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Abstract 

Supercapacitors are increasingly gaining popularity since the advent of “world 

campaign” for clean energy generation. They are characteristically high power-

dense energy storage devices with very low ESR. They are known to have more 

cycle life and less prone to explosion than the conventional lithium ion batteries. 

With Research activities on the rise, supercapacitors could be potential alternatives 

for the less durable battery energy storage systems. 

 

This paper explores the behaviour of different supercapacitor technologies as 

energy storage devices. Three different technologies are analysed, they include; The 

Electrochemical double layer capacitor, the hybrid supercapacitor and the battery-

type supercapacitor. More emphasis was laid on the battery type supercapacitor as 

the latest supercapacitor technology with a capacitance of 40,000F. Empirical tests 

were conducted on the devices with the charge and discharge characteristic curves 

obtained to further analyse their behaviours. To investigate the supercapacitor’s 

storage capability, a boost converter was designed. The converter enables the 2.7V 

supercapacitor power a 12V LED. A 150W push-pull converter was also designed 

to enable a bank of supercapacitors power a 120V LED flood light. This was done 

to demonstrate the commercial applicability of the battery type supercapacitor for 

street lighting system. Detailed design procedures of the two converters are 

described, including the Printed circuit board and the push-pull transformer. 
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 Chapter One (Introduction) 

1.1 Introduction 

In today’s world, the demand for energy is consistently on the increase. The reason 

for this increase can be attributed to an overall growth in the world population and 

a steady increase in technological inventions which mostly need energy to function. 

The US Energy Information Administration (E.I.A) has projected a 28% increase 

in the world energy demand by the year 2040; This would take the total world 

energy consumption to about (2.39 x 1014) kWh[1].  While the need for more energy 

is evident, the environmental implication of increasing the use of conventional 

energy sources may be counterproductive. This counter-productivity is 

demonstrated in [2], where the author analysed the economic impacts of carbon 

emissions. In a bid to reduce carbon emissions; International conferences, 

sensitizations, and treaties have aimed to limit the overall usage of fossils fuels as 

a source of energy.  

 

The adoption of renewable energy technologies to meet the world’s growing energy 

demand is therefore seen as a remedy in salvaging the situation. This has caused a 

steady growth in the popularity of renewable energy. According to the International 

Renewable Energy Agency, 25% of the world energy consumption in 2017 was 

supplied from renewable energy sources. It is also projected that by the year 2050, 

about 85% of world energy supply would be from renewable sources[3]. This 

popularity has equally led to increased research activities in the area of renewable 

energy. While renewable energy is seen as a worthy alternative and solution, it also 

presents new challenges. The sources which are mostly sun and wind are erratic in 
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nature and dependent on climatic factors for availability. Meanwhile, the energy 

demand is nearly steady, hence energy storage is required.  

 

Scientists have struggled to justify the economic gain of using energy storage 

devices in conventional energy generating systems. The reason for this, as 

explained in [4] is the availability of large amount of the energy which can be varied 

whenever necessary to match demand.  

 

In renewable energy systems, the availability of energy has an irregular pattern. For 

instance, in solar energy systems, the availability of energy from the solar panels 

depends on the intensity of the sunlight, which in itself varies. In this scenario, it is 

necessary to store the energy when an excess is produced and be made available to 

the consumers when the energy production is below demand. This makes energy 

storage devices very important components in renewable energy systems.  

 

Basically, the properties that an ideal energy storage system should possess can be 

summarised thus: 

 The ideal energy storage system should have the capacity to store infinite 

amount of energy. 

 The ideal energy storage system should be able to return the same amount 

of energy it received during storage. 

 The ideal energy storage system should be able to receive or supply energy 

at any desired rate. 

 The ideal energy storage system should be durable. 

In real situations however, the available energy storage devices fall short of the 

above properties at different levels. Different technological concepts have been 

applied in the development of energy storage devices, with the most widely used 
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being the Lithium-ion batteries. Lithium-ion batteries have high energy density; 

therefore, they can store large amount of energy compared to other energy storage 

devices of similar volume. The draw backs of lithium-ion batteries include; higher 

Equivalent Series resistance (ESR), Low Power density, high propensity to 

explosion, shorter cycle life and high weight to volume ratio.  

 

Another less popular energy storage device is the supercapacitor: The 

supercapacitor technology improves greatly on the weaknesses of the lithium-ion 

batteries. They have characteristically very low ESR, their weight to volume ratio 

is relatively low, they have high power density, longer cycle life and are not prone 

to explosion. The major concern of the supercapacitor had been its low energy 

density compared to the batteries and other energy storage devices. However, with 

the recently manufactured battery-type hybrid supercapacitor of 40,000 Farad 

capacity, the potentials of supercapacitor technologies in renewable energy 

application has become evident.  

 

This thesis examines the available supercapacitor technologies. Experimental 

analysis of the different properties is made, and converter circuits are designed to 

demonstrate its usability in renewable energy systems. 

 

1.2 Objectives 

In this project, the technologies inherent in supercapacitor devices are explained in 

detail while exploring the latest research activities and progress in the 

supercapacitor industry. Various laboratory tests were conducted on three different 

types of supercapacitors. The tests were done to study the implications of the 

different technological approaches employed in the development of the three 
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supercapacitors. The supercapacitors were used to power 12Volts LED bulbs to 

examine their performances as energy storage devices. A boost converter was 

designed to achieve this. The boost converter was necessary to enable the 2.7V, 

40,000 F supercapacitor to power a 12V LED bulb. A push-pull converter was also 

designed to enable the supercapacitor power a 100V LED flood light suitable for 

street lighting system.  

 

The objectives of the project are summarised as follows: 

 To study and explore the supercapacitor technological concept. 

 To study the properties and performance of the new 40,000 Farad 

supercapacitor in comparison to previous supercapacitor technologies. 

 To analyse the performance of the 40,000 Farad supercapacitor as an energy 

storage device for LED lighting system. 

 

1.3 Outline 

This work is divided into seven chapters: 

Chapter One gives a brief introduction that highlights the necessity of the project. 

The main objectives of the work is also contained in this chapter and descriptions 

of the other chapters of the thesis are discussed.  

 

Chapter Two gives a background review of the three major topics of the thesis 

which are; renewable energy, energy storage, and power converters. This chapter 

discusses the different sources of renewable energy and their limitations. Various 

energy storage devices including the available supercapacitor technologies are 

discussed. Different power converter topologies are also discussed. 
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Chapter Three gives a detailed exploration of the available technologies employed 

in supercapacitor production. These include details on the electrochemistry, 

electrode materials, and the electrolytes. 

 

Chapter Four contains the performance characteristics of the three supercapacitor 

technologies as obtained from laboratory measurements. These characteristics 

include the discharge curves under different conditions, and the equivalent series 

resistance. Finally, a comparison of the supercapacitors is made. 

 

Chapter Five contains detailed design procedure and analysis of the low input 

voltage boost converter. The chapter comprises of two broad sections: the boost 

converter power stage design which covers the relevant parameter calculations and 

components selection. The second section is the implementation of the control 

circuit using the MAX669 current mode controller. A brief discussion of the 

available modes of control is also done in this chapter. The PCB design 

considerations are discussed and finally the performance analysis of the circuit is 

discussed, this include the load and line regulations, efficiency variations with input 

voltage and the LED illuminance variation.  

 

Chapter Six deals with the design procedures of a boost push-pull converter as is 

suitable for a supercapacitor-based street lighting system. The converter was 

designed to power a 120Volts LED flood light. Detailed transformer design 

procedures is discussed, and a simulation to confirm the design is also done.  
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Chapter Seven is the conclusion to the thesis and a brief discussion on the future 

development in the supercapacitor technologies and suitable power converters. 
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2 Chapter Two (Background) 

Background 

 

2.1 Renewable Energy Technologies 

Different renewable energy technologies are applied in power generation today. 

The most popular being wind, hydro, solar and geothermal energy. Less popular 

technologies include; wave energy, tidal and bioenergy technologies.  

 

2.1.1. Wind renewable energy system 

Wind energy is regarded as one of the fastest growing renewable energy sources. 

European countries like Denmark, Portugal, Ireland and Germany have over 15% 

of their power supply generated from wind, with Denmark at 37% and Ireland at 

27% [5]. While similar levels is not seen in New Zealand, the potentials remain 

huge. As at the year 2018, wind farms in New Zealand have a combined installed 

capacity of 690MW, this represents 6% of the country’s total annual electricity 

generation [6]. Electricity is produced from wind using wind turbines. The turbine 

blades capture the kinetic energy of the wind, which rotates the blade system and 

further converted into electricity using a generator. This forms the basic operating 

principle of the wind powers systems today. The performance and effectiveness of 

a wind turbine depends largely on the availability and speed of wind. Offshore wind 

farms have been constructed in different countries to harness the enormous wind 

energy produced by the ocean breezes. Due to cost and a few technical constraints, 

offshore wind farms is still less popular than the onshore wind farms. Figure 2.1 

shows a typical offshore wind turbine located in Scotland, United Kingdom. While 

Figure 2.2 is the more popular onshore wind farm. 
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Figure 2.1. Offshore wind turbine (5-MW, 126m tall, 45m depth) Scotland.[7] 

 

 

Figure 2.2. Onshore wind turbine.[5] 

 

2.1.2 Solar renewable energy system  

This renewable energy system harnesses the energy from the sun to produce 

electricity. This is achieved using solar modules which contain arrays of solar cells. 

The solar cells convert energy from the sun into electrical energy through 

photovoltaic effect. Individual cells produce minute voltage levels; a silicon solar 

cell produces a maximum open circuit voltage of about 0.5 to 0.6V. Therefore, cells 
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are connected in series and parallel to achieve higher voltage and current levels. 

One of the major drawbacks of solar energy system is the relatively low efficiency 

of the solar cells. Silicon based solar cells which dominate the solar cell technology 

market operate in the efficiency of 24.7%[8]. However, researches are ongoing to 

improve the efficiency of solar cells; Multijunction solar cells based on gallium 

indium phosphide (GaInP), gallium arsenide (GaAs), Gallium Indium Arsenide 

(GaInAs) and Gallium Indium Arsenide Phosphide (GaInAsP) have been developed 

in recent times, with test results suggesting a promising 46% efficiency under 

concentrated sunlight[9]. Despite the low efficiency of solar cells, the popularity 

and usage continues to experience tremendous growth. China, the world’s largest 

solar market have an installed capacity of 154.1GW as at August 2018[10]. Figure 

2.3 shows installed solar modules in commercial capacity. 

 

 

Figure 2.3. Installed solar modules.[10] 

 

2.1.3 Hydro renewable energy system  

This is one of the oldest forms of renewable energy system, with its first usage 

dating back to the late 19th century. Today, hydropower accounts for over 80% of 

global renewable electricity production with China having the largest installed 
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capacity[11]. A hydropower system works basically by using the force of moving 

water current to turn turbines. These rotating turbines rotate the shaft of an electric 

generator to produce useful electricity. Years of research and innovation have given 

rise to various forms of hydro energy systems both in the small scale and in the 

large scale. Micro-hydro power produce about 5 to 100KW of electricity to power 

small homes in the rural areas. While the operation of a hydropower plant does not 

emit significant greenhouse gases, concerns have been raised on the negative 

impacts of hydropower dams on the aquatic environment. However, they remain 

the major source of energy for most Oceania countries and countries with access to 

water bodies. An estimated 55 to 60% of power generation in New Zealand comes 

from Hydro energy[12].  

 

2.1.4 Geothermal energy 

Geothermal energy is heat energy from inside the earth. The temperature of the 

earth gets higher towards the earth core. This steady supply of heat is harnessed for 

power generation. A conventional geothermal system is made up of three major 

components: the heat source, the reservoir and the fluid, which is mostly meteoric 

water[13]. The Steam from the high temperature is used to turn a turbine for 

electricity generation. The temperature of the heat determines its suitability for 

power generation. Most geothermal power systems require temperatures above 150 

oC for operation, while lower temperatures are employed for direct-use 

applications, for example heating buildings[14].  Unlike other renewable energy 

sources like wind and solar, geothermal energy does not depend on weather, 

therefore it can provide reliable power supply. In the year 2017, 12.9 GW of 

geothermal power station had been installed worldwide[15]. Geothermal energy 

also accounts for over 13% of New Zealand Electricity Production[16]. 
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Figure 2.4. Ngatamariki Geothermal Power Station, New Zealand.[16] 

 

2.2 Energy Storage Devices  

One of the challenges of most renewable energy systems is the erratic nature of the 

sources. The amount of wind and solar energy available at any time depends on the 

weather and climatic conditions of the area. Energy storage devices are necessary 

to store excess energy from these systems and supply back to the system when 

needed. Various technologies are used in energy storage devices.  

 

2.2.1 Flywheel energy storage 

Flywheel, as the name implies, is a wheel which is designed to store rotational 

kinetic energy as it rotates about its axis. It employs rotors of high moment of inertia 

to ensure sustained rotation after the rotational force is taken out. To clearly 

describe the working principle, consider a flywheel attached to the moving wheels 

of a car, the flywheel system has a mechanism that enables it to be engaged or 

disengaged from the car wheels as desired. The flywheel rotates along with the 

wheel of the vehicle as it moves. Due to the nature of the flywheel’s moment of 

inertia, it sustains rotation after the car has stopped moving. The kinetic energy of 
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the car tyre has been transferred to the flywheel. This kinetic energy can be used to 

move the car when engaged back to the tyre. 

In practice, the rotor is built in such a way that the mass is kept low while the 

moment of inertia is made high[17], this makes it easier to rotate. The amount of 

energy stored in a flywheel is limited by the tensile strength of the material used for 

the rotor, therefore the stress in the flywheel is not expected to exceed the tensile 

strength of the material[18]. Flywheels can be charged and discharged at high 

speeds, when connected to a machine. The flywheel charges when the machine 

accelerates it and it discharges when it is being slowed down by the machine as 

energy is being extracted. Power electronic interface is used to control the 

amplitude and frequency of the output voltage when used to provide electrical 

energy. While the energy density of a flywheel energy storage system is limited by 

its mechanical properties, the power density is limited by the capacity of the power 

electronic interface[18]. Flywheel energy storage system finds application in 

various systems. It is used in railway systems to store regenerative braking energy, 

it is used in wind energy systems to store the fluctuating wind energy, other 

applications are found in voltage compensation networks, space satellite systems, 

and marine ship systems.[19] 
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Figure 2.5. Flywheel energy storage structure.[20] 

 

2.2.2 Superconducting magnetic energy storage  

A superconductor is a material that can conduct electricity with little or no 

resistance at very low temperatures. During this conduction state, the material does 

not obey ohms law and the material retains its current flow even when the voltage 

source is removed. This superconductive property is adopted in the superconducting 

magnetic energy storage. Energy is stored in the magnetic field of a coil when 

energized. This energy is quantified by equation 2.1, where L is the inductance of 

the coil and I is the current flowing through the coil. Part of this energy can be lost 

as heat through the resistance of the coils as given by equation 2.2.  

𝐸 =
1

2
 𝐿𝐼2 2.1  

 

𝐻 = 𝐼2𝑅𝑡 2.2  

However, with zero resistance, no energy is lost and the stored energy in the coil is 

retained for a long period. This concept is the principle behind the SMES system. 
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It basically consists of a coil of superconductive material which has been 

cryogenically cooled, a refrigeration system and a voltage source. When the 

conductor is cooled below a critical temperature known as the critical 

superconductive temperature, it allows dc current flow with zero resistance, 

magnetic field is created in the process, due to the superconductive nature of the 

material, the magnetic field does not collapse after the voltage source has been 

disconnected. Therefore, the energy is stored in persistent mode, until required[21]. 

This method of energy storage offers minimized delay in release of energy and has 

a very high efficiency. The temperature below which a material becomes 

superconductive is called the superconductive critical temperature. Different 

materials have different superconductive critical temperatures. Therefore, SMES is 

classified into High temperature systems (HTS) and low temperature systems (LTS) 

according to their superconductive critical temperatures.  

 

SMES can be applied in micro grid systems due to its fast response in release of 

energy. It acts as a constant current source and a back up to inject power into the 

grid during periods of interruption[22]. A 10kv HTS power substation has been 

constructed in China to investigate its application in power systems [23]. The figure 

below shows the different components of an SMES. 

 

 

Figure 2.6. General components of SMES.[20] 
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2.2.3 Batteries 

Battery is the most popularly used energy storage device. They operate by 

converting chemical energy in electrolyte to Electrical energy through faradaic 

process. A battery consists of one or more cells, each cell containing an anode, a 

cathode, a separator and an electrolyte. The electrolyte undergoes redox reaction 

with the electrodes, releasing ions and electrons in the process, these electrons are 

responsible for electricity conduction through an external circuit. Figure 2.7 is a 

visual representation of the working principle of a battery. 

 

 

Figure 2.7. How a battery works.[24] 

There are two types of cells: The Primary cells and the secondary cells. The primary 

cells are not rechargeable and must be replaced when the reactants are depleted. 

However, secondary cells are rechargeable and require a DC charging source to 

restore reactants to their fully charged state. The rechargeable batteries generally 

have lower energy storage capabilities than the primary cells[25]. The lead acid 

batteries and Lithium-ion batteries dominate the rechargeable battery market.  Table 
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2.1 shows some of the common electrolytes used in battery technology and their 

characteristics. 

Table 2.1: Rechargeable Battery Electrolyte and Their Characteristics[26] 

 

2.2.4 Capacitors  

Capacitors are electronic components which function as charge storage devices. 

They are the second part of the reactive components in electronic circuits, the first 

part being the inductor. Capacitors were first invented by Pieter van Musschenbroek 

a Dutch scientist from the university of Leyden in the year 1746[27]. Almost every 

electronic circuit makes use of a capacitor for different purposes. These purposes 

include: DC blocking, RF tuning, ripple smoothing application, timing, energy 

storage and many more. Capacitors have also found applications in various voltage 

regulator techniques and electric vehicles. Wherever it is used and whatever 

function it serves, the working principle of a capacitor remains the same. Basically, 

the capacitor comprises of two parallel conducting plates separated by an insulator 

which is called a dielectric. When the plates are connected to a dc voltage source, 

an electric field is created between the plates. The positive charges collect on one 

plate while the negative charges collect on the other plate, the capacitor stores its 

energy in the electric field created by the charges between the plates. The ability of 

a capacitor to store charges is measured as its capacitance. Like the batteries, 
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Capacitors can be connected in series or parallel to achieve higher or lower 

capacitance values as desired in a circuit.  Capacitors are classified according their 

dielectric materials. The different types of capacitors available today include: Paper 

capacitor, Mica- Capacitor, Ceramic Capacitors, Film Capacitors, Electrolytic 

Capacitors. Owing to the developments over the years, capacitance has been 

associated with the physical properties of a capacitor. Equation 2.3 describes the 

relationship of some physical features of a parallel plate capacitor to its capacitance. 

 

𝐶 =   
𝜀𝑜𝐴

𝑑
    2.3  

 

Where, A is the effective area of the plates 

d is the distance between the plates and εo is the permittivity of the dielectric 

between the plates.  

 

From the above formulae, the capacitance of a capacitor is directly proportional to 

the area of the plates and inversely proportional to the distance between the plates. 

Consequently, higher capacitances is achieved by increasing the area of the 

conducting plates and reducing the distance between the plates.  

 

2.2.5 Supercapacitors 

Supercapacitors are capacitors which have the capacity to store more charges than 

the conventional capacitors. They store as much as ten to one hundred times more 

charges than the ordinary capacitors. From the previous section, it was explained 

that the capacitance of a capacitor is directly proportional to the area of the plates 

and inversely proportional to the distance apart between the plates. The 

supercapacitor employs these two features in ensuring larger capacitance values. 
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The plate’s area is effectively large and made of porous material, the porous nature 

of the materials increase the total surface area, hence they are able to retain more 

charges. The supercapacitor also has thin insulator between its plates as a dielectric. 

The charges on the plates polarise the dielectric, making opposite charges appear 

on each side of the dielectric. This phenomenon makes the supercapacitor appear 

like a double layer capacitor. Supercapacitors are commercially available up to 

40,000 farads. Supercapacitors have a high power density, therefore energy can be 

stored and released at very high rates, this feature has been employed in surge 

protector designs[17].  

2.3 DC-DC Converter Topologies 

The circuit boards of electronic appliances contain DC voltage rails of different 

voltage levels, this is necessary to meet the voltage requirements of the various 

components of the board. DC-DC converters are used to convert available voltages 

to the required voltage levels. In energy storage systems, converters are used to 

change the voltage level of the storage system to the voltage acceptable by the load. 

Years of research and innovation has seen various converter topologies proposed 

and patented, while researches are still ongoing to improve the efficiency and 

performance of the available DC-DC converter topologies.  

 

2.3.1 Buck converter 

The buck converter is a non-transformer isolated converter used basically to step 

down dc voltages from higher level to lower level. The power stage of the topology 

consists of a switch, a diode, a capacitor and an inductor arranged as shown in  

 

Figure 2.8. A controller is used on the feedback network to control the duty cycle 

of the switch gate signal and maintain a constant output voltage. 
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Figure 2.8. Buck converter circuit. 

 

 

When the switch is closed, the diode is reverse biased and branch b-d becomes an 

open circuit. The current therefore flows through the inductor round the a-b-c-d 

loop. During this period, the current in the inductor rises steadily while energy is 

stored in its magnetic field. When switch is opened, the polarity of the inductor 

changes to bias the diode and create a current path. The energy stored in the inductor 

is discharged, hence the inductor current falls steadily. The output capacitor is used 

to minimise the output voltage ripple. The voltage transfer function of a buck 

converter is given by equation 2.4. 

 

𝑉𝑜

𝑉𝑖𝑛
=  

𝑡𝑜𝑛

𝑇𝑠
 =  𝐷 

 

2.4  

Where, Vo = Output Voltage 

Vin = Input Voltage 

ton = On time of the switch 

Ts = Total switching time 

D = Duty Cycle 
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2.3.2 Boost converter  

The boost converter is a step-up dc-dc converter. It changes the input voltage level 

to a higher voltage level at the output. The power stage consists of the same 

components as in the buck converter with a different arrangement. The topology 

layout is as shown in  

Figure 2.9 

 
Figure 2.9 Boost converter circuit. 

 

When the switch is on, the diode is revers biased, therefore current flows through 

the inductor round the loop a-b-d. During this time, the inductor stores energy and 

its current rises steadily. When the switch is turned off, the inductor voltage polarity 

reverses to bias the diode. The voltage across the inductor appears in series with the 

input voltage source to apply a higher voltage across the output capacitor. The 

inductor current also decrease steadily during toff.  During the operation of a boost 

converter, the output section of the circuit is separated from the input voltage during 

ton. Hence, the boost converter output generates higher voltage ripple at the output, 

however, this is reduced by a well-sized output capacitor. The voltage transfer 

function of a boost converter is given by Equation 2.5. 
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𝑉𝑜

𝑉𝑖𝑛
=  

𝑇𝑠

𝑡𝑜𝑓𝑓
 =  

1

1 − 𝐷
 

2.5  

 

2.3.3 Buck-boost converter  

As the name implies, this topology can be used for either buck or boost action. The 

power stage consists of the same set of components as in the buck and boost 

topologies,  

Figure 2.10 shows the arrangement of these components in the buck-boost 

topology. In this topology, the output voltage has a reverse polarity in comparison 

to the input voltage; consequently, it is sometimes referred to as “inverting 

configuration”[26]. 

 

Figure 2.10. Buck-boost converter circuit. 

 

When the switch is On, the diode (D) is reverse-biased and all the current flows 

through the inductor. This inductor current increases steadily while energy is stored 

in its magnetic field. During this time, the output capacitor (C) supplies the load 

current. When the switch is turned off, the inductor changes polarity to forward-

bias the diode. The energy stored in the inductor during the on-time is expended 

during the off-time, thereby supplying current to the capacitor and output load. The 

duty cycle of this converter can be adjusted to change the output voltage level either 
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above or below the input voltage. The voltage transfer function is given by equation 

2.6. 

  

𝑉𝑜

𝑉𝑖𝑛
=  

𝐷

1 − 𝐷
 

2.6  

 

2.3.4 Ćuk converter  

The Ćuk converter, pronounced as (chook converter) is named after the 

inventor,  Slobodan Ćuk, of the California Institute of Technology after he first 

presented the design in 1976[28]. As obtained in the buck-boost converter of section 

0, this topology can achieve both buck and boost actions. Its power stage contains 

the same components as in the other converters discussed so far with different 

configuration. The output voltage is also reversed as compared to the input voltage. 

Figure 2.11 shows the basic circuit of a Ćuk converter. 

 

 

Figure 2.11. Ćuk converter circuit. 

 

Unlike the other switch-mode converters discussed so far, Ćuk converter uses a 

capacitor as the main energy storage device. When the switch is on, the inductor 

(L1) is connected across the input voltage source, while the current through it rises 

steadily storing energy in the process. When the switch is off, the diode (D) 

forward-biases and the stored energy in the inductor is discharged to capacitor (C1) 
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charging it in the process. When the switch turns on again, the charged capacitor 

(C1) supplies the output filter and load. The major advantage of the Ćuk converter 

over the buck-boost converter is its continuous nature of the input and output 

current which gives a very low input and output ripple. The duty cycle is also 

adjusted to change the output voltage level. Equation 2.7 shows the voltage transfer 

function of the converter. 

 

𝑉𝑜

𝑉𝑖𝑛
=  

−𝐷

1 − 𝐷
 

2.7  

 

2.3.5 Flyback converter  

The converters described so far are more suited for low power applications. When 

Higher power and galvanic isolation is desired, transformer-isolated converters 

become the right class of converters. The Flyback converter is a transformer 

isolated converter derived from the buck-boost topology. Compared to other 

transformer isolated converters, it simpler and cheaper. Multiple outputs of 

different voltage levels is easily achieved using the Flyback converter. The circuit 

configuration is shown in Figure 2.12. 

 

Figure 2.12. Flyback converter circuit. 
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The transformer in this converter uses a gapped core. The gap is used for energy 

storage during operation. To better understand the operation of the flyback 

transformer, it can be analogised with an energy reservoir, which is filled and 

emptied alternately. It fills when the switch is on and empties into the secondary 

side when the switch is off.  During the switch on-time, current flows through the 

primary winding and energy is stored in the core air gap. At this time, the induced 

voltage at the secondary winding is negative, thereby reverse-biasing the diode (D), 

while the output capacitor supplies the output current. At the switch off-time, the 

stored energy is transferred to the secondary winding whose polarity changes to 

forward-bias the diode and supply the output current. The output voltage level is 

determined by the duty cycle and the transformer windings. The voltage transfer 

function is shown by Equation 2.8. 

 

𝑉𝑜

𝑉𝑖𝑛
=  

𝑁2

𝑁1

𝐷

1 − 𝐷
 

2.8  

 

2.3.6 Forward mode converter 

The forward mode converter is a transformer-isolated converter derived from the 

buck topology. It uses a single low side switch for operation. While the buck 

topology is used for step down conversion only, the forward mode converter can be 

designed to achieve either a step up or a step-down voltage conversion. Figure 2.13 

shows the circuit configuration of a forward mode converter.  
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Figure 2.13. Forward mode converter circuit. 

 

When the switch is closed, diode (D1) is forward-biased while diode (D2) is 

reverse-biased. The current through the inductor rises steadily while storing energy 

in its magnetic field. When the switch is opened, diode (D1) is reverse-biased while 

D2 conducts, the inductor current drops steadily through the output capacitor and 

load. The working principle is similar to the buck converter except for the 

transformer turns, this is also shown in the voltage transfer function of Equation 

2.9.  

 

𝑉𝑜

𝑉𝑖𝑛
=  

𝑁2

𝑁1
𝐷 

 

2.9  

In practice, the core of the transformer tends to saturate due to repeated application 

of voltage of the same polarity on the primary winding. A third winding is 

incorporated to reset the core when the switch opens. Winding, N3 and diode, D3 

of Figure 2.14 are used to achieve the core reset.  
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Figure 2.14. Forward mode converter with core reset winding. 

 

2.3.7 Push-pull converter  

This is a more complex transformer-isolated topology than the flyback and forward 

mode. As the name implies, the primary current is made to flow alternately in two 

directions, 180 degrees out of phase. This opposing directions of the primary 

currents and flux resets the transformer core and ensures that it does not saturate. 

Therefore, a demagnetising winding is not needed. Two power switches are used to 

achieve the push-pull operation, Figure 2.15  shows the circuit arrangement.  

 

Figure 2.15. Push-pull converter circuit. 

 

When switch (S1) is closed, diode (D1) is forward biased while diode (D2) is 

reverse biased. The inductor current rises steadily, flowing through to the load while 

storing energy in the process. In practise, a dead time is implemented on the 

switching cycle. This is to ensure that the first switch completely turns off before 
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the second switch turns on. During the dead time when the two switches are off, the 

inductor energy discharges through the two diodes to the output capacitor and load. 

When switch (S2) is closed, diode (D2) conducts while diode (D1) is reverse biased. 

The polarity of the voltage at this time is such the flux is in opposite direction to the 

flux created by the first switch action. This ensures that the transformer core does 

not saturate. Equation 2.10 shows the voltage transfer function of the push-pull 

converter. 

 

𝑉𝑜

𝑉𝑖𝑛
=  2

𝑁2

𝑁1
𝐷 

2.10  

 

2.3.8 Half-bridge converter 

One of the technical challenges of the push-pull converter is the possibility of flux 

imbalance in the transformer core. This happens when the flux created by one half 

of the primary winding is not completely cancelled by the flux created by the second 

half of the primary winding. The resultant flux gradually builds up and walks the 

transformer into saturation. This problem is eliminated in a half-bridge converter. 

A half-bridge converter does not use centre-tapping on its primary. The working 

principle is similar to that of the push-pull converter. As shown in Figure 2.16, the 

circuitry consists of a high side switch and a low side switch, with two similar bulk 

capacitors at the input side. The capacitors alternately supply half of the input 

voltage to the primary winding as the switching alternates.  
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Figure 2.16. Half bridge converter circuit. 

 

When switch (S1) is closed, the voltage of the input capacitor (C1) is applied to the 

primary winding. Diode (D2) is reverse biased, while Diode (D1) is forward biased 

and conducts current to the output load through the inductor. When switch (S2) is 

closed, the voltage of capacitor (C2) is applied to the primary winding. This time, 

the diode (D2) is forward biased and conducts current to the output load. In both 

phases, the inductor current rises steadily while storing energy, and reduces steadily 

during the deadtime to discharge into the output capacitor and load. Equation 2.11 

shows the voltage transfer function of the half-bridge converter. 

 

𝑉𝑜

𝑉𝑖𝑛
=  

𝑁2

𝑁1
𝐷 

2.11  

 

2.3.9 Full-bridge converter 

This is one of the most expensive and most complex DC-DC converters. With two 

additional switches for operation it has more component count that other converter 

types. However, higher power capabilities and efficiencies can be achieved with 

proper design. Figure 2.17 shows the circuit configuration of a full bridge converter. 
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Figure 2.17. Full bridge converter circuit. 

 

Switches (S1 & S2) close at the same time to apply the input voltage across the 

primary winding. Diode (D1) is forward biased to conduct current to the output. 

The second switching phase involves the switches (S3 & S4), they both close to 

apply the input voltage to the winding, this time in reverse polarity. Therefore, diode 

(D2) is forward biased to conduct current to the output. Since the full input voltage 

is applied to the primary winding at each switching phase, the full bridge converter 

is more suited for high input voltage application than the half-bridge converter. This 

also makes it suitable for higher power applications. In practise, full bridge 

converters are mostly used for power ratings above 1KW for a cost-effective 

solution. As is the case in other transformer-isolated converters, full bridge 

converter can be used to achieve both step-up and step-down function. Equation 

2.12 shows the voltage transfer function of the converter. 

 

𝑉𝑜

𝑉𝑖𝑛
=  2

𝑁2

𝑁1
𝐷 

2.12  

 

2.3.10 Single ended primary inductance converter (SEPIC)  

This converter is derived from the buck-boost topology with the ability to execute 

both step-up and step-down function. It maintains a constant output voltage even 
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when the input voltage fluctuates above or below the initial value. It contains the 

same components as the other switch-mode converters arranged as shown in Figure 

2.18.  

 

Figure 2.18. SEPIC circuit. 

 

 

Since an inductor appears as a mere conductor to a dc signal, when the input voltage 

is connected, before the start of the switching process, the capacitor (C1) first gets 

charged by the input voltage source. When the switch(S) is closed, diode (D) is 

reverse biased, the inductor (L1) gets charged from the input voltage source while 

the inductor (L2) gets charged from the capacitor (C1). At this time, the two 

inductors and capacitor (C1) are both disconnected from the load and the output 

capacitor (C2) supplies the load current. When the switch is opened, the diode (D) 

is forward biased, inductor (L1) recharges the capacitor (C1) and at the same time 

supplies the load current. The inductor (L2) also supplies the load current at this 

time. A PWM control circuit adjusts the duty cycle of the switch to maintain a 

constant output voltage.  The output current is not continuous; hence the converter 

has the tendency for high output current ripples. The input current is however 

continuous. SEPIC converter is mostly used in battery powered devices where a 

constant voltage is required on load circuit even when the battery voltage discharges 

or is being charged. The voltage transfer function of the converter is shown in 

equation 2.13. 
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𝑉𝑜

𝑉𝑖𝑛
=  

𝐷

1 − 𝐷
 

2.13  
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3. Chapter Three (supercapacitor Technologies) 

Supercapacitor Technologies 

3.1  An Overview 

Supercapacitors generally are capacitors of high capacitance values, 10 to 100 times 

the value of a conventional electrolytic capacitor. They store more charges than the 

conventional capacitors. However, most commercially available Supercapacitors 

have low voltage ratings. While the supercapacitor and the electrolytic capacitors 

serve the same core purpose of storing charges, the technologies inherent are 

different. From the relationship between the capacitance of a capacitor and its 

physical properties as stated in Equation 2.1, capacitance is directly proportional to 

the area of the plates and inversely proportional to the distance apart between the 

plates. The supercapacitor employs these two principles to ensure larger 

capacitance values. The plate area is effectively large and made of porous material, 

the porous nature of the materials increase the total surface area. The supercapacitor 

also has thin insulator between its plates as a dielectric. The charges on the plates 

polarise the dielectric, making opposite charges appear on each side of the 

dielectric. This phenomenon makes the supercapacitor appear like a double layer 

capacitor, forming the basis for the first type of supercapacitor known as the 

Electrochemical Double layer capacitor.  

 

Before a detailed overview of the different technologies inherent in commercially 

available supercapacitors is made, it is necessary to understand the existing charge 

storage processes in energy storage devices.  
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Generally, the known charge storage processes are classified under two major 

groups: 

I. Faradaic process 

II. Non-faradaic process 

 

Faradaic process – In this process of charge storage, charge accumulation is 

achieved by an electron transfer that produces chemical or oxidation state changes 

in the electroactive materials according to Faraday’s Law[29]. Popularly known 

processes that are of the faradaic nature include; under-potential deposition, 

reversible electrochemical doping (intercalation), and redox reaction of transition 

metal oxides [30, 31].  

 

Non-Faradaic process – In this process, charge storage is achieved electrostatically 

by positive and negative charges residing on two interfaces separated by a dielectric 

or a vacuum[29]. 

 

3.2  Supercapacitor Electrochemistry 

The unique feature of a supercapacitor is its ability to store higher amount of 

charges than the conventional electrolytic capacitor. While the energy density of a 

supercapacitor is much higher than that of an electrolytic capacitor, it is low when 

compared with other energy storage devices. Therefore, the improvement of the 

supercapacitor energy density has become an area of intensive research activity in 

recent years. A popular way of achieving this is by the development of highly 

porous electrode material with varying properties. A porous electrode provides an 

effectively large electrode surface area for charge storage. Another common way 

of improving the energy density of supercapacitors is through the implementation 
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of electrodes with highly effective charge storage processes. The electrochemistry 

of a supercapacitor involves the electronic interaction or behaviour of the different 

supercapacitor constituents (electrode, separator and electrolyte) to achieve charge 

storage. The electrochemistry behaviour of different electrode materials and 

electrolyte determine the charge storage processes and consequently the 

capacitance level of the supercapacitor device. Therefore, a study of the 

supercapacitor electrochemistry provides a good foundation knowledge for 

innovative research in supercapacitor technology. Basically, supercapacitor energy 

storage processes involve either the accumulation of charges or reversible redox 

reactions[32]. These mechanisms are achieved through different means, some of 

which are explored in the subsequent sections of this paper.  

 

3.2.1 Electrosorption  

This electrochemistry process involves the reversible movement of charged ions in 

an electrolyte to the surface of oppositely charged electrode due to an electric field 

formed by the potential difference between the electrode and electrolyte[33, 34]. It 

is a non-faradaic process; therefore, in the ideal situation, the charged ions do not 

react with the electrode or combine chemically with the electrode, rather they stay 

on the surface of the electrode to form a layer of charges. However, in real-world 

application, some ions combine with the electrode materials as undesirable effects.  

The attraction between oppositely charged ions form the adhesive force keeping the 

charges on the electrode surface. The movement of the charged ions unto the 

electrode from the electrolyte is termed adsorption, while desorption is the 

movement in the opposite direction. Underpotential deposition (UPD) is an 

example of an adsorption process.  
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3.2.2 Intercalation 

The dictionary meaning of intercalation is “to insert”. In electrochemistry, 

intercalation refers to the reversible insertion of ions into vacant spaces in 

compounds with layered structures. For example, Li-ion intercalation into tunnel-

structured iron sulphide[35]. Since intercalation involves a chemical combination 

of ions, it is regarded as a faradaic process. Intercalation is basically a form of redox 

reaction. It exhibits pseudocapacitance and therefore commonly applied in 

Pseudocapacitors. The opposite of intercalation is detercalation. 

 

3.3  Supercapacitor Electrode Material 

The overall performance of supercapacitor devices is closely related to the materials 

employed for the electrodes. The structure of the electrode materials and some 

intrinsic properties of the materials are keys to its performance[36]. As the 

capacitance of a supercapacitor varies linearly with the surface area of the 

electrodes, the major feature of a supercapacitor electrode has become its porosity. 

Porous materials have larger surface area than non-porous materials of similar 

volume, hence the use of porous materials in supercapacitor electrodes ensures 

higher capacitance. Other desirable properties of a supercapacitor electrode 

material include; high electronic conductivity, low electrical resistance, low cost, 

adequate mechanical strength and good thermal stability. Carbon is a very popular 

material used in supercapacitor electrodes, its superior electronic/ion conductivity, 

low electrical resistance, availability, thermal stability, corrosion resistance and low 

cost contribute to its popularity in supercapacitor technology[37, 38]. Advanced 

studies to increase the accessible pores of porous carbon has given rise to different 

forms of carbon-based electrodes, some of which are discussed in the next sections 
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of this thesis. Metal oxides and conducting polymers are also common electrode 

materials with unique features of higher specific capacitance than the carbon 

counterparts.  

 

3.3.1 Activated carbon 

Activated carbon is the most widely used electrode material in supercapacitors[37]. 

They are basically carbon processed to have small pores for larger surface area. 

They are produced from carbonaceous source materials such as wood and coal, 

through different activation processes. The physical activation process involves the 

heating of the carbon materials at high temperature (700 oC - 1200 oC) and treatment 

in the presence of oxidizing gases like steam and CO2[39]. The chemical activation 

process is simply the treatment of the carbon precursor at much lower temperature 

in the presence of chemicals like alkalis and alkaline earth metals. Activated carbon 

electrodes have wide range of pore sizes, from micropores (<2 nm), mesopores 

(2nm-50nm) to macropores (> 50nm)[37, 38]. Charges are stored electrostatically 

on activated carbon, making them exhibit double layer capacitance.  

 

3.3.2 Carbon nanotubes (CNT)  

While electrode surface area is an important factor in capacitance sizes, it has been 

shown from research results that the pore size distribution is also a factor that plays 

an important role in the performance of a material as supercapacitor electrode[40]. 

Pores whose sizes are less than the electrolyte ion sizes do not participate in the 

electrochemical process. With the wide range of pore sizes in activated carbon, 

many of the pores are not involved in the charge storage process. However, the pore 

sizes in carbon nanotubes are predominantly mesoporous and interconnected, 

therefore allowing easier access to electrolyte ions, this makes for more efficient 

use of the electrode surface area. Supercapacitors with carbon nanotubes tend to 
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have lower ESR than the those with activated carbon, this is due to easier diffusion 

of the electrolyte ions into the mesoporous network[41]. The discovery of carbon 

nanotubes with the unique pore structure has posed to be a great improvement in 

the carbon-based supercapacitor electrodes. They have better electrical 

conductivity, mechanical and chemical stabilities than activated carbon. They are 

produced by controlled decomposition of certain hydrocarbons, for example a 

carbon nanotube is made by the catalytic decomposition of acetylene[42]. The 

control enables adjustment of different parameters to achieve a nanostructure. 

While carbon nanotubes theoretically have more specific capacitance than activated 

carbon, actual supercapacitors based on carbon nanotubes only show slightly better 

or sometimes poorer specific capacitances[43]. The specific capacitance is however 

improved through better production processes. CNTs are categorised according to 

their structures into single walled and multi-walled carbon nanotubes. As carbon 

nanotubes do not always show higher specific capacitances despite their unique 

structures, they are usually combined in composite electrodes with materials that 

possess much higher specific capacitances. This is an area of current research focus 

in the supercapacitor technology, and electrode materials superior to activated 

carbon have been developed through this process. Some of these composites 

include; CNTs/polypyrrole[44], CNTs/MNO2[45] , CNTs/RUO2.  

 

3.3.3 Carbon aerogels 

Aerogels are gel substances where the liquid part of the gel has been dried out and 

replaced with air. Carbon aerogels are prepared by the pyrolysis or carbonisation of 

organic aerogels, example resorcinol-formaldehyde aerogels, in the presence of 

inert gases at temperatures above 600 oC[46]. They are highly porous with mostly 

mesoporous sizes, and the production can be controlled to vary the pore size 

distribution. They are exceptionally light in weight and possess a monolithic 
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structure. The monolithic structure enables them to be fabricated as electrodes 

without binders, hence giving the advantage of lower ESR. Their low density, high 

surface area, mesoporous and monolithic structure and conductivity make them a 

good choice for supercapacitor electrode material. They have shown good specific 

capacitance in lab reports. The cost of the supercritical drying of the gel is high and 

the commonly used precursors (resorcinol and phenol) are toxic to the environment, 

these have therefore, slowed down the application of carbon aerogels in  

commercially available supercapacitors. Other nanostructured forms of carbon that 

have showed good potentials include carbon nanofoams and carbon nanocoils. Due 

to factors ranging from cost of production and low conductivity, they are mostly 

used in electrodes as composites with metal oxides.  

 

3.3.4 Graphene 

This is an allotrope of carbon that exists as a single layer of graphite. Recent studies 

have shown huge potentials in the use of graphene as electrode material. They have 

high specific surface area, good electrical conductivity, chemical and thermal 

stability. The surface area of a single sheet of graphene measured to be 2630 m2/g 

is higher than the activated carbons used in most supercapacitors[47]. Experiments 

have shown that the high surface area when properly utilised gave and energy 

density of 136 Wh/kg at 80 °C[48]. Due to their mechanical strength, they can also 

be used as substrate for metal oxides and conducting polymers in composite 

electrodes. Significant amount of research is being conducted on graphene electrode 

material for supercapacitors, and it offers huge potential for the future of 

supercapacitor electrodes.[49].  
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3.3.5 Metal oxides 

Electrode materials from metal oxides exhibit pseudocapacitance through faradaic 

charge storage process. They have much higher specific capacitance than the carbon 

electrodes therefore making them suitable for high energy dense supercapacitors. 

One of the most popular metal oxides used in supercapacitors is ruthenium oxide. 

Experiments have shown specific capacitance as high as 788 F g−1 for ruthenium 

oxide[50]. It is a common practise to combine metal oxides and carbon-based 

electrodes in order to achieve superior electrode material. The combined material 

enjoys the high specific capacitance of metal oxides and the high electrical 

conductivity of carbon. Other commonly used metal oxides include manganese 

oxide (MnO2), Nickel oxide (NiO2), iridium oxide (IrO2). 

 

3.3.6 Conducting polymer 

Conducting polymers are simply organic polymers that conduct electricity. They 

have been found to possess pseudocapacitive properties. Therefore, when used as 

supercapacitor electrodes they undergo fast redox reactions during charge and 

discharge cycles. Like in metal oxides, they have high specific capacitance, high 

conductivity and low ESR. Two forms of conducting polymers are usually used; 

the n-doped conducting polymer used for negative electrodes and the p-doped 

conducting polymer used for positive electrodes. One of the draw backs have been 

the lack of n-doped conducting polymers, and the resulting mechanical stress after 

several cycles[51]. These have limited the progress as electrode materials. Due to 

the mechanical weakness of conducting polymers, numerous composites with the 

mechanically stronger carbon materials have been proposed by researchers and 

produced in labs. Some examples of conducting polymers include; Polypyrrole 

(PPy), Polyaniline (PANI), poly-(3,4-ethylenedioxythiophene) (PEDOT). 
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Table 3.1 is a summary of different electrode materials and their respective specific 

capacitances in specified electrolytes. 

 

Table 3.1: Supercapacitor Electrode Materials and Specific Capacitances[32] 

Electrode materials Electrolyte 

Specific Capacitance 

(Fg-1) 

Activated Carbon Aqueous (NaOH/KOH) 200-400 

Carbon nanotubes Aqueous (NaOH/KOH) 20-180 

Carbon Aerogels Aqueous (NaOH/KOH) 40-200 

Graphite and reduced 

Graphene oxide (RGO) 

Tetraethylammonium 

tetrafluoroborate 

(Et4NBF4) 

10-150 

Manganese oxide 

(MnO2) 

K2SO4 261 

Ruthenium oxide  

(RuO2) 

H2SO4 650-735 

Polypyrrole (PPy) Aqueous Electrolyte 40-588 

Polyanaline (PANI) Aqueous Electrolyte 120-1530 

 

 

3.4  Supercapacitor Electrolyte 

The electrolyte used in supercapacitors also play a role in the device performance. 

They determine key parameters such as the ESR, operating temperature range and 

voltage capability[40].  The maximum voltage capacity of the supercapacitor 

depends on the decomposition potential of the electrolyte used[52]. Researches and 

experiments have shown that non-aqueous electrolytes tend to have higher 
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decomposition potential than aqueous electrolytes[53, 54]. Electrolyte 

decomposition is an undesirable phenomenon in a supercapacitor, because of this, 

better supercapacitor performance is achieved when the temperature rise is kept 

minimal as possibilities of decomposition increases with temperature[55]. Table 3.2 

shows some of the common electrolytes used in supercapacitor technologies and 

their respective voltage capabilities. Electrolytes with smaller ion sizes have better 

chances of accessing smaller pores of the electrode to participate in electrochemical 

action. Therefore, such electrolytes give rise to higher capacitances.  

 

Table 3.2: Common Electrolytes Used for Supercapacitor Application[56] 

 

 

 

 

 

 

 

 

 

 

3.5  Supercapacitor Model and Equivalent Circuit 

A capacitor is modelled as a capacitance in series with a resistor which represents 

the equivalent series resistance. Due to the porous nature of the electrodes, the 

equivalent circuit model of a supercapacitor is more complex. The pores contribute 

to the Supercapacitor’s internal resistance; therefore, the non-uniformity of the 

pores makes the modelling more complex.  



Chapter 3 - Supercapacitor Technologies 

43 

Several models have been proposed by researchers in the industry. One of the 

common models is an array of pores arranged in parallel. Each pore is represented 

by a set of repeated two-port components as shown in Figure 3.1 [57] this model 

assumes that the pores are uniform. However, in the case of activated carbon 

electrode where the pores are non-uniform, this model fails. Subsequent equivalent 

circuits have been developed, where the non-uniformity of the pores is taken into 

consideration. The universal equivalent circuit for a symmetric carbon-based 

Supercapacitors consists of a vertical ladder network connected in series with a 

parallel RC network[57]. The circuit contains parallel branches with unique time 

constants (RC), the model is based on the knowledge that the network of pores in 

the activated carbon electrode behaves like a group of smaller capacitances 

connected in parallel, where each connecting wire has its own resistance, hence the 

unique time constant of each branch[58]. The equivalent circuit explains some of 

the characteristic of a supercapacitor, which are the open circuit voltage decay, loss 

of capacitance at high frequency and voltammetric distortion at high scan rate. More 

information about this model can be found in [57]. The approximate equivalent 

circuit is used for analysis in this project. 

 

 

Figure 3.1. Horizontal ladder network.[57] 
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Figure 3.2. Vertical ladder network.[57] 

          

Figure 3.3. Equivalent circuit of a symmetric 

carbon based supercapacitor.[57] 

 

3.6  Supercapacitor Types 

There are different mechanisms of charge storage in supercapacitor 

electrochemistry, these mechanisms as described above belong to either of two 

processes namely the faradaic process and the non-faradaic process. These storage 

mechanisms are utilised in Supercapacitors either separately or in combination to 

give rise to the different supercapacitor technologies available today. The types of 

Supercapacitors based on these storage mechanisms include: 

I. Electrochemical double-layer capacitor 

II. Pseudo-capacitor 

III. Hybrid capacitor 

 

3.6.1. Electrochemical double layer capacitor (EDLC). The non-faradaic process 

is the dominant charge storage process in this type of supercapacitor. Charges are 

stored electrostatically without any chemical reaction at the electrode - electrolyte 

interface. They consist of two blocks of activated electrode materials, a thin 

separator and a high conductivity electrolyte. When voltage is applied to the 

terminals, opposite charges accumulate on the electrodes, each electrode attracts 

unlike charges from the electrolyte. The result is that each electrode has two layers 
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of charges, the positive and the negative charges. Due to the nature and design of 

the electrodes employed, the ions do not recombine. The layers of positive and 

negative charges on the electrodes constitute capacitances, and in addition to the 

capacitance produced across the separator, the EDLC has much higher energy 

densities than the conventional capacitors. Also, since the ions do not recombine, it 

can sustain high number of charge-discharge cycles making it more durable than 

batteries. An electrolyte provides the ions which form the double layers with the 

electrodes. The separator in the supercapacitor functions to maintain a barrier 

between the two electrodes, it is made as thin as possible to reduce the capacitor’s 

equivalent series resistance. The electrodes are made to have very large true surface 

to geometric volume, this means that more effective surface is achieved in a small 

volume of space, this large surface area is achieved by expanding the pores in the 

carbon[59]. Figure 3.4 shows the effective surface area of ordinary electrode and 

the surface area of the activated carbon. The curvature of the pore makes available 

larger area than the flat ordinary electrode. Note that a continuous increase in the 

activated carbon electrode surface area does not always represent increased 

capacitance. This can be as a result of smaller sized pores of the electrode not being 

accessible to the electrolyte ions[32, 33, 60]. Hence the pores sizes are optimised 

for better energy density[54]. The electrodes of the Electrochemical Double layer 

capacitor are usually made of carbon of different forms, the popular carbon 

electrodes include: Activated carbon electrodes, Carbon aerogel electrodes, Carbon 

nanotubes electrodes. The EDLC is the most commercially available supercapacitor 

type. Examples include; 3,000F SC by SAMWHA capacitor group, 2,000F SC by 

Ioxus. Inc. etc 
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Figure 3.4. Working principle of the EDLC with activated carbon electrodes.[61] 

 

3.6.2 Pseudocapacitor 

While the EDLC does not involve any chemical changes in the electrolyte, the 

reverse is the case in pseudo-capacitors. The chemicals of the electrolyte break 

down through the Faradaic process to release ions that get attracted to the 

electrodes. This is accomplished majorly through either electro-sorption, reduction-

oxidation reactions, or intercalation processes[31, 62]. These faradaic processes 

that lead to charge transfer take place at the electrode-electrolyte interface and are 

highly reversible[31]. Usually, the Faradaic reaction gives rise to a capacitance 

much higher than that of the typical ultracapacitor which develops only charge 

Separation-based double layer capacitance[53]. While the capacitance tends to be 

higher, the power capability of the pseudo-capacitor is lower than that of EDLC, 

and they suffer lack of stability during cycling [63]. This is due to the slow rate of 

the faradaic processes when compared to the non-faradaic ones. Unlike the EDLC 

whose electrodes are inert to the electrolyte used, it is expected that the electrodes 

of the pseudo-capacitor be reactive with the electrolyte. The electrode materials 
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used in this type of supercapacitor are mostly conducting polymers and some oxides 

of metal. The pseudocapacitive processes are sometimes easily confused with the 

faradaic reactions at the battery electrodes. While similarities exist, the 

pseudocapacitive process exhibit more constant capacitance over the operating 

voltage while the capacitance varies over the voltage window when a battery 

electrode is used[64]. Nesscap 300F, 2.3V Pseudocapacitor as shown in Figure 3.5 

is an example of a commercially available Pseudocapacitor with 19ml volume and 

24g weight. 

 

 

Figure 3.5. Commercially available pseudocapacitor.[65] 

 

3.6.3 Hybrid supercapacitor 

Hybrid Supercapacitors combine the advantages of both the EDLC and pseudo-

capacitor to achieve a better performing capacitor. It has a higher energy density 

than the EDLC and more current capability and charge-discharge cycles than the 

pseudo-capacitor. The electrodes of the EDLC and pseudo-capacitor are both used 

in a hybrid capacitor. Hybrid capacitors can be grouped according to how these 

electrodes are combined.  
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3.6.3.1 Composite-electrode hybrid 

In this type of electrode, each electrode is a composite of materials from EDLC and 

pseudo-capacitor or battery electrodes. This type of electrode combines the good 

conductivity of carbon materials with the high specific capacitance of 

pseudocapacitive materials to achieve a superior electrode material[66]. A 

composite of carbon nanotubes and polypyrrole (a conducting polymer) has proven 

to be a success in the past[67], lithium-ion capacitors employ anodes which are 

mostly composites of carbon based material doped with lithium[68]. Other 

examples of composite electrodes include graphene/MnO composite[69, 70],  

MnO/carbon nanotubes composite[71, 72].   

 

3.6.3.2 Asymmetric-electrode hybrid  

Asymmetric electrodes have one electrode made from either the EDLC electrode 

materials and the other electrode made from the pseudo-capacitor electrode 

material. For instance, a positively charged electrode from active carbon together 

with a negatively charged electrode from metal oxide which has pseudocapacitive 

property can be combined to have asymmetric electrodes. However, the overall 

capacitance of this technology is usually limited by the lower capacitance 

electrode[73, 74]. Figure 3.6 is a commercially available hybrid supercapacitor 

produced by VARTA microbattery with EDLC-Pseudocapacitor asymmetric 

electrodes. 

 

Figure 3.6. 90F, 4.2V hybrid supercapacitor. 
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3.6.3.3 Battery-type hybrid supercapacitor 

This method adopts a battery electrode. One electrode uses the capacitor electrode, 

mostly activated carbon, while the other electrode is a battery electrode. This feature 

enables the supercapacitor to have more energy density than the conventional 

supercapacitor while also possessing the power density higher than a battery. A 

battery type hybrid supercapacitor based on Cobalt-phosphate positive electrode 

and activated carbon negative electrode has been reported to deliver energy density 

of 3.53 mWh cm-3 [75]. Figure 3.7 is a prototype 40,000F battery-type hybrid 

supercapacitor produced by SAMWHA capacitor group. 

 

Figure 3.7. 40,000F, 2.7V battery-type hybrid supercapacitor. 

 

Figure 3.8 is a ragone plot showing the positions of energy storage devices and the 

different types of supercapacitor in terms of energy and power density. 

 

Figure 3.8. Ragone plot. 
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3.7  Traditional Applications of Supercapacitor 

Traditional applications are the more popular and common applications of 

supercapacitors. Supercapacitors find usage as power back up in the memory 

function  of various electronic products such as: mobile phones and personal 

computers, their usage ensures retention of data while the main power source is 

unavailable. They provide peak power assistance to systems with pulsed load, for 

instance, the bright flash light of a digital camera takes up high current when used. 

Therefore, a combination with batteries reduces high current stress on them and 

improves the battery life. In electric vehicles, supercapacitors are used as temporary 

energy storage devices for the brake regenerative system, this is due to their fast 

rate of taking in and giving out energy. 

 

3.8  Non-traditional Supercapacitor Applications 

Asides the commonly known applications of the supercapacitor devices, the 

research team at the university of Waikato has developed various innovative 

applications of supercapacitors, these applications are termed “non-traditional” a 

brief summary is given in subsequent sections of this thesis. Further details on the 

these applications is found in the book, Energy storage devices for Electronic 

systems, Nihal Kularatna (2015)[61]  

 

3.8.1 Supercapacitor-assisted low dropout regulator (SCALDO) 

A low dropout regulator is a type of linear voltage regulator which can maintain 

regulation even at low voltage difference between the input and the output, or more 

precisely, between the series pass element. The voltage difference across the series 

pass element, below which the linear regulator stops regulation is termed the 

“dropout voltage”. Figure 3.9 is the basic circuit of a low dropout voltage regulator. 
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Figure 3.9. Basic circuit of an LDO. 

 

During the operation of an LDO, power is lost majorly in the form of heat across 

the series pass element. This power loss depends on the resistance of the series pass 

element and the voltage across it. The resistance is constant, therefore the efficiency 

of the LDO depends largely on the voltage across the series pass element. 

Technically, if the voltage across the series pass element can be made to reduce, the 

overall efficiency of the LDO would be increased accordingly. To achieve this 

voltage reduction, a resistor may be connected in series to the series pass element. 

However, this solution would not be viable as the resistor in itself dissipates heat. 

Hence, a voltage dropper which would not dissipate heat becomes the best possible 

solution. At this point, a supercapacitor is used as the lossless voltage dropper. 

When a finite current flow through a capacitor, the voltage changes according to 

equation 3.1 

 

 
3.1  

 

Supercapacitors have large capacitances and low ESR, hence when current flows 

through them in a circuit, they take longer time for blocking voltage to be developed 
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across. This is the basic concept of the SCALDO technique. Figure 3.10 shows the 

first stage of the SCALDO operation.  

 

Figure 3.10. SCALDO technique (first stage). 

 

In this stage the supercapacitor charges as current is passed through it, the voltage 

reaching the series pass element reduces in the process to improve efficiency. 

Before the SC is charged to a blocking voltage, the second stage is started. At this 

stage, the charged SC is made to act as the input voltage source to the LDO while 

the original input is disconnected. The energy stored during charging phase is 

discharged back into the circuit. Figure 3.11 shows the second stage of the 

operation. 

 

Figure 3.11. SCALDO technique (second stage). 

 



Chapter 3 - Supercapacitor Technologies 

53 

The SCALDO technique has shown a practical efficiency of 70-80% for 12V to 5V 

regulator, compared to the maximum theoretical efficiency of 42% for a linear 

regulator of same voltage range.  

 

3.8.2 Supercapacitor-assisted temperature modification apparatus 

(SCATMA) 

It is a common experience with a bathroom hot water tap that cold water flows out 

for a while before the hot water begins to flow. This cold water are water left in the 

buried pipes from previous usage which has cooled over time and need to make 

way for the hot water. The quantity of cold water that flows out depends on the 

length of the pipe from the central heating system to the faucet. While this may be 

little amount of water for each usage instance, it is a massive volume of wasted 

water when the number of homes in the country is taken into consideration. To 

solve this problem, a heating system which can be rapid enough to heat the cold 

water at a point close to the faucet is required. With the SC’s low ESR which gives 

it high power capability, a heating system based on supercapacitors have been 

developed. The SCATMA technique uses supercapacitors as energy storage devices 

to provide the required amount of current to increase the temperature of water 

within a very short time at a point close to the water faucet. Figure 3.12 is a block 

diagram of the SCATMA technique. 
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Figure 3.12. Block diagram of SCATMA technique.  

 

3.8.3 Supercapacitor-assisted surge absorber (SCASA) 

Most commercial surge absorbers use the metal oxide varistor to shunt out transient 

voltages away from the sensitive loads. Despite the popularity of these types of 

surge absorbers, they still suffer some challenges. When a transient voltage spike 

occurs, energy is dissipated in the form of heat on the varistors. Sometimes, energy 

from the transient voltages exceeds the threshold of the varistor and leads to 

permanent damage of the varistor. Additionally, the transient-load voltage of the 

surge cannot be reduced below the clamping voltage of the surge absorber. SCASA 

technique uses the supercapacitor to absorb part of the transient energy in the 

superimposed surge[76]. A coupled inductor is also used to transfer part of the 

transient energy into the supercapacitor in such a way that the transient load voltage 

is lowered. Figure 3.13 is the schematic of a SCASA circuit. 
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Figure 3.13. Circuit of the SCASA technique.  

 

3.8.4 Surge resistant uninterruptible power supply (SRUPS) 

This is a UPS connection technique where the supercapacitor functions as both the 

energy storage device and a surge absorber. Supercapacitors have the ability to 

absorb high voltage transients without any damage. This feature is harnessed in the 

SRUPS concept. It is made of an online UPS system, with three separate banks of 

supercapacitors. The three banks supply the load alternately. At a given time, one 

SC bank powers the load, one is being charged by the input while one is fully 

charged and is idling. When there is a transient voltage spike from the mains input, 

it is safely absorbed by the supercapacitor bank while keeping the load safe. SRUPS 

also achieves galvanic isolation as the mains input has no direct connection to the 

load. Figure 3.14 is a block diagram of the SRUPS technique. 
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Figure 3.14. Block diagram of SRUPS technique.  

 

3.8.5 Supercapacitor-assisted high-density inverter (SCAHDI)  

The aim of this concept is to reduce the volume of inverter systems and also to 

increase their efficiencies. The volume of an inverter is largely determined by the 

transformer and electrolytic capacitors. Planar transformers have been used to 

achieve inverters of higher density in the past. To further reduce the size, the 

electrolytic capacitors can be replaced with supercapacitors. The supercapacitors 

also contribute in efficiency improvement. In the RC charging of a capacitor, the 

energy stored in the capacitor is equivalent to (0.5CV2), this same amount of energy 

is also dissipated in the loop resistance. If an inverter system is seen as a resistive 

load connected in series to the supercapacitor of an RC charging circuit, then part 

of the energy which was wasted in the loop resistance is fed into the inverter as part 

of the circuit resistance, this is termed ‘loss circumvention’. This concept improves 

the efficiency of the inverter. Figure 3.15 shows the basic schematics. 
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Figure 3.15. Schematic of SCAHDI.  

 

3.8.6 Supercapacitor-assisted light emitting diode (SCALED)  

The same loss circumvention applied in SCALDO and SCAHDI is also adopted in 

the SCALED technique[77]. In this case, LED lamps are used as the resistive 

component of the circuit. During the charging of the supercapacitor, the dissipated 

energy in the circuit loop resistance is consumed by the LED lamp for useful 

lighting. An LED lamp can be powered separately from its own power source, but 

the SCALED technique powers the LED lamp with what could have been wasted 

energy in the SC charging loop. The SCALED technique has two major stages; the 

charging phase and the discharging phase. During the discharging phase, the LED 

lamp is powered from the supercapacitor(s). Figure 3.16 shows the circuit topology 

of the SCALED technique.  
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Figure 3.16. Schematic of SCALED.  
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4 Chapter Four (Laboratory Result Comparison of Supercapacitor Types) 

Laboratory Result Comparison of Supercapacitor Types 

 

The performance characteristics of three different technologies of supercapacitor 

were studied in the lab. The samples include:   

 A 3,000 F, 2.7V supercapacitor of EDLC technology,  

 A 7,500 F, 2.8V supercapacitor of the pseudocapacitive hybrid technology  

 A 40,000 F, 2.7V supercapacitor of the battery-type hybrid technology.  

 

The following performance was evaluated: 

 Constant Resistance discharge  

 Constant Current discharge 

 ESR Measurement 

 

4.1  Constant Resistance Discharge 

Figure 4.1 shows the circuit set up used to measure the supercapacitor’s discharge 

characteristics   

 

Figure 4.1. Constant resistance discharge circuit. 

Two 12V, 21Watt bulbs were used as the load, this offers a relatively constant 

resistance load ignoring the filament change in resistance with temperature.  
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  𝑅 =
𝑉2

𝑃
 4.1  

  𝑅 =
122

21
  

       = 6.86Ω 

 

The constant resistance load used has a resistance value of about 6.86Ω. 

The voltmeter in Figure 4.1 measures the supercapacitor terminal voltage at 

intervals, while the ammeter measures the discharge current. Figure 4.2, Figure 4.3 

and Figure 4.4 give the graphical representations of the discharge behaviour for the 

three different supercapacitors under constant resistance load. 

 

 

Figure 4.2. Constant resistance discharge curve for an EDLC supercapacitor. 
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Figure 4.3. Constant resistance discharge curve for a hybrid supercapacitor. 

 

 

Figure 4.4. Constant resistance discharge for battery-type hybrid supercapacitor. 
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Figure 4.5. Discharge curve of a normal 

capacitor. 

          

 

 

 

 

Figure 4.6. Discharge curve of a 

rechargeable battery. 

 

From the graphs of Figure 4.2, Figure 4.3 and Figure 4.4 above, the discharge curve 

of an electrochemical double layer supercapacitor is similar to that of a normal 

electrolytic capacitor. The voltage and current undergo exponential decay during 

discharge. Figure 4.5 and Figure 4.6 show the typical discharge curves of a normal 

capacitor and a battery respectively under constant resistance load. The discharge 

curves of the three graphs tend towards the behaviour of the battery energy storage 

device as the technologies move from the EDLC type to Pseudocapacitive hybrid 

supercapacitor and to the battery type hybrid supercapacitor. This highlights the 

improvement in the energy density of supercapacitors technologies. From a voltage 

value of 2V to the rated 2.7V, the battery-type hybrid supercapacitor can be 

approximated as a constant voltage source. The same applies to the 7,500F 

supercapacitor from about 1.6V to the rated 2.8V. 

 

4.2  Constant Current Discharge 

A more commercially viable test is carried out, where the supercapacitors are tested 

at constant current discharge. In this test, the supercapacitor is treated as a battery, 
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and the C-rate calculated. This test is necessary as the devices are expected to 

supply constant power to loads in real life application.  

 

4.2.1 C-rate calculation  

The C-rate is a measure of the discharge rate of a battery (in this case 

supercapacitor) in relation to its maximum capacity. 1 C rate means that the 

discharge current would discharge the battery in one hour. It is expressed in 

Ampere-hour.  

The energy stored in a capacitor is given by the following equation: 

𝐸 =
𝐶𝑉2

2
 4.2  

The flat part of the curve of Figure 4.4 is the useful section for energy back up. This 

is the part where the voltage of the supercapacitor experiences minor change per 

unit time during discharge process. The supercapacitor acts as a voltage source at 

this stage of discharge. This part is used for the C- rate calculation. It is averaged at 

2.2V for the battery-type hybrid supercapacitor.  

 

40,000F battery-type supercapacitor: 

 C = 40,000F                        V = 2.2V 

E =
40,000 X 2.22

2
 

E = 96,800 Joules.  

 

From basic knowledge of electricity calculations,  

𝑃𝑜𝑤𝑒𝑟 =
𝐸𝑛𝑒𝑟𝑔𝑦

𝑇𝑖𝑚𝑒
 4.3  

In terms of their SI units, 
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𝑊𝑎𝑡𝑡 =
𝐽𝑜𝑢𝑙𝑒

𝑆𝑒𝑐𝑜𝑛𝑑
 4.4  

From equation 4.4, Joules is equivalent to Watt-second. Hence, 96,800 Joules = 

96,800 Watt-second 

𝑊𝑎𝑡𝑡 −  𝑠𝑒𝑐𝑜𝑛𝑑

𝑉𝑜𝑙𝑡𝑠
 =  𝐴𝑚𝑝 − 𝑠𝑒𝑐 4.5  

 

96,800 watt − second

2.2 V
  = 44,000 Amp-sec 

1hr = 3600 sec 

Therefore, 

44,000 amp − second

3600
 = 12.2 Amp-hr 

 

When a single 40,000 Farad battery-type supercapacitor is used as an energy backup 

device in a power system, a current of approximately 12.2A would discharge the 

device for one hour. The calculated current may differ from measured values, this 

may be attributed to the fact that capacitance of a supercapacitor does not stay 

constant throughout discharge process. 

Similar calculation is done for the 7,500F pseudocapacitive hybrid supercapacitor 

and its current at 1 C rate is obtained. 

7,500 F supercapacitor: 

 C = 7,500                        V = 2.3V (from Figure 4.3) 

E =
7,500 X 2.32

2
 

E = 19,838 Joules. 
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19,838 Watt−second

2.3 V
 = 8,625Amp-sec 

8,625 Amp−second

3600
 = 2.4 Amp-hr 

The 3000F EDLC do not have enough flatness on its curve to be treated as a 

constant voltage source. 

C-rate for the 40,000F SC = 12.2 Ahr 

C-rate for the 7500F SC = 2.4 Ahr 

 

4.2.2 Discharge comparison at C-rates 

To draw constant current out of the devices, a constant current circuit may be 

designed in the lab. This circuit can be based on MOSFETS or BJTs. At the 

saturation region of a MOSFET, the drain current stays constant when the drain 

source voltage changes. In this region, the drain current depends only on the gate-

source voltage. Hence, to achieve a constant drain current, the gate-source voltage 

is kept constant. Similar behaviour is seen in a bipolar junction transistor. This 

feature is employed in the design of a constant current load circuit. Figure 4.7 is a 

sample circuit of a constant current load where the gate-source voltage of the 

MOSFET is kept constant. 

 

Figure 4.7. Constant current load circuit. 
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For accurate results, TEXIO pxl-151A, a solid-state electronic load device was used. 

The supercapacitors were discharged at the calculated C-rates and the characteristic 

curves are obtained.  

 

Figure 4.8. Constant current discharge curves. 

 

In the ideal situation, the discharge curve at C-rate extends up to 100% D.O.D. 

However, as shown in the curves above, this may not always be obtained 

practically. As seen on the curves above, the battery-type supercapacitor acted as a 

constant voltage source for more than one hour when a current of 12.2 A was drawn 

from it. Similar behaviour is seen in the pseudocapacitive hybrid supercapacitor 

when a lower current of 2.4 A was drawn from it.  

 

4.2.2.1 Battery type supercapacitor performance at different C-rates.  

The battery-type supercapacitor was tested at different C-rates. As shown in Figure 

4.9, the device showed behaviour similar to the battery energy storage device. 

Higher C-rates tend to have less depth of discharge than lower C-rates. Therefore, 
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just like in the battery, the battery-type supercapacitor makes available more energy 

when discharged at lower current values. 

 

 

Figure 4.9. Graph showing discharge curves of the SAMWHA 40,000F battery type 

supercapacitor at different C-rates. 

 

4.3  Equivalent Series Resistance (ESR) Measurement 

Supercapacitors generally have lower ESR than battery energy storage devices. 

However, the ESR of different supercapacitors varies according to the technologies 

inherent in the devices. The constant current discharge method and the dynamic 

discharge method are two ways to measure the ESR of a supercapacitor[78]. While 

the constant current method involves a simple discharge at constant current, the 

dynamic discharge method involves discharge at different regimes of constant 

current. Both methods have been proven to provide accurate results. However, the 

constant current discharge method was adopted for this experiment due to its 

simplicity. This experiment measures the ESR of the three supercapacitor 

technologies in study. Figure 4.10 is the circuit set up used in the measurement. 
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Figure 4.10. ESR measurement circuit set up. 

 

The devices are first charged to rated voltage, a constant current load is connected 

to discharge the supercapacitors at constant current while the voltage is being 

monitored using an oscilloscope. The oscilloscope time scale is set to 1 second per 

division to get a better view of the trace. Figure 4.11 shows the trace for the 40,000F 

supercapacitor discharged at 10A. 

 

 

Figure 4.11. ESR measurement trace. 
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𝐸𝑆𝑅 =  
∆𝑉

𝐼
  4.6  

Where, I = Constant discharge current. 

 

For the three supercapacitors, different current values were used for the 

measurement and the ESR at each current is obtained. This was done to increase 

the accuracy of the final ESR value. Table 4.1 is a summary of the result. 

 

Table 4.1: Measured Values of Different Supercapacitor ESR 

SC Types ∆V1(V) ∆V2 (V) ∆V3 (V) 
ESR1 

(mΩ) 

ESR2 

(mΩ) 

ESR3 

(mΩ) 

ESRAVG 

(mΩ) 

3,000F 0.048 ,  

I = 10A 

0.06,  

I = 15A 

0.124 ,  

I = 20A 
5 4 6 5 

7,500F 
0.072,  

I = 5A 

0.036,  

I = 3A 

0.022,  

I= 1.5A 
14 12 15 14 

40,000F 
0.12 ,  

I = 10A 

0.2 ,  

I = 20A 

0.32 ,  

I = 30A 
12 10 11 11 

                     

 

From Table 5.1 it is seen that the equivalent series resistance of the supercapacitors 

has no definite pattern with the electrode technology, ESR is largely determined by 

the electrolyte and separator inside the supercapacitor. Table 4.2 compares key 

features of some commercially available supercapacitor technologies with the 

prototype 40,000F battery-type hybrid supercapacitor. 
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Table 4.2: Different Supercapacitor Technologies and Key Features 

Manufacturer Technology 
Capacitance 

(F) 

Rated 
Voltage 

(V) 

Energy 
density 
(Wh/L) 

Power 
density 
(W/L) 

DC 
ESR 

(mΩ) 
cycle life  

Ioxus.Inc EDLC 3,150 2.7 7.76 12,563 0.26 1,000,000 

Varta 
microbattery 

Hybrid (EDLC-
pseudo 

Asymmetric) 
90 8.4 9.58 900 270 > 500,000 

Nesscap 
Ultracapacitors 

(A maxwell 
Technologies 

company) 

Pseudocapacitor 300 2.3 10.53 1,768 20 100,000 

JM Energy 
Hybrid 

(composite) 
3,300 3 20 12,000 1 > 500,000 

Samwha 
Hybrid (battery-

type) 
40,000 2.7 67.3 3093 0.7 20,000 
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5 Chapter Five (Boost Converter Design For Supercapacitor Application) 

   Boost Converter Design 

 

5.1  Brief Description 

A boost converter was designed for the 12V LED load. A simple non-isolated boost 

topology was chosen because of the low power level of the load. The power stage 

consist of an inductor, an electronic switch, a diode and a capacitor connected as 

shown in Figure 5.1. 

 

Figure 5.1. Non-isolated boost converter. 

 

When the switch is closed, the diode is reverse biased while the input current rises 

linearly through the inductor. During this time, the load current is supplied by the 

output capacitor. When the switch opens, the diode is forward biased, therefore 

allowing current flow to the output load while the inductor current falls. In this 

operation, the volt-second balance rule in the inductor applies. Figure 5.2 shows the 

voltage and current waveforms across the inductor. To obtain a maximum back up 

time from an energy storage device, the losses in the incorporated power converters 

must be minimum. Therefore, in the design of the power converter, efficiency 

consideration is crucial. A simple non-isolated boost converter, by characteristics 
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is not as efficient as the transformer isolated counterparts. However, a properly 

designed boost converter circuit can achieve an efficiency of 70% to 75%. 

 

Figure 5.2. Inductor voltage and current waveforms. 

 

5.2  LED Characteristics 

LED was used as the load to demonstrate the supercapacitor’s energy back up 

capability. A 5W, 5V Philips LED was used for the boost converter circuit. The 

LED characteristics is shown below. 

 

Figure 5.3. Variation of the LED illuminance with voltage. 
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Figure 5.4. Variation of the LED illuminance with current. 

 

At a voltage of 12V, the LED illuminance is about 23,000lux, while the current is 

0.45A. This is used as the load specification for the boost converter. 

 

5.3  Power Stage Design 

The aim of the converter is to step up the supercapacitor voltage to 12V as required 

by the LED load. The supercapacitor used for this project is the higher energy-dense 

40,000F battery-type hybrid supercapacitor.  As discussed in chapter 4, the battery-

type supercapacitor acts as a voltage source from 1.8V to 2.7V where a current 

supply by the supercapacitor only leads to a minimal change in terminal voltage. 

This is thence the input voltage range of the converter. From Figure 5.3 and Figure 

5.4, the LED current requirement at 12V is 450mA. The converter is designed to 

withstand two LED loads, hence an operating current of 900mA. To have a safety 

margin, the maximum output current is designed to be 1A.  

 

The converter specification is summarised in Table 5.1. 
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Table 5.1: Boost Converter Specifications 

Minimum Input Voltage  1.8V  

Maximum Input Voltage  2.7V 

Output Voltage 12V 

Maximum Output Current 1A 

Efficiency 70% 

                                

 

5.3.1 Frequency selection 

Unlike many component parts of a converter, the selection of an operating 

frequency does not require a standard equation, rather it involves several parameter 

considerations. It is a trade-off between the size of components to be used and the 

overall efficiency of the converter. High operating frequency requires smaller sized 

components for implementation. Meanwhile, high frequency creates additional 

losses in the circuit. These losses comprise of the RFI/EMI losses and the switching 

losses. A converter can have one percent loss in efficiency for every 100 kHz rise 

in frequency of operation [79]. Therefore, a 200 kHz switching regulator with an 

efficiency of 93 percent, could have an efficiency of about 90 percent when 

operated at 500 KHz.  

 

On the other hand, at low frequency of operation, the required components are 

bigger in size while the losses are reduced. In this case, the ohmic conduction losses 

are dominant. Therefore, the optimum frequency value for a specific converter is a 

value where expected efficiency is achieved and reasonably sized components are 

used. A rule of thumb, is to use lower frequencies for applications where load 

current is higher than 10A, and higher frequencies for applications where load 
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current is less than 10A [79]. In this context, frequencies below 100 KHz are 

considered low. The power requirement for this converter is a maximum of 12 watt, 

with a maximum load current of 1A. Going by the rule of thumb stated above, the 

operating frequency is chosen as 300 KHz.  

 

5.3.2 Inductor selection 

The selection of an inductor as opposed to the frequency selection has a more 

quantitative approach to it. The chosen inductor should be able to withstand the 

peak inductor current without saturation. The inductance also limits the ripple 

current to the desired value. Generally, the inductor should limit the maximum 

ripple current to about 20% of the average inductor current. The size of inductance 

is inversely proportional to the peak current flowing through it. Therefore, lower 

inductance values result to high peak current which may stress the switching 

transistor. Hence in the selection of the inductor, the inductance value should be 

high enough to limit the peak current to a considerable level, and low enough to 

allow enough current at the minimum input voltage. Inductance calculation using 

the maximum input voltage can yield a figure which may be too high for situations 

of minimum input voltage, while calculation using the minimum input voltage can 

yield a figure which may be too low for periods of maximum load current. Because 

of this, an average value of the input voltage range was used in the calculation of 

the inductance. The converter is expected to work in continuous conduction mode 

up to the minimum load current of 450mA, this was also considered in the selection.  

 

During the MOSFET on time (ton) the voltage across the inductor is the input 

voltage (Vin).  
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The following inductor equation applies,  

  
5.1  

Where, 

dt is the switch on-time and dIL is the ripple current. 

Therefore, the inductance (L) becomes, 

  
5.2  

 

In non-ideal conditions, the voltage across the inductor is less than Vin. This is due 

to the voltage drop across the MOSFET (Vds) caused by the Rds(on) of the MOSFET. 

Non-ideal situations are considered in order to improve the accuracy of the 

calculation. 

 

 
5.3  

On time, (dt) = DTs    5.4  

D =  duty cycle     Ts = switching period. 

 

The voltage transfer function of a boost converter is given as follows, 

       
5.5  

Substitute for D and Ts in equation 5.1 

 

 
5.6  
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Vds is assumed to be 0.2V which is expected to be close to the actual value when a 

MOSFET with low Rds(on) is used.  

The ripple current (dIL) by rule of thumb is not expected to exceed 20% to 30% of 

the maximum inductor current IL(max). 15% is assumed for this calculation. 

 

 
 

5.7  

  

 IL(max) = 7.5A 

dIL = 0.15 x 7.5 = 1.1A 

 

Vin = average input current = 2.25V      Vo = 12V        f = 300kHz           Vds = 0.2V 

 

  

 L = 5µH 

 

For lower ripple current, the inductance value can be increased. The peak inductor 

current is calculated from Equation 5.8 

 

 

  

5.8  

 IL (peak) = 7.5 +0.5(1.1) 

 IL (peak) = 8.05A 

 

For efficiency improvement, an inductor with low series resistance is preferred.  
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EPCOS B82559A inductor is used for this design. The key specifications are 

stated in Table 5.2 

Table 5.2: Boost Converter Inductor Specifications 

Part number B82559A5682A020 

Inductance 6.8µH ±10% 

Maximum DC Current 19A 

Maximum DC resistance 2.9mΩ 

 

The minimum output current is the current requirement of one LED load.  

 

Io(min) = 0.45A 

 

The converter is expected to still operate at continuous conduction mode (CCM) 

when the output current is 0.45A. To check that the selected inductor is suitable for 

continuous conduction mode operation, consider Figure 5.5. 

 

Figure 5.5. Inductor voltage and current waveforms. 

 

For CCM,  

 

IL(min) > 0.5dIL 
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Where IL(min) = Minimum inductor current 

IL(min) occurs at maximum input voltage and minimum output current. 

From Equation 5.7, 

  

IL(min) = 2.16A  

 

The above value is higher than half of the ripple current (0.55A), hence the 

converter is expected to remain in continuous conduction mode at the minimum 

output current.  

 

5.3.3 MOSFET selection 

Losses in the switching power MOSFET represent a major part of the total losses 

in a boost converter. Therefore, to obtain a good efficiency in boost converter 

design, adequate care is taken in the selection of a power MOSFET. Basically, the 

chosen MOSFET should be able to withstand the peak inductor current without 

breakdown. When the switch is off, the voltage across the drain and source is 

equivalent to the sum of the output voltage and the diode forward voltage. Hence 

the Vds(max) of the MOSFET should be above the sum (Vo + Vd). Switching losses 

in a MOSFET are not critical when operating at frequencies below 400KHz, at such 

frequencies, the conduction loss dominates[80]. Therefore, among other 

specifications of the MOSFET, the Rds(on) should be as low as possible. The 

switching losses are proportional to the total gate charge of the MOSFET, hence a 

lower total gate charge would reduce the losses. For an operating input voltage of 

1.8V to 2.7V, the gate threshold voltage of the MOSFET should be low enough to 

start the converter at the minimum input voltage. With the above factors put into 
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consideration, IRF7401PBF MOSFET is selected, the key specifications are stated 

in Table 5.3 

Table 5.3: Boost Converter Power MOSFET Specification. 

Rds(on) max 22mΩ 

Maximum continuous Drain-source current 8.7A 

Maximum gate threshold voltage 0.7V 

Maximum Drain-source voltage 20V 

Typical gate charge 48nC 

                   

 

5.3.4 Diode selection 

When the MOSFET switch is open, the inductor current flows through the diode to 

the output. Therefore, the diode should be able to withstand the inductor peak 

current. A low voltage drop across the diode improves efficiency. During the 

MOSFET on time, the voltage across the diode in the reverse direction is equivalent 

to the output voltage. Therefore, the chosen diode should have a reverse breakdown 

voltage higher than the output voltage. This is easily obtained as the output voltage 

has a low value of 12V, however, for high voltage applications, this could be a 

challenge. A Schottky diode is always preferred in converter applications, due to its 

fast switching and low forward voltage drop. PDS1040-13 Schottky diode is chosen 

for this design, the key specifications are shown in Table 5.4 

Table 5.4: Boost Converter Diode Specification. 

Maximum forward voltage drop 0.51V 

Maximum reverse voltage 40V 

Maximum continuous current 10A 
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5.3.5 Output capacitor selection. The major function of the output capacitor in a 

boost converter is to supply the output current when the MOSFET switch is closed. 

The capacitor voltage drops when the output current is being supplied, it charges 

back when the MOSFET is open. This repetitive change in the capacitor voltage 

appears in the output as the output voltage ripple of the converter. To limit the 

output voltage ripple, the output capacitor should be high enough to supply the 

maximum output current with minimal voltage drop. The ESR of the capacitor 

contributes to the voltage ripple as voltage is dropped across the ESR.  The output 

voltage ripple for this design is limited to 100mV and the required capacitance is 

calculated accordingly. .  

 

Consider the capacitor formula of equation 5.9 

 

 

5.9  

The capacitance is therefore given as; 

 
5.10  

 

Where, Io = Output current            

dt = MOSFET on-time              

dv = Output voltage ripple. 

 

To achieve the desired maximum voltage ripple, the minimum capacitance required 

becomes, 

 
5.11  
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From equation 5.5, 

 
5.12  

 

Equation 5.11 becomes; 

 
5.13  

 

 = 28µF 

The above value is the minimum capacitance required, a capacitance value 3 to 4 

times larger can be used. The ESR of the capacitor should be as low as possible to 

reduce the voltage ripple. A common practise is to connect capacitors in parallel. 

The parallel connection reduces the effective resistance while increasing the total 

capacitance. A low resistance capacitor like the ceramic capacitor is mostly used in 

the same way to achieve a lower ESR. Low ESR also improves the system stability. 

Three 330µF tantalum capacitor were used for this design. Tantalum was preferred 

due to its low ESR.  

 

5.3.6 Input capacitor selection 

The function of the input capacitor in a boost converter is to reduce the current peak 

drawn from the source. It also helps in noise rejection. For a source with very 

limited current capability, a well selected input capacitor ensures that the peak input 

current remains within the limit of the source capability. The source for this design 

is a supercapacitor. The supercapacitor has very low impedance and can deliver a 

large amount of current. Therefore, the need for large input capacitor is reduced. 
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An input capacitor with low ESR improves the efficiency of the converter. The 

same capacitance as the output capacitor was used for the input capacitor. 

5.4  Control Circuit Design 

Control system is necessary to ensure stability of the converter output at different 

circuit conditions. There are different types of control system used in power 

converters, each of them offers unique advantages. The two most popular control 

methods include: 

 Voltage mode control  

 Current mode control 

5.4.1 Voltage mode control 

This was the first method used in control circuits. It consists of a single feedback 

path. As shown in Figure 5.6. 

 

 

Figure 5.6. Voltage-mode control. 

 

A voltage divider circuit formed by RFB2 and Zi feeds a scaled sample of the output 

voltage to the compensator circuit. The compensator basically consists of a 
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comparator which produces on its output, the difference between the sampled 

output voltage and a reference voltage. The compensator output is called the error 

signal. It becomes the control voltage fed into the non-inverting input of the Pulse-

width modulation (PWM) comparator. A clock circuit provides voltage ramp signal 

of triangular waveform at the inverting input of the PWM comparator. The output 

of the PWM comparator is a square wave with the appropriate duty cycle needed to 

maintain a constant voltage at the converter output. The voltage mode control 

circuit is easier to design, it is cheaper, and it is less susceptible to noise. However, 

one of the draw backs of the voltage mode control is its slower response to voltage 

variations. This problem is taken care of in the more recent method of control, 

which is the current- mode control. 

 

5.4.2 Current mode control 

This method of control was developed after the voltage mode control method. It 

uses the inductor current as a control parameter to maintain stability in the circuit. 

The current mode control method is more complex than the voltage mode control. 

Figure 5.7 illustrates the working principle of the current mode control method.  

 

Figure 5.7. Current-mode control.   
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It consists of the error amplifier and the PWM comparator as used in the voltage 

mode control. In this case, the ramp voltage signal is provided by the circuit 

inductor current. A second feedback loop of the inductor current is introduced in 

the circuit, the current is sensed by a current sensing resistor, where the voltage 

across the resistor is a measure of the amount of current flowing through it. The 

measured voltage from the current sensing resistor is fed into the inverting input of 

the PWM comparator. The error voltage is fed into the non-inverting input of the 

comparator. The output of the comparator is a square wave whose duty cycle 

depends on the slope of the ramp voltage and the value of the control voltage. Since 

the inductor current slope is determined by (Vin – Vo), the current mode control 

responds faster to changes in the line voltage[81].  Additionally, it has a higher gain 

bandwidth than the voltage mode control. One of the major draw backs of the 

current mode control is its instability at duty cycles above 50%. Noise at the current 

sense resistor causes signal jitter on the ramp signal. This jitter is made worse when 

the slope of the ramp is less. A slope compensation mechanism is always used to 

increase the slope of the ramp and reduce the effect of jitter. .  

 

The supercapacitor voltage, which is the input voltage of the boost converter is 

expected to continually drop as it discharges. As described above, the current mode 

control method has a faster response to line voltage changes. Therefore, a current 

mode control method was preferred for this project. .  

 

5.4.3 Control IC selection 

The control circuits for power converters are always available in integrated circuit 

packages. Many manufacturers embed in the ICs other circuits alongside the control 

circuits. Some of these circuits include the MOSFET driver circuits and the power 
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switch itself. Since the power switch for this design has already been selected, a 

control IC without the power switch is the desired IC for control. The input voltage 

range of the IC should also be within the input voltage range of the converter. 

MAX669 current mode controller was used for the control circuit. The key features 

are stated in Table 5.5 

Table 5.5: Boost Converter Controller Specifications 

Input Voltage range 1.8V to 28V 

Control method Current mode 

Frequency range 100Khz to 500Khz 

Efficiency Over 90% 

 

5.4.3.1 Setting the frequency 

The frequency of operation is set by connecting the suitable resistor between pin 2 

and GND of the controller. The resistor value is found using Equation 5.14 

 

 
5.14  

 

For a frequency of 300 KHz, 

 

 

 = 167 kΩ 

 

The closest standard resistor value to 167 kΩ is used.  

 = 165 kΩ (E96 series) 
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5.4.3.2 Current sense resistor 

The voltage between the current sense pin and GND should not exceed 85mV. This 

is a value set by the manufacturer of the controller. Maximum voltage at the current 

sense pin occurs at the peak inductor current. Therefore, the sense resistor is chosen 

to ensure the voltage limit is not exceeded at the peak inductor current. 

IL(peak) as calculated from Equation 5.8 is 8.05A. 

 

 = 10mΩ 

 

5.4.3.3 Feedback resistors 

The feedback resistors sample a factor of the output voltage to the controller’s 

feedback pin. The resistors were chosen in the kilo-ohm region to reduce the 

quiescent current of the circuit.  

 

Figure 5.8. Feedback voltage divider circuit. 

 

 
5.15  

Where, V(ref) = 1.25V,         

Let R2 be 105kΩ, 

R1 =
105,000 𝑥 12 

 1.25
 −  105,000 
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R1 = 909k 

 

5.4.3.4 Bypass capacitors 

Bypass capacitors provide low resistance path to ground for noise signal. This is 

necessary to reduce electrical noise in the IC and circuit in general. They also help 

to improve the transient response of the system. The power pins of the IC are 

bypassed with ceramic capacitors. The power pins include; VCC, REF and LDO. 

VCC pin is bypassed with a 0.1uF capacitor, the REF pin is bypassed with a 0.22uF 

capacitor while the LDO is bypassed with a 1uF capacitor. The capacitors are 

connected from the respective pins to ground. The values of the capacitances used 

were recommended by the IC manufacturer. Bypass capacitors are always 

connected as close to the pins as possible to avoid further parasitic impedances. 

 

 

Figure 5.9. The final circuit of the boost converter. 
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5.5  Printed Circuit Board Layout Design 

A printed circuit board was designed to implement the circuit. Some of the chosen 

components for the converter are surface mount components, hence a PCB design 

is inevitable. The circuit involves high switching current which are bound to 

generate noise signals. Therefore, adequate PCB layout design is crucial for a better 

circuit performance. Some key rules adhered to in PCB layout design include: 

 High current traces should be made as short and wide as possible to reduce 

the parasitic impedances.  

 Star ground concept should be used to avoid ground current flowing in the 

circuit. 

 The loops containing the switching currents should be made as small as 

possible. 

 High noise areas should be kept away from sensitive pins of the controller. 

 Since all the return current pass through the ground, a ground plane should 

be used. 

Manufacturers always recommend a PCB layout for their controllers. However, due 

to variations in components sizes and specifications, the recommended layouts are 

usually not suitable.  Figure 5.10 shows the PCB layout used for this design. 
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Figure 5.10. Boost converter PCB layout. 

 

5.6  Test and Measurement 

The converter was implemented, and several tests and measurements were 

conducted to ascertain its performance with regards to the supercapacitor 

application. The following tests and measurements were done: 

 Line Regulation 

 Load Regulation 

 Efficiency Measurement 

5.6.1 Line regulation 

The converter output was measured at different input voltages. The converter is 

intended to regulate from 1.8V to 2.7V input voltage, which is the voltage range of 
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the supercapacitor. Figure 5.11 shows the line regulation of the converter. As seen 

from the graph, the converter output stayed at approximately 11V as the 

supercapacitor discharged from 2.66V to around 2.2V. At 1.8V input voltage, the 

converter output dropped to approximately 10.5V. 

 

 

Figure 5.11. Line regulation. 

 

5.6.2 Load regulation 

The converter is expected to power two LED loads which would draw a maximum 

of 1A. Several resistive loads were connected at the output while the output voltage 

measured. This was done to ascertain the performance of the converter at changing 

loads current. Figure 5.12 shows the load regulation curve for the converter. The 

output voltage stayed at approximately 11V from a load of 0.2A to 0.7A, from 0.8A 

to 1A the output voltage was 10.5V. This is good enough for the intended purpose. 
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Figure 5.12. Load regulation. 

 

5.6.3 Efficiency 

The efficiency of the converter was calculated at different input voltages. The boost 

converter acts as a constant power load to the source, therefore the input current 

rises as the supercapacitor voltage decreases. The increase in current leads to more 

losses and a steady drop in the efficiency. Figure 5.13 shows a graph of efficiency 

against the input voltage as obtained from the converter. The measurements were 

taken while the output voltage stayed constant, this occurs from input voltage of 2.2 

to 2.7V. Below 2.2V the output voltage drops, and the brightness of the LED is 

reduced, this means a reduction in the power output. A maximum efficiency of 

about 76% and a minimum efficiency of 65% were obtained.  
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Figure 5.13. Boost converter efficiency performance.  

 

Figure 5.14. Boost converter implemented circuit. 
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Figure 5.15. Boost Converter - supercapacitor working set up.  

 

5.6.4 Operating waveforms 

The waveforms at the diode, MOSFET and converter output are obtained while on 

load, using an oscilloscope. The different waveforms are shown below.  

 

 

Figure 5.16. Output voltage waveform.  
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Figure 5.17. MOSFET gate waveform.  

 

 

Figure 5.18. Diode waveform.  
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Figure 5.19. Inductor waveform. 
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6 Chapter Six (Supercapacitor Application for Street lighting systems) 

Supercapacitor Application for Street Lighting Systems 

 

6.1  Street Lighting System 

The energy storage capability of the battery-type supercapacitor can be harnessed 

for application in street lighting systems. Street lights are generally designed to 

illuminate after sunset and go off at sun rise. Therefore, in a 24-hour period, the 

street lights ideally work for approximately 12hours. This makes the DC microgrid 

a preferred system of energy supply to the street lights. During the day, the solar 

panels charge the supercapacitors, while at night, the charged supercapacitors 

supply the required energy for the streetlights to work. This system also eliminates 

the need for long power cables as the lighting systems operate as stand-alone. .  

 

 

Figure 6.1. A stand-alone street lighting system. 
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To demonstrate this application of the supercapacitor, a prototype system was 

designed. A 100-Watt LED flood light was used as the load while the prototype was 

designed to light up the LED for 1 hour. The design is made of two parts:  

 Supercapacitor Bank  

 Power Converter  

 

6.2  Supercapacitor Bank 

This involves the series or parallel connection of different supercapacitor devices 

to meet the energy requirements of the load. A 100-Watt rated LED load ideally 

consumes 100 Watt-hr of energy after 1 hour of on-time. However, the LED was 

tested to ascertain the actual consumption. The illuminance of the LED was 

monitored against the voltage and current level.  Figure 6.2 shows the variation of 

illuminance with voltage of the flood light.  

 

 

Figure 6.2. Illuminance curve of the sample LED load. 

 



Chapter 6 – SC Application for street lighting systems 

99 

According to the graph above, the LED has maximum illuminance at a voltage level 

of 119V, 120V. The current at this point was measured to be 1.05A. Hence the 

supercapacitor bank specifications is calculated thus: 

 

Load Consumption =  120V x 1.05 A =  126W 

On − time =  1 hour =  1 x 60 x 60 seconds 

Energy consumption over 8 hr =  126 x 60 x 60 =  453,600 Watt − seconds 

Assuming power converter efficiency of 75%, 

Energy requirement of SC bank =
453,600 

0.8
 =  604,800 Watt − seconds 

Watt-second is equivalent to joules, hence 604,800 Watt-seconds = 604,800 J 

Therefore, the minimum energy requirement of the supercapacitor bank for a one- 

hour on-time is 604,800 J (equivalent to 168 Wh). .  

 

As stated in chapter four, from the graph of Figure 4.4, the flatness of the curve 

occurs from 1.8V to 2.7V. This region is the desired region of operation as an 

energy storage device. Therefore, each supercapacitor in the bank is expected to 

only discharge from about 2.7V to 1.8V. During this time, the energy discharged 

by the supercapacitor is the difference of the energy stored at 1.8 V from energy 

stored at 2.7V. The energy stored in a capacitor is given by Equation 6.1 

 

E =
CV2

2
 6.1  

 

Energy suplied by each SC =
C x 2.72

2
 −  

C x 1.82

2
 6.2  

 

For a single 40,000F Supercapacitor, 



Chapter 6 – SC Application for street lighting systems 

100 

40,000 x 2.72

2
 −  

40,000 x 1.82

2
 =  81,000J 

 

Therefore, for an energy of 604,800 J,  

Number of supercapacitors required =   
604,800

81,000
   =  7.5 

 

The supercapacitor bank consists of 8 units of 40,000F battery-type supercapacitors 

connected in series. A series connection is preferred, to reduce the input-output 

voltage differential of the converter for a better efficiency. For longer hours of 

operation, similar calculation is performed to determine the number of 

supercapacitors required. In comparison to a battery solution, the 40,000F 

supercapacitor has an average cycle life of 20,000, while a lithium battery has an 

average cycle life of 1,200. On the assumption of a full cycle charge of the 

supercapacitor bank in a day of operation, the bank would theoretically last for 

20,000 days (54 years) as against the battery solution of 1,200 days (3 years). Since 

the 40,000F supercapacitor is a prototype and commercially unavailable as at the 

time of writing this thesis, its cost cannot be ascertained. However, in terms of 

longevity of solution, the supercapacitor solution proves to be a superior choice. 

 

6.2  Power Converter Design 

A push-pull converter was designed to power the 100-Watt LED flood light. Due 

to the increased power level of the load, a non-isolated boost converter was not 

used. Boost converters are characteristically inefficient when compared to other 

topologies. The push-pull boost topology was chosen as the ideal topology for this 

application. The decision was based on the consideration of efficiency, cost and 

power level. While push-pull converter is less efficient than the full bridge and half 
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bridge, it is less expensive to implement. Table 6.1 compares some isolated switch-

mode converter topologies in terms of obtainable efficiency, cost and power level. 

 

Table 6.1: Power Topologies Compared[82] 

 

 

 

 

 

 

 

                             

The working principle of a push-pull converter has been described in detail on 

section 0 of this thesis. Figure 6.3, Figure 6.4, and Figure 6.5 show the different 

stages of operation of the push-pull converter power stage. 

 

 

Figure 6.3. Push-pull converter operation stage one (0 < t < DT). 
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Figure 6.4. Push-pull converter operation stage two (DT < t < T/2). 

 

 

Figure 6.5. Push-Pull converter operation stage three (T/2 < t < T/2 + DT). 

 

The two halves of the primary winding create flux on the core in opposite directions. 

This helps to reset the core after each half cycle to avoid saturation. However, in 

practical implementation, when the two primary windings are not accurately 

matched, making one winding to create higher or lower flux than the second 

winding, the additional flux gradually walks the transformer core into saturation. 

Therefore, care is taken in the transformer design and implementation. 

The design steps for a push-pull converter are summarised below: 

 Define Specification 

 Transformer design 

 Filter design 
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 Diode selection 

 MOSFET selection 

 Control circuit and Feedback design 

 Simulation 

 Printed Circuit board design. 

6.3.1 Specification 

The push-pull converter’s input is the voltage from the supercapacitor bank, while 

the output powers the flood light. Each supercapacitor of the bank can discharge 

only from 2.7V to 1.8V. Therefore, the array of 8 supercapacitors in series has a 

minimum voltage of (8 x 1.8V) and a maximum voltage of (8 x 2.7V). The flood 

light displayed maximum illuminance at 120V while drawing a dc current of 1.05A. 

From the above information, the converter specification is summarized: 

Minimum input voltage = 14V 

Maximum input voltage = 22V 

Output voltage = 120V 

Maximum output current = 1.3A 

Power output = 156W 

Operating frequency = 50 KHz 

 

6.3.2 Transformer design 

The transformer is responsible for the change in voltage level of the push-pull 

converter input. For a boost function, this means a step-up transformer. Therefore, 

a well-designed transformer is integral in the operation of a push-pull converter. 

The transformer in push-pull topology is centre tapped; the push-pull operation is 

already described in section 2.3.7 of this thesis. While the push-pull transformer is 

centre tapped, only one half of each winding works at a time. In a push-pull 
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transformer design, care is taken to ensure that the two switches S1 and S2 do not 

turn on at the same time. While each switch conducts current during one half of the 

cycle, the transformer core conducts flux during both halves of the switching cycle. 

For this reason, the transformer core of a push-pull converter operates at twice the 

switching frequency. Since the halves of both the primary and secondary windings 

are wound out of phase, the transformer core experiences flux swing in both 

directions. This phenomenon makes the core of the push-pull transformer more 

efficiently used than with other transformer isolated topologies. It is a common 

practice to oversize the push-pull transformer to reduce the tendency of core 

saturation. .  

 

The following steps are followed in the transformer design: 

 Core material selection 

 Core size calculation 

 Primary turns 

 Secondary turns 

 Winding topology 

 Wire gauge calculation 

Loss calculation and expected efficiency.  

 

6.3.2.1 Core material selection 

There are different ferromagnetic materials used in the manufacture of transformer 

core, each with varying properties. The material for a push-pull converter should be 

specifically designed for transformer operations. Such materials are basically 

expected to have high saturation flux density, high curie temperature, low residual 

flux density and low losses at the operating frequency. Curie temperature is the 

temperature beyond which a material loses its magnetic properties, thus the selected 
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material should have a high curie temperature rating.  For this design, the N87 

ferrite core was used. It is highly permeable with base material of manganese and 

zinc (MnZn), maximum flux density of 390mT at 100 oC with curie temperature 

greater than 210 oC. .  

 

6.3.2.2 Core size 

The core size determination in transformer design involves several iterations. Two 

approaches are possible in the selection of core size. The less popular approach is 

the use of nomograms. They are core size charts provided by some manufacturers 

of core materials. For a more optimized transformer design, the Area-product (AP) 

approach is used. This is the product of the core winding window area and the core 

cross-sectional area.  

In this method, the core size is calculated from the area product equation. It offers 

a more approximate solution to the choice of core size. Equation 6.3 gives the area-

product formula. Majority of the equations used in this design are obtained from 

Keith Billings book titled: “switch mode power supply handbook”[83]. 

 

AP =  ( 
11.1 x Pin

K x ∆B x f
)

1.143

 6.3  

Where, 

Pin = input power 

f = operating frequency 

∆B = flux density swing 

K = Topology constant 
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Equation 6.3 is based on the following assumptions: 

1. Wire current density = 450 A/cm2 

2. Temperature rise = 30 oC 

3. Core loss = 100 Mw/cm3 

The quantities that make up the area product equation are explained in detail:  

Input Power (Pin) 

The transformer input is the same as the converter input. With converter output of 

156W, and assuming a converter efficiency of 80%, the input power is 195W. 

However, the push-pull transformer is always designed above the normal rating, 

hence the transformer is designed for 200W power input.  

Flux Density Swing (∆B) 

High flux density swing leads to higher core loss. For maximum efficiency in 

transformer design, the cores loss is designed to be equal or near equal to the copper 

loss. Additionally, the selected flux value should not exceed the saturation flux 

density of the core material, which is 0.4T according to the N87 core material 

datasheet. Figure 6.6 extracted from the Magnetics website, a magnetic component 

manufacturer, offers a quick guide to flux density selection. According to the curve, 

the suitable flux density at 100 KHz is 1000gauss, which is equivalent to 0.1 tesla.  

 

Figure 6.6. Suitable flux density at selected frequency.[84] 
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For a push-pull operation, the flux density swings in two directions +B and -B. 

Therefore, the maximum flux density swing is twice the Bmax value. 

Hence,   ∆B = 0.2T. 

Topology Constant (K) 

The topology constant (K) is a product of the Primary area factor  (Kp), winding 

packing factor (Ku) and RMS current factor (KT)  

K = KpKuKT 

Table 6.2 shows the constant values for different converter topologies.  

Table 6.2: Topology Constants for Transformer Design[83] 

 

 

For centre tap primary, centre tap secondary push-pull converter K = 0.141. The 

area product is therefore calculated: 

 

AP =  ( 
11.1 x 200

0.141 x 0.2 x 100,000
)

1.143
  =  0.76cm4 

EPCOS ETD core 34/17/11 with area product of 0.8cm4 is used. 

 

The core specification is as shown in Table 6.3 
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Table 6.3: Transformer Core Specifications 

Material N87 ferrite 

Effective core area 97.1mm2 

Core Volume  7630mm3 

Path length 78.6mm 

                         

 

Since a temperature rise of 30 oC is assumed in the Area-product formula, the total 

power loss of the transformer should not exceed   
30

Core thermal resistance (Ø)
 

 

Ø =  53 x ( Vcore)−0.54  6.4  

 

Where, 

Ø = core thermal resistance 

Vcore = core volume in cm3 

 

Ø =  53 x ( 7.63)−0.54  

Ø = 17.7 oC/W 

Total power loss (P) =  
30

17.7
 

P = 1.7 Watts 

For optimum efficiency, the core loss is restricted to about 44% of the total loss. 

Core loss = 0.44 x 1.7 = 0.748 Watt 

Copper loss = 1.7 – 0.748 = 0.952 Watt 

Hence, the transformer design is such that the losses are limited to the above values.  
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6.3.2.3 Secondary turns 

The number of secondary turns (Ns) is preferably calculated first since the 

secondary side of the transformer has a more constant voltage than the primary side. 

Equation 6.5 gives the number of turns in the secondary side of the transformer. 

 

Ns =  
Vs x ton(max)

∆B x Ae
 6.5  

 

Where,  

Vs = Voltage across the secondary winding at maximum duty cycle (Vout + Vdiode.) 

This is approximated to 124V to make up for voltage drops due to PCB trace 

resistance. 

ton (max) = maximum on-time expressed in (µs) = 0.5 x DTs (the 0.5 factor is included 

since the switching frequency is half of the transformer operating frequency for a 

push-pull converter) . Assuming a maximum duty cycle of 47% which is typical of 

a push-pull operation, 

ton(max) =  
0.5 x 0.47 

100,000
 

ton(max) = 9.4 µs   

Ae = effective core area = 97.1mm2 

Therefore, 

Ns =  
124 x 9.4

0.2 x 97.1
 

Ns =  60 turns 
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6.3.2.4 Primary turns 

The number of primary turns is similarly calculated at a condition of maximum on-

time, which occurs at the minimum input voltage. 

The Vin(min) is approximated to 12.96V to make up for voltage drops across the 

switching device and due to the PCB trace resistance. 

 

Np =  
12.96 x 9.4

0.2 x 97.1
 

Np =  6 turns 

 

6.3.2.5 Wire gauge calculation 

To calculate the wire size, the following factors are considered:  

 Skin effect 

 Maximum available area for a turn 

 Total copper loss 

 

Skin effect: This is the tendency of high frequency current to flow on the outer layer 

of a conductor. This reduces the effective cross-sectional area of the conductor 

thereby increasing losses in the form of heat. To reduce the losses due to skin effect, 

the chosen wire diameter should not be greater than twice the penetration depth. 

 

Penetration depth (∆)  =
69.66

√f
 6.6  

  Penetration depth (∆) = 
69.66

√100,000
 

                                         = 0.22mm. 

Hence, to avoid skin effect, the wire diameter should not exceed 0.44mm. 
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Maximum available area for a turn: The cross-sectional area occupied by a single 

turn is equivalent to the cross-sectional area of the conductor. The bobbin size and 

the total number of turns determine the maximum area available for a turn. The 

chosen wire size should be such that it does not exceed this area. .  

 

To calculate the available area, consider the area product of the core, 

AP = Ae X Aw = 0.8cm4 

0.8cm4 = (0.8 X 104) mm4 

Ae = 97.1mm2 

Window area (Aw)   =
0.8 𝑥 104 

97.1
   = 82.4mm2 

The bobbin takes about 35% of the core window area. The remaining area is used 

for the winding, RFI screens and winding separators. .  

 

Available winding area = 0.65 X 82.4 = 53.55mm2 

The layers of RFI screen and winding separators occupy about 50% of the winding 

area. If equal area is assigned to the primary and secondary winding.  

Primary winding area = Secondary winding area = 0.25 X 53.55 = 13.39mm2 

Therefore, 

The maximum area available for a single primary turn   =
13.39

12
 

= 1.11mm2 

For a conductor of round cross-sectional area, the maximum allowable diameter is 

given by Equation 6.7  

d = √
4 x A

π
 6.7  

Where, 

A = the area available for a single turn. 
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d = √
4 x 1.11

π
 

= 1.2mm2 

 

Total copper loss: For a maximum temperature rise of 30 oC, the total copper loss 

of the conductors should not exceed the 0. 952Watt limit as calculated above. 

Copper loss is determined by the amount of current flowing through a conductor 

and the conductor resistance. Since the current flow is determined by the converter 

specification and load requirement, the copper loss is only controlled by choosing 

a conductor with low enough resistance.  

With all the above factors put into consideration, a litz wire is preferred for the 

primary winding. The specification of the wire is shown in Table 6.4. 

 

Table 6.4: Primary Winding Wire Specifications 

Number of strands 137 

Diameter of a single strand 0.071mm 

Total cross-sectional area  0.53mm2 

Resistance 0.0000326 Ω/mm 

                               

The diameter of 0.071 is less than the skin depth, thus meeting the requirement for 

skin effect reduction. The total cross-sectional area of the litz wire also fits in to the 

available area of 0.9mm2.   

For the secondary winding,  

The area occupied by a single secondary turn   =
14.97

120
 

= 0.12mm2 

d = √
4 x 0.12

π
  = 0.36mm 



Chapter 6 – SC Application for street lighting systems 

113 

Maximum diameter for a turn = 0.4mm 

Copper enamel wire, 26AWG is used for the secondary winding. The key 

specifications are shown in Table 6.5 

Table 6.5: Secondary Winding Wire Specifications 

Material Copper 

Diameter of conductor 0.4mm 

Resistance 0.000134 Ω/mm 

The wire diameter is a little higher than the maximum diameter of a turn. However, 

the deficit of the area occupied by the primary winding makes up for this situation.  

 

6.3.2.6 Loss and efficiency calculation 

To calculate the maximum copper loss of the wire, the maximum dc and ac currents 

are calculated. 

Is(dc)max = I(out)max x Dmax   6.8  

 

Is(ac)max = Is(dc)max x √
1 −  Dmax

Dmax
 6.9  

 

Ip(dc)max =  
Is(dc)max

n
 6.10  

 

Ip(ac)max =  
Is(ac)max

n
 6.11  

 

Where,  

Is(dc)max = Maximum secondary dc current 
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Ip(dc)max = Maximum primary dc current 

Is(ac)max = Maximum secondary ac current 

Ip(ac)max = Maximum primary ac current 

Dmax = Maximum duty cycle 

I(out)max = Maximum output current 

n = turns ratio ( 
Np

Ns
)  

 

I(out)max = 1.3A 

Is(dc)max = 1.3 x 0.47 =  0.6A 

Is(ac)max = Is(dc)max x √
1− 0.47

0.47
  = 0.64A 

Ip(dc)max =  
0.6

0.102
 =  5.85A   

 

Ip(ac)max =  
0.64

0.102
 =  6.27A   

 

The dc resistance of the winding is given by equation 6.12 

 

Rdc =  MLT x number of turns x R/mm 6.12  

 

Where, 

R/mm = Resistance of conductor per millimetre length 

MLT = Mean length per turn (mm). This is equivalent to the circumference of the 

bobbin,(𝜋𝑑) where d is the bobbin diameter (11.8mm according to the datasheet). 

For the primary winding, 

Rdc =  11.8 x π x 8 x 0.0000326 
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= 0.0096 Ω 

Dc primary copper loss = 5.852 X 0.0096 = 0.32W. 

Since the skin depth requirement is met, Rdc is assumed to be approximately equal 

to Rac 

Therefore, AC Primary copper loss = 6.272 X 0.0096 = 0.38W 

Total primary copper loss = 0.38 + 0.32 = 0.7Watt 

For the secondary winding, 

MLT = πd ( d = bobbin diameter + (2 x diameter of primary wire)) 

MLT = π( 11.8 + 1.64) = 42.23mm 

Rdc =  42.23 x 77 x 0.000134 

= 0.44 Ω 

Dc secondary power loss = 0.62 X 0.44 = 0.16W 

Ac secondary power loss = 0.642 X 0.44 = 0.18W 

Total secondary copper loss = 0.16 + 0.18 = 0.34W 

Total copper loss = 0.34 + 0.7 = 1.04W 

This is slightly higher than the maximum copper loss of 0.952W required for 

optimum efficiency. However, the difference in practical implementation of the 

transformer is negligible and can be ignored. 

For a load of 156W, the expected efficiency can be calculated. 

Efficiency =
100 x (156 −  (1.04 +  0.66) 

156
 =  98.9%   

However, the above figure is ideal, but it serves as a good guide. The winding 

architecture and the overall practical implementation of the transformer plays a key 

role in the efficiency.  
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6.3.3 Inductor selection 

When either of the switches is on, the inductor current rises, during the dead time 

period when both switches are off, the inductor current discharges to the load. The 

Volt-second product during this time must be equal to avoid inductor saturation. 

The inductance value can be determined by considering either the on-period or the 

off-period. 

At ton , 

VL =  (nVin  −  Vd)  − Vo 6.13  

Where, 

n = turns ratio ( 
Np

Ns
)  

Vd = Voltage drop across the diode 

Vo = Output Voltage. 

From the voltage-current relationship of an inductor, 

VL  =  L ( 
dIL

dton
)  6.14  

 

Substituting equation 6.13 into 6.14, while replacing ton with DTs, 

L =
(nVin  −  Vd  −  Vo) x DTs 

dIL
 6.15  

dIL = Inductor ripple current 

Ripple current should be limited to about 20-30% of the maximum current. The 

inductor ripple current for this design is chosen to be 0.2 of 1.3A. 

D = maximum duty cycle = 0.47 

Ts = 
1

fs
  (fs is the switching frequency of the MOSFET) 

From the push-pull converter power transfer function, nVin is deducted thus: 
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nVin =  
Vo

2D
 6.16  

 

L =
(

120
2 x 0.47)  −  0.7 −  120) x 0.47 x 1 

0.2 x 50,000
 

L = 327µH 

In addition to the above inductance value, the selected inductor should be able to 

withstand the inductor peak current. The peak current is given as follows, 

IL(peak) =  Io(max) +  ( 
∆IL 

2
) 6.17  

IL(peak) =  1.3 +  ( 
0.2 

2
) 

= 1.4A 

 

6.3.4 Capacitor selection 

The function of the output capacitor is to limit the output voltage ripple of the 

converter, and to improve the transient response of the converter. Unlike in the 

boost converter, there is a continuous flow of current through the capacitor from 

the inductor. During the dead time, when the two switches S1 and S2 are off, the 

inductor ripple current flows through the capacitor. The voltage across the capacitor 

drops due to the ESR of the capacitor. The voltage drop is given by the following 

equation. 

VC(ESR) = ∆IL X ESR  6.18  

The inductor limits the slew rate of the output current. Therefore, periods when 

there is a transient demand for more current by the load, the output capacitor 

supplies the current. A voltage drop due to this action is also experienced by the 
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capacitor. This voltage drop can be quantified by considering the capacitor voltage 

current relationship of Equation 6.19, 

IC  =  C ( 
∆VC 

dt
)  6.19  

 

C =
∆I x ton 

∆V
 

 

The ESR voltage drop constitutes for about 75% of the total voltage drop across the 

capacitor. Hence the voltage drop caused by a change in the output current is 

approximately 0.25 of the total voltage drop. .  

 

The voltage ripple is chosen to be 0.5V 

Hence, 

C =
0.2 x 0.47 

0.25 x 0.5 x 50,000
  

C = 15 µF 

The maximum ESR required to limit the output voltage ripple to 0.5V is given as, 

ESR =
0.75 x 0.5 

0.2
  

= 1.875Ω 

Hence, the capacitor should have ESR not greater than 1.875Ω while the voltage 

rating should be higher than the output voltage of 120V. .  

 

6.3.5 Diode selection 

The diodes conduct current alternatively in similar pattern to the primary side 

MOSFET switches. When any of the diodes is switched off, twice the secondary 

side voltage of the transformer is applied across it. Therefore, the selected diode 
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should be able to withstand a reverse voltage higher than twice the voltage of the 

transformer secondary. 

2Vs = 2 x Vin(max)  x ( 
Ns 

Np
) 6.20  

Where, 

Vs = secondary side voltage  

2 𝑥 21  𝑥 ( 
60 

6
) = 420𝑉 

Hence, the diode reverse voltage should be above 420V. The selected diode should 

withstand both the expected maximum forward current and the peak current. 

The maximum forward current through the diode is equivalent to the maximum 

output current which is 1.3A, while the peak current is equivalent to the inductor 

peak current which is 1.4A. .  

 

6.3.6 MOSFET selection 

One of the draw backs of the push-pull converter topology is the voltage stress 

exerted on the MOSFET switches during toff. At this time, the voltage across the 

drain and source is ideally equivalent to twice the input voltage. However, in 

practical application this voltage includes the spikes due to the circuit leakage 

inductances. Therefore, the selected MOSFET should be able to withstand a drain-

source voltage of (2Vin(max) + Vspikes) where Vspikes is estimated as 30% of the 

voltage. 

 

MOSFET VDS(max) > (2 x 22) + ( 0.3 x 2 x 22) 

MOSFET VDS(max) > 57.2V. 

 

The MOSFET should be able to withstand the maximum primary current. 

Assuming a worst transformer efficiency of 90%. 
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Ipri(max) =  
Vs x Is 

0.9 x Vpri(min)
 

 

6.21  

Ipri(max) =  
124 x 1.3 

0.9 x 12.96
 =  13.8A   

 

This current is not continuous through the MOSFETs. It is pulsed at a duty cycle 

less than 50%, with a ramp-on-a-step waveform. For simplicity of analysis, the 

pulses are approximated to a flat top rectangular wave pulse. The flat top current 

(Ipft) can be found. The average current is approximately 0.8 Ipft [85] 

 

Pin =  Vinx Ipft x 0.8    6.22  

Maximum current occurs at minimum input voltage, hence; 

Ipft =   
 Pin

Vin(min) x 0.8
    

 

6.23  

Assume a converter efficiency of 75%.  

Ipft =   
156

12.96 x 0.8 x 0.75
 =  20.06A    

Iavg(max) = 0.8 X 20.06 = 16.04A  

 

Therefore, the IDS(max)  of the selected MOSFET should be higher than the expected 

16A. At a switching frequency of 50 KHz, conduction losses in the MOSFET 

dominates. Hence, the selected MOSFET should have a low RDSon to reduce 

conduction losses. A lower total gate charge reduces the switching losses. 
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6.3.7 Control circuit and feedback design 

Current mode control method is chosen for the control circuit. The push-pull 

topology is prone to flux imbalances on the primary side. This can be a result of 

power switches that are not exactly matched, the additional flux if not taken care of 

would drive the core into saturation. Current mode control method takes care of this 

situation by using the primary winding current to generate the ramp signal. A dead 

time after each switch turns off is also necessary to ensure that the two switches are 

not turned on at the same time. LTC3723-1 current mode push-pull controller is 

suitable for this application. It incorporates a programmable dead time between the 

switching of the two gate drivers.  

 

6.3.7.1 Setting the frequency 

The switching frequency is set by connecting a timing capacitor to the “CT” pin of 

the controller. The capacitor value is calculated using Equation 6.24 as specified by 

the manufacturer. 

 

CT =   
1

14.8k x fosc
     

 

6.24  

Where fosc = oscillator frequency, which is twice the switching frequency of each 

MOSFET. 

For a switching frequency of 50kHz,  fosc = 100kHz 

CT =   
1

14.8 x 100 x 106
    =  680pF 
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6.3.7.2 Current sense resistor 

LTC3723-1 controller uses a current sense resistor to create a ramp voltage signal 

for the control circuit. The current sense pin also incorporates voltage comparators 

to detect over current situations. The maximum voltage on the current sense pin for 

safe operation is 0.3V, this occurs at the peak primary current. Ipft was calculated 

from equation 6.23. This calculation assumed a flat-topped waveform with the 

middle point of the ramp chosen as the Ipft. To make margin for the actual peak 

current, say 30% of Ipft. 

 

Ipeak = Ipft + 0.3 Ipft 6.25  

Ipeak = 14.78 + (0.3 x 14.78) = 19.214A 

 

Rsense = 
0.3 

19.214
 = 0.0156Ω 

A ceramic bypass capacitor is also connected close to this pin to ensure that voltage 

spikes do not get into the current sense amplifier. 

The controller has a provision for an optional slope compensation. A resistor 

connected from the current sense resistor to the CS pin helps to improve the slope 

compensation. .  

 

6.3.7.3 Feedback circuit 

To maintain isolation between the primary and the secondary side of the 

transformer, an optocoupler is used for the feedback circuit. The output of the 

optocoupler is connected directly to the COMP pin of the controller, thereby 

bypassing the feedback (FB) pin. A voltage reference is also used at the output of 

the converter to drive the LED which is the input of the optocoupler. LT1431 

Programmable voltage reference and MOC207 optocoupler are preferred for the 
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feedback circuit. Figure 6.7 shows the pin-out configuration and circuit of the 

voltage reference. The feedback resistors (R1 and R2) are used to set the output 

voltage of the converter while V+ is the bias input voltage of the voltage reference. 

The allowable maximum voltage on V+  is 36V, therefore a Zener diode is used to 

power the IC from the converter output of 120V. Coll pin provides the voltage 

reference for the LED of the optocoupler, while RL controls the current through the 

LED.   

 

Figure 6.7 LT141 Programmable voltage reference. 

 

According to the datasheet, the REF pin has a voltage reference of 2.5V and requires 

a typical bias current of 0.2µA. This is considered in choosing R1 and R2.  

 

R2 =   
Vref

IR2
            6.26  

  If 2µA is allowed through R2, 

 

   R2 =   
2.5

2 x 10−6
 =  1.25MΩ      

 

 Vo = (1 +
R1

R2
) Vref 6.27  

 

  R1 = (
120

2.5
 −  1) 1.25 x 106  =  59MΩ 
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BZX84C8V2L Zener diode is used to power the IC from the 120V output of the 

converter. It has a minimum Zener voltage of 7.7V and a minimum bias current of 

5mA. The maximum power dissipation is 250mW. For a zener bias current of 

10mA, the resistor value is calculated thus: 

  R(zener) =  
120 −  7.7

10 x 10−3
  =  12kΩ 

Optocoupler: 

Selecting the right resistor values is crucial to the safety and effectiveness of the 

optocoupler. The optocoupler circuit is shown in Figure 6.8 RP is the pull-up 

resistor, while RL is the LED current limiting resistor. The pull-up resistor pulls the 

COMP pin of the PWM controller to 5V when maximum duty cycle is desired. Vref 

is the 5V reference voltage of the PWM controller. 

 

 

Figure 6.8. Optocoupler circuit. 

 

The following are the key specification of the optocoupler: 

LED Maximum forward current = 60mA 

Current transfer ratio (CTR) = 100% – 200% (typical =150%) 

LED forward voltage = 1.15V - 1.5V  

Photo-transistor maximum dark current = 50nA 
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The maximum current to be passed through the LED is chosen to be 70% of IF(max) 

ILED = 0.7 x 60 = 42mA 

The minimum RP is calculated such that the 5V of Vref is dropped across it when a 

zero duty cycle is desired at the worst case CTR. 

RP(min) =
Vref(min)  −  0

 IF x worst case CTR
 6.28  

 

RP(min) =
4.925 −  0

 0.042 x 1
 

RP(min)  = 117.2Ω 

The maximum RP is also calculated such that minimal voltage is dropped across it 

when the phototransistor is open and only the leakage current flows through the 

collector. This is to maintain the maximum duty cycle voltage of 4.5V. 

RP(max) =
Vref(min)  −  4.5

 Ileakage(max)
 6.29  

Maximum leakage current = 50nA (from the datasheet), 

RP(max) =
4.925 −  4.5

 50 x 10−9
 

RP(max) = 8.5MΩ 

 

The pull-up resistor range is 117.2Ω – 8.5MΩ. Therefore, any resistor value chosen 

within this range is suitable for the optocoupler circuit. A 270Ω resistor is used for 

this design. .  

 

With the chosen pull-up resistor value, the new maximum and minimum collector 

currents are calculated. 

IC(min) =
Vref(min)  −  4.5

 Rpull−up
 6.30  
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IC(min) =
4.925 −  4.5

 270
 =  0.0016A 

IC(max) =
Vref(max)  −  0

 Rpull−up
 6.31  

IC(max) =
5.075 −  0

 270
 =  0.0188A 

 

Using the worst case CTR of 100% to decide the corresponding LED minimum and 

maximum forward current, the LED current is equal to the collector current. 

IF(min) = 1.6mA 

IF(max) = 18.8mA.  

 

The current limiting resistor RL should be able to allow a current range of IF(min)  to 

IF(max). 

RL(max) =
V+(min)  − VF  − Vcoll(max)

 IF(min)
 6.32  

    RL(max) =
7.7 − 1.5 − 2.51

 0.0016
 

    RL(max) = 2306.25Ω 

 

The minimum resistance should be such that the maximum current of the LED is 

not exceeded. This maximum current is chosen to be 70% of the datasheet 

maximum. 

RL(min) =
V+(max)  − VF(min)  − Vcoll(min)

0.7 IF(max)
 6.33  

RL(min) =
8.7 − 1.15 − 2.49

0.7 x 0.06
 

RL(min) = 120.48Ω 

RL is chosen to be 1kΩ resistor 
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6.3.8 Design simulation 

Time limited the lab implementation of this circuit. However, to confirm the design 

component values and workability of the circuit, a simulation is performed. A spice 

model of the LTC3723-1 controller is made available by the manufacturer, this is 

used to create a schematic of the circuit. The transformer turns ratio is represented 

in spice by coupled inductors where the turns ratio is proportional to square of the 

inductance ratio. While a software simulation assumes perfect coupling of the 

transformers, in practical implementation, this is not achieved. Therefore, for 

practical implementation, snubber circuits are optimally designed and connected 

across the drain and sources of the MOSFETs to reduce the ringing and clamp the 

voltage. Figure 6.9, Figure 6.10, and Figure 6.11 show the design layout, the 

MOSFET gate signals and the input/output voltage signals respectively. 

 

 

Figure 6.9. Final circuit layout of the push-pull converter. 
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Figure 6.10. MOSFET gate signals for push-pull converter. 

 

Figure 6.11. Input/output voltage signals.



Chapter 7 – Conclusion and Future Development 

129 

 

7 Chapter Seven (Conclusion and F uture Development)  

Conclusion and Future Development 

 

7.1  Conclusion 

Energy storage in renewable energy systems have proven to be inevitable as the 

energy sources are erratic. The battery energy storage system has been the most 

popularly used. In this work, the potentials of the supercapacitor energy storage 

device in renewable energy systems has been accessed. Various technologies of 

supercapacitors available in the industry today was explored in chapter three, the 

objects of technology investigated in this chapter comprise of the electrode 

materials and the electrolytes. Some commercially available supercapacitor types 

were subjected to various laboratory tests and their performance at different 

conditions compared. The battery-type hybrid supercapacitor has so far proved to 

be the best available supercapacitor technology in terms of energy density. The 

40,000 Farad battery-type hybrid supercapacitor manufactured by SAMWHA 

capacitor group is one of the highest capacities of such technology successfully 

produced.   

 

Chapter five presented a detailed design description of a low input voltage boost 

converter used to demonstrate the supercapacitor’s energy back up capabilities. The 

highly optimised design showed a maximum efficiency of 76% which occurred at 

the maximum input voltage.  

 

Street lighting system based on DC micro grid was shown in chapter six. 

Supercapacitor array was used as the energy storage device, and a suitable power 
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converter was designed. The necessary design calculations were done, and the final 

circuit was simulated.  

The battery energy storage system is undoubtedly the most popular energy storage 

system for renewable energy applications. With the development of the battery-type 

hybrid supercapacitor, and the continuous research work in the supercapacitor 

topics, energy storage in renewable energy system may take a new dimension. 

 

7.2  Future Development 

The energy storage capability of the battery-type hybrid supercapacitor has been 

demonstrated using the boost converter circuit for a 12V LED load. Attempt was 

made to implement a push-pull converter which would enable the supercapacitor to 

illuminate a street lighting system. In the future, the designed circuit can be 

practically implemented in the lab, analysed and optimised for best performance. 

Synchronous rectification may be adopted in the circuit to further improve its 

efficiency. To reduce the size of the converter, a planar transformer may be used 

instead. More efficient converter topologies like the half bridge and full bridge 

converters may also be designed for the supercapacitors when higher power loads 

are used.  

  

In the testing and comparison of different supercapacitor technologies, the surge 

resistant properties can also be investigated. This would also educate the scientist 

on the more suitable supercapacitor technologies for surge resistant purposes. The 

self-discharge rates of the different technologies of supercapacitors can also be 

ascertained and compared.
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9 Appendix A.1 

 

 

 

PCB layout for Boost Converter Circuit (Top Layer) 
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PCB layout for Boost Converter Circuit (Bottom Layer) 
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10 Appendix A.2 

 

 

MOSFET datasheet for Boost Converter Circuit  
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MOSFET datasheet for Boost Converter Circuit (contd...) 
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11 Appendix A.3 

 

N87 ferrite core material datasheet 
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12 Appendix A.4 

 

Boost Converter design, Bill of Materials 

 

 

 


