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Srinidhi Sollapura Vasanna

Department of Electrical Engineering
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Abstract

The transition to sustainable transportation was initiated to mitigate the effects of
global warming and decrease CO, emissions. Electric vehicles are at the forefront
of this revolution and rapid technological advancements have been made in the
development of electric powertrain’s components, particularly lithium-ion (Li-ion)
batteries. These breakthroughs have played a significant role in increasing vehicle
performance and range, prompting automotive companies to accelerate their tran-
sition to more sustainable vehicles. Li-ion batteries are prominent in their specific
energy and specific power while the battery pack comprises low-voltage battery cells
connected in series and parallel to meet the voltage and current requirements of the
electric vehicles. However, since the cells are limited by voltage and capacity, a seri-
ous inconsistency between the cell’s voltage and state of charge (SoC) is generated
because of the manufacturing inconsistencies of the individual cells in the battery
pack. This leads to growth over time after a number of charging and discharging
cycles because of different self-discharge rates, internal resistance, and operating
temperature, which will affect the efficiency and life of the entire battery pack. It
has become inevitable to keep the cells balanced to achieve the effective usage of
energy and to enhance the battery life.

This thesis starts with a comprehensive literature study and investigation of different
types of cell balancing techniques with a focus on converter-based active balancing.
A choice has been made after evaluating the performance and suitability of differ-
ent converters considering the balancing method, balancing speed, balancing time,
and control complexity. In MATLAB/Simulink, a bi-directional buck-boost con-
verter was designed and simulated by integrating with the battery string, perform-
ing energy exchange between cells with different SoCs using a state-space modeling
approach and cascaded PID control. An easy-to-implement and effective algorithm
has been developed, tested, and validated to perform the balancing action in various
operating scenarios.

Keywords: Li-ion battery, Active cell balancing, Converter based active balancing,
Bidirectional Buck-boost converter, Battery management system, Energy manage-
ment system, Electric vehicle.
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1

Introduction

The evolution of mobility is increasingly focused on sustainable transportation to
address the urgent need for mitigating the effects of global warming and reducing
CO, emissions. Substantial research and development are being invested to pro-
mote electric vehicles (EVs) equipped with new energy storage technologies. The
implementation of rechargeable batteries in EVs has become indispensable. Dif-
ferent types of battery energy storage, such as nickel-metal hydride (NiMH), lead
acid, and lithium-ion (Li-ion) batteries, have been tested and deployed, and are
currently dominating the market. The Li-ion battery, in particular, has gained
widespread acceptance due to its high energy density, high efficiency, and long lifes-
pan when compared to the rest [1]. The most commonly used types of Li-ion batter-
ies in modern applications include lithium cobalt oxide (LiCoOq or LCO), lithium
manganese oxide (LiMnyOy), lithium iron phosphate (LiFePO4 or LFP), lithium
nickel-manganese-cobalt oxide (LiNiMnCoO, or NMC), lithium nickel cobalt alu-
minum oxide (LiNiCoAlOy or NCA) and lithium titanate (Li4TizOq5 or LTO) [2].

1.1 Problem Background

A single Li-ion cell can only typically provide a nominal voltage of around 3.6—
3.8 V, and a number of cells have to be connected in series and in parallel to serve
the overall energy and power requirements of the vehicle. Inter-cell inconsistency
is becoming an inevitable problem that increases with the number of cells in the
battery pack, which worsens with the repeated charge/discharge cycle [3].

The causes of the inconsistency can be divided into two categories: Internal in-
consistency factors and external inconsistency factors. Internal factors arise from
cell manufacturing and assembly flaws, causing variations in initial conditions such
as internal resistance, capacity, coulombic efficiency, state of charge (SoC), and
self-discharge rate [4, 5]. Such inconsistency is inevitable, constituting the initial
imbalance throughout the battery pack. On the other hand, factors like different
operating conditions during charging and discharging and the different cell localiza-
tion in a battery pack lead to operating at different temperatures and SoC [6, 7].

The significant impact of this inconsistency leads to undesired consequences. Ex-
ceeding voltage thresholds can lead to certain cells becoming overcharged or over-
discharged. Overcharging a cell may cause an explosion and fire while over-discharging
a cell accelerates the aging of the battery and reduces charge capacity [8].
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Figure 1.1: Unbalanced cells in terms of SoC. 80% is considered the charging
target here.

SOC(%)

In addition, the battery pack’s charge level is determined by the cell with the lowest
charge capacity among the cells connected in series. If the safe operating voltage
limit is exceeded, the charging or discharging process is forced to stop in order to
protect the battery from safety hazards. This premature charge termination reduces
usable capacity significantly, affecting the battery pack’s overall service performance
[8]. Thus, as shown in Figure 1.1, the weakest cell in the battery pack will be the
limiting cell during the charging or discharging process. If not well managed, the
inconsistency of the cells will increase, yielding ineffective energy utilization in the
battery pack.

To mitigate these problems, the cells must be monitored and controlled to operate
at favorable conditions, which is usually handled by a battery management system
(BMS), commonly termed a cell balancing or equalization system. A robust BMS is
required to ensure the Li-ion batteries can run safely and reliably, prevent physical
damage, and address temperature variations and cell unbalance [9]. Furthermore,
different battery states, such as SoC and state of health (SoH), can be estimated
in the BMS based on measured temperature, voltage, and current. The safety is
guaranteed by alarms to prevent overcharging/over-discharging [10, 11]. The cell
balancing unit serves to monitor the cell dynamic parameters and control the en-
ergy for effective utilization, contributing to the longevity of the battery pack.

Depending on the charge transfer mechanisms, there are two main types of cell bal-
ancing methods that may be adopted: Active balancing and passive balancing. The
energy from all the cells is dissipated through the resistors in the passive balancing
process before all the cells’” SoCs reach the lowest SoC in the cells. This approach of-
fers a straightforward circuit that is inexpensive and requires minimal maintenance.
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The disadvantage of this approach is that besides the low efficiency due to the high
energy loss, a lot of heat is generated inside the circuit, which requires additional
effort for thermal management [12].

The idea of active balancing is to use an extra balancing circuit to shift energy
from a high-SoC cell to a low-SoC cell. Active balancing is mainly classified as
capacitor-based, transformer-based, and DC-DC converter-based while the topol-
ogy is dependent on the energy transfer methods used during balancing. Generally,
the energy can be transferred in different energy flow modes such as adjacent cell-
to-cell (ACTC), direct cell-to-cell (DCTC), cell-to-pack (CTP), pack-to-cell (PTC),
and cell-to-pack-to-cell (CTPTC) through the energy storage devices like a capaci-
tor, transformer or using DC-DC converters. Active cell balancing achieves better
efficiency and higher control performance than passive balancing methods, making
it promising in automotive applications [13]. Choosing the balancing circuit depends
on the requirements of the balancing efficiency, balancing time, control robustness,
cost and size, etc.

1.2 Thesis Objective

The objective of this thesis work is to investigate different types of converter-based
active balancing and implement the most suitable technique for achieving a highly-
efficient Li-ion battery pack. A choice of converter should be made considering the
performance and suitability of different designs. The system-level model will be built
with Simulink to predict the dynamic behavior of the battery pack and the chosen
converter for the design of the balancing algorithm as well as the feedback control
system. The built model is operated at different unbalanced scenarios using different
balancing algorithms to evaluate the performance of the proposed algorithm.

1.3 Limitations

This thesis work mainly focuses on developing the control algorithm and its imple-
mentation in the simulation software, emphasizing the importance and robustness
of the DC-DC converter-based active balancing. A simple battery model consisting
of a DC voltage source connected in series with a resistor is considered to depict the
basic characteristics of the battery including terminal voltage, current, power, over-
potential, and SoC, where other parameters such as SoH, battery aging, and thermal
behavior were not considered and studied. Furthermore, the balancing model scaled
down to handle only six cells connected in series for the purposes of demonstration,
and more complex configurations with parallel units are not focused.
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Theory

This chapter presents an overview of vehicle schematics, BMS architecture, and cell
balancing methods. Section 2.1 presents the vehicle schematics of different systems
involved in an EV, Section 2.2 gives an introduction to BMS architecture, and
Section 2.3 presents the battery characteristics during charging and discharging.
Section 2.4 covers a comprehensive overview of cell balancing methods. Section 2.5
discusses the classification of active cell balancing. Section 2.6 introduces battery
modeling techniques and the different types of battery models with their capability
of capturing battery dynamics. Sections 2.7 and 2.8 are about SoC estimation and
the controllers, respectively.

2.1 Vehicle Schematics

In a commercial vehicle, typical components include chassis, engine, transmission,
fuel system, electrical system, suspension system, steering system, heating, ventila-
tion, and air conditioning (HVAC) system, electrical air compressor (ELAC) system,
body and interior and so on. Each system has critical, complex, and highly logi-
cal components that require an electronic control unit (ECU) to monitor, control,
diagnose, communicate, and signal map between the two systems. All ECUs are
signal-mapped in a way that they communicate with the main control unit (MCU)
in an electrical architecture. A typical BMS operates under the high-voltage (HV)
electronics system which involves interaction between the HV battery, DC/DC con-
verter, HV-charging portals, and other small consumer loads [14].

Figure 2.1 shows an overview of the typical electrical system in an electric vehicle.
It is described that the MCU works or serves as a central hub where it receives data
from various ECUs and sensors in a vehicle’s electrical architecture, through signal
mapping between the ECUs. By processing data, the MCU controls the overall ve-
hicle operation. All the above signal mapping and communication are made through
different interfaces such as controller area network (CAN), local interconnect net-
work (LIN), Ethernet or wireless (Wi-Fi or Bluetooth), etc [14, 15].

The battery disconnect unit (BDU) main functions to cut off the contactors (open-
loop) or connect (closed-loop) the circuit of an HV line in the vehicle integrated
system. To wake up or kick start the ECUs, one or more low-voltage (LV) batteries
are utilized. Considering the above configuration on a vehicle level in the HV elec-
tronics system, high voltage to low voltage is converted where power is delivered to
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Figure 2.1: An overview of vehicle architecture for electrical systems.

different loads or consumers using the converter module [14, 15, 16]. The selection
of this converter module is explained later.

2.2 BMS Architecture

Based on the critical functional aspect of an operating BMS, implementation cri-
teria, application, and battery technology, BMS architecture consists of numerous
components and subsystems to monitor and control the performance of a vehicle for
better outcomes. A typical BMS architecture is shown in Figure 2.2. The subsys-
tems in Figure 2.2 will be discussed in detail in the following sections.

2.2.1 Sensing, Measuring, and Monitoring

The BMS continually monitors the voltage (V), current (I), and temperature (T) of
battery cells utilizing specific cell monitoring circuitry /sensors. Parameters such as
the overall or individual cell voltage or current are measured using corresponding
sensors, while non-measurable parameters (SoC, SoH, depth of discharge (DoD))
are calculated or monitored using algorithms such as Coulomb counting and state
observers. Sensor data serve as input variables for the BMS to conduct its primary
duties [3, 17].

2.2.2 Control

Control is a vital element that governs operation based on observed data from the
vehicle system for guaranteed vehicle performance. For example, the temperature

6
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Figure 2.2: An overview of BMS architecture in an EV.

within the car is controlled by HVAC systems. Cell balancing increases battery life
by increasing the utilization of the capacity of a battery pack. Furthermore, various

control strategies avoid overcharging and undercharging during battery charging
[17].

2.2.3 Diagnostics

Diagnostics are the capacity to identify or track any technical issue. It immediately
raises alarms and warns the BMS in specific situations when the expected perfor-
mance is not met. These include recognizing problems that respond with an error
code, namely the diagnostic trouble code (DTC) that offers root cause information,
and executing the diagnostic utilizing data identifier codes (DIDs) to check the sys-
tem. Faults are often malfunctioning behaviors that cause system breakdowns and
reduced performance. These can be electrical faults, mechanical faults, or software
errors. Safety protocols are essential in a BMS because they reduce risks by prevent-
ing unintended human injury. For example, as described in the problem statement,
owing to the irregularity in the SoC level, there might be an overcharge or overdis-
charge problem due to exceeding the voltage/current threshold in the cell, which
could result in a fire or, in the worst-case scenario, an explosion. We need safety
measures in the BMS to prevent these severe issues and safeguard the battery from
dangerous occurrences. Protections are targeted to, short circuits, cyber-security,
ete [18].
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2.2.4 Database and Storage

A database is a digital or computerized storage space. In simple words, “A database
is an environment where data is stored”. It enables users to maintain, compute,
manipulate, structure, and retrieve the data that could be used for future analysis

[19].

2.2.5 Human Machine Interface (HMI)

To facilitate the interaction between the system and humans, an HMI is utilized.
It serves as a bridge between the user and the machine, system, or device [20].
The HMI provides visual data interpretation of various subsystems in a BMS. For
example, an HMI can display temperature, pressure, and other critical information
for HVAC, as well as SoC information for battery usage. There are light-emitting
diode indicators for additional alarm occurrences to assist in protecting the battery
from harmful incidents [21].

2.2.6 Networking and Communication
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Figure 2.3: An overview of BMS communication in an EV [22].

In the BMS, industrial protocols such as CAN, LIN, Ethernet, or wireless communi-
cation are used to provide connections within the system or with an external device,
where the data flow of measured values is continuously monitored to avoid risking
factors such as the failure due to high or low temperature (thermal management),
exceeding a high voltage or current threshold, low battery SoC level, among oth-
ers [22]. Figure 2.3 shows an overview of the communication and the subsystem
connections.

2.3 Battery Specifications

Battery exhibits nonlinear characteristics such as the SoC versus open-circuit voltage
(OCV) relation. A typical relationship between SoC and OCV of an NMC cell is
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shown in Figures 2.4 and 2.5 at different C-rates and temperatures, respectively [23].
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Figure 2.4: The discharge voltage curve at different C-rates as a function of battery
capacity [23].
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Figure 2.5: SOC-OCYV relationship at different temperatures [23].

The technical specifications of any battery include parameters like nominal voltage,
nominal capacity, operating voltage range, maximum C-rate, etc., which are given
in Table 2.1. These parameters are very important in the study of the balancing
process and controlling of the SoC.

2.4 An Overview of Cell Balancing

Cell balancing methods are broadly divided into passive and active balancing, where
the excessive energy is wasted in the form of heat in passive balancing and the ex-
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Table 2.1: Specifications for the typical industrial Li-ion cell [24].

Property Value

Cell type Li-ion

Cell nominal capacity 3.6 Ah

Cell nominal voltage 3.3V

Cell operating voltage range | 3.6 — 4.2 V

C-rate (max) 2.5C

Cathode material NCA ((LiNiCoAlOy)
Anode material Graphite

Passive cell Balancing

v

Active cell balancing

Fixed Shunting Resistor

A4

Converter Based
rerter,

Buck orfand Boost Conve Flyback converter
Single Transformer

\ 4
v
Multipie Transformer
Full-bridge converter Half-bridge converter

Single switched capacitor

A4

Double tired switched capacitor

Figure 2.6: An overview of different cell balancing topologies.

cessive energy is transferred to different cells or to the weaker cells to balance the
energy among all the cells.

Active cell balancing uses energy storage components, such as capacitors, transform-
ers, inductors, and converters, to discharge the energy from the high SoC cells and
redistributes it to the lower SoC cells. Compared to passive balancing, the energy
losses in the form of heat are less, which facilitates highly efficient energy transfer

[25].

Active cell balancing is mainly classified as that shown in Figure 2.6 and is further
discussed in detail next.

10



2. Theory

2.4.1 Capacitor-Based Topology

In capacitor-based topology, the capacitors are considered to be the energy storage
components that transfer the energy between the cells, and this is basically called
‘charge shuttling’ equalization. There are different configurations, such as those
based on switched capacitors, double-tiered switched capacitors, single-switched ca-
pacitors, and modularized switched capacitors [26].

Switched capacitor balancing does not need intellectual control for the balancing
process. However, it possesses a long equalization time and more expensive compo-
nents like switches compared to passive balancing methods. Double-tiered capacitor
balancing exhibits higher balancing speed, and the balancing time can be short-
ened by more than half. Single-switched capacitor balancing is a derivation of the
switched capacitor method and it uses only one, but relatively bigger capacitor.
Modularized switched capacitor balancing has been developed to balance the cells
between the modules and the adjacent cells using the additional capacitors, but it
yields a high cost [26].

Note that when the cell-to-cell dispersion is low, the balancing time can be long,
and this is a crucial issue for all capacitor-based cell balancing methods [27].

2.4.2 Inductor/Transformer-Based Topology

Inductor /transformer-based topology uses an inductor/transformer to store the en-
ergy in the form of a magnetic field to transfer the charges from a higher voltage
cell to a lower voltage cell.

Multi-inductor balancing uses multiple inductors to balance the cells simultaneously,
but the disadvantage of this method is that only adjacent cells can be balanced di-
rectly. In the scenario that the cells at the extreme ends are in an imbalanced state,
the charge has to be transferred from one end to another through the energy transfer
into the cells in between, which yields a longer balancing time and also contributes
to the loss of energy due to the multiple times of energy conversion [28].

Single-winding transformer balancing topology uses one transformer to transfer the
energy between the cells through the cell-to-pack method or pack-to-cell method.

Multi-windings transformer balancing topology has a single magnetic core with one
primary winding and multi secondary windings one for each cell, which requires n
number of secondary windings for equalizing the n number of cells charge levels.
It mainly includes flyback topology and forward topology, both offering better bal-
ancing performance compared to the single-winding transformer-based topology [29].

Compared to capacitor-based topologies, the inductor/transformer-based topology
provides faster balancing speed but is hindered by the high cost, especially for the
transformers. Also, to filter the high-frequency switching signals, filter capacitors
need to be placed across each cell, which again adds extra cost and complexity for

11
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the overall circuit [30].

2.4.3 DC-DC Converter-Based Topology

DC-DC converter-based active balancing uses the power electronics interface, to
transfer the energy between different cells, with different modes of operation and
the energy flow. This is achieved by using a bidirectional DC-DC converter that
can both step up and step down the voltage of the cells. It has a significantly high
balancing efficiency, robust design, high balancing speed, and high control degrees
of freedom [29].

However, some challenges are also associated with DC-DC converter-based active
cell balancing. One challenge is that the design of the balancing algorithm must
balance the cells while taking into account the current and temperature of the cells.
Another challenge is the cost of the DC-DC converter, which can be higher than
that of other balancing designs [31].

2.5 Classification of Converter-Based Active Bal-

ancing

2.5.1 Based on Energy Flow

DC-DC converter-based active cell balancing can be classified into two sub-types
based on the direction of energy flow: Unidirectional and bidirectional.

o Unidirectional balancing involves the transfer of energy from one or more high-
voltage cells to one or more low-voltage cells. This type of balancing is used in
applications where the battery pack has a fixed voltage range and the energy
can only flow in one direction. Unidirectional balancing can be implemented
using either step-up or step-down DC-DC converters [32].

o Bidirectional balancing involves the transfer of energy in both directions be-
tween cells. This type of balancing is used in applications where the battery
pack has a variable voltage range and the energy needs to flow in both di-
rections. Bidirectional balancing can be implemented using a bidirectional
DC-DC converter [33].

Also, from the perspective of cell charge transfer, cell balancing can be performed
using different energy flow topologies, each with its own advantages and limitations.
The most common energy flow topologies are [34]:

1. Adjacent cell-to-cell balancing: This topology involves transferring energy be-
tween adjacent cells in the battery pack. This is the simplest and most com-
monly used topology, but it can only balance cells that are adjacent to each
other [35, 36].

12
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2. Direct cell-to-cell balancing: This topology involves transferring energy be-
tween any two cells in the battery pack. This topology provides greater flex-
ibility than adjacent cell-to-cell balancing but requires additional circuitry to
enable energy transfer between non-adjacent cells [37, 38].

3. Cell-to-pack balancing: This topology involves transferring energy between
individual cells and the entire battery pack. This topology is useful when the
battery pack is composed of multiple sub-packs or when the cells are not easily
accessible for direct energy transfer [32].

4. Pack-to-cell balancing: This topology involves transferring energy from a sep-
arate balancing pack to individual cells in the battery pack. This topology is
useful when the battery pack does not have built-in balancing circuits, or when
a separate balancing pack is needed to provide additional balancing capacity

[39].

5. Cell-to-pack-to-cell balancing: This topology involves transferring energy be-
tween individual cells and the entire battery pack, but with an intermedi-
ate balancing circuit between the cells and the pack. This topology provides
greater flexibility than cell-to-pack balancing but requires additional circuitry
and may result in lower efficiency due to the additional conversion steps [40].

Each of these energy flow topologies has its own advantages and limitations, and the
choice of topology will depend on the specific requirements of the battery system.
The key factors to consider when selecting an energy flow topology for active cell
balancing include the number of cells in the battery pack, the desired balancing
accuracy, the available space and weight budget for the balancing circuits, and the
overall cost and efficiency of the system.

2.5.2 Based on the Type of DC-DC Converter

DC-DC converters offer a wide range of operation with high flexibility and they are
chosen for the present application based on the comparison of balancing method,
energy flow, balancing speed/efficiency, size, cost, control complexity, and a maxi-
mum initial difference in SoC [3].

In addition, the number of circuit components, power rating, energy conversion ef-
ficiency, galvanic isolation, voltage conversion, and type of application, are some of
the factors that are considered when choosing the type of converter [3].

o Non-isolated converters: These are the converters that transfer energy between

input and output without providing galvanic isolation, which basically does
not have a transformer and is simple, compact, and cost-effective.

Buck-boost converters and quasi-resonant converters are more commonly used

13
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in applications where galvanic isolation is not really critical or a requirement,
such as automotive applications, telecommunications, and many more [41, 42].

o Isolated converters: Any conventional DC-DC converter which requires gal-
vanic isolation to separate the input and output sides electrically. This is
typically achieved by employing a transformer, where the energy transfers
through magnetic coupling. These will also facilitate flexible grounding that
fulfils the safety requirements, but there is a risk of being affected by high
voltage applications.

Compared to the non-isolated converters, the isolated DC-DC converters tend to be
more expensive, because of the existence of a transformer in the circuit and they
also occupy more space.

Some of the most commonly used isolated converters are flyback converters, half-
bridge converters, dual active converters, and push-pull converters. These types of
converters are generally used in applications where isolation is crucial, such as en-
ergy storage systems, medical instruments/devices, industrial equipment, and pho-
tovoltaic applications [43, 44].

2.6 Battery Modeling

Battery cells are mainly composed of elements like anode, cathode, and electrolyte
which raises the potential difference between them for the flow of electrons based on
the electrochemical process. In order to understand the behaviors of the battery, it
is necessary to build a model that captures the major static and dynamical proper-
ties.

The following subsections describe three different types of battery models, namely
empirical models, electrochemical models, and equivalent circuit models.

2.6.1 Empirical Models

The empirical models are theoretical and numerically easy to use in designing and
implementing BMS functions, but they do not offer insights into the internal be-
haviors of the battery. These internal behaviors provide important information that
must be taken into account for both short- and long-term battery operations, such
as the internal physical limitations and SoH of these batteries [45].

2.6.2 Electrochemical Model

An accurate prediction of the internal behaviors of the battery can be made using an
electrochemical model, which is made up of complex, nonlinear partial differential-
algebraic equations (PDAESs). This model, however, is inefficient in terms of com-
putation [46]. As a result, reduced-order models such as lumped-parameter models
(LPMs) or single-particle model are created, if and only if they are fine-tuned in
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accordance with the electrolyte characteristics in thick electrodes and/or at high
current rates. The LPMs are straightforward and call for less computational work.
Some reduced-order models are derived as ordinary differential algebraic equations
(DAESs), although it can be difficult to find a DAE solver that is computationally
effective and numerically stable for real-time applications [47, 48].

2.6.3 Equivalent Circuit Model

In order to simulate and characterize the behavior of the battery cell with less
computation, the equivalent circuit model is found to more advantageous over elec-
trochemical models. The nonlinear electrochemical phenomenon inside the cell can
be captured and simulated in system-level modeling.

Equivalent circuit models use electrical elements to capture and simulate the cell’s
static and dynamic characteristics. The mostly widely used equivalent circuit models
include the first-order RC (1-RC) and second-order RC (2-RC) models, as shown in
Figure 2.7 and Figure 2.8, respectively [49].
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Figure 2.7: 1-RC circuit model. Figure 2.8: 2-RC circuit model.

The 1-RC and 2-RC equivalent circuit models capture the dynamic behaviors of the
cell at different time scales. As shown in Figure 2.7 and Figure 2.8, R, represents
the internal resistance of the cell, and the voltage source Vpoy represents the open
circuit voltage (OCV) across the cell. Ry and Ry capture the resistive effects due to
the concentration or diffusion polarization, respectively [50, 51|, and C; and Cy are
the polarization capacitance and diffusion capacitance that capture the transients,
respectively [49].

2.7 SoC Estimation

SoC is expressed as the ratio of the unreleased capacity of the battery to its nom-
inal capacity, which is always between 0 and 1. The fully charged cell is defined
with SoC = 1, and the fully discharged cell with SoC = 0. However, in practical
applications, the lower and upper SoC was usually maintained between 0.2 and 0.8
for the longevity of the battery and the battery control perspectives.
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Mathematically, the cell’s SoC at the given time instance t is calculated as the ratio
of stored charge quantity ¢); to the nominal cell capacity @Q,, i.e., represented by

_ @
@n

SoC estimation plays an important role in achieving an effective balancing process
with the least possible errors. Also, accurate SoC estimation helps prolong battery
life, prevent overcharging/overdischarging, and protect batteries from health /safety
issues. Numerous techniques have been developed for SoC estimation, including the
SoC-OCV method, the Coulomb counting method, and approaches based on elec-
trochemical impedance spectroscopy (EIS). Also, some schemes are proposed using
algorithms such as fuzzy logic (FL) and the Kalman filter (KF) family [3].

SoC(t) (2.1)

The standard KF can only be used for linear systems, where the SoC of the cell
is dynamic and nonlinear in nature with respective to the measured voltage and
cannot be directly applied for this application. However, there are methods like
extended KF (EKF), adaptive EKF (AEKF), unscented KF (UKF), and ensemble
Kalman filter (EnKF) using different filtering processes [3, 52].

2.8 Controllers

Controllers are the requisite devices that act as corrective tools for corresponding
processes. Measured input signals are received and processed, and later output
signals are generated and sent to actuators. Control accuracy, response time, and
stability must be ensured in an optimal way [53].

Figure 2.9 presents the classification of control systems based on control loop and
mode of operation which is discussed in the following sections.

2.8.1 Different Types of Control Loop

2.8.1.1 Open-Loop/Feedforward Control

In an open-loop system, where the input variable instructs a controller and the
desired action is taken, the system establishes a desired relationship between the
input of the plant and the set-point. The open-loop controller is independent of the
regulated output variable, and the output will not be measured and compared to
the target value; in other words, no feedback is established from the desired output.
As a result, the open-loop system cannot adapt to model mismatches or external
disturbances due to the varying environments [54].

As a simple example, a thermostat device is an open-loop control system which can

be switched from ON to OFF status and vice versa depending on the predetermined
temperature of the system.
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Figure 2.10: A simple open-loop control system [54].

A timer controller is another good example of an open-loop controller as the name
implies that it controls the time to turn on and turn off the device at regular inter-
vals [54].

Figure 2.10 represents a simple open-loop control system, where the system receives
the reference input signal, adjusts the control signal, and obtains the corresponding
output signal. The open-loop control is a low-cost and simple-to-implement tech-
nology. It is preferred when the system’s output can be easily and reliably predicted
by the model.

2.8.1.2 Closed-Loop/Feedback Control

Closed-control loops feature a cascaded system or feedback signals to help control
the output variable. This system relies on a measured output variable that is pro-
cessed by the controller, and the control signal is adjusted based on the difference
between the the measurement and the reference/set-point. It attempts to reduce
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Figure 2.11: A simple closed-loop control system [55].

the degree of deviation in the system by making suitable adjustments in response
to various disturbances, noises, or model mismatches [55].

Figure 2.11 illustrates a standard closed-loop control system where the output of
the plant/process can be controlled according to the error between the output and
the input reference (set-point).

2.8.2 Mode of Control Action

2.8.2.1 Discrete mode

Signals in discrete control systems change at specific times. A discrete control
system’s signals do not vary continuously in time. A discrete transfer function is
used for representing the difference equation models in the frequency domain. One
main disadvantage of the discrete control is that fine-grained changes may not be
captured, and system precision is constrained when the time step is too large, while
reducing the step size might significantly increase the computation.

2.8.2.2 Continuous mode

In this mode, continuous control signals are used. The controller uses transfer
functions for differential equations. All potential values within a certain range can
be represented by the continuous signals in such a continuous control system. Both
the input and output are functions of time. However, the implementation of such a
continuous control system can be costly due to its inherent complexity.
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Methodology

This chapter presents the system models for the active cell balancing through the
DC-DC converter. Section 3.1 presents different types of DC-DC converters and
introduces their advantages and disadvantages. Section 3.2 compares these convert-
ers from the perspective of their performance parameters. Section 3.3 describes the
balancing method and circuit. Sections 3.4 and 3.5 demonstrate a simple battery
equivalent circuit model and its SoC estimation method. Section 3.6 describes the
bidirectional buck-boost converter modeling using a state-space modeling approach
and linearization. Section 3.7 is about modeling of PID controller for the balancing
control.

3.1 Investigation of DC-DC Converter

DC-DC converters offer a wide range of operations and are chosen for the present
application after considering factors such as energy flow, balancing speed /efficiency,
size, cost, control complexity, and the maximum initial difference in SoC [3].

In addition, the number of circuit components, power rating, energy conversion
efficiency, galvanic isolation, voltage conversion, and type of application, are some
of the factors that are taken into account when choosing the type of converter [3].

3.1.1 Bidirectional Buck-Boost Converter

The bidirectional buck-boost converter is one of the most common converter types
where the energy or the voltage can be stepped up or stepped down between the
cells. The energy can be thus transferred between the cells through the DC-DC
converter. This can be easily achieved by using the adjacent cell-to-cell (ACTC)
type of balancing method [56, 57].

The buck-boost converter used in such a method consists of a power inductor to
transfer the energy between the cells and the metal-oxide-semiconductor field-effect
transistor (MOSFETSs), which controls the duty cycle using pulse width modulation
(PWM) signals [58]. For N cells connected in series, N — 1 DC-DC converters are
used to facilitate the balancing between the cells [3].

19



3. Methodology

M: Ma2a Msa Maa

_
5 11l 11 1L

IBuck IBoost
11 Ls

Cell1 Cell2 % Cells Cells % Cells
Lo L4
_ ] _ _
TE Tﬂi TTL Tﬂf
M:B M3s Mss Ms

Figure 3.1: Schematic diagram of the bidirectional buck-boost converter.

3.1.1.1 Operation

As shown in Figure 3.1, a number of cells are connected in series along the buck-
boost DC-DC converter. Consider the cells are in an imbalanced condition and the
cells with higher SoC would transfer their charge to their neighbor cells with lower
SoC. With well-designed control logic, cells will be balanced with certain balance
accuracy [56]. For example, suppose the SoC of Cell 1 is higher than Cell 2. When
the MOSFET M is turned ON and My, is OFF, the energy will flow from Cell 1
to the power inductor L;. Next, if the MOSFET M; becomes OFF state and Msy
is ON, the energy stored in the inductor L; will flow to Cell 2. The duty cycle of
the MOSFET ON/OFF state is controlled by the duty ratio D € [0, 1], where the
ON state refers to D and the OFF state refers to 1 — D [59].

3.1.1.2 Advantages

« Bidirectional operation: It can transfer energy in both directions, allowing for
redistribution of charge between cells and equalizing the SoC among them [60].

o Wide voltage range and flexibility: The converter can handle a wide input
and output voltage range and higher power conversion efficiency, making it
suitable for balancing cells with varying voltage levels. It can be easily config-
ured to adapt to different battery chemistries, cell capacities, and balancing
requirements [61, 62].

« Compact size: Bidirectional buck-boost converters are typically compact, mak-

ing them suitable for integration into BMS and various mobile applications
[63].
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o Cost-effectiveness: Leveraging existing technology, bidirectional buck-boost
converters can be cost-effective compared to developing custom cell balancing
solutions [3, 63].

o FEfficiency: Bidirectional buck-boost converters are known for their high effi-
ciency, minimizing power losses and maximizing overall system efficiency [3].

3.1.1.3 Disadvantages

» Efficiency at low loads: Efficiency may decrease at light loads. When the SoC
difference between the adjacent cells is low, the balancing current becomes low,
which increases the balancing time. This has a significant impact on the over-
all efficiency of cell balancing [3]. Additionally, in this ACTC-based method,
only adjacent cells can be balanced together, leading to longer balancing time
and decreased efficiency.

o Control complexity: If, for instance, the cells at the extreme ends are in an
imbalanced state and the rest of them are in a balanced state, it needs to trans-
fer the energy through all the cells from one end to another with this ACTC
balancing topology. This also results in low conversion efficiency. Thus, So-
phisticated control algorithms need to be developed for bidirectional power
transfer in order to achieve accurate cell balancing, adding complexity to the
system [64, 65].

3.1.2 Flyback Converter

The flyback converter is derived from the buck-boost converter, whereas the induc-
tor is replaced with the transformer for the energy transfer between the cell. Flyback
converters are more widely used in unidirectional or bidirectional energy-transferring
modes such as PTC, CTP, and CTPTC balancing topology [3].

A flyback converter consists of a transformer with primary windings and secondary
windings where the polarity of the secondaries is the opposite of the main wind-
ing. Also, the converter is constructed by connecting switches and diodes, and the
MOSFET is controlled by the PWM signals [66, 67].

3.1.2.1 Operation

The operating principle of the flyback converter for active cell balancing is to trans-
fer charge between cells to equalize their voltages or SoC by storing the energy in
the form of the magnetic field in the transformer.

As the BMS continuously monitors the voltage levels of individual cells within the
battery pack, it identifies cells with higher voltages and cells with lower voltages
compared to the desired target voltage. Based on the voltage measurements, the
BMS determines the amount of charge that needs to be transferred between cells
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to achieve charge equalization. This information is used to control the operation of
the flyback converter.

When the cell with a lower voltage needs to be balanced, the flyback converter
operates in the charging mode. The primary side of the converter is connected to
the higher voltage cell, while the secondary side is connected to the lower voltage
cell, as shown in Figure 3.2 [66, 67].
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Figure 3.2: Schematic diagram of Flyback converter in buck mode.

When the primary side switch is turned ON, the energy is stored in the magnetic
field of the transformer and when the primary side switch is turned OFF, the stored
energy is transferred to the secondary side through the flyback action [66, 67].

Conversely, when a cell with higher voltage needs to be balanced, the flyback con-
verter operates in the discharging mode. The primary side is connected to the lower
voltage cell, and the secondary side is connected to the higher voltage cell. Energy
is transferred the same way as in the charging mode, by operating the switches ac-
cordingly, as shown in Figure 3.3 [68].

Real-time control from BMS ensures accurate balancing and prevents overcharging
or deep discharging of cells.

3.1.2.2 Advantages

o Electrical safety: Since the flyback converter consists of the transformer, it is
considered as an isolated converter that can provide galvanic isolation. This
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Figure 3.3: Schematic diagram of flyback converter in the boost mode.

isolation prevents the direct flow of electrical current between the input and
output sides of the converter. It ensures the safety of the system and protects
against electrical shocks, which is especially important in applications where
the input and output voltages differ significantly, or when there is a need to
protect sensitive components or operators from hazardous voltages [68].

o Scalability and energy flow: The bidirectional flyback converter can be easily
scaled up or down to handle different battery pack sizes or power requirements.
Also, it enables unidirectional and bidirectional energy transfer such as CTP,
PTC, and CTPTC balancing methods [3, 69, 70].

3.1.2.3 Disadvantages

o Transformer design challenges and cost: Designing efficient and compact trans-
formers for bidirectional flyback converters can be complex, necessitating care-
ful consideration of factors such as leakage inductance, parasitic capacitance,
and magnetic core selection. The transformer also increases the overall cost of
the circuit [68].

» Voltage stress: The voltage stress across the semiconductor switches in bidi-
rectional flyback converters can be relatively high, leading to increased power
losses and reduced efficiency [68].

o Complex control and feedback: Bidirectional flyback converters require sophis-
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ticated control algorithms and feedback mechanisms, making their implemen-
tation and fine-tuning challenging and requiring additional design efforts and
expertise [67].

3.1.3 Dual Half-Bridge Converter

A half-bridge converter is a type of DC-DC converter that consists of two switches
and a center-tapped transformer. It is widely used in power electronics applications
for voltage step-up or step-down [3].

3.1.3.1 Operation

The dual half-bridge (DHB) converter consists of a transformer with high leakage
inductance and one H-bridge that includes two switching elements on both sides of
the transformer, as shown in Figure 3.4.

The transformer provides galvanic isolation and voltage synchronization between
the LV and the HV sides. The energy is instantaneously stored in the leakage in-
ductance of the transformer. DHB converters can be operated in both buck and
boost modes. In this way, it was easily applied to PTC and CTP topologies [3].
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Figure 3.4: Schematic diagram of dual half-bridge converter in buck mode.

During operation, the half-bridge converter alternates between two states: the charg-
ing state and the discharging state. In the charging state, the switches on the pri-
mary side of the converter are controlled in such a way that the higher-voltage cells
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Figure 3.5: Schematic diagram of dual half-bridge converter in boost mode.

are connected in series, allowing them to transfer energy to the lower-voltage cells.
This balancing process helps equalize the voltage levels among the battery cells

71, 72].

In the discharging state, as shown in Figure 3.5, the switches on the primary side
are controlled differently, allowing the energy stored in the cells to be transferred to
the load. The control circuitry continuously monitors the voltage levels of the cells
and adjusts the switching pattern to maintain balanced cell voltages [73].

3.1.3.2 Advantages

o Active cell balancing in a half-bridge converter offers several advantages. By
actively transferring energy between cells, it ensures that all cells contribute
evenly to the power output, maximizing the overall capacity utilization of the
battery pack. This balancing technique also promotes uniform aging among
the cells, preventing premature failure of individual cells and extending the
lifespan of the battery pack [71, 72].

o Reduction in switch voltage stress and reduced sizes of the transformer and
inductor yield lower overall cost of the circuit and higher efficiency [71, 72].
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3.1.3.3 Disadvantages

o It has increased weight as there is an inclusion of active cell balancing circuitry,
along with the associated components like resistors, capacitors, inductors, and
active switches. It increases the weight and size of the battery management
system and also the overall cost of the system [71, 72].

o Longer balancing time and increased complexity: To achieve an efficient bal-
ancing system with the half-bridge converter, it requires additional control
circuitry and monitoring algorithms to detect and balance the voltage or SoC
of individual cells [3, 71, 72, 73].

3.2 Comparison of Different DC-DC Converters
and Their Performance Parameters

Based on the system requirements and the implementation feasibility, the factors
that influence the overall performance of the active cell balancing include the bal-
ancing method, efficiency, size, balancing speed, cost, control complexity, maximum
initial SoC difference, etc [3].

For the selection of the type of converter and the balancing method to model and
simulate the balancing, it is most important to study and compare the advantages
and drawbacks of these influencing factors for the given converters. Table 5.1 is the
decision matrix which provides a systematic approach to choose the type of converter
and balancing method based on the application and control objective. This will be
discussed in detail in the results Section 5.1.

3.3 Balancing Method and Balancing Circuit De-
sign

Bidirectional energy flow between the cells provides an efficient way of shuffling the
excessive energy and energizing the cells that are undercharged. With the selected
type of buck-boost converter, the ACTC balancing method combines to drive the
objective of cell balancing by transferring the energy between the adjacent cells.
This is developed by using a systematic design approach for the circuitry involved
in the system.

Figure 3.6 shows a circuit diagram of the cells and the balancing unit. This repre-
sents a battery module consisting of six cells connected in series, and the balancing
circuit consists of a DC-DC converter for each adjacent pair of cells.
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Figure 3.6: Circuit diagram of buck-boost converter balancing for six cells.

3.4 Battery Modeling

As shown in Figure 3.7, a constant voltage source connected with the resistor in
series is the simplest battery cell model, where the resistor is used to capture the
internal resistance of the cell and which is effective in analyzing any cell’s dynamic
performance.

In spite of their reduced accuracy compared to electrochemical/1RC/2RC models
and their inability to effectively capture long-term parametric variations due to ag-
ing, the model in 3.7 is commonly adopted for control design due to their reduced
computational costs and simplicity [48, 74].

In this thesis work, the model considered is a simple battery cell model with a voltage
source (OCV shown in Figure 3.7) connected in series with the resister (R, shown
in Figure 3.7) is just sufficient for designing and implementing control systems.
Although the 1-RC and 2-RC equivalent models discussed in Section 2.6.3 offer
better accuracy in modeling the charge transfer and lithium-ion diffusion processes,
using a simpler model can reduce the complexity of the model and computation time
for long time simulation. This terminal voltage of the battery is simply described

by

Vit () = OCV(S0C) + inat (£) Ro, (3.1)

where i1, is the current defined as positive during charging. The OCYV is expressed
as a nonlinear function of SoC and the estimation of SoC will be discussed in the
next section.
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Figure 3.7: A simple battery equivalent circuit model.

3.5 Coulomb Counting Method for SoC Estima-
tion

The input variables of the control system in the balancing process can be terminal
voltage, OCV, SoC, or capacity. The performance indicators of the control system,
such as stability and convergence, are directly dependent on the control parameters
[3]. In this thesis work, the control parameter is considered to be SoC. Thus, the
accurate and acceptable estimation of SoC is one of the necessary requirements. To
minimize the complexity of the model, SoC estimation by the Coulomb counting
method is considered, and this also facilitates achieving the required control accu-
racy provided that the initial condition or SoC is known.

In the coulomb counting method, the SoC at a given time ¢ is estimated from the
charging/discharging current at the given time iy, (t), which can be represented by

SoC(t) = SoC(0) +

36078 o / ioat (1)l (3.2)

where SoC(0) is the initial value of SoC at t = 0, 7 is the coulombic efficiency, and
@, defines the rated or nominal capacity of the battery.

Note that the accuracy of the coulomb counting method can be affected by wrong in-
formation of SoC(0), accumulating error of selected integration method and measure-
ment noise of the current sensor, and inaccuracy capacity and efficiency. Advanced
techniques such as those based on state observer/estimator or machine learning can
be used to improve the SoC estimation but we will not elaborate these techniques.

28



3. Methodology

3.6 Converter Modeling

3.6.1 State-Space Modeling for Buck-Boost Converter

The buck-boost converter with two ideal battery cells connected in series is modeled
in this section by analyzing the converter’s operating principle. As shown in Figure
3.8, the two cells are presented by two voltage sources (Vi, and Vi) and two resis-
tances (R; and R») located on the two sides of the converter, which correspond to
the OCV and resistance Ry as in Figure 3.7. While i5 is defined in the same way as
ipat in (3.2), 41 is the opposite of the corresponding battery current.

A general nonlinear state-space model can be expressed as
T = f(x,u,uy), (3.3)

y = h(x,u,uy), (3.4)

where x is the state vector, & is the time derivative of state vector, u is the control
input vector, ug is the disturbance vector, and y is the output vector. f and h are
two nonlinear operators for the system and output equations, respectively.

i} Rl Ql QZ R2 (Ii
W—" - —MW
+ + . -
Vin = Vi A llL V, —"-_l_vout
4 4

Figure 3.8: Buck-boost converter with two cells connected in series [75].

Table 3.1: Switching function for the MOSFETs and influencing variables.

D Q1L | Q2| Vi |22 | 4
D 1 0 Vi 0 |1p
1-D| 0 1 | =V li | O

Table 3.1 shows the switching function for the MOSFETs and important variables
such as the input/output currents and the inductor voltage, indicated in Figure 3.8
(The MOSFETS are represented as ideal switches). During the ‘ON’ state of the
MOSFET Q1 during the duty cycle, D, the inductor will get charged through V; from
Cell 1, and during the ‘OFF’ state of the MOSFET @, or ‘ON’ state of MOSFET
()2 during 1 — D, the inductor will get discharged leaving the current ¢;, to Cell 2,
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Figure 3.9: Graphical representation of PWM signal operating the MOSFETs.

and Figure 3.9 shows a graphical representation of PWM signals and corresponding
response in voltages and currents. Applying Kirchhoft’s laws for the loop 1 and 2
during the ‘ON’ and ‘OFF’ states, we can obtain the following averaged value model
for the buck-boost converter:

i
L= =V, = DVi + (1= D)(~Va), (3.5)
Vi=Vin — 011, (3.6)

Vo = Vour + 1212y, (3.7)

i1 = Dir, (3.8)

i» = (1= D)iy. (3.9)

Equations (3.5)—(3.9) represent the average-value model of the buck-boost converter
and it can be represented using the equivalent circuit as shown in Figure 3.10. Note
that the voltage source and the current source represent an ideal transformer com-
ponent since the power on the two sides are equal.
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Figure 3.10: Equivalent circuit of the average model for the buck-boost converter
with two cells connected in series.

The state-space equations for the buck-boost converter can be derived based on the
circuit dynamics and Kirchhoff’s laws while considering the state variables as below,
where state vector only contains the inductor current iy,

I:iL.

The control input vector u is the duty cycle for the MOSFETSs and the disturbance
vector ug consisting of the equivalent voltage sources and resistances of the batteries,
e.g., Vin, Vout, R1, and Ry, i.e.,

Ud, 1 ‘/in
Ug,2 Vout
u=D, ug= i R
Ug,3 Ry
Ud.4 Ry

Thus, the nonlinear state equation that captures the dynamic behaviors of the buck-
boost converter is

dx
LE = (ug1 —u-x-ug3) - u—[uga+ (1 —u) ugq-2x]- (1 —u). (3.10)
We notice that for batteries, their voltages and resistances usually remain constant
in the time frame for converter control. Thus, here we consider them to be fixed
parameters instead of disturbances to simplify the state equation. This gives

Ld—x:(Vin—Rla:-u)-u—[V},ut—i—sz-(1—u)]-(1—u)

dt
= Vo — R + (Vig + Vs + 2Rox)u — (Ry + Ry)au?. (3.11)
On the other hand, the output y contains the converter current and voltage. In

this thesis, we select the output current i, and voltage V5 as two variables to be
controlled, i.e.,

y= lz; ] = l v f];jl)gi e | (3.12)

It is worth noting that, by replacing the duty cycle D with the gating signal gen-
erated from the PWM, the above model becomes a switching function model in
nature which can represent the high-frequency dynamics of the converter. This will
be discussed more in Section 4.4.
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3.6.2 Model Linearization

To control the voltage V5 or the current iy of Cell 2, the duty cycle D is manipu-
lated. Since the state-space model (3.11) and (3.12) are highly non-linear while in
practical battery systems, a simple linear controller is desired for low-cost design
and implementation, we shall linearize the model in this section for linear controller
design.

Consider the converter’s operation deviates from an operating/equilibrium point
[76]. The model variables can be expressed by © = zg + &, v = ug + 4, and
Yy = Yo + 9. where we assume that small perturbations indicated by the hat symbol
are much smaller compared to equilibrium values denoted by the subscript “0”. The
nonlinear equations can be linearized as a small-signal model:

dz

La = _{RQ(l — 2U0) -+ (Rl + RQ)ug]:i' + (‘/m + ‘/ollt — 2R1$0)ﬂ, (313)
o1 = (1 —ug)Z — o, (3.14)
g2 = Ra(1 — up)® — Rowod. (3.15)

Equations (3.13)—(3.15) can be represented as a standard linear form of state-space
equation:

T = A% + B, (3.16)
y=Cz+ Da, (3.17)
where

A= —[Ry(1 — 2ug) + (Ry + Ro)ul]/L (3.18)
B = (Vin + Vous — 2Ry20) /L (3.19)
C = [(1—up), Ro(1 — up)]" (3.20)
D= [—33'0, —Rgl'o]T (321)

The transfer function of the linearized model can be calculated by

_ | Gi(s) | _ !

G(s) = l Gols) ] =C(sI —A)"" B+ D, (3.22)

where (G is the transfer function between y; and u and G5 = Ry(G, is the transfer
function between gy, and u. This gives

(1 — wo)(Vin + Vour — 2Ry20)/L

1(s)
G = = — 3.23
1(s) a(s) s+ [Re(l— 2ug) + (Ry+ Ro)u2]/L "° (3:23)
which can be rewritten as
1—ms
G =K 3.24
1(s) 17 T s ( )
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where
(1 — o) (Vin + Vous — 2R120)
K, = — 3.25
! Rg(l - QUO) + (Rl + RQ)U% o ( )
L
! (1 — uO)(‘/;n + %ut — 2R1I0)/I0 — [Rg(l — 2UO> + (Rl + RQ)U(Q)] ( )

Rz(l — 211,0) -+ (Rl + RQ)U%

Equation (3.24) represents a nonminimum phase system with a positive zero s =
1/’7'1.

3.7 PID Controller

Feedback controllers generate the corrective action to alter the system input based
on the deviation of the measured system output variable from the reference (i.e.,
set-point). This deviation is commonly known as the error, denoted by e. Below
are several types of controllers which generate the control signal by applying gains
(K,, K;, and K;) with different operations on e.

« Proportional (P) controllers: The controller’s output is proportional to the
errors. A large proportional gain (/) tends to shorten the system’s rise time
and reduce the steady-state errors, but it may cause an increased overshoot
and even system instability.

o Integral (I) controllers: The controller’s output is generated based on the accu-
mulation of the error over time. The integral gain (K;) reduces the steady-state
error and the rising time. The main drawback is that it increases both over-
shoot and settling time.

o Derivative (D) controllers: The output of the controller is produced propor-
tional to the derivative of the error. It predicts the change of the error in the
future, resulting in a faster response and improved stability. The derivative
gain (K,) can be used to reduce the system overshoot and the settling time.

» Proportional-integral-derivative (PID) controllers: PID controllers are highly
sophisticated devices, and they are the most used controllers in the industry
since they are cost-effective, easy to implement, simple to calibrate and pro-
vide excellent control performance.

Figure 3.11 shows a typical PID controller considered for achieving active cell bal-
ancing. The error signal/value e(t) is the input to the PID controller, which is
calculated as a difference between the set point r(¢) and the control variable wu(t) is
being targeted to minimize the error value over time [78].
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The output of the PID controller can be expressed as

u(t) :Kp-e(t)+Ki-/0te(T)dT—|—Kd-

Table 3.2: Effects of parameters in control response [78, 79].

de(t)
dt

Figure 3.11: PID controller for active balancing [77].

(3.28)

Parameter | Rise Time Overshoot | Settling Time | Steady-State Error
K, Decrease Increases Small change Decrease

K; Decrease Increases Increases Decrease

Ky Small Change | Decrease Decrease No Change

Table 3.2 shows the influence of the control parameters of the PID controller on the
response characteristics. Although a standard PID controller is formed by combining
P, I, and D controllers, it is not necessary to employ all of them controllers in prac-
tice. How to configure the controller depends on the requirement of improvements
that need to be made in the system. The selection of a good controller combination
can ensure desired control performance with the simplest algorithm [77].

An efficient and reliable controller is tuned by comprehending the impact of PID
gain settings utilizing the PID tuner and trial-and-error method. The response curve
for the model is displayed in Figure 3.12.
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Figure 3.12: Typical response curve for a PID controller depicting the Rise time
(tp,) Overshoot (M,) and settling time ().
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Model Implementation

This chapter presents the implementation of the system model in MATLAB /Simulink
using the Simscape toolbox. Section 4.1 presents the process flow of modeling the
entire balancing system in Simulink. Section 4.2 describes the implementation of
the battery model followed by SoC estimation using the Coulomb counting method
in Section 4.3. Section 4.4 depicts the implementation of the buck-boost converter
model of the balancing circuit. Section 4.5 discusses the PID controller for generat-
ing the PWM duty cycle. The development of the control algorithm is carried out
in Section 4.6.

4.1 Process Flow of Modeling in Simulink

Simulink is one of the most common tools used for graphical modeling, simulating,
and analyzing dynamical systems. In this thesis, Simulink has been used to develop
the model, where the Simscape toolbox supports the modeling and simulation for
various physical domains such as power systems, control systems, and many more.
MATLAB has been used for the development of the control algorithm, which can
be readily integrated with the Simulink model [80, 81].

Battery SoC (B PID Control
estimation converter Logic

MATLAB

Figure 4.1: Modelling process flow for the balancing system.

Understanding and identifying the different subsystems and defining their require-
ments are the most important steps in developing a system-level model. The process
flow of the modeling shown in Figure 4.1 visually describes the different subsystems
involved, which technically supports planning the model architecture, searching for
key Simulink blocks from the library, and their interconnections [82].
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The flow illustrates the modeling carried out for each subsystem, namely, the battery
model, DC-DC converter circuit modeling, SoC estimation, PID controller, and
the control logic derived in Matlab script. In addition, the integration of these
subsystems is demonstrated in the following sections to form the active cell balancing
system for series-connected cells.

4.2 Battery Model

As discussed in Section 3.4, a simple circuit model, where the internal resistance Ry
is connected in series to the battery OCV (a controlled voltage source). The model

parameters are from the specification of an industrial cell used for automotive ap-
plications, i.e., LG NCR18650, as shown in Table 4.1.

Table 4.1: Specifications for the typical industrial Li-ion cell considered in the
battery modeling [83, 84, 85].

Nominal Capacity 3600 mAh
Nominal Voltage 3.63V

Max. Charge Voltage | 4.20 + 0.05 V
Internal resistance, Ry | 0.1 € [86]
Coulomb efficiency 96-99% [87]

—0cv

low

28 —O0CVih

average

0 0.2 0.4 06 08 1
Klele

Figure 4.2: SoC-OCV curves for an NCA battery [86].

As shown in Figure 4.2, the upper OCV curve and the lower OCV curve refer to the
measured voltage when the battery is charging or discharging using small currents,
respectively. Averaging the two OCV curves yields the SoC-OCV curve used to
calculate the OCV from the estimated SoC [86]. This relationship is used for all six
cells, i.e., the differences between the OCV curves are not considered here.
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4.3 SoC Estimation

SoC
1/3600*Q K—Tf f 3 >3 )
Current “ SoC
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.

SoC-0OCV curve

:

RO - Vbat

A 4

Figure 4.3: Battery model and SoC estimation.

The SoC estimation model implemented in Simulink is shown in Figure 4.3. The R,
and @) are the internal resistance and the nominal capacity of the cell, respectively,
and the applied current is the input variable to estimate the SoC of the cell. The
initial SoC is assumed to be known. In addition, a look-up table containing the data
of the SoC-OCV curve is used to calculate the OCV and then the terminal voltage
of the cell.

4.4 Buck-Boost Converter Model

The detailed circuit model, average-value model, and the transfer function model
of the buck-boost converter derived in Section 3.6 can both represent its dynamic
behaviors. However, the transfer function model is highly idealized and only useful
when the converter is working near a selected steady state. For the objective of
simulating a practical circuit with non-ideal properties, we use the Simscape com-
ponents to construct the average-value plant model. These include different passive
elements, voltage and current sources, and measurement blocks. The average-value
model is compared with the detailed model in Figure 4.4, where it can be seen that
the average-value model can accurately reproduce the average component in the
detailed model, and the high-frequency components due to the switching behaviors
are ignored.
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Figure 4.4: Comparison of the simulation waveforms using the detailed and
average-value models of the buck-boost converter.

Figure 4.5 represents the converter model implemented in Simulink, using a switch-
ing logic to determine the duty cycle for the MOSFETs in the converter. As discussed
in Section 3.6.1, the switching logic block was designed based on the switching func-
tion for the MOSFETSs, which produces the input signal for the MOSFETSs to operate
according to the duty cycle received from the PID controller. However, the duty
cycle received from the controller is the analog signal (D and 1 — D) that needed to
be converted to a binary signal (0 or 1).

MOSFET _1_signal = PWM(DUTY _1), (4.1)

MOSFET _2_signal = PWM(DUTY _1), (4.2)

Equations (4.1)—(4.2) represent the logical expressions of the MOSFET signals as an
output from the switching logic blocks denoted by PW M (), as illustrated in Figure
A.1 in the appendix. In fact, with this switching logic, the average-value converter
model is converted to a switching function model that represents the ideal switching
behaviors of the MOSFETs.
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Additionally, the ideal transformer block consists of a controlled current source and
a controlled voltage source to form the ideal transformation of the voltage and cur-
rent from Cell A, and similarly from Cell B.

From (3.5), the inductance of the converter can be determined by considering the
maximum allowed current through it to be 25 A and the switching frequency of the
MOSFETs to be 10 kHz. The inductance of the converter is directly proportional
to the rate of change of current in the inductor and inversely proportional to the
switching frequency. Hence, for the considered maximum balancing current, the
inductance of the converter is chosen to be 2.5 mH [58, 61].

Cell balancing for two cells connected in series was constructed and is as shown in
Figure 4.6. Cells A and B are constructed to be connected in series, and a buck-
boost converter block is inserted between them according to the connections, with
the necessary current and voltage sensors.

Upon validating the balancing procedure by simply initializing the imbalanced SoC
for these two cells, the further design of the model can be developed for the n cells
(n = 6 in this thesis).

Switching Logic

-2

99

(o
L e

Ideal Transformer 1 |:: Ideal Transfarmer 2
[

Figure 4.5: Buck-boost converter with switching logic in Simulink (a switching
function model).
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Figure 4.6: Cell balancing using a buck-boost converter for two cells connected in
series in Simulink.

The duty cycles for pulse generator/PWM signal for the MOSFETSs are based on
the SoC levels of the cells, and the duty cycle for these is calculated in the switch-
ing logic, where it receives the SoC of all the cells, calculates the duty cycle ratio
required to balance the cells in adjacent. This will be the input for the converter to
balance the energy between each pair of adjacent cells.

In order to facilitate the energy flow between all six cells, one DC-DC converter has
to be connected, which is discussed in Section 3.3.

4.5 PID Controller

Cascaded PI Controller

1D T()
-—D / ] PI(s) PID(sf —>< DUTY_1

i_L reference

Figure 4.7: PID controller to control the PWM duty cycle.

Figure 4.7 represents the cascaded PI/PID controllers designed for generating the
duty cycles. The control parameters discussed in Section 3.7 can be determined
using different methods in order to optimize the system performance. Here, we
utilize the built-in “PID tune” tool in Simulink for tuning the control parameters,
which can auto-tune all the control parameters based on the plant under control, as
illustrated in Figure A.2 in the appendix [88].

42



4. Model Implementation

Commonly, active balancing is performed at relatively low C-rates, typically in the
range of 0.1C to 0.5C [89]. Here, ‘C’ represents the capacity of the cell. The 1-
D look-up table was constructed based on the considered 0.3 C-rate at which the
balancing is initiated, where it receives the delta SoC of the adjacent cells and inter-
polates the balancing current required, which is then used as a reference or set-point
for the controller. Also, the cell voltage and the balancing current are provided as
the disturbance elements for the inner and the outer loops, respectively [90].

4.6 Control Algorithm

4.6.1 Maximum-SoC Difference Approach

In order to control the balancing process, the control algorithm was defined in the
form of a mathematical expression where approaching a specified control law is
necessary. In this thesis, the maximum-SoC difference approach was followed and
programmed as a function in MATLAB, where the SoC of all the cells are the in-
put signals and the switching logic concerned to a specific DC-DC converter is the
output of the control algorithm.

The maximum-SoC difference approach considers the following principles;
» Calculate the difference in the SoC of the adjacent cells connected in series.
o (Calculate the maximum differences of SoC of the adjacent cells.

o Prioritize the set of cells that has a maximum difference in SoC and initialize
the switching logic for that DC-DC converter.

The control algorithm receives the dynamic values of the SoC according to the
priority of the switching logic operation for the converter as output changes at the
set frequency or discrete sample time of the simulation. This evaluation will be
carried out until the defined SoC difference or the SoC balancing has been achieved
in the cells and the balancing process exits the loop of the function once it is attained,
as illustrated in Figure A.3 in the appendix.
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Results

This chapter presents the results of the active cell balancing using a buck-boost
converter. Section 5.1 discusses the choice of converter for the modeling and simu-
lation in Simulink. Section 5.2 presents the results and analysis obtained from the
simulation of the active cell balancing system.

5.1 Choice of Converter

According to the system requirements, technical assumptions, and limitations, this
thesis work considers prioritizing the control complexity, balancing speed, and effi-
ciency, while the size and the cost factors are not focused. The latter will be studied
more in the future when realizing the developed model on hardware.

Table 5.1: Decision matrix for the selection of the type of converter and method

13].

Type of Converter | Buck-Boost Con- | Flyback Con- | Half-Bridge
verter verter Converter
Balancing method | ACTC CTPTC CTP
Efficiency Excellent Good Excellent
Size Very high Medium /High Very high
Speed Excellent Excellent Poor
Cost Very high High Very high
Control complexity | Medium High Very high

Table 5.1 compares three types of converters in terms of corresponding balance
method, efficiency, size, speed, cost, and control complexity. The drawbacks pre-
sented in Table 5.1 can vary depending on the system requirements. However, among
these converters, the buck-boost converter is suitable for the purposes of modeling,
design, and implementation. Thus, in this thesis, a bidirectional buck-boost con-
verter operating in the ACTC mode is adopted.
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5.2 Balancing Results and Analysis

5.2.1 Balancing the Evenly Imbalanced Cells

The Simulink model developed for the active cell balancing for six cells was used
to evaluate the effectiveness by considering that the SoCs of the cells are evenly
imbalanced. Figure 5.1 shows the initial imbalanced SoCs with a difference of 1%
between adjacent cells, and thus the maximum initial SoC difference between all
cells is 5%.
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Figure 5.1: SoC of the cells balancing from 5% to 0.09 % imbalance difference.
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Figure 5.2: SoC at the end of balancing for the evenly-imbalanced cells.

Figures 5.1 and 5.2 present the balancing results in the given scenario, where the
SoCs of the cells gradually converge to about the average value of all the cells.
The control algorithm is designed by limiting the SoC difference after the balancing
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process below a given threshold, e.g., 0.09% in this case, to guarantee a predefined
precision, which reduces both the balancing time and the computation time. Since
the cells considered in this case are equally imbalanced between the adjacent cells,
during the balancing process, cells whose SoCs are higher than the average SoC
release their energy, and the cells below the average SoC gain energy. The balanc-
ing process is considered completed after about 10,846 s, and the SoC differences
between the adjacent cells are all successfully limited below 0.09%.
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Figure 5.3: Balancing current of the cells in evenly-imbalanced states.

Figure 5.3 shows the balancing current, which is the charging or discharging current
obtained as the result of the balancing process and the control algorithm discussed
in Section 4.6.1. The maximum balancing current is 22.74 A in the discharging
phase and 10.76 A in the charging phase.

i X 10775.3
il Y 10.7605

@

7
|

Balancing current(A)
I
T T
Balancing current(A)

-
@

X 107753 -20
Y -22.7438

=25 I =25
|

o
3

| I L | | I
0 2000 4000 6000 8000 10000 12000 14000 0 2000 4000 6000 8000 10000 12000 14000
time(sec) time(sec)

Figure 5.4: Balancing currents of Cells  Figure 5.5: Balancing currents of Cells
1 and 6. 2, 3,4, and 5.

Figure 5.4 shows the balancing currents of Cells 1 and 6, which are obtained at the
two ends of the circuit. The charge first moves from Cell 1 to its adjacent Cell 2,
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and so on, based on the feedback control algorithm, until it is received by Cell 6
from its adjacent Cell 6.

In this process, Cells 2, 3, 4, and 5 need to be charged and discharged by exchanging
charges with their adjacent cells to ensure the flow of energy/charge from high SoC
cell to low SoC cell and vice versa, as shown in Figure 5.5.
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Figure 5.6: Balancing energy flow between evenly-imbalanced cells.

Table 5.2: Calculation of energy loss during balancing for evenly-imbalanced cells
with reference to SoC and Energy plots.

Before balancing After balancing (from SoC plot) | After balancing (from Energy plot)

Cell SoC | Energy (Wh) | SoC Energy (Wh) Energy shuttled | Energy (Wh)
Cell 1 | 0.7700 9.1476 0.7432 8.8292 -0.3801 8.7675
Cell 2 | 0.7600 9.0288 0.7423 8.8185 -0.2501 8.7787
Cell 3 | 0.7500 8.91 0.7414 8.8078 -0.1206 8.7894
Cell 4 | 0.7400 8.7912 0.7405 8.7971 0.0083 8.7995
Cell 5 | 0.7300 8.6724 0.7396 8.7864 0.1369 8.8093
Cell 6 | 0.7200 8.5536 0.7387 8.7757 0.2652 8.8188
53.1036 52.8149 52.7632
Energy Loss—> 0.2887 Wh 0.3404 Wh
Energy Loss Percentage —> 0.5436 % 0.6410 %

Figure 5.6 shows the energy plot derived by integrating the battery power over time,
where power is calculated as the product of current and voltage for the cell. The
computed energy loss is 0.3404 Wh, which is 0.6410% of total energy, as shown in
Table 5.2. It also shows that the energy loss calculated from the SoC plot is 0.2887
Wh, which accounts for 0.5436% of the total energy. The energy loss is all from the
battery’s internal resistance, and the converter losses due to the resistance in the
inductor and MOSFET components are not modeled.

5.2.2 Balancing the Randomly Imbalanced Cells

Simulations for the balancing were also carried out for more realistic scenarios where
the initial SoCs are randomly distributed. The maximum initial SoC difference
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between the cells is 9%.
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Figure 5.8: SoC at the end of balancing for randomly-imbalanced cells.

Figures 5.7 and 5.8 present the initial SoC of the cells and the behavior of the
balancing process, where Cells 2, 4, and 5 are subjected to charge and discharge
during balancing in order to reach their balanced states. This is because the energy
is restricted to be transferred between the adjacent cells. The balancing process

is terminated after about 10,202 s when the SoC difference between the cells has
reached 0.09%.

Figure 5.9 presents the balancing current of the cells, where the maximum balancing
current is observed to be 18.18 A and 10.02 A during the discharging and charging
phases in the balancing process, respectively.
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Figures 5.10 and 5.11 compare the balancing currents of Cell 5/Cell 6 and the bal-
ancing currents of Cell 4/Cell 5, respectively, in the same balancing process. It can
be seen that these cells are not charging or discharging at the beginning. Cell 5
starts discharging its charge to Cell 6 at about 1408 s. After that, Cell 5 keeps
receiving the charge/energy from Cell 4.
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Figure 5.10: Balancing current flowing  Figure 5.11: Balancing current flowing
from Cell 5 to Cell 6. from Cell 4 to Cell 5.
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Figure 5.12: Balancing energy flow between randomly-imbalanced cells.

Table 5.3: Calculation of energy loss during balancing for randomly-imbalanced
cells with reference to SoC and energy plots.

Cell Before balancing | After balancing (from SoC plot) | After balancing(from Energy plot)
SoC | Energy (Wh) | SoC Energy (Wh) Energy shuttled | Energy (Wh)
Cell 1| 0.8 9.504 0.7432 8.8886 -0.7387 8.7653
Cell 2| 0.73 8.6724 0.7423 8.8779 0.2452 8.9176
Cell 3| 0.79 9.3852 0.7414 8.8672 -0.6205 8.7647
Cell 4 | 0.74 8.7912 0.7405 8.8577 0.0787 8.8699
Cell 5| 0.75 8.91 0.7396 8.8470 -0.0755 8.8345
Cell 6 | 0.71 8.4348 0.7387 8.8363 0.4765 8.9113
53.6976 53.1748 53.0633
Energy Loss—> 0.5227 Wh 0.6343 Wh
Energy Loss Percentage —> 0.9735 % 1.1812 %

Figure 5.12 presents the energy flow between the cells during the balancing process.
Table 5.3 summarizes the calculated energy losses. The energy loss is found to be
0.5227 Wh and 0.6343 Wh, corresponding to 0.97% and 1.18% in percentage, based
on the SoC and energy, respectively.
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Conclusion

This thesis starts with a comprehensive evaluation of different types of DC-DC con-
verters for automotive applications in order to achieve enhanced system performance
and prolonged battery longevity for electric vehicles.

Active cell balancing using DC-DC converters is increasingly important in research
and development because of its high efficiency, high balancing speed, and superior
robustness. Understanding the advantages and disadvantages of selected types of
converters provided a solid base for choosing a converter for the concerned applica-
tion. The bidirectional buck-boost converter, flyback converter, and dual half-bridge
converter were analyzed for this purpose. The bidirectional buck-boost converter is
considered better suited than the rest of the types, according to our evaluation.

A simple equivalent circuit model of batteries is used in this work, built in Simulink
to depict the behavior of the battery cell’s dynamic properties. For investigation,
six cells are connected in series to form a battery module in the battery pack of an
electric vehicle.

The Coulomb counting method is used to estimate the SoC of the cells and inte-
grated into the model. The bidirectional buck-boost converter is initially designed
and modeled to balance the energy or SoC between two adjacent cells. Upon vali-
dating the balancing process, the construction is carried out for the six cells. PID
controllers are chosen and developed for the generation of the PWM signals for the
MOSFETs in the converter because they are simple and easy to implement.

With the developed Simulink model, simulations are carried out under the scenar-
ios with evenly imbalanced and randomly imbalanced SoC of the cells. In both
cases, the cell-balancing model performed as expected, and it is observed that the
balancing time is reasonably acceptable. At the same time, the energy efficiency
is significantly improved over the objective comparison against the research work
[3, 63]. A simple battery model, which reduced the complexity of the system, a PID
controller, which allowed for enhanced control performance, and a robust control
algorithm are contributing factors to these improvements.

The potential drawbacks and limitations of this method include the lack of thermal
behaviors in the battery model, the SoH of the cells, and energy losses from the
inductors. Furthermore, the balancing performance is tested only during the idle
condition.
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Future Work

We present the design and validation of a simple, effective model for active cell
balancing using a DC-DC converter implemented in Simulink. The outcomes of the
work were reasonable. However, there is potential to enhance the model’s accuracy
and the effectiveness of the balancing scheme by incorporating more sophisticated
algorithms.

One suggestion is to adopt more detailed models, such as the 1-RC or 2-RC equiv-
alent circuit models, which can capture a broader range of dynamic properties of
the battery. These models would provide a more comprehensive foundation for im-
proving the existing model. Furthermore, integrating a thermal model would offer
a more precise insight into multi-physical battery behaviors, contributing to a more
accurate overall system model. Including factors like the state of health (SoH) in
the model would further enhance the model’s predictive capabilities over a longer
operation period.

Apart from the controllers discussed in Section 2.8, another suggestion is to explore
advanced control approaches like model predictive control (MPC), adaptive control,
fuzzy logic control, and optimal control. While these sophisticated techniques offer
improved control performance, they may incur higher implementation costs includ-
ing computation and storage resources. There is an opportunity to leverage artificial
intelligence (Al) to simplify these advanced control methods.

To gain more insights of the balancing process and its optimal control strategy, it
is recommended to consider various charging and discharging scenarios during the
balancing process. This approach would contribute to a more realistic representa-
tion of the system’s behavior.

Our last suggestion for future work would be to validate the model by implementing
it on an actual hardware platform and comparing the results with the simulated
outcomes in Simulink. This practical validation could provide valuable insights into
the model’s accuracy and effectiveness in real-world scenarios.
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Appendix 1

DUTY_1
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Figure A.1: Switching logic block that produces input for the MOSFETS in
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A. Appendix 1

function [51,52,53,54,55] = fen( SOC1, SOC2, SOC3, SOC4, SOC5, SOC6)

%EVALUATE DIFFECRNCE BETWEEN THE CELLS
$12=abs(50C1-50C2);
$23=abs(50C2-50C3);
$34=abs(50C3-50C4) ;
S45=abs(50C4-50C5) ;
$56=abs(50C5-50C6) ;

%DIFFERENCE IN SoC BTW ADJACENT CELLS

SOCdiff = [S12, S23, S34, S45, S56]; % SoC difference array

dynamicMax = SOCdiff(1); % Initialize dynamic maximum SoC difference with the first element
maxIndex = 1; % Initialize index of dynamic maximum

for i = 2:1ength(S0Cdiff)
if SOCdiff(i)} > dynamicMax
dynamicMax = SOCdiff(i); % Update dynamic maximum if a larger value is found
maxIndex = i; % Update index of dynamic maximum

end
end
if all(maxIndex == 1) && all(dynamicMax >= ©.8009)
S1=1;
elseif all(maxIndex == 2) && all(dynamicMax »>= ©.0089)
$2=1;
elseif all(maxIndex == 3) && all(dynamicMax >= ©.0009)
S3=1;
elseif all(maxIndex == 4) && all(dynamicMax »>= ©.0009)
Sa=1;
elseif all(maxIndex == 5) && all(dynamicMax »>= ©.0009)
S5=1;
end
end

Figure A.3: MATLAB function/algorithm for "Max-SoC difference approach"
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