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ABSTRACT

ABSTRACT

This thesis contributes to the reliability and ageing studies of supercapacitors for more
efficient use in EV/HEV applications. This thelemonstratesthe effect of
ageing/failure in supercapacitor cells and module ced#i;\g accelerated tests
employed to expedite the ageing process. The tests, as explained below were
categorisebased on operational and environmental ageing factors associated with

supercapacitor failure in EV/HEV applications

X Investigatesupercapacitor deperformance at high temperature and constant
voltage individual conditionsnd also simultaneously (knowas calendar test)

x Investigate the effect of voltage balancinggualisation circuits on
*U% E %o ]S}E u} po 00°¢[ %o E(}Erent cyclipge]vP
tests under certain environmental and electritzaitors

X Investigates u% E % ]S} E ugydlirgperfamarce in dab-scale
designedelectrical DC programmable motor loagstem that emulates

supercapacitor operational conditionsan EV/HEV application.

The ageing behavioursharacterisedby the three factors mentionedbove are
quantified in this thesis through the periodic monitoriraj their electrical and
electrochemical state of health with Electrochemical Impedance 8peopy, Cyclic
Voltammetry and Constantu@ent characterization tests. These tests helpntity
ageing modes in supercapacitoafd it was observed thatgardless of their ageing

factors anincreasan ESR and decrease of capacitamas determinedAthough this

v
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information is requiredthe results from Electrochemical Impedance Spectroscopy
(EIS)ests revead moredetailsdistinctive to each ageing factor. From this distingtion
the ageing mechanismsn relation to the ageing fact® which causeshe
deterioration in the supercapacitor electrical performance, are identiGed

summarized as the following:

1. Loss of contact withisupercapacitorelectrode, given rise to the contact
resistance due to the presence of high temperature as the main aigetog

2. Changeof supercapacitorporous electrode emutang a charge transfer
reaction thereby increasing itBstributed resistancecaused by the effect of

high voltage or cycling

Mathematical models in the forof electrical equivalent circ{EEG) distinctive of

their ageing factors are generated from EIS electrochemical behaviours to easily
describe ageing behavimuin supercapacitsr The EEC modeieveloped using
impedance mdelling, generated arinitial model from dormant cells, which
transitioned to ageing models distinctive of their ageing factors as soari@8%
increase in ESR and&m 80%decrease in capacitanceobservedThe proposed EEC
models were validated to show the dynamic indéetion between ageing of the
supercapacitorcells on theirelectrical performance in both frequency and time

domains.

In summary, the EEC models encompasses this thesis\agart as such considered

the main contribution of this research work.
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DEFINATION OF TERMS

A few terms used in this thesis and tragfinitions are presented below;

Accelerated ageing test A set of test which is used to expedite ageing process in
supercapacita. It is performed at stressful conditions usually involving temperature

and voltage to aggravate chemical reactionsujpeacapacitos.

Ageing behaviout The behaviour exhibited during accelerated ageing test
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Ageing durationt The time it takes thsupercapacitoto fail, after concluding the

accelerated tests.
Ageing effectt the influence of ageing wupercapacitoduring accelerated tests.

Ageing factor/Stress factot the cause of stress or pressure in a device which
eventually causes the device to fail. The ageing factor can be from mechanical stress,

environmental stress or operational stress.

Ageing mechanisméiflure mechanism a detail description of an ageing process
usually ignited by mechanical, electrical or environmental stress on a device which that

contributes to a failure event.

Ageing mode/Failure modethe manner in which a failure occur in a dewedber in
a total lost in functionality to perform its intended function or unable to meet its

requirement.

Ageing monogramt a signature that represents ageing effectssupercapacitor

behaviour.

Ageing model/Failure modehn electric equivalent ciuét model based on the aged

response of supercapacitor behaviour.

Ageing ratet ageing rate is related to the chemical reactionssupercapacitar
Chemical reactions inupercapacit@ is speeded up usually either by voltage or
temperature. When the ratef the chemical reactions are increased, ageing happens

quicker.

Balancing circuit /Equalization circti\n electrical circuit used in balancing voltage/

current betweersupercapacitor ooe Jv @ Zu} po [X

Calendar lifet Is a test used to sustaBupercapacitorstored energy at a time by
maintain the voltage at a constant value. This method of ageing test helps in measuring

leakage current isupercapacita.

Cell opening swelling on the casing of tiseipercapacitodue to buildup of pressure

which kads the cell to open up.
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Cycle lifet the number of complete charge and discharge cyckupercapacitas,
cycled from the minimum voltage of teapercapacitoto the its rated voltage, before
the supercapacitotost 20% of its initial capacitance os resistance increased by
100%.

Cyclingt a repeated charge and discharge cycle between two voltages using a set

current onsupercapacitor

Endof-ife trefers to the end of the useful life sfipercapacita. The criteria for the

end-of-life is usuallyet by the manufacturers.
Leakage currentmeaning the minimum current needed to charge a SC from 0V.

Open circuit/Short circuit no current source or voltage source is attached to the

supercapacitgrtherefore no charge flows between thepercapacitoterminals.

Preconditioning t Discharging and storage of a capacitor under specified ambient
conditions (temperature, humidity, and pressuumtil its inner temperaturattains

thermal equilibrium with the surrounding temperature beforstieg.

Reference temperature Is in between the ranges of 25°C + 2°C by the IEC standard
600681

SC degradation/failureThis occurs whensupercapacitoexhibits a 20% decrease of
its initial capacitance or its resistance increased by 100%, or inesdreme cases

becomes an open or a short circuit

SC modelt an electric equivalent circuit model based on the response of

supercapacitobehaviour.

SC modulet the arrangement of more than orsupercapacitarthe arrangement is
either done in series witlthe positive electrode terminal of ongupercapacitor
connected to the negative electrode terminal of anoth@percapacitoand so on, or
arranged in parallel with the positive electrode terminal of u@ercapacitor

connected to the positive electroderminal of anothesupercapacitoand so on

State of healtht the condition of thesupercapacitomuusually referred to the cell

capacitance.
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Stress levels the rate at which the stress factor is applied

Voltage Imbalanceis the uneven dispersion of voltage rating betwseapercapacitor
oo¢ |]v Zu} po [ pPE]VP Z EP]JVP }% & S]}veX

Labscale test bench (load based cycling systeim)a lab scale circuitry design for a

programmable chargdischarge load, used in some bétageing accelerated tests.

Note The wordsfailure,ageingand degradingvere used interchangeablertiughout

this thesis, so also wasualization and balancing.
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CHAPTER INTRODUCTION

1 Introduction

This research work deals with the study of supercapacitor ageing with regailits to
expectancy and reliability. This work presents a unique approach to addressing the

research problem and as a result, improve supercapacitor performance.

The main aim of this research work is to study the individual aspects of ageing in

supercapacitors olesved in HybrieElectric Vehicles (HEV/EV) applications.

Research Background

Supercapacitors are considered necessary energy efficient devices for rapid energy
storage and delivery (Delhi, 2014). In recent years, supercapacitors have attracted
significantattention, mainly due to their high power density, lotite cycle and

bridging function for the power/energy gap between traditional dielectric capacitors
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(which have high power output) and batteries/fuel cells (which have high energy
storage) (Wang, &mng, & Zhang, 2012) (Chmiola et al., 2006). Among the advantages
of supercapacitors are high power density, a long lifecycle of charge/discharge with
high currents, high efficiency, a wide range of operating temperatures,
environmental friendliness with W@ maintenance, and high safety. These
characteristics have made supercapacitors very competitive in various applications
(Ban et al., 2013) (Francois Beguin, 2009). Unfortunately, even with all its advantages,
supercapacitors still pose some challengeshsag low energy density high cost, and
high selfdischarge rate, which limits specific applications (Wang et al., 2012)

(Ricketts & TofThat, 2000).

These challenges may cause some major concerns especially in supercapacitor cycle

and shell life such as;

1) High cell voltage i.e. operating voltage higher than rated voltage, as a result
of electrochemical decomposition of solvent due to the limited electrode
us3 E] o *3 Jo]8C Vv I}E <}oA v§[e 3Z Eu} Cv u]
which could produce gaseous phacts, leading to the pressure builgh
inside the cell, causing safety concerns and -disifharge (Abdallah,
Lemordant, & Claud&lontigny, 2012; Bittner et al., 2012; Chiba et al., 2011,

Yang & Zhang, 2011)

2) Supercapacitor parallel leakage causing fast-disfharge andlecreasein
supercapacitor shell life. The factors that contribute to this particular

limitation observed in supercapacitors are as follows (B. Conway, 2009): (a)
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Faradaic reaction of electrgte impurities; (b) parasitic redox reactions
involving impurities; ¢) noaniformity of charge acceptance along the surface
of electrode material pores; and d) possible shartuit of the anode and

cathode from improperly sealed bipolar electrodes.

However, researchers have found ways to minimise some of these challenges by

increasing energy density using two approaches that are expressed by;
S
L2 % 8 (11)

Where ' is energy storage%s the specific capacitance aris the cell voltage:

(1) The first approach is to increase the capacitance (C) of the electrode material
while the. (2) The second method is to increase the cell voltage (V) using solvents
such as noraqueous and ionic liquid solutions which have a widércteode
potential window (Lewandowski & Galinski, 2007; Lewandowski, Olejniczak, Galinski,
& Stepniak, 2010). It is understood that increasing the cell voltage is more efficient
than increasing the capacitance asltageis squared in the energy storagerfnula
expressed above. Although research literature so far has documented supercapacitor
voltage rating to be in the ranges of -BY, this voltage levels is still not high enough

to satisfy most applications such as; mobile phones, digital cameras, and
hybrid/electrical vehicles, etc. (Ban et al., 2013). Hence the need to increase the
voltage of the system by connecting individual SC cells to meet applications

requirement (Al Sakka, Gualous, Van Mierlo, & Culcu, 2009).

Apart from the challenges mentionembove, which could be improved by refining

certain material aspect of the supercapacitors during the development phase to
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increase energy density (Li & Wei, 2013) (Farma et al., 2013). Supercapacitors tend
to be reliable and require low maintenance duringerations when used under the
boundary conditions as (prescribed by manufacturers). Unlike batteries they have
long cycle life and are rarely interrupted or replaced during continued operations.
Despite having met all the conditions, some issues assaCiai¢gh the use of
supercapacitors have been reported by many researchers with an agreement that,
after some years of operation, supercapacitors develops capacitance fading and
increase in resistance (ElI Brouji, Briat, Vinassa, Henry, & Woirgard, 2009).
Supercapacitor lifecycle as predicted by various researchers are in the range26f 10
years (Bohlen, Kowal, & Sauer, 2007), this is presumably true when operating under
the boundary conditions defined by the manufacturer. However, supercapacitors
used in a gstem especially in EV applications may not perform under these nominal
conditions; Hence, the life expectancy of a supercapacitor has to be revised to
include the factors affecting the ageing behaviour as a result of the system operation

modes coupledwWsZ SZ epu% E % ]S}E u vu( SPE Ee[ S *Z

Given these concerns, the need to improve SC reliability is crucial and therefore this
research work focuses on testing the boundary conditions in supercapacitors, so as
to analyse and mitigate supercapacitdailure/ageing modes. The research
methodology proposed in this thesis is categorised into three sections to investigate
ageing test methods, which includes; (a) Degradation mechanism based on
supercapacitor parameter failure modes, (b) lafgectancy tneline based on
parameter deterioration, (c) supercapacitor Equivalent Electrical Circuit (EEC) model

representing the degradation process.
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Research on

Improving SC
reliability using
test methods

Figurel-1: Research on improving SC reliability classified into three area of study

During the last decade, a significant number of investigations have been dedicated to
testing these boundaries to maximise the capability of supercapacitors and also to
understand their ageing behaviour under certain conditions. Depending on the
conditions under which they are operated, supercapacitor performance can be

affected in many ways, thus calling for more research on the study of degradation
mechanism in supercapacitors; (M. Ayadi et al., 2013; Mohamed Ayadi, Briat,

Lallemand, Coquery, & Vinass®12; ChaariBriat, Delétage, Woirgard, &inassa

Tiii v [ v8C& u}vs ~ W]o}vU TiioV ' €Gu v § oXU fiiite~DX
Mohamed Ayadi et al., 201€haari § o XU Tiii V [ vS§& u}vsS ~ W]o}vU Tii.
et al., 2013).

Likewise, there is also gring interest in the development of supercapacitor model
to understand their behaviour and the implication of the product design on the
electrical performance (Ban et al., 2013; Fletcher, Black, & Kirkpatrick, 2014; Ike,

Sigalas, lyuke, & Ozoemena, 20Mdelling is used to simulate system response to
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give a better understanding of system applications in real time. In this case, the
modelling of a supercapacitor is a good approach to understanding the actual
outcome of using supercapacitors in an elecltisystem.

A large number of proposed models are in the form of equivalent electrical circuits
(EECs) (Ban et al., 2013; Diab, Venet, Gualous, & Rojat, 2009; Faranda, 2010; Tironi &
Musolino, 2009; Ying Zhang ¥ang, 2011). The EECs are usually fit for specific
applications. The problem though lies in the time scale of the EECs operation. First,
they are built for shorterm operation. Thus, their response only covers the short
range of dynamic effects of supajgacitors. Second, they do not take into account
the degradation in the state of health of supercapacitors. In reality, supercapacitors
will be exposed tgrolongedoperation, whereby in due time, ageing will become
inevitable. Therefore, efforts have bedémvested in searching for an approach that
does not only look at the behaviour of the supercapacitor within a short operation
period but is also interested at how supercapacitors will behave if it is used for the
whole lifetime of the system. This needdfaieled the emergence of complex models
which are built to resemble the loAgrm behaviour of supercapacitors (e.g.
(Bertrand, Briat, Vinassa, et al., 2010; Bohlen et al., 2007; Lajnef, Vinassa, Briat,
Azzopardi, & Woirgard, 2007; Martin, Quintana, Ram&sDe La Nuez, 2008;

Mitkowski & Skruch, 2013)).
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Research Course

To steer this research on the right course; the research issue, questions, objectives,

contribution and methodology is addressed.

Research Issue

Supecapacitors (SC) as a result of thdéiigh power density (Ko & Carlen,
2000)(Gualous et al., 2012)(Mohamed Ayadi et al., 2014) have been recently adopted

as a preferred device for power storage especially in automotive applications (Bohlen

et al., 2007) where they provide interesting solutsowhen it comes to the peak

power requirements needed to operate HEV and EVs, such as thetstdpboost

and regenerative operation mode<£liaarj Briat, Delétage, Woirgard, &inassa

T1ii «X A v A]§8Z 8Z ~ [+ 0o}A v EPC ve]3BalesioE 3}
§Z ]E o EP % ]3Vv ~e¢ v 0}A]vd Ev o E ¢]*5Vv ~ "Z
for applications where fast charging or discharging with high current rates are needed

(Yu Zhang & Jiang, 2009).

Although SCs have long cycle life andld potentially live as long as the applications
they are applied in and, B. E. Conway, (1999), their life span (ageing influence) is a
major conundrum within literature: (Eggert & Heitbaum, 1986)(Kurzweil, Frenzel,

& Gallay, 2005)(Koétz, Hahn, & Gglla006), especially for EV applications.

After prolonged operations, SCs demonstrate parasitic electrochemical reactions

such as the decomposition of the electrolyte under certain conditions, which
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drastically reduce the life expectancy of the SC dev{Bahlen et al., 2007)
characterized by failure modes which includes; increase in resistance and decrease in
capacitance, short circuit or open circuit (for SC module operation) (Koétz, Ruch, &
Cericola, 2010a), microscopic phenomena such as gas evolatogase in electrode
mass, and local separation of the coating layer from the metallic collector.(Azais et

al., 2007)

Nle % E(JEU vV Z A <]PVv](] v30C Ju% E}A *% ] 00C ]
development (M. Ayadi et al., 2013). However, the iss&C degradation/failure,
especially SC ageing mechanism concerning its stress factor remains a challenge in
the industry with limited documentation. According to some investigators (R.Gallay,
A.Oukaour, B. TaldaPZ]oU ,X'nu o}ueU X p Ev&meritiiobU "] u %o
supercapacitor reliability is fundamental and the folloyy and the detection of the
ageing state remains a priority to avoid breakdowns and thus to intervene at the

JVA v] v8 ulu v3_X dZ]e cpuPP ¢3¢ AZCU ]38 ] ip*8 v}3 v}p
factors as already established and agreed upon by various researchers (A. Schneuwly,
M. Bartschi, V. Hermann, G. Sartorelli, R. Gallay, 2002), rather it is also important to
go further and understand the signature behaviour exhibited by each stressrfacto

and its overall contribution to SC electrical performance deterioration.

The increase in voltage and temperature exponentially accelerate electrochemical
reactions (Global Industry Analysis, 2010) which eventually degrades the SC device,
where the ageingffects exhibited by each stress factor have a distinctive pattern as
characterised by impedance data (Kotz et al., 2010a). Therefore, a better
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CHAPTER INTRODUCTION

SC failure (with relation® electrical performance) is mandatory, in other to predict
the time and mode of SC failure from performance data, so as to improve product

design and material.

The standard approach used in testing SC lifetime and performance are based mostly
on cyclelife and calendatife testing (FreedomCAR, 2004). In respect to SC lifetime
and performance test methods, this research work is focused on accelerating ageing
testing methods with elevated voltage and temperature conditions under various
cycling profilesAnd these accelerated tests are not limited to single cell SC as the
power demands in most applications surpasses a single cell, hence the need\for
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failure (Kotz et al.2010a) different froma SCell as its major issue is balancing the
voltagesbetweenthe cells with a voltage equalization/balancing circuit, (K6tz et al.,
2007)(Yi Zhang, Wei, Shen, & Liang, 20D8pywd Omar, van den Bossche, & van
Mierlo, 2011) withoutwhich might lead to SC failure characterized by either an open

or short circuit.

The standard method to study the behaviour of SC is through modelling the current
voltage characteristics of the device using electrical equivalent circuits (EECs). EECs
are usually made up of components that are chosesdzhon a phenomenological

basis (Barsali, Ceraolo, Marracci, & Tellini, 2010), in which the components are
selected to match what is observed during SC openatioHowever, this method

does little to help urcover the cause of the deterioration in SC performance,
(Bertrand, Briat, El Brouji, & Vinassa, 2010) which needs a deeper investigation at the

cell level. The electrochemical processes during ageing degrade SC internal
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components, either by physical sttucal changes or by alteration of the chemical

characteristic, either way, both affecting SC overall performance.

In summary, this research work focuses on analysing SC ageing modes, through
operational testing conditions in relation to EV applicationsesEtesting methods,
starts with standard power cycling and calendar test, to establish a baseline for SC
ageing behaviour, and then expands further to investigate SC stress levels under
conditions that emulate EV operation modes such as; the-stag, boost and
regenerative modes, this is done by introducing a load profile to emulate these
conditions. In doing so, voltage equalisation/balancing circuit was introduced to the
system to improve performance reliability. The act of SC balancing is crutia to
system when it comes to SC dadation. In fact, SC ageing causedthe lack of
voltage balancing between cells due to open circuit is more detrimental to the whole

system than any form of failure (Kétz et al., 2010a)(Fu, 2014)(Group, n.d.).

The expemental data gathered from SC accelerated tests is later used to create a
model electrical equivalent circuit to explain easily the ageing evolution of SC
dynamic electrical behaviour. This approach contributes to the underlying physics of

SCs and alsodrease the efficiency of the SCs

Research Question

The issues presented above have generated a few questions that this research work

seeks to answer. These issues are:

10
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1. Howreliable aresupercapacitos in E\applications: Supercapacitor lifecycle

prediction on to EV applications

Earlier, in EV applications, batteries were employed as the primary form of
energy storage but afterigoroustest, it was discovered that the battery life
significantly decreases due to cycling at high power causing an increase in
joule heating along the internal resistance of the battery. These degradation
parameters have been researched extensively and have successfully

projected battery life expectancy with precision.

Recently manufacturers have introduced supercapacitors, waiehused in
parallel with batteries (load levelling) to form an ESS (enstgragesystem)
capable of meeting both power and energy requirements (Jeong, Lee, Kim,
Choi, & Cho, 2002) thereby increasing the system efficiency. This arrangement
brings about acertainty in the system as a result of insufficient knowledge
on the part of the SC performance and its life expectancy, and as to how

deeply the battery performance is affected by the SC.

As a result of this uncertainty, studies have been carried oatitiress these
situations, and researchers have still not been able to estimate lifecycle with

precision.

The life expectancy of SCs under normal conditions as predictBdhign et
al.,(2007) to bein the range of 10 years for voltages below the rated
maximum voltage and temperatures at room temperature. Although SCs used
in a system especially in EV application does not operate under these nominal

conditions, therefore, the life expectancy @SChas to be revised to include

11
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the factors affecting the ageing behaviour as a result of the system operation
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to a rule of thumb, the ageing rate doubles if either the SC volagereased

by 100mV or the temperature is increased by 10K (Bohlen et al., 2007).

. Supercapacitor applications: SC module in contrast to a single SC cell?

The power demands when dealing with EV is usually high, so when combining
supercapacitors and battees to form an energy system, the supercapacitors

have to be sized up to meet up the power demands of the battery. A single
supercapacitor voltage has the maximum rated value of 5V and because of

the voltage limitation in SC, SCs are required to be cdeden series and/or
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voltage and high current levels.

In EV applications, SC module sizing and arrangement is a crucial factor
especially in defining the power required to work eeapplications; factors

like; voltage, current, capacitance and internal resistance have to be put
under consideration when choosing the best method of SC arrangement. Each
arrangement, that is to say serial, parallel or matrix connections are selected

to favour either low or high power requirements of a particular application.

This problem is resolved by a better understanding of the EV application with

regards to the SC testing methods that are employed.

12
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3. How to makeSC more robust by integrating the d9gen with a balancing

circuit?

In applications that require high power, the SC are connected either in series
or/and parallel to form a module to meet system demands. A serial
connection can produc@ SCmodule with a high voltage during charging
operatiors, although, these voltage boost does not guarantee that each SC
cell charges at the same rate and that it would not exceed its individual rated
voltage. In the event the rated voltage of any one of the SC cell in the module
is exceeded, the life expecteyndecreases as a result of owaltage coupled

with the possibility of uneven temperature distribution across the module
(Kotz et al., 2007)(Al Sakka et al., 2009). Dispersion of SC parameters also
leads to different ageing rates of each SC cell. Thaitwt of each of the SC
cell contributes to the different ageing rate, whereby the cell that is closest to
the terminal will be exposed to higher stress and thus experiences a stronger
degradation as compared to the rest of the cells (Bohlen et al., 200K.SC
mode of failure is characterised by either a short or an open circuit. The
instance this failure mode is met in any single SC, that component must be

replaced or the whole system is jeopardised.

A voltage equalisation circuit is introduced toldrace the voltage across the
module evenly in the system, thereby increasing the life expectancy of the

system.

13
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4. Supercapacitor failure and method of quantifying the failure evolution

SC is stressed mostly by two predominant factors i.e. voltage andaiertyse

which are the primary influence of ageing in SCs. SC performance during EV
operation such as chargdischarge cycles deteriorates the life of SCs with
time. This time frame under normal conditions could last up to tens of years,
EV applications, iwever, do not operate under normal conditions and
therefore, the test procedure needs to be accelerated within standards and
manufacturers recommendations to study the degradation process under a
reasonable time frame. The knowledge about the effect ohperature,
voltage and chargeischarge cycle on SC performance and lifetime is vital for

a successful utilisation of this device in an EV applicalibae.consensus for

SC EOL criteria is 20% loss of capacitance and/or more than 100% increase of
the ESR (Gualous et al., 2012). These ageing phenomena are quantified and
analysed by conducting characterization tests which include; constant current
chargedischarge test, Cyclic Voltammetry test and Electrochemical
Impedance Spectroscopy tests to determine the most precise method of
parameter identification and also to model the electrical ageing behaviour of

SCs.

5. Study SC ageing mechanism ¥ operationsBy employing a laiscale test
bench (load based cycling system) to emulate EV drive cycle profiles, so as

to analyse supercapacitor degradation process.

A single failed cell can jeopardise an entire SC module anthderstanding

the performance behawour of a single S operating on its own or inraodule

14



CHAPTER INTRODUCTION

is vital. The failure mechanism & SGmodule exhibits failure modes that
cannot be recognised from a single cell. Therefore, it is necessary that failure
modes realised irm SOmodule be investigatedn addition to failures of a

single SC.

SC failure is investigated by determining the mechanism of failure which is
caused as a result of electrical, mechanical or environmental stress. In this
research, a lab scale test bench (is designed to accel&@tefailure by
inducing environmental stress in the form temperature and voltage) is
employed to identify and evaluate different ageing processes encountered in

an EV.

. Supercapacitor model: Model that best describes SC electrieald
electrochemical behavour, through different ageing stages thereby

capturing the complete ageing mechanism?

This research work goes further to explore possible SC models that describe
its electrical behaviour and also represents the ageing evolution from life
inception to potenial EOL. The model, in the form of an electrical equivalent
circuit (EEC), should be able to represent the physicochemical proceSdn
and simulatecurrent-voltage characteristics @& SCIt should also be able to
cover a broad range of frequency atiche constants, as the ageing effect in

SC is usually observed after prolong operational period of months or
sometimes even years. By representing all these properties, the model stands
a chance in explain SC ageing mechanism during test operations and

eventually optimising SC cell design for additional robustness.
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Research Objectiveand Delivrables

The main aim of this research is to envelop SC ageing process from inception to SC
EOL. This process encompasses identifying and analysing failure mechanisms
observed during operation by means of conventional characterization tests and also
modelling the electrical behaviour of the SC. The knowledge acquired from this
research is useful for the improvement needed in product development and
reliability assessmes. to achieve this goal, a few objectives have been drawn up and

followed precisely;

x To analyse the effect of SC ageing factors one at a time before combining
them together, so as to understand and distinguish between the ageing
mechanisms of each ageifagtor, thereby creating a baseline to explain the
mechanism of SC failure in operation whereby more than one ageing factor is
present. Prognosis of the interaction between the ageing factors is mandatory
so as to understand the risk on SCs undperating conditions, thereby

improvingthe design and safety of the SC cell.

x To distinguish and analyse the ageing mechanism between a single SC cell and
Z™ u} po [X JE JVP 8} % E Al}pe *3u ] U E spode Z
of ageing modes between single cells and module (K6tz, Ruch, & Cericola,
2010b). The failure pattern se in SC modules is so abrupt that the
mechanism of failure is mostly linked to the voltage imbalance between cells

coupled with uneven temperature dispersion (Kotz et al., 2007)(Al Sakka et

16
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al., 2009). Therefore, a suitable equalisation/balancing cineag proposed

and introduced to improve SC module performance. The failure mechanism is
to be understood, analysed and compared between SC module with a
balancing circuit and SC module without a balancing circuit within the span of

this research work.

Thedeliverables below were provided to achieve the objectives presented in this

research work

x A lab scale test bencload based cycling systermsjlesignedo carry out tests
S0 as to investigate the degradation process of a supercapdxitemulating

a few operational modes with electrical motor load profiles.

x SC electrical performaneemodelled withelectrical equivalent circuitEECS)
which interpret the dynamic behaviour of SC and at the same time is also able
to model the degrad@on process irthe aged SCs. It is alable to relate the
ageing mechanism due to electrochemical and structural changes in an aged
SC to the EEC to understand how the ageing mechanism contributes to the

failure in SCs.
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Research Contribution

Study ofSC lifespan with respect to the ageing mechanism is highlighted during this
thesis as a preventive method of failure, and in so doing improves real product
maintenance. This thesis emphasises a methahatysingageing mechanism of SCs
during operation onditions. If the ageing mechanism is analysed during operation
conditions, it will be easier to identify the failure cause and mode in SCs, thus
preventing impending failure, the moment it begins to show traces of degradation.
During the span of this reaech ageing mechanisms are categorised under various
operating conditions and are evaluated and crosferenced against EV applications.
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applications. In addition to explaining éhdegradation process exhibited in each
operating condition, a model developed using EEC aids in evaluating the ageing
process through parameter regression (or in other words through the change in

electrical parameters) from its precursor parameters.

Regarch Methodology

This research work was carried out by putting forward an approach to understanding
the phenomena in SC EOL (or situations leading up to it) under strict operating
conditions disclosed during this thesis. The study was aimed at (1) Uadeirsg the
causes and modes of SC ageing not only under standard testing conditions but also
conditions that emulate specific modes in EV application. (2) Understanding and

relating each cause of failure to the mode of failure and its failure effect oi3%C.

18
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Understanding voltage irregularity in SC module by embracing a balancing circuit as
a course of action to improve/rectify ageing effects levied by voltage imbalance. (4)

This research work can only be achieved, by resolving on a suitable method of
identifying SC ageing effect by periodically monitoring the degradation process using

a befitting tool to ensure the success of this research.

An experimental methodology was drawn up to satisfy the research questions
presented in section 1.2.2, which havdeav guidelines to follow: (1) this approach
recommends an accelerated test to expedite SC ageing process under a suitable time
frame for laboratory testing. (2) It also provides a platform whereby more than one
ageing factor is tested at a time to studpcaunderstand SC ageing effect in EV
applications (3) this methodology gives room for improvement by introducing an
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much as the balancing circuit was used to reduce thtagelimbalance in a module,
a study on the effect with and without the circuit is eminent in order to determine

ageing mechanisms and distinguish failure pattern in both scenarios.

This research work has collected a few techniques of measuring characterist
properties in SC behaviour from series of methods used in various literature for
measuring SC behaviour. The few measurement technigue adopted in this research
were used periodically between calculated accelerated tests to monitor or observe
SC behaviau (or in this case health) as particular SC characteristic properties
degrade. The method of observation known as SC characterization collects data

showing the gradual regression of SC parameter within a failure timeline.
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Figure 1-2: Research Methodology Flowchart
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Scope of Thesis

This thesis investigates the ageing behaviour in both single SC cell and SC module. A
commercial cell with a capacitance rating of 25F and a voltage rating of 2.7V was used
throughout the experimental process. The commercial cell was limited to a single
product developed by Maxwell Technology, the USA using carbon electrodes and
acetonitrile organic electrolyte and packed in cylindrical packages. The SC was limited
to only one product to minimise the difference in characteristic properties when
more than ore cell is combined in a module and also to provide a straight forward

process in analysing SC life degradation with certainty.

Furthermore, this study only covers the wear out failures and ageing behaviour
induced by external factors such as environmental stress and operational stress.
Therefore, any ageing behaviour caused by internal faults related to the cell design

and materids are not covered in this thesis.

The ageing behaviour explored in this thesis, are focused on thermal environmental
v 0 SE] o0 }% & S]}vX dZ S u% E SPE ubdod}Cv E vP

this range was chosen based on the SC operating congliind also the electrolyte

boiling point temperature. This temperature range is believed to be a sufficient and

practical enough to accelerate SC ageing process in a laboratory setting.

Ageing behaviour due to cycling test in concurrence with thermal stdescribed
above was studied. Different cycling tests were carried out using different current

profiles which were classified into experimental-sgis explained in chapter 3.
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Thesis Outline

This thesis is made up skven chapters in total, antdrief introductions to the

remaining six chapters are presented below:

o CHAPTER 2

Chapter 2 is a compilation of literature research from previous work that relates
to this research problem statement. This chapter starts with a background
study on the main researcimaterial supercapacitor, from history, market
predictions and trends, fundamental principle operational principle, the
structural description, types of SC available in the market and the
advantages/disadvantages of the supercapacitor technology. The ehgpés

on to explain the theoretical principles behind supercapacitor modelling, types
of models, supercapacitor sizing in a module and the advantages of introducing
a voltage equalisation/balancing circuit to a supercapacitor module; with
illustration recovered from various literature papers from previous research
works. Finally, the chapter describes types of SC ageing test, ageing factors and
failure quantification is extensively reviewed from different research

methodological point of view.

All the literature put together helped to envision the research focus and
eventually draw up a methodology in chapter 3 to tackle the research issue. The
chapter is concluded by ascertaining the research limitations observed in the

literature reviews.
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o CHAPTERS3

This chapter starts by explaining the importance of SC performance and
reliability in EV operations, and why it is crucial to study SCoEli@ (EOL)

with the purpose of identifying ageing mechanisms. This chapter proposes a
step by step methodology of asssng SC failure as shown in the block diagram
(Figure 32), which is divided into three stages. The first stage starts by
characterizing parameters of the SC cells to establish an initial state of health,
the second stage develops an initial model isedeped using parameters
found during characterization, and in the final stage the SC cells are subjected
to accelerated tests (comprising of SC failure causes with respect to
environmental and operation factors). These stages are repeated over and over
agan on a periodic basis to analyse SC degradation till the point where failure
modes are established. Finally, SC life is predicted with the aid of developed
failed models using parameters collected during characterization. The chapter
explains in detail th accelerated tests, experimental sgp and the duration in
which the tests are carried out. It also describes the equipment, materials,
instruments, hardware and software used during the experiments. The chapter
concludes with a brief explanation of theectrochemical characteristics and

measurement techniques used throughout this research.
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o CHAPTER 4

Chapter 4 of this thesis is on research design and testing. In this section
electronic hardware supported with software (written codes) are employed to
enforce proposed accelerated tests based on the working principle assigned to
the experimental setips discussed in chapter 3. The chapter consists of designs
on proposed equalisation circuits and three types of chatigeharge circuits;
these circuit degins consist of both hardware and software. After design
completion, the chapter goes further to implement testing protocols using the
research methodology and also document test profiles representing the

accelerated tests categorised by their experimesettup in chapter 3.

o CHAPTERS

Chapter 5 is divided into two parts;

In the first part, different techniques of measuring SCs were presented, and the
alarming dissimilarities reported by the results from these techniques
prompted an investigation to identify the most suitable measuring method for
this research work. Identifng the measurement technique started with a
survey on methods developed by SC manufacturers, and then, those methods
were tested and their results compared to choose the appropriate measuring

method and test setting best suited for this research.

24



CHAPTER INTRODUCTION

The gcond part of this chapter deals with modelling SC electrical properties.
Methods of modelling using under time and frequency domains were explored
in this chapter and a suitable choice using a reliable method of parameter
characterization and collection a8 selected. At this chapter, an initial EEC

model was developed to represent SC electrical properties, which is later

improved in the subsequent chapter to envelop SC ageing behaviour.

o CHAPTERG

In this chapter results gathered from the accelerated agdests on the SCs
are presented and discussed in details, it also goes a step further to develop

models representing those ageing factors.

At first, the chapter studies the effect of environmental and operational
stresses on the SCs ageing behaviour.t Thathe effect caused by high
temperature, constant voltage, constant current cycling with and without
equalisation/balancing circuit, various chardischarge profile with and
without a motor load were studied individually to distinguish the ageing
mechanism in relation to these ageing factors. The changes to the state of
health and properties of the SCs are monitored periodically in the periodic
characterization tests. The results from electrochemical measurements are
compared to the SC electrical penfieance to find the correlation between the
ageing processes to the decline performance in SC. From the isolation of the
ageing factors, this chapter identifies the ageing signature of each factor and

hence, identifies the primary contributor to the deteraiion performance.
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In addition to the results gathered in this chapter, models representing each
ageing factor are developed based on their ageing mechanisms. Model
evolution from the initial model developed in chapter 5 to the aged model is

illustrated n this chapter, thus representing the changes in the state of health

of the SCs. Since the initial model and the aged models are in the form of
electrical equivalent circuit modelyhich makessimulatiors of the current

voltage characteristic of these modetstime domain is possible

o CHAPTER Y7

The concluding chapter of the thesis, it summarises the research work
presented in the whole thesis and reiterates the research questions to confirm
that approprate answers were provided and understood to some certainty. It

also discusses this research works limitations and provides ideas for future

improvement.
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CHAPTER- LITERATUREVIEWAND THEORY

2 Outline

Chapter 2 is a compilation of literaturesearch from previous work that relates to
this research problem statement. This chapter starts with a background study on
supercapacitor SC, from history to future predictions, structural description and the

advantages/disadvantages of the SC technology.

The chapter goes on to explain the theoretical principles behind supercapacitor
modelling, sizing of supercapacitor module and fiemefitsof introducing a voltage
equalization/balancing circuit to a supercapacitor module; with illustration recovered

from various literature papers from previous research work

Finally, Supercapacitor ageing causes and effect, accelerated test methods with
ageing factors, failurguantification,and ageing modelare extensively reviewed

from different research methodologitaoints of view.
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All the literature put together helped to recognize the research focus which
eventuallyassistedn drawing up a methodology (in chapter 3) to tackle the research

problem.

SupercapacitorGeneration

Electrostatic and Electrolytic capamis are known as the first and second generation
capacitors. These conventional capacitors were developed centuries ago primarily for
low power applications such as memory backup supplies or analogue circuits due to
their low capacitance charge rangingrmanmicrofarads to Pico farad€ingoz, 2012)
Conventional capacitors have been in existence since a philosopher called Thales of
Miletus discovered electric charges when he rubbed amber with a cloth and observed
magnetic particle attraction. That event led to the triboelectric effect which
demonstiated the effect of rubbing two nowsonducting material{Yu, Chabot, &
Zhang, 2013)In 1745, a better understanding of electrostatic and electrochemistry
led to the invention of a condenser which evolved into better structural capacitors in
the twentieth century when theywere redesignedto a more practicaland
economical means of storing electrostatic charges thia now usedn electrical

systems.

With Rapid development in materials featuring high surface area and low resistance,
a third generation capacitor with the capability to store relatively higheergy in
the form of electric charge was producekhe third generation capacitor trade name

has been known by many manufactur@csvary from; Dynacaps, gold capacitors,
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electrochemical double layer capacitors (ELDC), {ddpmcitor, to Supercapacitor
(SC)(Atcitty, 2006) (Namisnyk, 2003)However throughout this thesis, the term
supercapacitor SC which is a widely used trade name (verified by Nippon Electric

Company (NEC)) is easier to identify with and therefore used.

Energy Storage System

Energy consumptiors one of the biggest challengesat our society face today, and
with the increasing depletiomf fossil fuel coupled with its harmful effect on the
environment when consumed; researchers are focusing their attention on greener
solutions such as renewabnd clean energy sources to replace fossil {Ueust,
2006) Various devices are under development for storing energy, such as batteries,
conventional capacitors, fuel cellsupercapacitors, etc Supercapacitors have
aroused more interest in eentdays,and so this research will focus on this subject.
An ideal energy storage device should provide high energy in a short time i.e. high
power density, and should also store and delilage amount of energy i.e. high

energy density.
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Figure2-1: The Ragone plot of different e