelligent active balance system when charging the batteries was
examined by comparing the change in the state of charge of the individual cells before and
after balancing. An efficient balancing system should ensure that there is minimum disparity
in the state of charge of the cells in the battery.

7.3.1 SOC Variation Without Balancing During Charging Condition

Cell 1, Cell 2, Cell 3, Cell 4 =

651 | | | | 4

Cell 3
| | | | | | I Cell 4
0 10 20 30 40 50 60 70
Time (seconds)
Ready Sample based T=75.000

Figure 7.3 SOC Variation Without Balancing During Charging Condition

Figure 7.3 below presents the SOC profiles for four battery cells in lithium-ion batteries
without the implementation of any balancing control. The initial SOC levels have been

varied to create an imbalance among the battery cells concerning the SOC.
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From the figure above, it can be observed that all cells continue charging, but there is no
decrease in SOC deviation even after some time of charging. Cells having a high level of
SOC maintain their level, whereas the cells having low SOC levels lag behind. Therefore,

there is no decrease in the SOC deviation of cells without balancing control.

7.3.2 SOC Variation With Proposed Active Balancing During Charging

Condition

Cell 1, Cell 2, Cell 3, Cell 4 &

0 10 20 30 40 50 60 70
Time (seconds)

Ready Sample based T=75.000

Figure 7.4 SOC Variation With Proposed Active Balancing During Charging Condition

A schematic representation of SOC variations of the battery cells subject to active intelligent
balancing control during the charging process can be seen in Figure 7.4 below. The balancing
control system continuously monitors the SOC of all cells and implements a single inductor
active balancing technique for redistributing energy from cells with high SOC values to other
cells with low SOC values.
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As can be seen from the diagram, the SOC level variations occur along the same path. In this
regard, the differences in SOC levels among different cells are greatly reduced compared to
the case without balancing control. Consequently, the balancing control system manages to

balance the charge in the cells despite their continuous charging.

Discussion

The effectiveness of the active balancing system proposed during the charging process can
be noted by comparing Figures 7.3 and 7.4. This shows that without balancing, the difference
in SOC between the cells will not vary at all during the charging process. Through the
implementation of the proposed balancing approach, there is an observed reduction in the
value of SOC deviation since the energy distribution takes place.

In conclusion, the results show that the proposed approach is indeed effective during the

charging process.

7.4 Cell Balancing Performance During Discharging Condition

Further research was carried out to assess the balancing capabilities of the suggested
intelligent active balancing strategy in the scenario when the battery is being discharged.
The difference in SOC of the battery cells was calculated both before and after the battery

balancing using the suggested technique.

7.4.1 SOC Variation Without Balancing During Discharging Condition
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Figure 7.5 SOC Variation Without Balancing During Discharging Condition

SOC change among four batteries used in the test without balance control has been shown
in Figure 7.5, in relation to discharge of the batteries. There was some discrepancy in SOC

in terms of initial values of the batteries.

During discharge process, discharge happens in all batteries, yet the SOC discrepancy
remains throughout the entire process. The batteries with low SOC reach discharge limits
faster compared to those with high SOC. This may affect the available capacity of all
batteries.

From the above results, it is evident that there will still be SOC discrepancy during discharge

without balance control.

7.4.2 SOC Variation With Proposed Active Balancing During Discharging Condition
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Figure 7.6 SOC Variation With Proposed Active Balancing During Discharging Condition

Figure 7.6 shows the SOC plot of the battery cells when the proposed active balancing
scheme algorithm is applied during the discharging mode. The balancing control mechanism
monitors the SOC value of the battery cells and transfers energy from battery cells with high
SOC values to battery cells with low SOC values using the single inductor balancing scheme.
As shown in the figure above, it is clear that the SOC value is balanced to form one single
plot during the discharging mode. There is a significant reduction in the difference between
the SOC values of the battery cells because of the balancing process.

Discussion

When comparing the two charts presented above (Figure 7.5 & Figure 7.6), the viability of
the intelligent active balancing approach that has been utilized becomes highly noticeable
especially in relation to the discharging procedure. The differences between the SOCs for
the cells without balancing become rather extreme; yet, with the utilization of the intelligent
active balancing approach suggested, such differences can be reduced.

The transfer of energy among cells with the help of active balancing results in the higher

homogeneity of SOC values, thereby increasing the efficiency and reliability of the battery.
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7.5 Performance Evaluation and Discussion

Simulations were performed for the Intelligent BMS implementation done with the use of
MATLAB/Simulink software. The obtained simulations prove the high efficiency of the
developed system at the battery charging and discharging stages. Performance evaluation of
the proposed Intelligent BMS was conducted with regard to such criteria as accuracy of

battery SOC estimation value, balancing efficiency and overall battery pack behavior.

The hybrid SOC Estimation approach proved to be an effective way to follow the battery
SOC value changes throughout the entire simulation period, regardless of whether charging
or discharging occurred. Comparison of real battery SOC value and estimated hybrid SOC
value proves their coincidence and, therefore, efficient operation of the designed SOC
estimation approach. Thanks to the application of Coulomb Counting with Kalman Filter,

possible estimation errors could be avoided, leading to the reduction in SOC tracking error.

Simulations related to SOC balancing performance proved that the developed Intelligent
Active Balancing algorithm works effectively to ensure efficient equalization of SOC value
among the batteries. In case there is no balancing process, differences may be seen between
the SOC value at the stage of battery charging and battery discharging. However, thanks to
the Single-Inductor Active Balancing Algorithm, it becomes possible to equalise the SOC
value.

In the same way that energy balancing was carried out successfully in the simulation of
charging through the balancing controller, the difference in SOC was reduced. Similarly, in
the discharge phase, the balancing method ensured that SOC differences between the cells

were minimized.

Combining the methods of SOC estimation and intelligent active balancing resulted in more
effective battery management, less SOC difference, enhanced efficiency of energy usage,
and reliability. Therefore, the suggested battery management system will work effectively

in managing Li-ion batteries in electric vehicles and energy storage systems.
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CONCLUSION AND SUGGESTIONS
8.1 Conclusion

The objective of this thesis is to provide the design and development of BMS with hybrid
state of charge (SOC) estimation and single-inductor active cell balancing techniques for
lithium-ion battery packs. The designed model of this system has been simulated in
MATLAB/ Simulink software to enhance the battery monitoring and balancing processes,
as well as its performance.

The hybrid state of charge estimation algorithm combining coulomb counting and Kalman
filters to get accurate estimations with low cumulative errors has been suggested. As per
simulation results, it has been observed that the state of charge estimations are quite
consistent with the actual values during both the charging and discharging processes.
Furthermore, an efficient single-inductor-based active cell balancing technique using
adaptive pulse width modulation control technique has been developed. After the balancing
of cells, it has been observed that the energy is successfully transferred to the batteries with
a lower state of charge due to their homogeneity.

It has been seen through the simulation outcomes that intelligent Battery Management
Systems provide accurate SOC estimation, active balancing, power saving, efficient use, and
robust performance. The developed system may hence be implemented on the lithium-ion

batteries that are employed in electric cars and energy storage devices.

8.2 Future Scope
Although the proposed intelligent Battery Management System demonstrated satisfactory
performance in simulation, several improvements can be considered in future work:

e Hardware implementation of the proposed system using a real lithium-ion battery pack and
microcontroller platform.

e Integration of wireless Battery Management System (WBMS) communication for remote
battery monitoring.

e Development of advanced SOC estimation techniques using Artificial Intelligence and

Machine Learning algorithms.
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Extension of the balancing strategy for large-scale battery packs used in electric vehicles
and renewable energy storage systems.

Investigation of thermal behavior and temperature-based battery protection mechanisms.
Optimization of balancing control algorithms for faster balancing and higher energy
efficiency.

Implementation of real-time fault detection and battery health monitoring techniques.
These improvements can further enhance the performance, safety, and reliability of lithium-
ion Battery Management Systems for future energy storage applications.
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