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Abstract

The field of energy storage has improved drastically within the last two decades.
Batteries of various chemistries have been relied on to provide energy for numerous
portable electronic devices. Lithium-ion cells, when compared to other chemistries have
been known to provide outstanding energy-to-weight ratios and exhibit low self-discharge
when not in use [1]. The aforementioned benefits in conjunction with decreasing costs have
made lithium-ion cells an exceptional choice for use in electrical vehicles (EVs). Battery
Management Systems (BMS) in EVs are responsible for providing estimates for values that
are indicative of the battery pack’s present operating condition. The current operating
condition could be described by State of Charge, power fade, capacity fade and various
other parameters [2]. Importantly, it is essential for the estimation technique to adjust to
fluctuating cell characteristics as the cell ages, in pursuance of having available accurate
estimates for the life time of the pack. In order for the estimation technique to properly
estimate the desired quantities, a mathematical model capable of capturing cell dynamics
is desired. There are various proposed methods recommended for mathematically modeling
a cell, namely equivalent Circuit modeling, electro-chemical modeling and impedance
spectroscopy. Consequently, in order to ensure mathematical models are accurate and
further to have the ability to compare the proposed models, it is essential to have available
data gathered from a given cell at specific operating conditions. This Master’s thesis
outlines the development of a lithium-ion cell tester that is capable of controlling,
monitoring and recording parameters such as current, voltage and temperature. The Dual
capability of obtaining data from standardized cell tests as well as high frequency cell tests
is fascinating and intriguing. As this capability holds the possibility of reducing cost
otherwise spent on man hours and equipment which are both paramount in any industrially

automated process.



Master’s Thesis — A.Delbari; McMaster University, Mechanical Engineering

Acknowledgements

I would like to first and foremost thank God, for his endless showers of blessings. | would
like to express my gratitude to my parents: Hassan and Nadereh, and sister, Ariana. The
values you have instilled in me, encouraged me to be a better person every waking moment.
Your accomplishments in your own lives are a source of inspiration. Dr. Habibi, thank you
for your kindness, guidance and support during the course of this dissertation. Cam Fisher,
thank you for putting up with me despite my lack of ability to tie a ratchet strap properly
(I don’t know if I still can). Your help and guidance within and outside the scope of this
project is greatly appreciated. Allen Pauric, Ryan Ahmed and Megan Wood, thank you for
explaining concepts, helping with equipment and providing general assistance. Fellow lab
members: Hamed, Mina, Atta, Mahmoud, Zhongzhen, Andrew, Yu and yifei, Sean, Essam
thank you for laughing at my jokes despite the lack of humor. Your enthusiasm for your
own projects were a source of encouragement for me and | truly enjoyed learning more
about them and exchanging ideas. Last but not least, thanks to Max and Mishka for being

awesome.



Master’s Thesis — A.Delbari; McMaster University, Mechanical Engineering

Table of Contents

N 1] 3 o I
ACKNOWIEAGMENES. . ..., v
Table Of CONtENtS. ..o \%
LISt Of FIQUIS. .. et e e e VI
LISt OF Tables. ...t XII
Chapter 1: INtroduction......ccceeiieiiiiiiieiiiiiiiieiiiiiiieiiieiiieitieciestcisscsssscencens 1

1.1, TheSiS OBJECHIVES. .. .ttt ittt eeeaens 3

1.2. TheSiS Organization............ouiurenrentattt ettt et ettt e e e e e e enenvaeeans 4

Chapter 2: Literature REVIEW c.uiieiieieiieiieiiateeserontsatessnsumesesssssnsonsssssssnssnsssssss 5
2.1. Current Energy STtUATION. . ...o.uiutittit e 5

200 T R N o T 0 7

2.1.2.1900-1960. .. ..ttt e e e 8

2.1.3. 1960-PreSent. . .....ueeie ettt 9

2.2. Energy Storage Candidates. ... ....o.ovuiiiiiiiitiiiit e 11
2.3, LIthium-10n Cell.....o.oi e 13
2.4. Battery Management SYSTEIMS. . ... .uuueu ettt 15
2.5. Battery MOdeling. ..ot 17
2.6. Equivalent Circuit ModelS.........oeiiniiiiiii e 18
2.6.1. The Simple Model. ... ..ot e 18
2.6.2. The First-Order RCModel ..........ooiuiiiiii e 19
2.6.3. The Second-Order RC MOdEl. ..o 20



Master’s Thesis — A.Delbari; McMaster University, Mechanical Engineering

2.6.4. The Third-Order RCModel.........couiuiiiiiii e, 21
2.7. The Electro-Chemical Model..........o.vieiniieiie e 22
2.8. Electro-Chemical Impedance SPectroSCOPY.......o.ouviniiriiriiiiiiieeeeeeeee, 26
2.9, EIS MOdEL. . ...ttt 30
2,00, INAUSEIY TeStETS. .. v ittt ettt et ettt et e e e e e e e e, 34
N 1171111 2 35
Chapter 3: Design of a Lithium-ion Cell Tester......ccccveiiumeeeiieneenrenreecescnsancennes 37
3.1. Battery Tester Specification..........ovuiiiuiitiiti i 38
3.2. Battery Tester COMPONENLS. . .....uuuiuititit it 39
3.2.1.Battery Holder. ... 39
3.2, 2. POWET SUPPIY . e 42
3.2.3. Data ACqUISITION CNaSSIS. . ..c.uvtt ittt e e 42
3.2.4. Data AcqUuISItioN MOUIES. .........oviniii e 43
3.2.5. Environmental Chamber.............o.oiiiiiiiii e 44
3.2.6. CUIMTENE SENSON. ... .net et e 44
3.2.7. ThermMOCOUPIES. .. ...ttt e e 45
3.2.8. Safety CIICUIL ..uveiti ettt et et et et et et e e e e e e e e e et e e ane e neaas 48
Chapter 4: Results and DiSCuSSION. ...cceeriieiieiiiniiereeenrentenseessonsosssasessnsonsonn 52
4.1. CharaCterization TESES. ... .....iuiu ittt 52
4.1.1. Static Capacity TeSt. . ...inuiiet i 53
4.1.2 SOC-OCV TESL. ...ttt 58

4.1.3 Driving CYCleS. .. o.vineiiiiii i 00 03

Vi



Master’s Thesis — A.Delbari; McMaster University, Mechanical Engineering

4.1.4Battery CyCHNQTeSt. ..ottt se e e e sie e sreeseesseeses [ O

4.2. Electro-Chemical Impedance SpectroSCOPY ........vvviiririniiiiiieieieeeeeeeeen, 72
4.2.1 SOC MEASUIEIMEINTS .. .enentett ittt et ae e 78
4.2.2 Ambient Temperature MeasuremMentS... ... .....ouiiriirie e, 80
4.2.3 CyCling MeEaSUICIMENTS. . ... uuenttttte et ettt et et e eee et e aeeeaeeaeeeaeennaeanaas 82
4.3 Equivalent-Circuit Modeling. ..........ooviniiiiiiii e 84
A4 EISMOTElING. ....eoi 91
4.5. Multi-objective Optimization. ............uiutirintiiit ettt eeeeaaanaas 92
Chapter 5: CONCIUSION. .iuireietiiieeeeenteateeeeeentincescescnsensessesonsensessnsansansaesanses 93
5.1. Summary 0f RESEArCN. ..., 93
5.2 FULUE WOTK. ..o e 94
BIDOgrapNY ... 96
A DPENAIX . e 102

vii



Master’s Thesis — A.Delbari; McMaster University, Mechanical Engineering

List of Figures

Figure 2.1: CO2 emissions in millions 0f tONeS. ...........oiiuiiiiiiii e, 6
Figure 2.2: First Electric Powered Vehicle. ... ..., 8
Figure 2.3: Ford Comuta developed in 1967.........o.iuiniiiiii e 9
Figure 2.4: Toyota Prius 1997... ... 10
Figure 2.5: Ragone Plot of Energy Storage Devices.......c.ooviviiiiiiiiiiiiiiiiiiiiiiiieieeieeeannn, 13
Figure 2.6: The components of a lithium-ion cell..............ccooo oo, 14
Figure 2.7: Battery State of Health for HEV applications...............cooviiiiiiiiiiiiiiiiie., 17
Figure 2.8: Schematic drawing of the First-Order RC model................ccooiiiiiiiiiiiiiiii., 20
Figure 2.9: Schematic drawing of the Second-Order RC model.............c.cocviiiiiiiinnnnnn.n 20
Figure 2.10: Micro-Macro cell model............oooieii i 26
Figure 2.11: EIS pattern of a lithium-ion cell.............oooiiii e 28
Figure 2.12: Change of EIS spectra during lithium-ion cell life span...................ccoooeeennnn. 29
Figure 2.13: Effect of Ambient Temperature in a Battery spectraat 50% SOC........................ 30
Figure 2.14: Randles Cell... ..o e e 31
Figure 2.15: Diffusion processes in @ battery............oueuiriniiiiiiiit e 32
Figure 3.1: Tester CirCUit ArCNItECtUIE. ... . .uiee et 40
Figure 3.2: The EXperimental SEtUP........c.iueriniiiiet e 41
Figure 3.3:Battery Holder MatrialS.............ouiinini e 41
Figure 3.4: Power SUPPIY CONNECLIONS. .. ..uuitititiit ettt e 43
Figure 3.5: Current SeNSOr PCB diagram............cuvviriritiiiiieeiete e eaeeanas 44
Figure 3.6: CUrrent SENSOTr PCB.......oiii e, 45

viii



Master’s Thesis — A.Delbari; McMaster University, Mechanical Engineering

Figure 3.7: Thermocouple CONNECLIONS. .. .. .ouit ittt e

Figure 3.8: Thermocouple INSErtiON SIteS. ... ......uuiuiniee ittt
Figure 3.9: Current sensor PCB diagram Part 1............oouiiiiiiiiiii e
Figure 3.10: Current sensor PCB diagram Part 2..............oooiiiiiiiiii e
Figure 3.11: Flow diagram for Current sensor PCB............cooiiiiiiiiiiiieea,
Figure 4.1: Front Panel Design for Capacity and SOC/OCV TestS.......cevviiiriiiiiiiinaeenenann,

Figure 4.2: Block Diagram for Static Capacity and SOC-OCV TestS........covvviiiirinieninnannnn,
Figure 4.3: VVoltage vs Time for a Static Capacity teSt.......oviviriririieiiiiiiieieeeeaenaaes
Figure 4.4: Current Vs Time for a Static Capacity Test...........ouiiiiiiiiiiriiiiiiieiiieeeianns
Figure 4.5: Temperature Vs Time for a Static Capacity Test...........coeviiiiiiiiiiiiiieiineninnn.
Figure 4.6: OCV vs SOC for charge and discharge...............cooiiiiiiiiiiiii

Figure 4.7: Hysteresis VS SOC . . ... .iuuitiiitiiit sttt e e et et e e e e e e eeaeeanas
Figure 4.8: OCV vs SOC- Averaged Experimental Results and 10" Order Polynomial fit..........
Figure 4.9: UDDS Driving Schedule Velocity Profile..............cooooiiiiiie,
Figure 4.10:US06 Driving Schedule Velocity Profile..............coooiiiiiiiiiii
Figure 4.11: HWFET Driving Schedule Velocity Profile.................oco
Figure 4.12: UDDS Driving Schedule Cell Current Profile................cooviiiiiiiniiiiiin,
Figure 4.13: UDDS Driving Schedule Cell Voltage Profile .............c.coooiiiiiiiiinn
Figure 4.14: HWFET Driving Schedule Cell Current Profile ..............c.oooiiiiiii,
Figure 4.15: HWFET Driving Schedule Cell Voltage Profile .............c.cooviiiiiiiiiiiii
Figure 4.16:US06 Driving Schedule Cell Voltage Profile .............c.cooiiiiiiii

Figure 4.17:US06 Driving Schedule Cell Voltage Profile .............c..oooiiiiiiii



Master’s Thesis — A.Delbari; McMaster University, Mechanical Engineering

Figure 4.18:
Figure 4.19:
Figure 4.20:
Figure 4.21:
Figure 4.22:
Figure 4.23:
Figure 4.24:
Figure 4.25:
Figure 4.26:
Figure 4.27:
Figure 4.28:
Figure 4.29:
Figure 4.30:
Figure 4.31:
Figure 4.32:
Figure 4.33:
Figure 4.34:

Figure 4.35:

Figure 4.36:

Hysteresis..
Figure 4.37:

Figure 4.38:
Hysteresis..

Front Panel for drive CyCle testS. ... ..oviii i 69
Block Diagram for drive CyCle testS. .. ..ovviiiii e 71
Resistor Setup for validation Test..........ocvviiiiiiiiiiiiiiii i 73
Bode Plot for the Power SUPPIY .....oorii i 74
Front Panel for EIS teStS. .. ..o, 75
Block Diagram for EIS Tests......ueuuiniiiii e 76
Impedance vs. Frequency for Tester and Gammry tests.............coceveviiniinennnnn.. 77
Phase vs Frequency for Tester and Gammry tests...........ocvvevieiiiiiiiiienennnnns.. 78
Impedance vs. Frequency at different SOC.............oiiiiiii 79
Phase vs. Frequency at different SOC............oooiii i 79
EIS spectraat different SOC...........oiiiiii e 80
Impedance vs. Frequency at different temperatures................covveviviiiniinnnn.. 81
Phase vs. Frequency at different Temperatures.............o.oveuiiinininiinirinininn.n. 81
EIS spectra at different Temperatures..........ovvvveiriiriirintintirteieeieeireeeanenen 82
Impedance vs. Frequency at different SOH ..., 83
Phase Vs Frequency at different SOH..............ooiiiiiiiiiiiii e, 83
EIS Spectra at different SOH...........coiiiiiiiii e 84
Simulated Voltage and Actual Voltage vs. Time for First-Order R-RC Model........ 85

Simulated Voltage and Actual Voltage vs. Time for First-Order R-RC Model with

Simulated Voltage and Actual VVoltage vs. Time for Second-Order R-RC Model....86

Simulated Voltage and Actual Voltage vs. Time for Second-Order R-RC Model with



Master’s Thesis — A.Delbari; McMaster University, Mechanical Engineering

Figure 4.39: Simulated Voltage and Actual VVoltage vs. Time for Third-Order R-RC Model.........87

Figure 4.40: Simulated Voltage and Actual Voltage vs. Time for Third-Order R-RC Model with

3 TS 1) 88
Figure 4.41: RMSE foreach model.............cooiiiiiii e 90
Figure 4.42: Simulated vs. Actual EIS Spectra at 50%SOC and Room Temperature................. 91
Figure AL NTCDAQ-0 188, .. e 102
Figure A.2: N1 9213, NI19264, N1 9239, NI 9205.... oo, 103

Xi



Master’s Thesis — A.Delbari; McMaster University, Mechanical Engineering

List of Tables

Table 2.1: ECM model NOMENCIALUIe ..........uoiii e, 24
Table 2.2: Specifications 0f the Battery TeSter. ... ....ouuueiiiiieiiie et 35
Table 3.1: Specifications of the Battery Tester based on a lithium iron Phosphate Cell............... 38
Table 4.1: Block Diagram notes for Static Capacity and SOC-OCV tests...........ccoevvenienennnn.n. 56
Table 4.2: Coefficients for the 10" order polynomial fit to the SOC-OCV curve...................... 61
Table 4.3: Block Diagram notes for AQing testS. ......ouvririirieirei it eeeeeaeaaan 72
Table 4.4: Block Diagram notes for EIS tests.......ouiiiriiitie e 77
Table 4.5: Identified parameters for six equivalent circuit models..................cooiiiiiiiinni 89
Table A.1: Specifications for NI CDAQ-9188. ... .o, 101
Table A.2: Rate Specifications for the Environmental Chamber............................coonll. 104

xii



Master’s Thesis — A.Delbari; McMaster University, Mechanical Engineering

Chapter 1

Introduction

The combustion reaction has powered the technological revolution responsible for
fuelling many of the devices, machinery and appliances used today. From providing energy
for aircrafts to micro-chips, humanity has depended in parts on burning fossil fuels to power
its increasingly demanding needs. Over consumption however, has not been without
consequence. The carbon dioxide produced as a by-product of the combustion reaction has
induced global climate change. Carbon dioxide in particular, in combination with other
greenhouse gases trap the solar energy in the atmosphere. This energy imbalance has led to
creation of drought prone regions, erosion of ice sheets, rising sea levels and many other
severe consequences [3]. Now, more than ever, there is a need for an alternative, cheap,
reliable and sustainable power supply. Such a supply is especially desirable in the
transportation industry, which is responsible for 28% of total United States [4] and 23% of
total Canadian [5] greenhouse gas emissions. Here electrical energy using batteries can
potentially prove very useful as they are able to store energy from a variety of different

Sources.
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Batteries are increasingly used in the automotive industry, and there is a cumulating need
to improve their performance. Generally, performance of a battery pack can be enhanced
by having access to how the pack behaves under a given condition. Having access to
information on the pack’s condition, enables the Battery Management Systems (BMS) in
EVs to optimize their performance without the fear of the occurrence of overcharge or
discharge. The battery pack is comprised of individual cells connected in series and parallel
configurations. Therefore as an initial step, it is important to have information and to
characterize the behaviour of the cell in different operating conditions by modeling. These
models can be used in BMS to estimate values such as State of Charge (SOC) and State of

Health (SOH).

Models are typically parameterized using data from several standardized tests. The
equipment used to carry out these tests, range in their capabilities. Generally testers feature
several channels with the ability to provide sufficient current and voltage to perform tests
such as characterization tests, and life cycle tests. These cell testers are also able to provide
sufficient accuracy (£0.1% of full scale) [6]. However most cell testers are unable to extract

high frequency characteristics from the battery cell due to their limited sampling rate (10

ms). Furthermore in order to obtain the desired high frequency behavior of the cell, the cell
needs to be disconnected from the cycler and attached to electro-chemical impedance

spectroscopy (EIS) equipment.

The ability to perform high frequency tests such as EIS on the battery cell, provides an
additional mechanism for observing and modeling processes occurring inside the cell.

Electro-chemical impedance spectroscopy involves applying an AC signal that spans

2
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range of frequencies (typically between 10°> KHz to 10~3Hz) to the cell and measuring its

impedance. The results from this test provide the ability to make qualitative deductions on

several phenomena, including electronic/ionic conduction in the electrode and electrolytes,

interfacial charging at the surface films, charge and mass transfer effects [7].

The motivation of this thesis is to reduce cost and time spent on testing battery cells by

developing a tester capable of conducting standardized characterization and life tests as

well as high frequency electro-chemical impedance spectroscopy tests.

1.1. Thesis Objectives

The objective of this research are as follows:

To design and implement a cell tester system capable of controlling, monitoring and
recording parameters such as voltage, current and temperature from the cell.

To develop a safety circuit module capable of keeping cell operation within safety
limits specified by the manufacturer.

To provide additional capability to implement standardized cell tests, perform
preloaded driving profiles and implement electro-chemical impedance spectroscopy
tests.

To develop and validate equivalent circuit models at different States of Charge and
States of Health using experimental data.

To optimize equivalent circuit models using a Genetic Algorithm.



Master’s Thesis — A.Delbari; McMaster University, Mechanical Engineering

1.2. Thesis Organization

This thesis is organized into five chapters. Chapter one offers an introduction into why a
battery tester system with dual capability was developed. Chapter two starts by explaining
the current energy situation and how electrification of automobiles can have an impact on
reducing emissions and conserving fuel for future generations. Energy storage technologies
such as fuel cells and lithium-ion batteries are also discussed. Finally various modeling
strategies for State of Charge and State of Health determination are presented. Chapter three
provides a detailed description of the components such as the environmental chamber and the
data acquisition modules utilized for the battery tester experimental setup. Chapter four
provides the results obtained from performing a variety of standardized characterization and
life tests as well high frequency EIS tests. Results from parametrization of six equivalent
circuit models using a genetic algorithm are also presented. Chapter five discusses various

shortcomings of the experimental setup, as well as means of improvement.
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Chapter 2

Literature Review

The increasing sales of electric and hybrid electric cars in urban areas, in conjunction
with the large assortment of consumer electronics are fueling demand for a portable, low-
cost, environmentally friendly and reliable energy storage devices. Lithium-ion batteries
currently provide one of the best solutions when considering cost, energy density and
safety. This chapter presents an overview on the current state of lithium-ion battery

technology in the automotive field.

2.1. Current Energy Situation

Presently, fossil fuels supply 80% and renewable resources supply only 13 % of the
total global energy demand [8]. There are several concerns with the ongoing trend, mainly
the limited sources of fossil fuels. Several studies suggest that the reserves of oil, coal and
natural gas could be exhausted within the next 200 years [9]. Another issue worth
addressing is the impact of emissions from burning fossil fuels on the environment. The
presence of excess carbon dioxide in the atmosphere has been attributed to a rise in global
temperatures, rise in sea levels, negative impacts on natural ecosystems and a rise in

catastrophic weather events. The world’s predicted carbon dioxide emission by year and
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region, given no change to the current trend, is demonstrated in Figure 2.1. It is apparent
that a change from the current trend of energy use is necessary in order to sustain the needs

of the future generations and avoid global climate change.
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£ 30,000 - | e Total world
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Figure 2.1: CO2 emissions in millions of tones [8]

Given that the transportation industry is responsible for such a large portion of the global
emissions, alternative means of powering vehicles could be significant in reversing the
current trend of climate change. A study performed in the United States found that electric
vehicles produce lower global warming emissions compared to an average compact
gasoline-powered vehicle even when the electricity used to power the vehicle was produced
primarily from coal. The study also found that EVs that are powered mainly from renewable

sources such as wind and solar, produce little to no emissions at all [10].

6
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The question is then why is the industry not dominated by EVs. The answer to this question
requires a look at the history of electrical vehicles, a brief summary of which is provided

below:

2.1.1. The 1800°s

Alessandro Volta inspired by earlier experiments of Luigi Galvani first invented the
primary cell and battery in the early 1800’s. Galvani conducted an experiment in which he
witnessed the twitching of a frog’s leg as a result of application of electric current. Later in
1821, Michael Farraday showcased the basic principles of electricity. Farraday continued
on his research and in 1831 demonstrated the principles of electromagnetic induction which
are essential in electric vehicles. The year of 1859 saw the development of the first Lead-
acid battery by Belgian Gaston Plante. The Lead-acid battery is still used today as a starter
battery in most internal combustion vehicles. Gustave Trouve of France, revealed the first
electric vehicle in 1881. Trouve utilized the previously developed lead-acid battery to
power atricycle. The end of 1800’s saw the development of nickel-iron battery by Thomas
Edison. Although quite high in production cost, the nickel-iron battery was able to store
40% more energy per unit weight than the lead-acid battery. The same period saw the

development of nickel-zinc and zinc-air batteries [11] [12].
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Fig. 133, = TricycnLse o M, Trouve,

Figure 2.2: First Electric Powered Vehicle [13]

2.1.2.1900-1960

Known as the golden age of electrical vehicles (1880-1920), this period witnessed
the advancement of electric vehicle technology. The technologies developed during this
time allowed electric vehicles to compete with their gasoline and steam powered counter
parts. The technological advancements were in fields such as battery development, battery
charging technology and regenerative breaking. Regenerative breaking allows for the
electric motor to act as a generator, converting portion of the car’s kinetic energy back to

electrical energy and storing it in the batteries.

This period also saw the development of electric-gasoline hybrid technology. This
technology was advertised to provide electric-noiseless driving with no range anxiety.

However this technology was phased out due mainly to cost issues and revisited later in
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1970’s. Improvements made to the internal combustion engine was the beginning of the
dark ages for the electrical vehicle (1925-1960). The limited range and the inability to build
EVs at a competitive price point were the main contributing factors for the effective

disappearance of EVs from the market place [11] [12].

2.1.3. 1960-present

In the 1960’s several car manufacturers such as Ford Motor Company and General
Motors built prototypes of electric vehicles that never went into large scale production,

such as the Ford Comuta pictured below:

Figure 2.3: Ford Comuta developed in 1967 [11]
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However in the 1970’s several factors encouraged more efforts to be placed on developing
electric vehicles. These factors included more emphasis being placed on limitations and
environmental impacts of fossil fuels, the oil embargo effectuated by major oil producers
and the nuclear power debate. Furthermore local, federal and global regulations such as
California’s zero emission regulation and the Kyoto Protocol additionally advanced the
global effort for advancements in electric vehicle technology. The US government started
electrification initiatives at this time such as the introduction of the “Partnership for a New
Generation of Vehicles”, which resulted in three more electric vehicle prototypes at a price
tag of one billion dollars with none of the vehicles ever going to production. Japanese
manufacturers became hybrid front runners with Toyota releasing the Prius in 1997 and
Honda releasing Insight in 2003. In 2004 the Ford Escape became the first American hybrid

vehicle [11] [12].

Figure 2.4: Toyota Prius 1997 [14]

10
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Although presently commercially available, electric and hybrid-electric vehicles have
failed to attract sufficient interest from consumers. This is due to issues such as size and

cost of batteries, slow recharging times and range anxiety [11].

2.2. Energy Storage Candidates

In the context of global warming, electrical energy storage devices and batteries are
critically important and can be used in applications ranging from transportation to localised
urban electrical power generation and disturbution. Batteries are able to store energy that
is produced at times of either low requirement, low cost or from irregular sources. The
stored energy can then be used at times of peak demand, high production cost or when there
are no othere viabale generations means present [15]. A brieft description of some of these

energy storage devices is presented below:

VI. Lead acid batteries: Lead acid batteries are one the oldest and most popular energy
storage devices due to their high reliability and low cost. However Low energy
density, short cycle life and inability to work in low temperatures make lead acid
batteries unsuitable for long term energy storage [15] .

VII.  Nickel cadmium batteries: Nickel cadmium batteries are also popular due to their
reliability and minimal need for care. Nonetheless issues associated with their cost
and disposal impede their progress into the next generation of energy storage devices
[15].

VIII.  Lithium-ion batteries: Lithium-ion batteries first produced by Sony in 1990 have

drastically improved over the last few decades. Improvements have been in terms of

11



Master’s Thesis — A.Delbari; McMaster University, Mechanical Engineering

energy density, cycle life and efficiency. Lithium-ion batteries have largely replaced
bulkier less energy absorbing nickel cadmium batteries in electronic devices such as
cellular phones and computers. Furthermore lithium-ion batteries are now used in
electrical and hybrid electrical vehicles such as the Nissan Leaf and the Chevrolet
Volt [15] [16].

Fuel Cells: Some examples of current fuel cell technology include hydrogen fuel
cells, direct-methanol fuel cells and molten carbonate fuel cells. Most fuel cell
technologies are excellent at storing energy. Unfortunately, fuel cells suffer from high
cost and low efficiency [15].

Ultra-capacitors: Ultra-capacitors are an excellent candidate for producing short term
instantaneous power. In comparison to batteries, ultra-capacitors have much lower
energy densities and much greater power densities. This relationship has encouraged
further exploration into producing a battery/ultra-capacitor hybrid energy storage unit

[15] [17].

Figure 2.5 provides a comparison in terms of specific energy and power density for storage

devices.
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Figure 2.5: Ragone Plot of Energy Storage Devices [18]

2.3. Lithium-lon Cell

A lithium-ion cell generally consists of an anode and cathode immersed in electrolyte
solution and a separator. During charge, lithium ions as well as electrons move from the
cathode to the anode. The medium for transportation of ions is provided by the electrolyte
solution. The electrons however utilize current collecting plates at both electrodes in order
to move through the external circuit. The purpose of the cell is to store electro-chemical
energy during charge, and to release the stored charge during discharge. The components

of a lithium-ion cell are explained in detail below and shown in Figure 2.6:
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Figure 2.6: The components of a lithium-ion cell [19]

XI.  Cathode: Layered structured lithium cobalt oxide, LiCoO, is the most prevalent

cathode material used for Li-ion batteries. This structure although easy to prepare has

a few shortcomings, mainly the relatively high cost and the environmental issues

associated with it. Other compounds likely to replace cobalt for a given application
include nickel, manganese and vanadium.

XIl.  Anode: A mixture of graphitic carbon (ex. LiCy) is the most commonly used material

in the negative electrode of lithium-ion batteries. The inclination to use this material

is its low cost and low operational voltage. However low rate capabilities and

14



Master’s Thesis — A.Delbari; McMaster University, Mechanical Engineering

XII.

irreversible capacity losses are its limitations, prompting a search for finding a
replacement anode material. Some materials under investigation include tin, silicon
and indium. These materials offer better specific capacity, however under cyclic
loading their particles experience successive cracking and eventual loss of contact
between particles.

Electrolyte: The electrolyte solution separating the anode and cathode in lithium-ion
batteries needs to possess several qualities. These qualities include high ion
conductivity, low electrical conductivity and thermodynamic stability. Currently one
or a combination of propylene carbonate, dimethyl-carbonate, ethylene carbonate and
vinylenme carbonate dissolved with electrolyte salts such as lithium perchlorate and

lithium hexafluorophosphate are used to form the electrolyte solution [16] [19].

2.4. Battery Management Systems

Battery Management Systems (BMS) are typically used in consumer portable

electronics, hybrid electrical vehicles and battery electric vehicles. BMS are responsible

for communicating between the host device and the battery pack in order perform tasks

such as cell balancing, control, thermal management and for State of Charge and State of

Health estimation [20]. SOC and SOH are briefly discussed below:

e State Of Charge: State Of Charge represents the present battery capacity as a ratio
of maximum capacity. SOC value of 1, signifies that the battery under study is
fully charged and it is currently at the highest permissible voltage, conversely the
value of 0 represents a battery that is fully discharged and is currently at the lowest
permissible voltage (cut-off voltage). The most prominent method used to
measure SOC is coulomb counting [21], which involves integrating current as
demonstrated in Equation 2.1. Here SOC, is the initial State of Charge, C,, is the
nominal capacity and I is the discharge current. Nominal capacity of a battery is
equivalent to the total ampere hours it has available at a specific C-rate. C-rate is
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a measure of rate of charge and discharge relative to maximum capacity. For
instance if a battery has a nominal capacity of 10 ampere hours, for this battery
1C would be equivalent to 10 Amps. In using the coulomb counting method an
initial value of SOC is necessary. Additionally this method is susceptible to
accumulation of errors [22]. There are other methods available for State of Charge
estimation [23], mainly using an estimation technique such as the extended
Kalman filtering (EKF) [24] in conjunction with a mathematical model. Modeling

techniques are discussed in the latter part of this chapter.
1 t
S0C =S50Cy, — — f ldr (2.1)
Cn
to

e State Of Health: SOH as demonstrated in Figure 2.7, is a measure of degradation
of the battery. Key parameters associated with SOH include capacity fade and
power fade. In HEV and BEV applications a battery is no longer usable when the
battery has reached 80% of its maximum nominal capacity (capacity fade) or 80
% of its maximum rated power (power fade) [25]. There are various methods used
in order to quantify SOH as a life fraction (LF) between 0 and 1 [26] [27] [28].
These methods include impedance spectroscopy, fuzzy logic methodology,
Extended Kalman filtering for real time prediction and the use of a sliding mode

observer [28].
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Figure 2.7: Battery State of Health for HEV applications [29]

There are many algorithms designed for SOH and SOC prediction, however HEV
applications are known to impose harsh requirements on battery packs with C-rates of up

to and surpassing 20C [2].

2.5.Battery Modeling

Battery Management Systems typically utilize battery models that possess several
variables and parameters that are indicative of SOC and SOH, in addition to an estimation
algorithm to monitor their values in real time. The accuracy of models impact the accuracy
of estimation. Accurate values of SOC and SOH can be used to prolong battery life and
enhance safety by preventing over-charge or over-discharge. It also allows BMS to get the
maximum performance from the battery pack without causing damage [20]. There are

different types of battery models including Lumped parameter models, equivalent circuit
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models, electro-chemical models and impedance spectroscopy. The choice between the
models is a trade-off between complexity, desired accuracy and computational
requirements; generally models need to be sufficiently accurate, but not overly complicated

in order for them to be embedded in microprocessors [30].

2.6.Equivalent Circuit Models

Equivalent circuit models utilize circuit elements such as resistors and capacitors in
order to model the cell. The main advantage of this type of modeling is its computational
simplicity [31]. Furthermore, this technique eliminates the need for understanding complex
phenomena, as only a few variables need to be parameterized using experimental data. A
total of six equivalent circuit models are selected from literature and discussed here. These
models include the simple model, the first-order RC model, the second order RC model,
the third-order RC model and hysteresis models. A more comprehensive list of equivalent

circuit models can be found in reference [30].

2.6.1.The Simple Model

Typically equivalent circuit models capture the battery SOC and current dynamics. As
presented in [2], the output equation in the simple battery model is divided into two parts;
the first part is a function of the battery SOC and the second relates to battery terminal

voltage.

m-At) )

Zg+1 = Zg — ( A (2.2)
n

Yk = OCV(Zk) - le (23)
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Here OCV represents the open circuit voltage which is function of the State of Charge z,
C,is the battery nominal capacity, R is the cell internal resistance (different values may be
used for charge/discharge), n; is the charging and discharging efficiency and 1y, is the
terminal voltage. OCV is the voltage between the battery terminals when there is no load

applied. In contrast y; is the voltage between battery terminals when there is a load applied.

2.6.2. The First-Order RC model

The first-order RC model is the simplest of the RC equivalent circuit models. It consists
of a resistor in series with an RC pair in parallel. The system and measurement equations

are summarized by the following two equations [32]:

Vira] _ i
renl- [ o ] 2]+ [ i J @)
Yk = 0CV(zx) — Ryl — Vi (2.5)

Here the Ohmic resistant elements are summarized into (Ri,) and the faradic non-linear
elements are lumped into the RC pair [31]. The voltage drop across the RC pair is

represented by V., as shown in Figure 2.8
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Figure 2.8: Schematic drawing of the First-Order RC model

2.6.3.The Second-Order RC Model

The second-order RC model expands on the first order model. The polarization
characteristics previously only represented by V,, in the first order model, is broken down
to electro-chemical polarization ( V; ;) and concentration polarization ( V,,) [33]. The

second-order RC model is shown in Figure 2.9.

C1 C2
4 . = + [ —
RO — " — !
—A—1  V1k V2k ——+F
vk
— OCV P o
Bl R1 R2 B

Figure 2.9: Schematic drawing of the Second-Order RC model
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A - At
t —
1-— 0 0 C
Vik+1 l[ R, C; ]l Vik A;:
V. = At |% +1 — i 2.6
Zz,k+1 0 1 ol[V2# G |* (2.6)
k+1 R,C, Zk At
0 0 1 _
1~ ¢,
Yk = 0CV(z,) —Rix — Vi — Vo (2.7)

2.6.4.The Third-Order RC Model
The third-order RC model further divides polarization characteristics ( V) into V; ,

V1 and V3 ;. [33].

A - At
t - —
~RC 0 0 0 C
Vik+1 e At Vik E
V2 k+1 0 1-— 0 0 Vz k Cz .
’ = R-,C. ! + l (28)
V3,k+1 22 At V3,k E k
Zk+1 0 0 1-— OIL Zk Cs
R3C; At
0 0 0 1. _n
"¢,
Yk = 0CV(z) — Riy — Vip — Vo — V3 (2.9)

The models discussed can further be completed by considering phenomena such as
hysteresis and adding states accordingly. Hysteresis takes into account the difference
between charging and discharging characteristics of the cell. The term h(z, t) can be used

to model hysteresis voltage. Equation for hysteresis voltage is shown below:
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dh(z,t)
dz

= ysgn(2)[M(z, z) — h(z,t)] (2.10)

Here M is the maximum polarization resulting from hysteresis, sgn(z) is used to
distinguish between charging and discharging and y represents rate of voltage decay. The
system and state equations for the simple model with one-state hysteresis is shown below

[33]:

h I 0 1-F@).
1| = [F i At
[Zk+1] [ 0 1] Zk] * _772 0 [M(Z: Z)] (211)
n
Vk = OCV(Zk) - ROik + hk (212)

Where F(i}) = exp(— |"”C(—t)y|)

2.7.The Electro-Chemical Model

Although equivalent circuit models are popular in battery management systems due to
their simplicity, their validity and accuracy is a concern in the automotive context. The
accuracy of equivalent circuit models can be enhanced at the cost of complexity (i.e. taking
into account thermal effects). Electro-chemical models are more accurate and have the
added advantage of possessing parameters with physical interpretation [34]. Of importance
to the automotive field where batteries experience high current and energy loads, ECM are

able to anticipate cell limitations [35].
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The literature on electro-chemical models is comprised of simplified and full order models.
The porous electrode theory [36] [37]is a popular modeling approach. This theory considers
the electrode as a group of spherical particles where the surface of particles provides the
route for lithium ions to defuse and react. Furthermore the electrolyte solution is treated as
a different medium where diffusion and reactions takes place. This approach is

demonstrated in Figure 2.10 and the governing formulas are as follows [38]:

VKTV, ¢, + VK VinC, = —J4 (2.13)
V.o V.¢s = JH (2.14)
de,c 1—t%
det e _ VX(D:ffoCe) + - ]Ll (2.15)
dc
d_ts = V. (DsVrcs) (2.16)

JH(x) = agjolexp (omn) — exp(— D)
V=g¢s(x=L)—¢ps(x =0)— Rl

n=¢s— ¢ — U(Cse)

(2.17)

Here Equation 2.13 describes electrolyte potential distribution and Equation 2.14 describes
solid potential distribution. Furthermore Equation 2.15 describes linear lithium diffusion in
electrolyte and Equation 2.16 describes spherical solid diffusion. Finally the Butler-Volmer
current density Equation 2.17 provides a link to external connections. Equation 2.17 can be
used in order to determine terminal voltage and SOC. The complete set of nomenclature

for the above equations is summarized in table 2.1.
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Table 2.1; ECM model nomenclature

Symvbol Name Unit
Kerr Effective phase ionic conductivity ntcem?
O, Electrolyte potential %4
Kgf ! Effective electrolyte phase diffusion conductivity N temt
JH Butler_Volmer current density Acm™3
il Effective conductivity of solid active material nN~tcem?
s Solid potential %4
Ce Electrolyte concentration mol cm™3
& Electrolyte phase volume fraction -
DIt Effective electrolyte phase diffusion coefficient cm? s71
F Faraday’s number C mol™?!
t° Transference number -
Cs Solid concentration mol cm™3
Dy Solid phase diffusion coefficient cm? s~1
as Active surface area per electrode unit volume cm™!
QAgy A Change transfers coefficients -
R Gas constant JK "t mol~
T Temperature K
R¢ Film resistance on the electrodes surface |4
n Overpotential |4
U Open circuit voltage %4
A Electrode plate area cm?
Cse Solid concentration at electrolyte interface mol cm™3
I Battery Current A
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Use of partial differential equations renders this model extremely complex, and almost
impractical to use in a real-time controller. Hence various approximation Techniques have
been applied, in order to reduce model complexity. Assumptions commonly used for

simplifying the model complexity found in literature include:

I.  Assuming the electrolyte concentration to be uniform and therefore reducing C,(X,t)
to C, [35] [39].
Il.  Assuming a solution of micro-current density.
1. Approximating spherical diffusion using pade approximation [40], parabolic profile

approximation [41], and look-up tables [25] [42].

Simplifications one and two eliminate Equation 2.15 and make the following changes to the

rest of the Equations:

VxKeffod)e = _]Li (2.18)
V.o . ps = JH (2.19)
des
E = V- (DsVr-cs) (2.20)

JH = 1/An
N =¢s— e — U(Cse) (2.21)

V = ¢s(x = L) — s (xx = 0) — Ryl
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Figure 2.10: Micro-Macro cell model [43]

There are several studies done in order to study thermal effects from the electro-chemical
phenomena taking place inside a battery [44] [45]. These models usually use additional

parameters such as entropy change, ohmic loss and over potentials into account [46].

2.8. Electro-chemical Impedance Spectroscopy

The lithium-ion battery is host to multiple processes such as charge transfers, energy
transfers and electro-chemical reactions. One method to quantify these processes is through
electro-chemical Impedance spectroscopy (EIS) [47]. The EIS method involves applying a
sinusoidal input to the cell and collecting the characteristic response from the cell (cell
impedance). It is possible for the input to be either current (galvanostatic), or voltage

(potentiostatic). The governing equation for the EIS method is as follows [48]:
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B u(t) U= sin(wt) _ 1z sin(wt)
() Ixcos(wt—¢) 121+ cos(wt — ¢) (2.22)

where I is amplitude of the current signal, U is the amplitude of the voltage signal, ¢ is the
phase shift between the two signals and Z is the impedance of the cell. In order to form the
Nyquist plot, the impedance is separated into a real part Equation 2.23 and an imaginary part

Equation 2.24 as follows:

Z' = |Z|* cos(¢) (2.23)

Z'" = |Z|* sin(¢) (2.24)

where |Z| is the absolute value of impedance. The primary tool used for EIS analysis is the
Nyquist plot shown in Figure 2.11. However Nyquist plots have the disadvantage of not being
able to identify the frequency of measurement, for a particular point. This drawback can be

overcome by using Bode plots.
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Figure 2.11:EIS pattern of a lithium-ion cell [49]

The general shape of EIS spectra follows that of Figure 2.11, however there are changes that
happen due to changes in SOC and SOH. For instance the first semi-circle decreases in size
as a result of increase in SOC levels as seen in the magnified portion of Figure 2.11. The
reduction in size of the first semi-circle is due to decreasing of the cell polarization resistance
with increasing states of charge. Furthermore the EIS spectra also varies as the cell ages. It is
observed from Figure 2.12 that, as the cell ages the EIS spectra is shifted to the right side of
the Nyquist plane. This shift is primarily due to increases in the ohmic resistance as the cell
ages [49]. Temperature also has a dramatic impact on the impedance spectra as demonstrated

in Figure 2.13. The effect of change in ambient temperature on the cell spectra is mainly
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observed in the charge transfer loop, as low temperatures slow down the electro-chemical
reactions and increase internal resistance of the cell causing the spectra to shift to the right.
Worth mentioning is the fact that changes due to temperature are fully reversible, and changes
in ambient temperature do not permanently improve or degrade a battery cell [50]. The
experimental EIS data can be fitted into models that incorporate parameters such as
electrolyte resistance, polarization resistance, charge transfer resistance, diffusion and

coating capacitance [51].

8 .
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6H " 19500 cycles
~y —* 29250 cycles
E 5739000 cycles
N4 48750 cycles |
E‘ —— 58500 cycles
= 3" 68250 cycles
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5
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Figure 2.12:Change of EIS spectra during lithium-ion cell life span [49]
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Table 1: EIS Test matrix

Test# | Current [A] | Temperature [°C]
M1 5 (C8) Amb. (20)
M2 2 (C20) Amb. (20)
M3 10 (C4) 20

M4 10 (C4) 40

M5 10 (C4) 0

M6 10 (C4) 20

Figure 2.13:Effect of Ambient Temperature in a Battery spectra at 50% SOC [50]

2.9. The EIS Model
Equivalent circuit models can also be utilized in order to represent battery internal

dynamics as a function of frequency. The cell dynamics can be sub-categorized into charge-
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transfer reaction on electrode/electrolyte interface, lithium-ion diffusion in electrode, double
layer effects and the resistance/capacitance growth of the anode insulating film [52]. In this
study, the Randles model is considered. This model is comprised of a resistor in series with
a RC circuit and a Warburg element as shown in Figure 2.14. In this model diffusion
characteristics are represented by the Warburg element, ohmic resistance is represented by

the resister and the RC element represents the double layer effect as follows.

Cal

cl

500 I
400~ -
300~ -
( -imaz),

200 ]

o0 ]

0 100 200 300 400 300
rea]i

Figure 2.14: Randles Cell [53]
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The Different elements of the Randle Circuit are discussed below :

e Mass Transport Effects: Diffusion and migration are the two primary modes by
which ions transport through the cell. Diffusion is caused by the presence of a
concentration gradient. Furthermore diffusion can occur within the free
electrolyte, porous electrode and active mass as show in Figure 2.15. Mass
transport effects can typically be observed at low frequencies (f<1Hz). In EIS
modeling, the Warburg element is typically employed to describe mass transport

effects. The Impedance for the Warburg element is given by:
Zwy=—=3—J—= (2.25)

where o is the Warburg coefficient and w is the angular frequency.

Diffusion in
porous electrode

PIWUSIOI\ . ( Diffusion in
in am particles free electrolyte

Y

Figure 2.15: Diffusion processes in a battery [54].
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Double Layer Effect: The space between the electrode and electrolyte is location
for the formation of a charged zone. This phenomena is induced due to the short
distance and large surface in porous electrodes. Similar to a capacitor charge is
stored in the charged zone within moments of application of a charge pulse, and
discharged as the charge pulse is lowered or stopped. R and Cp;, are used to
model Double-layer effects, where R represents the resistor and Cp; represents
the capacitor shown in Figure 2.14. Worth mentioning is that R, and Cp, are
not constants and their values are dependent on current, SOC, SOH and

temperature. The impedance of R and Cp,, is given by

2
Rer . Rer * Cpp, * w

7 = — 2.26

Electric and magnetic effects: The resistance induced by the electrolyte, current
collecting plates, active mass and transition between active mass and current
collector are summed up and simply represented by ohmic resistance Rg. In
agreement with Ohm’s law the voltage at the ohmic resistance follows the battery

current [54].

Finally real and imaginary impedance components resultant from mass transport effects,

double layered effects and electric and magnetic effects are summed up and demonstrated

below:
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Z Rs + Rer +2 (220
REAL — Is 1
(1 + RgT + CSL) * @2 w%
Z _ . Rér * Cp * @ . 0
Rcr/cpL = ~J (1+ RZ, + C2,) * w? J a)% (2.28)

2.10. Industry Cell Testers

Battery testing equipment is required in order to obtain the experimental results that
are essential in parameterizing several battery models, some of which were previously
discussed in this chapter. This equipment is supplied from various manufacturers and come
with a range of capabilities based on application. Table 2.2 summarizes findings from
examining various manufacturer catalogues with the aim of finding a tester with the dual
capability of obtaining characterization results as well as high frequency results. In order
to conduct high frequency tests without aliasing, a tester must possess relatively high
sampling rate (i.e.50 KHz). The tester also needs to provide sufficient voltage and current
capabilities (i.e. £5V and +50A) in order to carry out characterization tests. As presented

in Table 2.2, the reader was unable to find a tester able to provide both capabilities.

34



Master’s Thesis — A.Delbari; McMaster University, Mechanical Engineering

Table 2.2: Specifications of the Battery Tester

> =
z g z = £
E 3 A £ : -
= g - = =

> @)

Arbin BT-5HC 0-5V Up to 2000A 1Hz
Maccor Series 3600 0-5V Upto25A 200Hz
CADEX C8000 0-45V Upto 10 A 20 KHZ
Gammry |Interface 1000 +12V UptolA 1 MHZ

2.11. Summary

Energy storage devices are of paramount importance in sustaining the needs of future

generations. Lithium-ion cells are able to produce sufficient energy and power for vehicular

applications. The safety, performance and longevity of lithium-ion cells is based in parts by

their operation and control strategy, or their BMS. BMS in turn requires knowledge of SOC

and SOH, which can be estimated using model base estimation. Battery modeling techniques
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include equivalent circuit models, electro-chemical models and electro-chemical impedance

spectroscopy.
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Chapter 3

Design of a Lithium-ion Cell Tester

In order for Battery Management Systems (BMS) in EVs to be able to accurately predict
SOC and SOH, accurate models are required. Battery models need to be parameterized using
laboratory data. Once a battery model is constructed, further testing needs to be conducted
for model validation. The experimental data therefore must be collected in an accurate,
precise and safe manner. Different modeling strategies require different testing capabilities.
Cycle Characterization results for example, requires a tester to be able to apply and collect
data from a predefined cycle. High frequency characterization results require similar
capabilities with the addition of high frequency sampling (i.e. 50 KHZ) capability. The ability
for a tester to conduct both tests saves time and money which are valuable resources in battery

research and development.

Literature review in Chapter 1 revealed the needs for a tester with dual capabilities of cycle
characterization and high frequency characterization that does not currently exist. The aim of
this chapter is to demonstrate the development of a lithium-ion cell tester with dual
capabilities. This chapter highlights the key components of the developed tester as well as the

safety circuit designed to keep cell operational within cell manufacturer safety limits.
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3.1.Battery Tester Specifications

Specification for a battery tester is influenced by the cell chemistries and application
domain. For instance, a tester should be capable to operate within the full voltage range of
the cells it is intended to test. The battery used for this research is a lithium iron phosphate
cell used for automotive applications. The required specifications for tester based on cell
attributes are listed in Table 3.1. Each item represented in Table 3.1 imposes a requirement
on the testing equipment. The charging and discharging specifications requires the tester to
be able to supply up to 4.2 V and 86.4A. The operating temperature specification requires the
environmental chamber to be able to modulate temperature between -20°C to 60°C. Finally
the frequency specification requires the data acquisition software and hardware to be able to
supply and collect data at 10KHz. This frequency is chosen in order to obtain the high
frequency region of the EIS spectra. Sampling capability of the data acquisition should be

sufficiently high in order to avoid aliasing.

Table 3.1: Specifications of the Battery Tester based on a lithium iron Phosphate Cell

Item Specification
_ _ Voltage 4.2V
Charging(continuous)
Current 16.2A(3C)
) ) ) Voltage 2.8V
Discharging(continuous)
Current 86.4A(16C)
) Charging 0~45°C
Operating Temperature : i
Discharging -20 ~ 60°C
Sampling Frequency (max) Charge/Discharge 100KHz
Operating Frequency(max) Charge/Discharge 10KHz
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3.2. Battery Tester Components

The battery tester circuit architecture is demonstrated in Figure 3.1. The components of
the tester include a battery holder, power supply, data acquisition chassis, data acquisition
modules, an environmental chamber, a current sensor, thermocouples and a safety circuit.

The setup is demonstrated in Figure 3.2 and more information is provided in Appendix A.

3.2.1 Battery Holder

The battery holder is intended to enclose the battery and three thermocouples, as shown
in Figure 3.3. It is made up of three materials that include copper for conductivity, fibre

glass for electrical insulation and stainless steel for strength.
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Figure 3.1:Tester Circuit Architecture
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Figure 3.3:Battery Holder Matrials
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3.2.2. Power Supply

The power supply is able to provide 6V and +150 A. It is connected directly to the
battery cell for charging and discharging. It is controlled from LabVIEW software on a
computer via three connections. The analog I/O port of the power supply is connected to an
analog output module (NI 9264), subsequently the analog output module is connected to the
chassis (NI cDAQ 9188) which in turn is connected to a computer using an Ethernet cable.

The power supply connections are demonstrated in Figure 3.4.

3.2.3. Data Acquisition Chassis

The NI cDAQ-9188 is an 8-slot Ethernet chassis capable of measuring up to 256
channels. Seven I/O modules with integrated signal conditioning can be operated

simultaneously using this chassis.
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Figure 3.4:Power Supply Connections

3.2.4. Data Acquisition Modules

The Modules used for this project include the following:

e NI 9213: A 16 channel thermocouple input module capable of 75 samples per
second. This module supports type J, K, T, E, N, B, R and S thermocouples.

e NI 9264: A 16 channel analog output module capable of 25 Kilo samples per
second with 16 bit resolution and £10V output range.

e NI 9239: A 4 channel simultaneous analog input module capable of 50 Kilo

samples per second with 24 bit resolution.
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e NI 9205: A 32 channel analog input module capable of 250 Kilo samples per
second with 16 bit resolution. The input range can be programmed to be set at
+10V, £5V, £1V and £0.2V.

3.2.5. Environmental Chamber

The Envirotronics Grand Rapids 49508 is a temperature only environmental chamber
capable of varying temperature between -66°C to 177°C. The work space inside the
chamber is equivalent to 8 cubic feet and it utilizes two, 2.5Hp compressors in order to vary

temperature.

3.2.6. Current Sensor

The LEM IT 200-S UITRASTAB is a high accuracy current measurement device. This
device scales down current with a ratio of 1:1000. A Printed Circuit Board (PCB) was
developed in order to connect the 9 pin output connector of this device to the data

acquisition system. The schematic diagram for the current sensor PCB is shown below:

8
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Figure 3.5:Current sensor PCB diagram
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Figure 3.6: Current Sensor PCB

3.2.7. Thermocouples

Total of four Omega type-T thermocouples were utilized in order to monitor and record
temperature. Three of those thermocouples were inserted into thermocouple insertions sites
in the battery holder as seen in Figure 3.7 and one thermocouple was used in order to monitor

and record temperature inside the environmental chamber in Figure 3.8.
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Figure 3.7:Thermocouple Insertion Sites
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Figure 3.8:Thermocouple connections
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3.2.8. Safety Circuit

The purpose of the safety is the following:

e Cut off power from the power supply to the battery if the maximum allowable
voltage or minimum allowable voltage of the battery has surpassed.

e Cut off power from the power supply to the battery if the maximum current limit
in charge/discharge has exceeded.

e Cut off power from the power supply to the battery if the maximum operating

temperature of the battery has exceeded.

The safety circuit shown in Figures 3.9, uses comparator chips in order to compare reference
voltages to the battery voltage and sensor generated voltage values that are indicative of

current and temperature values.

The reference voltages (i.e. maximum and minimum voltage values) are set using
potentiometers. Once a measurement surpasses a reference value, a relay circuit shown in
Figure 3.10 that was previously powered is broken. This disconnection causes a safety relay
that connects the battery to the power supply to be turned on, cutting off all power to the
battery. The reference voltages can be set using voltage screens that can toggle between
operating voltage, maximum and minimum set values. The flow chart of the safety circuit

basics is also shown in Figure 3.11.
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Chapter 4

Results

Cell laboratory data is crucial in evaluating the performance of a given cell under
different dynamic conditions. Furthermore, the laboratory test data can be used in
parameterizing various battery models. These models can be then used for State of
Charge and State of Health determination in real time applications. In order to create
repeatable battery cell tests, various organizations such as the U.S department of energy
have published reports [55] [56] on test protocols. The purpose of these reports is to

standardize test techniques.

Based on these reports battery tests can be sub-grouped into characterization and life
tests. Characterization tests entail evaluating the standard performance of the battery [55].

Life testing involves determining the behavior of the battery as it degrades.

4.1.Characterization tests

Here characterization tests are performed for the purpose of demonstrating cell
tester capabilities and modeling the battery. The tests performed include static capacity
test, SOC-OCV characterization test, drive cycle tests and electro-chemical impedance

spectroscopy tests. The characterization tests are all performed at room temperature.
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4.1.1. Static Capacity Test

A static capacity test is conducted in order to compute the capacity of the cell in
ampere-hours. This test is performed following an hour of rest from a fully charged state
at a constant discharge current until the terminal voltage reaches the cut-off voltage. At
this point according to the constant current constant voltage (CCCV) protocol, voltage is
held constant and current is dropped to 0.02C. Integrating under the current-SOC curve
yields the capacity for the battery under study as shown in Equation 2.1. This test was

programmed using LabView, the block diagram and front panel are shown below:

Timer Charge/Discharge Current ==
0 o
Current Max Voltage
0 pa STOP
U
Voltage ‘Min Voltage
30 EEEEEEEsEE——
0

Thermocouple_1 Thermocouple_2 Thermocouple_3 Ambient Temp

100- 100- 100- 100-
mé mé mé mé
o @ o @
40- 40~ 40- 40-
2- 2- 2- 2-

0_-

=]
1

0- 0-

Figure 4.1:Front Panel Design for Capacity and SOC/OCV Tests
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Figure 4.2:Block Diagram for Static Capacity and SOC-OCV Tests
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The blocks on Figure 4.1 are explained below:

The timer block labeled “Timer”, keeps track of the number of seconds since the test has
begun. The current and voltage blocks labeled “Current” and “Voltage” allow for
monitoring of current and voltage respectively. Battery temperature is monitored using
readings from “Thermocouple-1 to “Thermcouple-3"that correspond to measurements
taken from thermocouples TR1 to TR3 (refer to Figure 3.2) respectively. The ambient
temperature (TR4) is monitored using thermometer labeled “amb_Temp”. The block
labeled as “charge/discharge current” allows for modification of the current rate. Note
that the current rate for a static capacity test is 1C. The blocks labeled as “Max Voltage”
and “Min Voltage” are used to input maximum and minimum voltages specified by a
manufacturer of a given battery cell, and should be modified as such. The “Stop” button is

provided so that the test can be stopped at any given time.
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Key parts of Figure 4.2 are labeled and separately described in Table 4.1.

Table 4.1: Block Diagram notes for Static Capacity and SOC-OCV tests

Number

Note

Parts labeled as “1” are calibration blocks. Calibration needs to be performed in
order to make readings displayed in the GUI (Figure 4.1) meaningful.

The input current (charge/discharge current on Figure 4.1) is calibrated by dividing

it by % = 12.5, because Pin 11 of the Analog 1/0 port of the power supply [57] is

used as an external reference for controlling current. 0 to £10V corresponds to zero
to £125 A when power supply is set in current mode.

The PCB Board (shown in Figure 3.5) uses a 75 ohm resistor to convert the scaled
down current to a voltage in order for it to be processed by the Analog input module.
In order to convert the scaled down voltage back to a current reading and show it

visually in the “Current” block of Figure 4.1, The signal is multiplied by % *
1000 = 13.33.

The part labeled as “2” is used for control of current and voltage. If the Voltage of the
cell is larger than the value inputted in the “MaxVoltage” block or smaller than the
value inputted in the “MinVoltage” block (refer to Figure 4.1) then voltage is held
constant and current is decreased exponentially until it reaches £0.01 A at which point
the program stops, this is called the constant Voltage protocol. The Maximum
allowable and minimum allowable voltages for the cell used in this research are
presented in table 3.1.

The part labeled as “3” is the block diagram depiction of Analog output modules
presented in section 3.2.4.

The part labeled as”4” is the block diagram depiction of Analog input modules
presented in section 3.2.4. The values of temperature, current and voltage are recorded
during a specific test using the “write to measurement file” block in Figure 4.2 and
stored in an excel file. Current, VVoltage and Temperature graphs for the static capacity|

test are shown in Figures 4.3 to 4.5.

The part labeled as “5” is used for control of current and voltage. Initially 0.95°9=1
is used for constant current protocol, once conditions described for part “2” are
reached, increments of 1 are added to the power ex.( 0.95)for constant voltage

protocol

The part labeled as “6” is the condition for end of program (current equal to 0).
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The current, voltage and temperature plots for the static capacity test are provided below:
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Figure 4.3:Voltage vs Time for a Static Capacity test
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Figure 4.4:Current Vs Time for a Static Capacity Test
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Figure 4.5:Temperature Vs Time for a Static Capacity Test
Integrating under the current curve (shown in Figure 4.4) using trapezoidal approximation
yields the capacity of 5.9 Ah. This value is higher than the 5.4 Ah specified for this cell
by the manufacturer. This is due to manufacturers commonly setting conservative

specifications.

4.1.2. SOC-OCV Test
This test is conducted in order to obtain open circuit voltage as a function of State of
Charge. This relationship can then be used in various modeling strategies such as

equivalent circuit modeling.

The test is conducted at very low current rates such as C/20, C/15 and C/10, in order to
reduce cell dynamics and minimize internal resistance. The ohmic resistance being

diminished, the measured voltage of the cell is the open circuit voltage. The test involves
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charging the battery with C/10, letting the battery rest for an hour and discharging with
C/10. In order to compute OCV as a function of State of Charge, the coulomb counting
method is utilized (Equation 2.1). Using trapezoidal approximation the current curve is
integrated and time axis is converted into SOC axis as shown in Figure 4.6. The
hysteresis level shown in Figure 4.7 is considerably high and needs to be accounted for in

the utilized modeling technique (see section 2.6.4).

Charge
Discharge

0 20 40 80 100 120

SOC

Figure 4.6:0CV vs SOC for charge and discharge
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Figure 4.7:Hysteresis vs SOC
The two curves are then averaged in order to obtain the relationship between open circuit
voltage and State of Charge. The average SOC-OCV curve as well as a 10" order
polynomial fit to the curve are shown in Figure 4.8. The polyfit function in MATLAB is
used in order to fit a 10! order polynomial function to the averaged experimental curve.
Further the polyval MATLAB function is used in order to compute the polynomial at

distinct points. The coefficients for the 10" order polynomial are shown in Table 4.2.
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Table 4.2: Coefficients for the 10" order polynomial fit to the SOC-OCV curve

Coefficient Value
1 -3.4566e-17
2 1.9555e-14
3 -4.7816e-12
4 6.6072e-10
5 -5.6604e-8
6 3.31034e-6
7 -1.0860e-4
8 0.0024
9 -0.0297
10 0.2013
11 2.9133
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4.1.3. Driving Cycles

Driving cycles are a number of tests designed by the US Environmental Protection
Agency (EPA) to measure fuel economy of passenger cars [57]. Using an electric vehicle
model, the velocity profiles from these tests can be used to develop pack current profiles.
The pack current profile can then be scaled down to individual cell level. Cycles are rich
in frequency content, consequently they can be used for parameter identification for
various models. The cycles covered here include Urban Dynamometer Driving Schedule
(UDDS), US06 Supplemental Federal Test Procedure (SFTP) and Highway Fuel
Economy Driving Schedule (HWFET). The UDDS cycle simulates city driving
conditions. This cycle represents a route of 12 km with repeated stops. The maximum
and average speed for this test are 91 km/h and 31 km/h respectively [58] . The US06
cycle simulates a highly aggressive and dynamic driving schedule. This cycle represents a
route of 13 km with rapid speed changes. The maximum and average speed for this test
are 130 km/h and 75 km/h respectively [58]. The HWFET cycle simulates highway
driving conditions. This cycle represent a route of 16.5 km with no stops. The maximum
and average speed for this test are 97 km/h and 77 km/h respectively. The velocity

profiles of the discussed cycles are presented in Figures 4.9 to 4.11. [58]:
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Figure 4.10:US06 Driving Schedule Velocity Profile [58]
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Figure 4.11:HWFET Driving Schedule Velocity Profile [58]

The battery was subjected to two cycles, separated by a 1C discharge period in between
as shown in Figures 4.12 to 4.17. This test methodology was selected in order to cover a

large SOC range for the parameterization and validation of equivalent circuit models.
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Figure 4.13:UDDS Driving Schedule Cell Voltage Profile
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Figure 4.17:US06 Driving Schedule Cell Voltage Profile
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The cycles were programmed using LabV IEW software, the panel of which is demonstrated
in Figure 4.18. Here the user can select the appropriate cycle in “Select Wave Form” pull
down menu. The “Timer”, “Voltage” and “Current”, “Thermocouple” blocks update the
user on parameter values as the test is running. The “Wave Form” graph demonstrates the
shape of the selected input profile. The values of parameters is stored in an excel
spreadsheet following the termination of the test. Location of the stored file is the default

path set in the program, however it is possible for the user to change the file path on the

front panel.
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4 125
1UDDS 0 =
Voltage Current =25
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Figure 4.18:Front Panel for drive cycle tests

69



Master’s Thesis — A.Delbari; McMaster University, Mechanical Engineering

4.1.4. Battery Cycling Test

Cycling tests are conducted in order to simulate the degradation of State of Health as a
results of battery usage over time. The block diagram for battery cycling is shown in Figure
4.19. The user can select charging/discharging current by modifying the Cycling Current
box on the front panel. The voltage range between which the cell is cycled at can be
modified using Cycling Min Voltage and Cycling Max Voltage boxes. The number of full

cycles that have been applied to the battery is shown by Number of Cycles box.
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Figure 4.19:Block Diagram for cycling tests
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Key parts of Figure 4.19 are labeled and separately described in Table 4.3.

Table 4.3: Block Diagram notes for Aging tests

Number Note

The part labeled as “1” is used for cycling of the battery cell. If the Voltage of the
cell is larger than the value inputted in the “Cycling Max Voltage” block or
smaller than the value inputted in the “Cycling Min Voltage” block (refer to
Figure 4.19) then current input “Cycling Current” is multiplied by -1 and
reversed in direction. This effectively means the cell is cycled between values

inputted in “Cycling Max Voltage” and “Cycling Min Voltage” blocks.

The part labeled as “2” is used for shutting the current value to 0 when voltage limits
are exceeded. If the Voltage of the cell is larger than the value inputted in the

2 “MaxVoltage” block or smaller than the value inputted in the “MinVoltage” block
(refer to Figure 4.19) then then current input “Cycling Current” is multiplied by 0.
This effectively stops the cell from getting cycled.

4.2.Electro-chemical Impedance Spectroscopy

In order to obtain high frequency characterization of the system, initial tests on a simple
resistor had to be performed. Firstly to discover if the wiring and power supply skewed
measurement by inducing a gain and or phase shift. Secondly to compare high frequency
characterization results of the tester to results obtained from industrially used equipment.
As such four 0.1 £ resistors were tested in individual and series configuration (series
configuration shown in Figure 4.20. The EIS tests were conducted using both the designed
tester and a Gamry Interface 1000. Gamry Interface 1000 is a potentiostat/galvanostat used

for numerous high frequency applications such as battery testing and sensor development.

72



Master’s Thesis — A.Delbari; McMaster University, Mechanical Engineering

Figure 4.20:Resistor Setup for validation Test

The electro-chemical impedance spectroscopy tests involved applying a sine wave with the
amplitude of 1 A using the Analog Output Module and collecting current and voltage
readings from the system using the Analog Input Module). The sampling frequency of
50 KHZ was used for all the tests. Figure 4.21 shows the gain plot for the Power supply.
In order to eliminate the effect of power supply on the high frequency characterization of

the system, waveforms at different frequencies were multiplied by1/Gainp,wer suppiy-
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The Block Diagram and front panel for high frequency tests are shown in figures 4.22 and

4.23 respectively.

Frequency [Hz]

Figure 4.21:Bode Plot for the Power Supply [58]
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Figure 4.22:Front Panel for EIS tests [58]
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Key parts of Figure 4.23 are labeled and separately described in Table 4.4.

Table 4.4: Block Diagram notes for EIS tests

Number Note
The part labeled as “1” is the block diagram depiction of Analog input modules presented in

! section 3.2.4.
The part labeled as “2”which is the “signal tone information” block in LabVIEW takes a
signal in and returns signals Amplitude ( “detected voltage amplitude” and “detected current

2 lamplitude” on Figure 4.21), frequency ( “detected voltage freq” and “detected current freq”
on Figure 4.21) and phase( “detected voltage phase” and “detected current phase” on Figure
4.21).

3 The part labeled as “3” returns the Impedance gain at a specific frequency (the “detected
voltage amplitude” is divided by the “detected current amplitude”).

A The part labeled as “4” returns the phase gain at a specific frequency (the “detected voltage
phase” is subtracted by the “detected current phase).

5 The part labeled as “5” is the block diagram depiction of Analog output modules presented
previously in section 3.2.4.

6 The part labeled as “6” is the depiction of Programmed Sinusoidal current input waves at
different frequencies
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Figure 4.24:1mpedance vs. Frequency for Tester and Gammry tests
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Figure 25: .Phase vs Frequency for Tester and Gammry tests

4.2.1. SOC Measurements

EIS tests were implemented using the developed tester at different levels of
SOC(20%, 50%, 80%) and at room temperature. The results are shown in Figures 4.26
to 4.28. It is apparent that the ohmic internal resistance of the cell, visually shown as
the intersection of the real and imaginary axes on Figure 4.28, remains constant for all
SOC levels. Conversely the semi-circle portion of the spectrum, which demonstrates
the charge transfer phenomenon changes as a direct result of variation in SOC. The

results shown are consistent with works demonstrated in Chapter 2.
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Figure 4.26:1mpedance vs. Frequency at different SOC [58]
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Figure 4.27:Phase vs. Frequency at different SOC [58]
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Figure 4.28:EIS spectra at different SOC

4.2.2. Ambient Temperature Measurements

EIS tests were implemented using the developed tester at different temperatures (0°C,
20°C and 40°C) all at 50% State of Charge. The results shown in Figures 4.29 to 4.31
demonstrate that variation in ambient temperature impacts both ohmic resistance and
charge transfer loop parts of the spectra. Most notably the width of the mid-frequency arc
is significantly increased at lower temperatures. It can be concluded that at higher
temperatures, impedance is reduced and therefore is possible to transport more power. The

results presented are consistent with findings of Abrham et al. [59]
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Figure 4.29:Impedance vs. Frequency at different temperatures

100
—00
200
,°_| 50 L 40°C f
[}
n
©
e
o ot =
B i
-50 ‘
10° 102 10*
Frequency[Hz]

Figure 4.30: Phase vs. Frequency at different Temperatures.
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Figure 4.31: EIS Spectra at different Temperatures.

4.2.3. Cycling Measurements

EIS tests were implemented following accelerated aging. The Aging tests shown in
Figures 4.32 to 4.34 were accelerated using high cycling current rates 16.2 A (3C) due to
time restrictions. Furthermore relatively large cycling depth was used (3.1V to 4.1V). All
tests were performed at room temperature (25°C) and 50% State of Charge. Following 20
accelerated aging tests shift of the spectra to the right is observed as shown in Figure 3.4.
This shift is primarily due to the increase of ohmic resistance. The aging results are

consistent with aging tests presented in [49].
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Figure 4.34:EIS Spectra at different SOH

4.3.Equivalent Circuit Modeling

The unknown values in the six equivalent circuit models discussed in chapter one may
be estimated using a system identification procedure. Since the models discussed are not
linear, MATLAB’s Genetic Algorithm (GA) was utilized in order to estimate the unknown
quantities. This optimization algorithm, starts off by constructing an initial population. The
sequence of new generations are then created based on a few steps. Firstly the current
population members are scored according to the fitness function. Next, parents (members
of populations) are chosen based on their fitness values. Subsequently the members in the
current population with the best fitness values are picked as elite. Furthermore children are

produced from parents either through mutation (changes to a single parent) or crossover
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(combination of properties from pair of parents). Finally new generation is created by

replacing the parents with children [60].

The objective function here is the Root-Mean-Squared Error between experimental and
simulated Terminal VVoltage. The experimental data used for parameter identification is the
US06 Driving Schedule. The identified parameters for the six models are shown in Table
4.5. Furthermore the models are validated using the UDDS cycle, and the validated results
are shown in Figure 4.35 to 4.40. Third-Order Hysteresis model was able to best simulate
the battery Terminal Voltage as shown in Figure 4.41. This result was expected as this

model was the most complex of the six equivalent models utilized in this research.
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Figure 4.35:Simulated Voltage and Actual Voltage vs. Time for First-Order R-RC Model
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87



Master’s Thesis — A.Delbari; McMaster University, Mechanical Engineering

T
’W
| Estimated Voltage |
|
b |
w LI N A l
&= s A
s ATATIR
o | UM .
g 1 'I
..} “ 1
S35 _
©
£
=
38
355 |
am
376
35
a4
345— b 1500 1600 1700 1800 1800 2000 2100 2200 -
34" L L | 1
0 05 1 15 2 25
Time (sec) «10%

Figure 4.40:Simulated Voltage and Actual Voltage vs. Time for Third-Order R-RC Model with Hysteresis

88



Master’s Thesis — A.Delbari; McMaster University, Mechanical Engineering

Table 4.5: Identified parameters for six equivalent circuit models
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+
R 0.009354 | 0.0086605 | 0.0095065 | 0.008189 | 0.008083 | 0.007947
R~ 0.006003 | 0.0069759 | 0.007124 | 0.006924 | 0.006883 | 0.006867
R, 0.007266 | 0.0063176 | 0.003817 | 0.005937 | 0.004708 | 0.009453
Cy 5.189e3 | 3.8593e3 | 1.872e5 2.972e3 4.359¢8 6.493¢8
R, - - 0.005155 | 0.001577 | 0.004847 | 0.008227
C, - - 1.003e5 9.129¢4 9.900e4 8.450e4
R - - - - 0.005516 | 0.005612
C3 - - - - 2.758e3 2.657e3
+

M - -0.5320 - -0.1873 - 0.1980
M~ - 0.8469 - 0.2839 - -0.4432
Y - 0.1267 - 0.2906 - 0.3311
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Figure 4.41:RMSE for each model
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4.4. EIS Modeling

The Randle model was used in order to model EIS spectra for the cell at 50% SOC and
room temperature. The ohmic resistance, which also corresponds to the intersection of the
spectra with the real axis was found to be 0235. R and Cp,;, responsible for the double layer
effect and visually represented by width of the semicircle were found to be .00308 and 2.0015

respectively. Finally the Warburg element was found to be 1.005e — 5. The Randle model proved

to model the EIS spectra to an acceptable degree, however for better results more complex EIS

modeling techniques

are suggested [52].
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Figure 4.42:Simulated vs. Actual EIS Spectra at 50%SOC and Room Temperature
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4.5. Multi-Objective Optimization

Previously similar equivalent circuit models were used for modeling terminal voltage
as function of current and state of charge and impedance as a function of frequency. An
intriguing idea would be to use one of the models in order to capture both characteristics.
Optimizing parameters for the chosen model would require two objective functions. One
objective would be to minimize the error between experimental and model terminal voltage,
while the other objective would be to minimize the error between experimental impedance
and model impedance at different frequencies. This methodology was used in order to
optimize the simple model and yielded inadequate results. This failure highlights the

importance of Warburg element in modeling the EIS spectra of a given cell.
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Chapter 5

Conclusion

5.1. Summary of Research

The primary aim of this research was to develop a lithium-ion cell tester capable of
cycle characterization as well as high frequency characterization. Different components of
the developed tester that include battery holder, power supply, data acquisition chassis, data
acquisition modules, an environmental chamber, a current sensor, thermocouples and a
safety circuit were analyzed, selected and integrated. In order to demonstrate capabilities
of the developed tester, various tests were performed on a lithium iron phosphate battery
cell under different dynamic conditions. The Tests conducted included a static capacity test,
SOC-OCV test, drive cycle tests, electro-chemical impedance spectroscopy tests and
cycling tests. It was concluded from the static capacity test that the capacity of battery
under study is 5.9 Ah. .A 10" order polynomial was fit to results from the SOC-OCV test,
in order to develop Open Circuit Voltage as a function of SOC for battery terminal VVoltage
modeling. Drive cycle testing was performed and resulted in experimental current and

voltage profiles for the UDDS, HWFET and US06 drive cycles. Cycling tests were
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performed in order to emulate degradation of State of Health of a battery as a result of

aging.

The effect of State of Charge, ambient temperature and cycling on battery spectra was
investigated. It was concluded that change in SOC affects the charge transfer portion of the
spectra. Most significant impact of temperature on battery spectra was increased width of
the mid-frequency arc at lower temperatures. Finally cyclic aging caused increased Ohmic
resistance and therefore a shift of the spectra to the right of the Nyquist plot. The EIS results

obtained were in coherence with findings from literature.

The results from the US06 drive cycle were used in order to identify parameters for six
equivalent circuit models. The models were than validated using the UDDS cycle.
Comparison between RMSE of different models showed that Third-order Hysteresis model

provided the best results. Finally the Randle Cell was used in order to model the cell spectra.

It is concluded that the developed fully programmable tester is capable of conducting cycle

characterization and high frequency characterization.

5.2. Future Work

Improvements need to be made to the software and hardware in order to create a
more user friendly environment. The icons used in the developed testing programs can be
enhanced to make the program more presentable. It is suggested that the control strategy

for switching between the constant current and the constant voltage protocol be improved.
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It is proposed that more channels be incorporated in order to test several batteries

concurrently.

It is suggested that the experimental data collected be used to construct more complex
system models such as electro-chemical models. Furthermore the system models should be
used for State of Charge and State of Health estimation using various methodologies such
as Artificial Neural Networks, the Extended Kalman Filter (EKF) and the smooth variable

structure filter (SVSF).
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Appendix A.1
A more detailed description of components of the designed tester.

Data Acquisition Chassis:

Figure A.1: NI cDAQ-9188 [61]
Table A.1: Specifications for NI cDAQ-9188

Item Specification
o Resolution 32 bits
Timing
External Base Clock Frequency 0-20 MHz
Operating -20 to 55°C
Temperature
Storage -40 to 85°C
o Operating 10 to 90% RH
Humidity
Storage 5 to 95%RH
) o Weight Approx. 900 grams
Physical Characteristics
. . 194mm x 88.7mm
Dimensions
x33.6mm
) Input Voltage Range 9-30 V
Power Requirements
Input Power 15W

102



Master’s Thesis — A.Delbari; McMaster University, Mechanical Engineering

Data Acquisition Modules:

NT9213 NI 9264

Mss
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) :

NI 9239 NI 9205

Figure A.2: N1 9213, NI 9264, NI 9239, NI 9205
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Environmental Chamber:

Table A.2: Rate Specifications for the Environmental Chamber

Difference in
Rate

Temperature
Ambient to 116°C 20 Minutes
Ambient to 177°C 30 Minutes
Ambient to -40°C 20 Minutes
Ambient to -44°C 25 Minutes
Ambient to -68°C 40 Minutes
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