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ABSTRACT

Electric double layer capacitor (EDLC) is an energy storage device that
fills the gap between battery and conventional capacitor. One way to understand
EDLC’s charge storage mechanism is through its equivalent circuit analysis.
Nonetheless, most of existing equivalent circuits proposed in the past researches
are not capable in justifying DC characteristics of the EDLC and hence, prevent
the discovery of the technology’s full potential. The project focuses on evaluating
electrochemical characteristics of EDLC and proposes a new equivalent circuit
model that capable of not only illustrating the charge storage mechanism but also
justifying the DC characteristics of the EDLC. Electrochemical impedance
spectroscopy (EIS) measurement was carried out on two commercially available
EDLCs with the capacitance of 300 and 400 Farad using an electrochemical
measuring system. With the aid of EIS Spectrum Analyzer software, the test
results were analyzed and a new equivalent circuit was proposed. The impedance
spectrum and equivalent circuit model designed from the two samples were
compared and their characteristics and electrical behavior were analysed to justify

DC characteristics of the samples.
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ABSTRAK

Electrik kapasitor dua lapisan (EDLC) adalah alat penyimpanan tenaga
yang mengisi jurang antara bateri dan kapasitor konvensional. Salah satu cara
untuk memahami mekanisme penyimpanan caj EDLC adalah melalui analisis litar
setara. Namun begitu, kebanyakan litar setara yang sedia ada yang dicadangkan
dalam kajian lepas tidak mampu dalam mewajarkan DC ciri-ciri EDLC dan
dengan itu, menghalang penemuan potensi penuh teknologi ini. Projek ini
memberi tumpuan kepada ciri-ciri penilaian elektrokimia pada EDLC dan
mencadangkan satu model litar setara baru yang mampu bukan sahaja
menggambarkan mekanisme penyimpanan caj tetapi juga mewajarkan ciri-ciri DC
daripada EDLC. Pengukuran elektrokimia impedans spektroskopi (EIS) telah
dijalankan ke atas dua EDLC yang boleh didapati secara komersial dengan
kapasitan 300 dan 400 Farad menggunakan sistem pengukur elektrokimia.
Dengan bantuan perisian EIS Spectrum Analyzer, keputusan ujian telah dianalisis
dan litar setara baru telah dicadangkan. Spektrum impedans dan model litar setara
yang direka daripada kedua-dua sampel telah dibandingkan dan ciri-ciri mereka
dan tingkah laku elektrik akan dianalisis untuk mewajarkan ciri-ciri DC pada

sampel.
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CHAPTER 1

INTRODUCTION

Brief discussion on the research project is presented in this chapter. The first section
explains about the project overview and the brief history of the project research and
development. The second section discusses about project motivation and problem
statements. Consequently, the next section consists of objectives, scope, and
limitations involved in the project. The thesis outline is also clearly stated at the end

of this chapter.

1.1 Project Overview

After the age of Tesla and Edison in 1800s, electrical energy has become
fundamental in everyday life [1]. The world has become energy dependent that even
a few seconds of outage would stunt the life routine. Almost all works require
electrical energy to run. So, energy storage is very important to create sustainable
energy systems in order to undergo 60% of the diverse applications continuously

such as lighting, computing, telecommunication, transportation, industry, and home



appliances [1]. To achieve such energy systems, energy storage development has
become an important topic for the industry to keep up with the world demand. An
energy storage device is a device with the ability to store energy in different forms,
depending on the means of the storage medium [1]. Till date, various energy storage

devices are invented and further innovate to satisfy markets need.

1.1.1 State of The Art of Energy Storage Technology

An energy storage device is a device with the ability to store energy in
different forms, depending on the means of the storage medium. It is a passive
dynamic one terminal electric device that consists of two types of energy storage
which are direct and indirect electrical energy storage device [1]. A direct energy
storage device such as capacitors and inductors stores energy in electromagnetic field
in a defined volume, v without converting the energy form [1]. So, it does not need
energy conversion process and hence gives rapid usage. Indirect energy storage
device stores energy in several form of energy such as mechanical and chemical
energy and need to convert the energy to the electrical energy first before usage. The
examples of indirect electrical energy are batteries, flywheel, pumped hydro, heat,
compresses air, and hydrogen. Giving rapid process of storage, inductors and
capacitors is more convenient compared to the indirect electrical energy storage [1].
It can be used in most applications, provided that it can provide sufficient energy
needed in the respective application. It is the most suitable technology to cover those
applications requiring the management of rapid power variations [2]. Hence, a
capacitor with a large energy capacity is developed and researched, namely as

Supercapacitor.

Supercapacitor consists of three groups which is electric double layer
capacitor (EDLC), pseudocapacitors, and high voltage ceramic capacitors (Figure

1.1). In many past to current researches, researchers address pseudocapacitors as



electrochemical double layer capacitor which is also shortly called EDLC. So, to
avoid confusion, the author will refer EDLC for electric double layer capacitor only
while for electrochemical double layer capacitor will be called pseudocapacitors
throughout the project. EDLC is one of the latest energy storage devices that need a
lot of research to satisfy the market request. There is currently rapid growth in EDLC
demand as the trend has become the limelight in energy storage technology. Hence,
the strong demand for surface-mounting design with size reduction and higher
reliability towards solid electrolyte material [3]. The skyrocketing demand of EDLC
is because of the high power density to produce fast charging and discharging
process, but with the ability to hold 100 times more electrical charge quantity than
the conventional capacitor. EDLC is also said to have longer cycle life than other
types of supercapacitor, with simple and cheaper materials used that make this device
as currently the most developed and used supercapacitors [2]. EDLC usually comes
in low voltage with the rated of 2.3V, 2.5V, and 2.7V as the capacitance can go from
the range 10F to 3000F. Higher voltages can be achieved by connecting many cells in
series like other polarized devices [4] [5]. It is very advantages for applications that
require rapid but large power variations such as in transportation, backup in power
failure, and backup sources of energy in power system. Hence, this project will focus
on EDLC only. In research and development of EDLC, there are various problems

and issues arise that will be discussed in detail in the next chapter.

Supercapacitors

High voltage Electric double Pseudocapacitors
ceramic layer capacitors
. Charge storage:
capacitors Charge storage: Electrochemically

Electrostatically
(Helmholtz layer)

(Faradaically)

Hybrid
capacitors

Figure 1.1: Taxonomy of the Supercapacitor in general terminology [6]




1.1.2 Project Motivations

There are many advantages when using supercapacitor such as EDLC in
power system. Not only has it provided high specific energy and specific power, but
also high efficiency, cycling capability over 500 000 cycle, wide range of operating
temperatures, and also semi permanent life [7]. However, based on the literature
review studied, it is shown that the characteristics study and design process of EDLC
is hardly done. It is difficult to build an accurate model for supercapacitors due to the
complexity of the electrochemical characteristics [8]. The data provided in the
datasheet does not represent the detail information and electrical behavior of the
energy storage system and further control of the design cannot be carried out. Many
researchers working on modeling the EDLC in various ways such as electrochemical
models, equivalent circuit models and artificial-neural-network-based (ANN-based)
models [7]. From overall review, electrochemical models can achieve high accuracy
once their parameters are precisely identified, but the usage of partial differential
equations (PDEs) contributes to large number of difficultly calibrated parameters,
unacceptable computational loading and large memory requirement [7]. For ANN-
based model, an accurate dynamics data of the EDLC can be extracted, but it relies

heavily on the amount and quality of the training data [7].

Equivalent circuit model is the most widely used model in the literature with
a simple structure and reasonable accuracy in the delimitation of the dynamic
behavior of a supercapacitor [7]. The equivalent circuit model consists of three types
of model which are series, branch, and dynamic model that can be implemented for
ease in design process and characterization study. An innovative model is essential to
identify the parameters faster and also minimize the number of parameters. Different
modeling will also produce different ability to represent a wide working frequency
range that permits to characterize correctly the EDLCs electrical behavior in their
typical working conditions. However, most of EDLC modeling that were published
till date seldom justifies the DC characteristics of the model. There is also another

factor that contributes to EDLC behavior which is charge residual [9]. This



phenomenon occurs during charging and discharging process that is rarely
considered [9]. Hence, the project proposes an efficient electrical circuit modeling of
an EDLC to investigate the electrical behavior of an EDLC and to achieve several

objectives.

1.2 Project Objectives

The project is developed following four main objectives:

e To study the AC characteristics of an EDLC.

e To carry out AC impedance measurement on EDLC using
electrochemical impedance spectroscopy (EIS).

e To propose an electrical circuit model that can illustrate the charge
storage mechanism of an EDLC using EIS Spectrum Analyser.

e To justify the DC characteristics of an EDLC based on the proposed

electrical circuit model.

1.3  Project Scopes and Limitations

There are wide ranges of analysis for supercapacitor such as thermal model,
frequency related losses, and charging or discharging losses, but the EDLC
equivalent circuit modeling is focused on the study of charge storage mechanism of
EDLC only. Analysis on the charge storage mechanism is important for power and
energy density improvements. A charge storage mechanism is a physical
phenomenon that can be simply described by the typical scheme of the EDLC as in
Figure 1.2 below. There are also various types of test method that can be held for an

EDLC such as charge discharge method, cyclic voltammetry curve method, AC



impedance method, and galvanostatic method [10] [11] [12]. The project focused on
modeling the equivalent electrical circuit for EDLC using measured AC impedance
data that are further explained in Chapter 3. Then, the project analyses the accuracy
and efficiency of the circuit model, together with justification of DC properties of
EDLC based on proposed electrical circuit model. The simulation of the model is

made using EIS Spectrum Analyser.

Charger
=

Collector Polarizin
Electrodes

Collector

Electrolyte I

S5

Separator D

& o (S5
&

D

S

Electric Double,
-+ [ Layers | |
O

Figure 1.2: Typical configuration of an EDLC cell [38]

14 Thesis Outline

The thesis documentation is divided onto 5 chapters, which are described briefly as
follow.

Chapter 2 discusses an overview of capacitor technology in detail in terms of
historical overview, current research and development, and applications to compare
current energy storage devices. The author describes about conventional capacitor,
electrolytic capacitor, and electrochemical capacitor to overview about

supercapacitors technology. Then, the author goes more detail on the project sample



which is the constructions of EDLC. After that, the electrochemical measurement
techniques, EDLC test method, and equivalent circuit overview is described in detail

to understand the modelling of EDLC.

Chapter 3 of methodology part describes about the steps by steps taken
towards carrying out the project. This part describes in detail about the test procedure
and data collection carried out throughout the project. After that, an overview on
equivalent circuit design is also discussed in project simulation. Then, the author
describes about the software used for EDLC equivalent circuit modelling and data

fitting.

In Chapter 4, the author shows and discusses the results obtained from the
experiment test procedure and data fitting procedure. The comparison is made
between the 300 farad and 400 farad EDLC in two states which is at no charge state
and full charge state. The relationship between the charge storage behaviour and the
equivalent circuit designed based on data fitting is also analysed and further

discussed. Hence, the AC and DC characteristics of the sample are analysed.

Lastly, in Chapter 5 for conclusion, the proposed equivalent circuit design is
verified and the pro and cons is discussed. The result and analysis is summarized and
all the problems and errors when running the procedure are also described. Further

improvement of the project is then discussed to improve the modelling of EDLC.
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