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ABSTRACT

Electric vehicles (EVSs) are becoming popular and considered as future transportation
with the apparent capability of zero fuel consumption and pollution. In case of the
hybrid electric vehicles and energized battery vehicles are more efficiently used in
private and public transportation systems. In the EVs system, an energy storage device
is main concern due to charge and discharge issue. This device faces some problems
which are electrochemical cell voltage imbalance, state of charge imbalance and state
of discharge imbalance. These problems occur due to cell chemical digression,
internal resistance and temperature effects which reduce the lifecycle and performance
of the cell. Also storage devices are challenged a formidable to immediately deliver
the unpredictable driving power required by the electric vehicle. Therefore, the
effective voltage balancing technique is highly necessary to balance the voltage
differences between cell to cell in the battery pack. Balancing circuits are taken for a
long time, which create a voltage gap. To overcome this issue, a design of single
resonant converter-based active charge balancing circuit is used to reduce the
balancing time and voltage gap. This balancing circuit performs on charging,
discharging and inoperative mode. A single series LC tank is connected with
switching components and battery cells. The balancing speed has been improved by
allowing energy transfer between any two cells in the battery string, and power
consumption for balancing is reduced by operating all switches in the circuit at a zero-
current switching condition. In general, high spark current is introduced in the
inductor that can damage switching devices. Experimental results represented that the
balancing circuit provides the balancing current to the cell, which reduces the voltage
differences between any cells to cell. The results exposed two 4400mAh Li-ion
batteries voltage balancing process. The initial voltage gap between two batteries is
246 mV and the voltage deviation was reduced of 0 mV whereas the voltage balancing
process terminated. In addition, the total time duration of the tested voltage
equalization process is 76 minutes. This circuit proves an effective and automated
system to balance the battery charge that improves the safety and life cycle of the
battery. Therefore, this balancing circuit is applicable to equalize the unbalanced
voltage of the batteries in electric vehicles and energy storage systems.



Guand ,\Laﬂi

Sefinaall (B 5 Al 5 D5 JLIBY) ad 5 (EVS) AilieSl LS sl Ciapial
gl 8 Liaablise aae Ul 5 0 6l) eDgi) aae e daal ol g il el
Jaxdi Lgald ¢ jlad) ALy 53 5 hall LS jall 5 diangd) 40l 5eSI LS jal) Al &
A e QB EVS alai s Adlally Aalal) Jall daail (4 ST el
a dal sy il s el ASEe G ot )l AldAY) amse a8
pae Alla s ¢ Al o Sl LAY o)) 5 aae Ala Lgia s JSLED (any gl
PN EUETRRGE, CVON AT SGIRE I R o I P PR R BN | NP EN | g P
Bln 590 e JIE 350 pal) a3 il cialalall e laal 5 dileSl) AR
55l gyl Qe sl G (e 108 Tt 300 5 gl 4 5 LS 20 ¢
Aladl) 2 ) sall 2 8 el A5 oSl A jall Leallaii i) Aad giall e Gadlal)
Jaly oAty Ala cple aeal) L8 G )V sl Al 45 e 2eall
Agad) 8 ead daad lae dlygh 58 JOA Gl &) e a4 el da s
Ala) et AanBl ()3 5 5000 el aladind S5 ¢ AlSERl e3a o sl
single resonant converter-based active 2%l (i)l Jsse e
30 Jaaly 2l 35ads o5l dy Q& charge balancing circuit
Al (e LC U0A doas & Al pumgy goodilly adll e o)) sl
e e Vs Ao Gauad Gy Ay jUadl LA 5 s il il Sy 3aal
Mgl Jalss XS 55 o jlad) dlale 6 oula gf o A8l Jiy ~ el
Jisad Alla 8 50l 8 mlaal) waes Joinds A e o)) sl (Gadal 28U
ddlaa) o4 cale JSA4 5 zero-current switching condition il Ll
Coelal a5 Jasaill 8 jeal caliy () 4iSay (535 i haall B sl Jle U
DA (e Jlay Lae cAglall 4630 gal 1L 85 ¢ 305l 3500 of A yaill bl
Osh el aeall (8 )58 Alee (e gl iES (5 ATy AR (o eal)
llie 246 Gt stadl G V) ead) s sad iy ael e 4400 4 sdill
dalee Caglil (pa (Al e jhia el ) sgadl Gl adl (alissl o5 il 8
3l 5 e Aplaad Allaa¥) da 3l saall Gl celly ) ALLYL el o)) 5
Ol 058 sl (1 g Jlad aUai 3 5a 93 yilall 038 S 4580 76 A 5 sl
oM Gl elldly AUl Bla B0 SISy el e sy (Al Ay Uadl
Gl jall A alpladl ) siall e agall daladl Gudaill ALE 228 () il

" A8 (0 535 Aadail 5 A8l e



APPROVAL PAGE

| certify that | have supervised and read this study and that in my opinion, it conforms
to acceptable standards of scholarly presentation and is fully adequate, in scope and
quality, as a thesis for the degree of Master of Science (Electrical Engineering).

S M A Motakabber
Supervisor

Muhammad Ibn Ibrahimy
Co-Supervisor

| certify that | have read this study and that in my opinion it conforms to acceptable
standards of scholarly presentation and is fully adequate, in scope and quality, as a
thesis for the degree of Master of Science (Electrical Engineering).

Mashkuri Bin Yaacob
Internal Examiner

Dr. Mohd Nizar Hamidon
External Examiner

This thesis was submitted to the Department of Electrical and Computer Engineering
and is accepted as a fulfilment of the requirement for the degree of Master of Science
(Electrical Engineering).

Mohamed Hadi Habaebi
Head, Department of Electrical
and Computer Engineering

This thesis was submitted to the Kulliyyah of Engineering and is accepted as a
fulfilment of the requirement for the degree of Master of Science (Electrical
Engineering).

Erry Yulian T. Adesta
Dean, Kulliyyah of Engineering



DECLARATION

| hereby declare that this thesis is the result of my own investigations, except where
otherwise stated. | also declare that it has not been previously or concurrently
submitted as a whole for any other degrees at IIUM or other institutions.

A K M Ahasan Habib

SIGNALUIE ..o Date ..cceeeeceeeeece e



INTERNATIONAL ISLAMIC UNIVERSITY MALAYSIA

DECLARATION OF COPYRIGHT AND AFFIRMATION OF
FAIR USE OF UNPUBLISHED RESEARCH

LI-ION BATTERY CHARGE BALANCING CIRCUIT FOR
APPLICATION IN ELECTRIC VEHICLES

| declare that the copyright holders of this thesis are jointly owned by the student and
[HUM.

Copyright © 2018 A K M Ahasan Habib and International Islamic University Malaysia. All rights
reserved.

No part of this unpublished research may be reproduced, stored in a retrieval system,
or transmitted, in any form or by any means, electronic, mechanical, photocopying,
recording or otherwise without prior written permission of the copyright holder
except as provided below

1. Any material contained in or derived from this unpublished research may
be used by others in their writing with due acknowledgement.

2. 1IUM or its library will have the right to make and transmit copies (print
or electronic) for institutional and academic purposes.

3. The IHUM library will have the right to make, store in a retrieved system
and supply copies of this unpublished research if requested by other
universities and research libraries.

By signing this form, | acknowledged that | have read and understand the 1HUM
Intellectual Property Right and Commercialization policy.

Affirmed by A K M Ahasan Habib

Signature Date

Vi




ACKNOWLEDGEMENTS

First of all, Alhamdulillah and all praise to ALLAH (Subhanahu Wa Taala), the Most
Beneficial and Most Merciful, to give me the ability and knowledge to accomplish my
research work successfully. It is my utmost pleasure to dedicate this work to my dear
parents and my family, who granted me the gift of their unwavering belief in my
ability to accomplish this goal: thank you for your support and patience.

| wish to express my appreciation and thanks to those who provided their time,
effort and support for this project. To the members of my dissertation committee,
thank you for sticking with me.

Finally, a special thanks to my supervisor Dr. S M A Motakabber for his
continuous support, encouragement and leadership, and for that, I will be forever
grateful. 1 also like to thank my co-supervisor Dr. Muhammad Ibn lbrahimy for his
encouragement and support to my research work.

vii



TABLE OF CONTENTS

ADSTTACT ... i
ADSEIACE IN ATADIC ... et ee e ii
APPIOVAL PAJE... .ottt iv
[ =Tod 2T =LA o] o USRS %
ACKNOWIBAGEMENTS ... .ttt sre e enes vii
TabIE OF CONTENTS ...ttt enes viii
LISt OF TADIES ... X
LISE OF FIGUIES ...ttt st sneenne e Xi
LiSt Of ADDIEVIALIONS ......ooviiieiiie e xiii
CHAPTER ONE: INTRODUCTION ..ottt 1
1.1 Background of The StUdY .........ccooeieiiiiiinieee e 1
1.2 Problem Statement and Significance of The Study ..........ccccceevevveienen, 12
1.3 ReSEarch ODJECLIVES.......ccoiiiiiiieieieieee s 12
1.4 Research Methodology .......cc.coveiveiiiiie i 13
1.5 RESEAICN SCOPE .....cuviueieiitiitisie ettt 14
1.6 TheSiS OULIING ......coiiiiiiiec e 15
CHAPTER TWO: LITERATURE REVIEW. ... 16
220 A 1 0 To [ od £ o o 1SS 16
2.2 Common Secondary Batteries ...........coevvveveiiieiieie e 17
2.3 Battery Management SYSTEM ..........covvviiieiiiieiieeees s 23
2.4 Battery Voltage BalanCing..........ccccooviieiieie i 24
2.5 SUMIMANY ..ottt nn e n e 49
CHAPTER THREE: DEVELOPMENT OF BCB CIRCUIT AND
PERFORMANCE EVULATION OF PROPOSE DESIGN..........cccooeviieinnne 52
200 111 oo [ od o] o PSS 52
3.2 Bacis Principle of BCB Development ..........ccccccoeiveveiieceese e 52
3.3 Development of Charge Balancing System..........cccccceviiinineniiienienen, 55
3.4 Charge Balancing Algorithm and Equalization.............ccccceevviveivenenne. 57
3.5 Propose Balancing CirCUIL ........ccooiiiiiiiiinieieeee e 65
3.6 Resonant Converter Battery EQUaliZers.........ccoovevveveiiece e 68
3.7 SUMIMAIY ...ttt ettt b et 71
CHAPTER FOUR: RESULT AND DISCUSSION .....cccccoiiiiiiie e, 73
o I ) oo [0 Tod o] TSRS 73
4.2 CBC Performance ASSESSMENT.........c.coveierieereiieseere e seesee e sieeseeenes 73
4.3 Simulation Result of The Development CBC .........cccccccvvvievieiiic v, 76
4.4 Charge Balancing ReSUILS..........ccooiiiiiiiiiniecee e, 80
4.5 Comperision With Banchmark ..........c.ccccoviiiiiiiii i 81
4.6 SUMIMAIY ...ttt ettt ettt ettt ettt ettt b et e e 85
CHAPTER FIVE: CONCLUSION AND FUTURE WORK..........ccovcvveieinn, 86
5.1 CONCIUSION ...t e 86

viii



B2 FULUIE WWOTKS ..ot e e 87

REFERENCES ... oo .88
PUBLICATION ..o 96
APPENDIX ..o 97



LIST OF TABLES

Table 1 Comparison among the related works

Table 2 List of Component

Table 3 Simulation result comparison with banch mark
Table 4 Experimental result comparison with bench mark.

o1
68
85
87



LIST OF FIGURES

Figure 1.1 Schematic diagram of EV

Figure 1.2 Fundamental design of electrochemical secondary battery cell
Figure 1.3 Charging and discharging procedure inside an electrochemical cell
Figure 1.4 Charging process inside a Li-lon cell

Figure 1.5 Li-lon battery cells voltage charging and discharging profiles
Figure 1.6 Imbalance cells

Figure 1.7 Flowchart of proposed battery voltage balancing

Figure 2.1 Comparison of the different types of battery energy density
Figure 2.2 Overview of BMS

Figure 2.3 Voltage balancing schemes of BMS

Figure 2.4 Shunt resistor balancing

Figure 2.5 Transistor and op-amps for passive charge balancing
Figure 2.6 Switch capacitor balancing

Figure 2.7 Single switch capacitor

Figure 2.8 Double tier switch capacitor balancing technique

Figure 2.9 Modularized switched capacitor technique

Figure 2.10 Single inductor based CBC

Figure 2.11 Multi inductor CBC

Figure 2.12 Single winding transformer

Figure 2.13 Multi-winding transformer

Figure 2.14 Multiple winding transformer

Figure 2.15 Modularized multi-winding transformer

Figure 2.16 Cuk converter

Figure 2.17 Ramp converter

Figure 2.18 Boost converter

Figure 2.19 Buck-Boost converter

Figure 2.20 Resonant converter based CBC

Figure 2.21 Fly-back converter

Figure 2.22 Full-bridge converter

Figure 2.23 PWM control voltage balancing

Figure 2.24 Voltage deviation base CBC

Figure 3.1 A typical voltage transferring system

Figure 3.2 Serial resonance circuit with battery cell and its waveforms
Figure 3.3 Basic block diagram of voltage balancing system

Figure 3.4 Current routes for the operation of balance converter
Figure 3.5 Charge balancing circuit between two batteries

Figure 3.6 flow chart of the proposed Algorithm of voltage balancing system.
Figure 3.7 Basic circuit in charging time

Figure 3.8 Basic circuit in discharging time

Figure 3.9 Basic circuit in inoperative time

Figure 3.10 Propose voltage balancing circuit

Figure 3.11 Series-parallel combination of the CBC

Figure 3.12 Prototype circuit (lab view)

Figure 3.13 Current routes for the operation of balance converter
Figure 3.14 switching duty cycle

Xi



Figure 4.1 Switching frequency is half of resonant frequency 74

Figure 4.2 Switching frequency is equal of resonant frequency 75
Figure 4.3 Switching frequency is double of resonant frequency 75
Figure 4.4 Gate pulse on MOSFET switches, inductor current, capacitor voltage 76
Figure 4.5 Cell charge/discharge process 77
Figure 4.6 Voltage balancing process during inoperative mode 78
Figure 4.7 Voltage balancing process during resistive load 79
Figure 4.8 Voltage balancing result 80
Figure 4.9 Switching frequency 81
Figure 4.10 Simulation result of the propose balancing circuit result 82
Figure 4.11 Experimental result of gate pulse, inductor current, capacitor voltage 83
Figure 4.12 Experimental result of the proposed voltage balancing circuit 83
Figure 4.13 Simulation result comperison 84
Figure 4.14 Experimental result comperison 85

xii



BCB
BMS
BVB
CBC
DOD
ESD
EV
HEV
ICE
Li-ion
MS
PHEV
PWM
RUL
SC
SOC
SOD
SOH
ZCS
ZVS

LIST OF ABBREVIATIONS

Battery Charge Balancing
Battery Management System
Battery Voltage Balancing
Charge Balancing Circuit
Depth-of-Discharge

Energy Storage Device
Electric Vehicle

Hybrid Electric Vehicle
Internal Combustion Engines
Lithium lon

MOSFET Switches

Plug In Hybrid Electric Vehicle
Pulse Width Modulation
Remaining Useful Life
Super Capacitor
State-of-Charge
State-of-Discharge
State-of-Health

Zero Current Switching

Zero Voltage Switching

Xiii



CHAPTER ONE
INTRODUCTION

1.1 BACKGROUND OF THE STUDY

In the field of road transportation, the number of vehicles has increased due to the
progression of manufacturing techniques and living standards since the World War II.
The majority of the vehicles are driven by the Internal Combustion Engines (ICEs). In
ICE, fossil-fuel energy converts into the mechanical energy and heat while emitting
the greenhouse gases and other environmentally-damaging materials.

In order to address the global warming, environmental protection and oil-
depleting issues a suitable sustainable transportation alternative to the ICE vehicles is
required. As alternatives to ICE vehicles, Plug-in Hybrid Electric Vehicles (PHEVS),

Hybrid Electric Vehicle (HEVs) and Electric Vehicles (EV) are being brought forth.

BMS
Battery Bank

Charger

DC/DC
Converter

Junction Box Motor Electric Motor
(Contactors, Fuses, Circuit Breakers) Controller

Figure 1.1 Schematic diagram of EV (T. Zhou, 2014)

The EV needs storage electric energy to function. Electric energy storage

device is made from batteries or supercapacitors. In a battery pack, all cells or



supercapacitors are connected in series or parallel for achieving the required voltage
or capacity to drive the electric motor. Different types of cells are used in a battery
pack like as Lead acid battery cells, Nickel-Metal Hydride battery cells, Lithium-ion
battery cells. The terminal voltage of cells are varied from cell to cell such as 2-3.6 V
for lead acid battery cell, 2-3.65V for nickel-metal hydride battery cell and 2.7-4.2 V
for lithium-ion battery cell. For the required voltage, a battery pack consists of battery
modules and each battery module consists of 50-104 cells. Based on the power
demand, the type of battery cells varies such as Mitsubishi electric car of 16 kWh,
Honda electric vehicle of 20 kWh, ford hybrid car of 23 kWh and Nissan electric
vehicle of 33 kWh (Battery University, 2017). The spark EV, Li-lon battery cells (336
in numbers) make up the battery pack that is used in General Motors. There cells are
connected in parallel (each cell ~3.3 V) and make a battery module. For creating a
battery pack, 112 battery modules are connected in series and nominal voltage of the
battery pack is 368.6 V DC. When fully charged, it’s up to ~ 425 V DC. Nowadays,
EV and HEV are under production and development by several manufacturers to
improve the fuel economy to meet local issues as well as national and global
challenges. Parameters such as energy saving, size, efficiency and cost need to be
taken into consideration to improve the energy storage system in EV. The life cycle,
cost and performance of EV and HEV depend on battery.

Battery is a device that chemically stores the energy and delivers electrical
energy. There are two types of batteries:

e Primary batteries
e Secondary batteries

Primary batteries are those which deliver energy only for once when discharged.

Secondary batteries deliver the storage energy cycle wise (charge and discharge) until



the end of lifetime. Usually secondary batteries are used in EV. In secondary battery,
electric energy to chemical energy (charging time) conversion and chemical energy to
electric energy (discharging time) conversion occur via electrons donating (oxidation)
and electrons accepting (reduction). These reaction is called redox reaction that occurs
at the positive and negative electrode (Berg, 2015 & Yuan et al., 2011). The
electrochemical energy storage element that is contained inside a battery is called cell.
In a battery, one or more cells are accumulated together in series or parallel to achieve
a desired voltage or current. An electrochemical secondary cell fundamental design is

shown in Figure 1.2 (Berg, 2015) that generally contains the following elements:

Electrode 4ctrolyte /Ca\sing

Separator Current collector

Figure 1.2 Fundamental design of electrochemical secondary battery cell (Berg, 2015)

Anode (Negative Electrode):

Oxidation occurs at this electrode. In the reaction, electrode releases electrons which
flow to the cathode. Battery performance depends on the material of the anode
selected based upon its high specific capacity, efficiency, stability, conductivity, cost,

and ease of fabrication (Berg, 2015 & Yuan et al., 2011).



Cathode (Positive Electrode):
Reduction occurs at this electrode. The cathode accepts electrons from the anode.
Based on voltage and chemical stability, suitable cathode material is selected for a

battery cell (Berg, 2015 & Yuan et al., 2011).

Electrolyte:
When the electrochemical reaction occurs in a battery cell, electrolyte works as a
medium for transferring the ions, charge that flow between anode and cathode. The
electrolyte material can be solid, gel or liquid, such as water or solvent/dissolved salt.
The electrolyte material is selected based on its non-reactivity with electrode material,
high conductivity, stability at various temperatures, cost and safety (Berg, 2015 &
Yuan et al., 2011).

A cell voltage is defined as the voltage difference between the anode and
cathode. Highest energy capacity and cell voltage is dependent on the combination of
cathode and anode material. Practically when a cell is designed, separators are used to

provide a mechanical isolation between the anode and cathode.

Cell Operation

During the charging process, the cathode undergoes reduction, accepts electrons,
which travel to the anode which loses the electrons and undergoes oxidation. During
the discharging process reverse cycle occurs. The free energy decreases on the system
when a reaction occurs and this free energy is transformed into electrical energy.
Based on active material that is contained in the cell, the standard potential of the cell
is determined. It is calculated by the summation of cathodic and anodic potentials.

The charge and discharge procedures are shown in Figure 1.3.
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Figure 1.3 Charging and discharging procedure inside an electrochemical cell
(Shamsi, 2016)

Lithium-lon Battery Operation

In Li-ion battery cell, the positive electrode is typical lithium metal oxide and lithium
graphite is used to be negative electrode. In charging state, Li-ions are detached from
the lithium layered oxide composite of the anode and interpolated into the lithium
graphite layers. The procedure is reversed on discharge. Li-ion battery cell required an
external current driving circuit for charge balancing at each electrode (Figure 1.5,
Dunn et al., 2011) and Li+ transfer from positive electrode to negative electrode by

Electrolyte.
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Figure 1.4 Charging process inside a Li-lon cell (Dunn, 2011)

Lithium-lon Battery Charge and Discharge Characteristics

Li-lon battery cells voltage charging and discharging profiles are displayed in Figure
1.6. Li-lon cells are charged by continuous current- constant voltage logic. In the
beginning, the terminal voltage of the cell increases to maximum cell voltage and
provides the charging current. The current starts declining as the cell voltage touches
the maximum terminal value and the supply is cut off when the cell current drops
down to a cut-off value that is specified by the manufacturer. From the figure, Li-ion
cell voltage discharge carve offers a flat voltage profile. Initially cell voltage is
dropped due to internal cell resistance. The cell is allowed to discharge only when
the voltage through the cell becomes equal to the cut-off voltage, which is specified

by the manufacturer.



Cell voltage (V)

2.9
Time of (}I.wr‘.lli(m (h)
Voltage at 1.61A Charge Voltage at 2A discharge
Figure 1.5 Li-lon battery cells voltage charging and discharging profiles
(Shamsi, 2016)
C_Rate

C_rate is determined based on the battery capacity. For instance, a 1C discharge of a

10 Ah battery represents 10A and will discharge the battery in an hour.

C _rate =
max

Capacity Measurement

Capacity of the Li-ion cell is measured by the amount of the active element on the
electrodes. Moreover, the capacity of a li-ion battery is equivalent to the C rate and
declines by a limited percent for higher C rates. Capacity is calculated by the C-rate of
the battery and the number of hours. For example, a battery delivers the C Amperes
current with an hour. Battery capacity decreases by the internal resistance at higher C-
rate. Minimum voltage and current range are specified by manufacturers so that
battery can be extracted (Andrea, 2010).

Battery Capacity = C — rate (A) * Time (h)



State of Charge (SOC) and Depth of Discharge (DOD)
Battery or cell charge that is contained in battery or cell at a certain time is expressed
by the term of SOC. SOC is expressed by the percentage, for example, a battery or
cell is 100% of SOC that means battery or cell is fully charged or a battery or cell is
0% of SOC that means battery or cell is fully discharged.

DOD describes how deeply the battery / cell is discharged. In a full charged
battery/cell DOD is zero and it is expressed by Ah. When a cell is connected with
load, the amount of DOD increases with time. The cell capacity and DOD become of

equal value when the cell is fully discharged.

Internal Resistance

Every single Li-lon cell holds a small quantity of internal resistance, naturally in the
order of a few milliohms. The resistance connected with the cell falls into the group
of active resistance. This indicates that the rate of the resistance fluctuates with
deviation in certain factors such as discharge current, SOC, temperature and cell
usage. Internal resistance is specified by manufacturers so that battery can be

extracted.

Challenge of Li-lon Batteries

Capacity Loss

Li-ion battery capacity is not fixed, it fluctuates over the battery cycling life. Capacity
of the battery decreases linearly with the number of charging and discharging cycles
(Dubarry, 2007). Although a percentage of the capacity loss is connected with the

active material loss of inside the cell. Many of the active material mechanisms are



dependent on the crystallinity, microstructure and morphology of active electrode
materials, which directly influence the battery cell performance [Berg, 2015]. Battery
cells go under charged/discharged state because battery cell resistance increases.
While charging and discharging cut-off voltage remain fixed and battery cells are

charged and discharged resulting in a loss of capacity.

Temperature Effects

When Li-ion battery cells are exposed to cyclical charge and discharge, the increase in
battery cell temperature is accelerated and a chemical of the battery materials become
instable. For such a hazard, it is frequently recommended to have electronic protection
based on the battery cell threshold voltage (Taracson & Armand, 2001). If the
temperature of a Li-lon battery is not controlled, it may catch fire if temperature
crosses the manufacturer specified temperature limit. If the battery cells operate in too

hot or cold temperature, it results in loss of capacity and decreasing of the lifetime.

Cell Imbalance

Battery is an electrochemical device which converts chemical energy into electrical
energy or vice versa. The performance of the battery depends on the chemical reaction
during charging and discharging. Energy storage capacity diminishes gradually due to
chemical degradation during chemical reaction. During the charging and discharging,
battery cells become imbalanced. Because of this imbalance, battery life is reduced.

The effect of imbalance is shown in Figure 1.7.
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Figure 1.6 Imbalance cells (Shamsi, 2016)

Researchers are working and focusing on Li-ion batteries because of its
effective features such as, high power capacity, high energy density, high power, non-
memory effect, long life cycle, low self-discharge rate, and high temperature
tolerance, reliability and stability for EV as these characteristics increase vehicle
driving range and enhance utility. However, Li-ion battery cells decline when over-
charged beyond charging limit or exhausted below minimum limits. For example, the
lower and upper limits of Lithium iron phosphate (LiFePO4) are 2.7 V and 4.3 V
respectively. Battery pack of EV is charged by external electric power supply and
discharged by the EV driving system’s power demands. It is understandable that State
of Charge (SOC) and State of Discharge (SOD) of the battery pack need to be
maintained at tolerable points. It is required that battery cell temperature need to kept
within a preferred range and battery cells be prevented from overcharging (hazard
from fire) and over-discharging (permanent cell damage). During the over
discharging, the battery cells temperature increases because of the chemical
degradation occurring inside the cells and unbalancing the charge. The development
of EV system demands for long battery life, high voltage, high power, small battery

size and high efficiency. Therefore, EV battery system requires a battery cells charge

10



balancing system which is able to preserve the battery cells’ charge, increase the cell
efficiency, life cycle and perform in charging and discharging condition.

The Battery Management System (BMS) for PHEV, HEV and EV contains the
following sections:

a) Voltage/charge balancing System

b) Thermal Management System

c) Protection System.

Thermal Management System improves by evaporative cooling, liquid cooling
or air cooling to maintain the battery cells temperature in the scale of 40-60° C. The
battery protection system can be improved by appropriate electric circuit design with
relay, fuse and circuit breaker. Voltage balancing system is the most essential part for
the BMS and life time.

There are many voltage balancing schemes applied in BMS which have been
reported in several research works on the enhancement of performance in term of long
battery life, long charging cycle, high efficiency and give protection for damage cells
from over-charging and under-charging condition. Based on the features of the
standing voltage balancing system, the voltage balancing scheme can be categorized
into energy consumption by passive component and energy transfer from cell to cell.
Energy consuming voltage balancing scheme can be considered as a passive balancing
method because of the excessive energy of the stronger battery cell is dissipated by the
resistor in the form of heat and is balanced with lower battery cell. Another voltage
balancing method is called active balancing system because of the excessive energy of
the higher energy storage cell is transformed into lower energy storage cell by the

capacitor, inductor/ transformer or different types of converter.
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