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Abstract

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.






Acknowledgements

Acknowledgements

I am grateful to almighty God, for his grace and protection all through this period.

I am extremely grateful to the government of New Zealand for awarding me a
scholarship to complete this master’s program and also for making my stay in New

Zealand a wonderful one.

I wish to express my gratitude to my amiable supervisor, A.D.V. Nihal Kularatna,
for his motivation, his patience with me throughout the learning period, and most

importantly, his guidance, without which this work might not have been completed.
I thank my senior research colleagues and PhD students, Thilanga Ariyarathna,
Dilini Jayananda, and Nimesha Wijesooriya who were always there to answer any

technical questions | had.

A special thanks to my family for their prayers and moral support throughout the

period of preparing this thesis.

Finally, 1 wish to thank my wonderful friends and the Nigerian community in New

Zealand for all their support.






Table of Contents

Table of Contents

N 0] 1 - Uo! SRR I
ACKNOWIEAGEMENTS......oviiieiiie et i
LiSE OF FIQUIES ..o e reene e iX
LISt OF TADIES ..o e Xiii
1 Chapter One (INtrodUCTION) ......coveiieiieiecieseee e 1
00 R 101 oo [F T [ o USRS 1
1.2 ODJECHIVES ....eeiveeie ettt ettt reere e 3
1.3 OULHING oot 4

2 Chapter Two (Background) ........ccoeiiiiiiiiiee e 7
2.1  Renewable Energy Technologies ..........ccccoiiiiiiiiiniiiiiesc e 7
2.1.1  Wind renewable energy SYStem .........ccccvveveiiieiieeie s 7
2.1.2  Solar renewable energy SYStemM ........cccccevveveiieeiieeie e 8
2.1.3  Hydro renewable energy SYStem .........ccoceieriniiieieie e 9
2.1.4  Geothermal ENergy ..o 10

2.2 Energy Storage DEVICES ........ccoiiieieiiiienie et 11
2.2.1  Flywheel energy Storage .........ccceevueieeiieiieie e 11
2.2.2  Superconducting magnetic energy Storage..........cccoevevveeveerreerneennenn. 13
A T 7. 11 =14 [ S 15
2.2.4  CAPACITOIS. ...cueiiiiieieeete sttt bbbt 16
2.2.5  SUPEICAPACITONS .....ccvveiieiieciieie ettt 17

2.3 DC-DC Converter TOPOIOQIES......ccueeiiiiiieiieiiecsie e 18
2.3.1  BUCK CONVEITET .....eevieie ettt 18
2.3.2  BOOSE CONVEITEN ....eeiiiiieciee ettt 20
2.3.3  BUCK-DOOSE CONVEITE ..ottt 21
2.3 4 CUK CONVEIEL ...ttt 22
2.3.5  Flyback CONVEITE.......cccoiiiiiiiicee e 33
2.3.6  Forward mode CONVEITET .........ccceriereeieiee e e eree e ie e see e 24
2.3.7  Push-pull CONVEIEN .........ocoviiiiecie e 26
2.3.8  Half-bridge CONVErter.........ccoociiiieiii e 27
2.3.9  FUull-bridge CONVEIEr........cccveiiee e 28
2.3.10 Single ended primary inductance converter (SEPIC) ........c..c......... 29

3. Chapter Three (Supercapacitor Technologies) ..........cccvveiiiiniieicnnne. 33

Vv



Table of Contents

3.1 AN OVEIVIEW .ottt sttt et 33
3.2 Supercapacitor EIectroChemistry.........ccccvveviiiieivene e 34
3.2.1  EIECtrOSOrPLION ...cvecvie et 35
3.2.2  INtErCalation........coveiiiieiece e 26
3.3 Supercapacitor Electrode Material .............c.cocoiiiiiniiiin 26
3.3.1  Activated Carbon ... 37
3.3.2  Carbon nanotubes (CNT) ...c.ccveiiieiieece e 37
3.3.3  Carbon @rogelS.......cccoveiiiieiieiieie e 38
3.3.4  Graphene oo 39
3.3.5  Metal OXIAES ..o 40
3.3.6  Conducting POIYMEN .......c.ccoveiieiieieceece e 40
3.4 Supercapacitor EIeCtrolyte.. ..o 41
3.5  Supercapacitor Model and Equivalent Circuit ...........ccocvevvivniiverieennnne 42
3.6 SUPErCaPACItOr TYPES ...ccveiieeieiie it etesee e ste et sre ettt 44
3.6.1  Electrochemical double layer capacitor (EDLC)...........ccccovevvenenne. 44
3.6.2  PSEUAOCAPACITON. ...ttt 46
3.6.3  Hybrid SUPErCapaCitor ..........cccueiiiiiiiiieiesie e 37
3.6.3.1  Composite-electrode hybrid...........ccccccooviiiiiiiiiiiiieccceee 38
3.6.3.2  Asymmetric-electrode hybrid ............ccccooeviiiiiiiiiieicceceee 38
3.6.3.3  Battery-type hybrid SUpercapacitor............ccoccevveervereesieenineninns 39

3.7 Traditional Applications of SUPercapacitor............c.ccocvvererenenenennenn. 50
3.8 Non-traditional Supercapacitor Applications.............cccccveveevieieerieennenn 50
3.8.1  Supercapacitor- assisted low dropout regulator (SCALDO) .......... 50
3.8.2  Supercapacitor-assisted  temperature  modification  apparatus
107 LY 7N 1O 53
3.8.3  Supercapacitor-assisted surge absorber (SCASA) .....ccccccvvvvevnenne. 54
3.8.4  Surge resistant uninterruptible power supply (SRUPS).................. 55
3.8.5  Supercapacitor-assisted high-density inverter (SCAHDI).............. 56
3.8.6  Supercapacitor- assisted light emitting diode (SCALED) .............. 37
Chapter Four (Laboratory Result Comparison of Supercapacitor Types)
....................................................................................................................... 39
4.1  Constant Resistance DISCharge ..........cccooeriiiniieienieseee e 39
4.2 Constant Current DISCharge .......ccccevvieiieeie e 62
421  C-rate CalCUlation ..o 63
4.2.2  Discharge comparison at C-rates ..........ccoceverrinieneeneniee e 65

Vi



Table of Contents

4.3  Equivalent Series Resistance (ESR) Measurement............cccccoveverennnnne. 37

5 Chapter Five (Boost Converter Design For Supercapacitor Application)

....................................................................................................................... 71
5.1  Brief DESCHPLION .....oviiiiiiiieiieiieieiee s 71
5.2 LED CharaCteriStiCS ......ccoiiveruirierieeiesiesieesie e sieeee et neas 72
5.3 PoWer Stage DeSIgN.......ccueiiieiiiiieiieie s 73

5.3.1  Frequency SEIECHION.......cccvcve e 74

5.3.2  INAUCOr SEIECHION .....eeuiiiiieciiecce e 75

5.3.3  MOSFET SEIECHION....cviiiiiieii et 79

5.3.4  Diode SEIECHION......cviiiiiiiieriie e 50

5.3.5  Output capacitor SEIECHION............ccevveiiiie e 81

5.3.6  Input capacitor SEIECLION .........ccooveiiiiiiii 82
5.4 Control CircUit DESIGN .......cciiiiieieieriese et 83

5.4.1  Voltage mode CONrol.........ccccceeiiiiieieeiecie e 83

5.4.2  Current mode CONIOL ........cccviiiiiiiiiie e 84

5.4.3  Control IC SeleCtION ......ccovveieeciece e 85

5431  Setting the freQUENCY ........coeiiiiiiiiiiiieeeee e 86
5.4.3.2  CUIrent SENSE FESISION .......eiieieierieie e siesee e 87
5.4.3.3  Feedback reSiStOrS.......ccuiiiieieiieieie e 87
5.4.3.4  BYPASS CAPACITOIS. ......eiuiiuiiieeieieiesiesie sttt 88
5.5 Printed Circuit Board Layout DeSIgN ..........ccocervrininieeiinene e 89
56  Testand MeasUremMeNt.........ccccviiririeieierie e 50

5.6.1  LiNe regulation ..........ccooiieieiieii e 50

5.6.2  L0ad regulation .........ccocoviiiiiiiiieie e 81

5.6.3  EFICIENCY ...ooviiiiiiiici e 92

5.6.4  Operating WaVvVefOormMS...........cccvviiieiiii i 94

6 Chapter Six (Supercapacitor Application for Street Lighting Systems)....

....................................................................................................................... 97
6.1  Street Lighting SYSTem .......cooiiiiiiiiieee s 97
6.2 SUPErcapacitor Bank...........ccccuiiiiieiiiene s 98
6.3  Power ConVerter DESIGN ........coceiieeiieiieie e s 50

6.3.1  SPECITICAIION.....ciiieiiiie e 103

6.3.2  Transformer deSign ........ccoveieiieie e 103

6.3.2.1  Core material SEleCtion .........ccccoveviiiiiniii 104
6.3.2.2 GO SIZE ..veiieiieee ettt et 105



Table of Contents

6.3.2.3  SECONUAIY TUIMS....eeiiieieieie st st 109
6.3.2.4  Primary tUMS......cccocveiieieseese e e e 110
6.3.2.5  Wire gauge calculation ...........ccccovvevviieiiene i 110
6.3.2.6  Loss and efficiency calculation.............ccccceoeieiininiiiinnnnn 113

6.3.3  INAUCLOr SEIECHION .....oveeiiee e 116
6.3.4  Capacitor SEIECLION .........ccccvviieceee e 117
6.3.5  Di0de SEIECTION.....cciiiiiiicieee s 118
6.3.6  MOSFET SEIECHION......coiiiiiiieiieie e 119
6.3.7  Control circuit and feedback design.........cccceveveiiieniicninenee 121
6.3.7.1  Setting the freqUENCY .......ccovevviieiieceeccece e 121
6.3.7.2  CUITENt SENSE FESISION .....cuvevierieierieriesiesieeiee e 122
6.3.7.3  Feedback CIrCUIt.........coveiiereee e 122

6.3.8  Design SIMUIALION .......cooiiiiiiieiee s 127

7  Chapter Seven (Conclusion and Future Development) ...........c.cccceene. 129
7.1 CONCIUSION ..ttt bbb re s 129
7.2 Future DevelopmENt ..........cooiiiiiieieees e 130
] (= =] 00O 131

Appendix A.1 PCB layout for Boost Converter Circuit (Top Layer)

PCB layout for Boost Converter Circuit (Bottom Layer).......... 139
Appendix A.2 MOSFET datasheet for Boost Converter Circuit................. 141
Appendix A.3 N87 ferrite core material datasheet............c.ccoovvininiiininnns 143
Appendix A.4 Boost Converter Bill of Material............................ool. 144

viii



List of Figures

List of Figures

Figure 2.1. Offshore wind turbine (5-MW, 126m tall, 45m depth) Scotland. ........ 8
Figure 2.2. Onshore Wind tUrDINE. .......ccoeiieiieiecieseee e 8
Figure 2.3. Installed solar MOAUIES ...........cceiveieiiiiieee e 9
Figure 2.4. Ngatamariki Geothermal Power Station, New Zealand. .................... 11
Figure 2.5. Flywheel energy storage StruCture. ............ccooevvrerieicienene s 13
Figure 2.6. General components of SMES. ... 14
Figure 2.7. HOW @ battery WOIKS. ........c.ccoueiiiiiiieie e 15
Figure 2.8. BUCK CONVEILEr CIFCUIL........cccveivieiiiieeiie s 19
Figure 2.9 BOOSt CONVEITEr CIFCUIL. .......ccuiiiiiiieiieieiee e 20
Figure 2.10. Buck-b0o0oSt CONVEITEr CIFCUIL.........cceiieriiiireiisieieee e 21
Figure 2.11. Cuk CONVEILEr CIICUIL. .v.vuvuvvrereceesceeseeseeeeseetseessessssssesessesssnsesessesenns 22
Figure 2.12. Flyback converter CIrCUIL. ...........ccoevviieiieie e 23
Figure 2.13. Forward mode CONVErter CIrCUIL.........ocerereririnieiee e 25
Figure 2.14. Forward mode converter with core reset winding. ...........cccccocervnnene 26
Figure 2.15. Push-pull converter CirCUIt............ccccvivieiieie e 26
Figure 2.16. Half bridge converter CirCUit...........cccooveiieieciie i 28
Figure 2.17. Full bridge CONVErter CIFCUIL. ........cccooueiiiirerisieieee e 29
Figure 2.18. SEPIC CIFCUIL. ...oeviiiiieiieieirieeeeee e 30
Figure 3.1. Horizontal ladder NetWOrK. ...........ccooeiuiiieiieiiccceese e 43
Figure 3.2. Vertical ladder NetwWOrK. .........c.ocoveiieiiiiiiice e 44
Figure 3.3. Equivalent circuit of a symmetric carbon based supercapacitor. ....... 44
Figure 3.4. Working principle of the EDLC with activated carbon electrodes..... 46
Figure 3.5. Commercially available pseudocapacitor. ............ccccovveeveeiveiieeinenn, 47
Figure 3.6. 90F, 4.2V hybrid SUPercapacitor. ..........cccccovvevieiieeiie e 48
Figure 3.7. 40,000F, 2.7V battery-type hybrid supercapacitor. ............c.cc.ccevnene 49
Figure 3.8. RAgONE PIOL. ......oiiiiiiiiee e 49
Figure 3.9. Basic Circuit of an LDO. ........ccooviiiiiiiiieicne e 51
Figure 3.10. SCALDO technique (First Stage). .....ccccocveiiieviiiiieiie e 52
Figure 3.11. SCALDO technique (SeCONd Stage). .......cceerererreerierieiieriesee e 52
Figure 3.12. Block diagram of SCATMA teChnique. .........cceovevviveirerecieseenns 54
Figure 3.13. Circuit of the SCASA technique. ........cccccevviieiiieice e 55
Figure 3.14. Block diagram of SRUPS teChnique..........cccooeieeiiiiniieiciieneens 56
Figure 3.15. Schematic of SCAHDI. .......cccoooiiiiii e 57

iX



List of Figures

Figure 3.16. Schematic 0f SCALED. .........cccccoiiiiiiiiiiecee e 58
Figure 4.1. Constant resistance discharge CirCUIt. ........c.ccoevevieereiieiiesecie e 59
Figure 4.2. Constant resistance discharge curve for an EDLC supercapacitor. .... 60
Figure 4.3. Constant resistance discharge curve for a hybrid supercapacitor....... 61

Figure 4.4. Constant resistance discharge for battery-type hybrid supercapacitor.

............................................................................................................................... 61
Figure 4.5. Discharge curve of a normal capacitor. ............cccovveveivevvevecieseenens 62
Figure 4.6. Discharge curve of a rechargeable battery............ccooeovniniiinnns 62
Figure 4.7. Constant current 10ad CIFCUI. ........c.ccererieieniiiiiceee e 65
Figure 4.8. Constant current diSCharge CUIVES. ..........cccvevveieieeiesiese e see e 66
Figure 4.9. Graph showing discharge curves of the SAMWHA 40,000F battery type
supercapacitor at different C-Tates. .........covvrvrieiiie s 67
Figure 4.10. ESR measurement CIrCUIt SEt UP. .....coevverererinenieieieniese e 68
Figure 4.11. ESR MeaSUremMeNt traCe. ........cocoveiveiueiiieiierieeiesieesieseesre e sneesreeeens 68
Figure 5.1. Non-isolated bo0St CONVEILET. ...........cceiieiieiiiieceese e 71
Figure 5.2. Inductor voltage and current waveforms. ...........ccoccevevenenincscncnnns 72
Figure 5.3. Variation of the LED illuminance with voltage. ..........cc.ccooociininnnne 72
Figure 5.4. Variation of the LED illuminance with current..............ccccoccevveeiennnns 73
Figure 5.5. Inductor voltage and current waveforms. ...........ccccoevvvvievievccieieennn, 78
Figure 5.6. Voltage-mode CONtrol. ..........cocooiiiiiiiiiiieeee e 83
Figure 5.7. Current-mode CONTIOL...........ccoouiiiiiiiiee e 84
Figure 5.8. Feedback voltage divider CIrCUIt............ccccceeviivieiieieic e 87
Figure 5.9. The final circuit of the boost converter.............cccooevvvviiievccciie, 88
Figure 5.10. Boost converter PCB 1aYOUL. ..........ccccoiiiiiininiiieceese e 90
Figure 5.11. Line regulation. ........ccoooiiiiniiiiiieee e 91
Figure 5.12. Load regulation. ...........cccceeiiiiiiciic et 92
Figure 5.13. Boost converter efficiency performance..........ccccccvvviiieiieiiieinenn, 93
Figure 5.14. Boost converter implemented CIrCUIt. ...........covvvvvieienene s 93
Figure 5.15. Boost Converter - supercapacitor working Set up..........ccoceveeverennens 94
Figure 5.16. Output voltage Waveform. ..o 94
Figure 5.17. MOSFET gate WaVefOrmM..........ccoieiiiiriieiesieseee e 95
Figure 5.18. Diode WaVETOIM. .......cooiiiiiiiie e 95
Figure 5.19. INdUCtor WaVETOIrM. .........cccveiiiieiiece e 96
Figure 6.1. A stand-alone street lighting SYSteM. .........cccccoevevieeiienin i 97
Figure 6.2. llluminance curve of the sample LED load. .........ccccccooiiiiiiiinninnns 98

X



List of Figures

Figure 6.3. Push-pull converter operation stage one (0 <t < DT). ...ccoovvvrrnene 101
Figure 6.4. Push-pull converter operation stage two (DT <t < T/2). ....cccue...... 102
Figure 6.5. Push-Pull converter operation stage three (T/2 <t < T/2 + DT). ..... 102
Figure 6.6. Suitable flux density at selected frequency.[84].........cccoceriririnnnne 106
Figure 6.7 LT141 Programmable voltage reference. .........cccoceoeveienencncnnnnnn 123
Figure 6.8. OptOCOUPIEr CIFCUIL. ....c.eeviiieiiec et 124
Figure 6.9. Final circuit layout of the push-pull converter. ..........cccccccevvveveennene. 127
Figure 6.10. MOSFET gate signals for push-pull converter..............ccccocvrvnenn 128
Figure 6.11. Input/output voltage Signals. ... 128

Xi



Xii



Table 2.1:
Table 3.1:
Table 3.2:
Table 4.1:
Table 4.2:
Table 5.1:
Table 5.2:
Table 5.3:
Table 5.4:
Table 5.5:
Table 6.1:
Table 6.2:
Table 6.3:
Table 6.4:
Table 6.5:

List of Tables

List of Tables
Rechargeable Battery Electrolyte and Their Characteristics ............... 16
Supercapacitor Electrode Materials and Specific Capacitances.......... 41
Common Electrolytes Used for Supercapacitor Application............... 42
Measured Values of Different Supercapacitor ESR ............c.cccccoeeee. 69
Different Supercapacitor Technologies and Key Features .................. 70
Boost Converter SPecifiCations...........cccvvevveiiiieiie e 74
Boost Converter Inductor Specifications...........cccccevvvivievvevecieiiennn, 78
Boost Converter Power MOSFET Specification. .........ccccocevvnenennnnn. 80
Boost Converter Diode Specification. ...........c.coovvveieieienenincsee 80
Boost Converter Controller Specifications............cccceevevveveiicieennn, 86
Power Topologies Compared...........ccccoveveevieieeie e 101
Topology Constants for Transformer Design .........cccceecvvverviieieene. 107
Transformer Core SPecifiCations ...........ccoceveririeniiiieieesc e 108
Primary Winding Wire Specifications............ccccceveveeveicc e, 112
Secondary Winding Wire Specifications............cccoccevvevveiciiciienn, 113

Xiii



Xiv



Chapter 1 - Introduction

Chapter One

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.l.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 10%*) 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:
e The ideal energy storage system should have the capacity to store infinite
amount of energy.
e The ideal energy storage system should be able to return the same amount
of energy it received during storage.
e The ideal energy storage system should be able to receive or supply energy
at any desired rate.

e 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

2
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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:

e To study and explore the supercapacitor technological concept.

e To study the properties and performance of the new 40,000 Farad
supercapacitor in comparison to previous supercapacitor technologies.

e Toanalyse 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.

4
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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.



Chapter 2 - Background

Chapter Two

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
awind 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 2.2. 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
8
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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 (GalnP), gallium arsenide (GaAs), Gallium Indium Arsenide
(GalnAs) and Gallium Indium Arsenide Phosphide (GalnAsP) 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 19" 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
°C 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].

10
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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

11
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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]

12
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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.

1
E == LI?
2

H = IRt

2.1

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.

13
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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.

Liquid Helium/ Vacuum-insulated vessel

Nitrogen Superconducting coils

¢ —
—

—

R

Refrigerator —
system —
—

E

LT/HT Superconducting
magnet

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.

Electron Flow
- +
Anion flow Q
o e
1S ]
> =
< ©
Cation flow
o Electrolyte

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

15
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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]

Sealed Li-iron Rechargeable
Parameter Units/conditions lead acid NiCd NiMH Li-Ion Li-polymer phosphate alkaline
Average cell \Y 20 12 12 3.6 1.8-3.0 3.2-33 1.5
voltage
Relative cost NiCd=1 0.6 1 1.5-2.0 0.5
Internal resistance Low Very low Moderate High High High
Self-discharge Yo/month 2-4% 15-25% 20-25% 6-10% 18-20% 0.3%
Cycle life Cycles to reach 500-2000 500-1000 500-800 1000-1200 1500-2000 <25
80% of rated
capacity
Overcharge High Med Low Very low Med
tolerance
Internal resistance Low Very low Moderate High (coke electrode)
Highest (graphite electrode)
Energy by volume watt-hour/liter 70-110 100-150 200-350 200-330 230-410 200 220
(volumetric
energy density)
Energy by weight watt-hour/kg 30-45 40-60 60-80 120-160 120-210 100 80
(gravimetric
energy density)

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,
16
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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= —— 2.3

Where, A is the effective area of the plates
d is the distance between the plates and eo 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.

17
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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.

18
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+

Vin T —

Figure 2.8. Buck converter circuit.

Vo

When the switch is closed, the diode is reverse hiased 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.

Where, V, = Output Voltage
Vin = Input Voltage

ton = On time of the switch
Ts = Total switching time

D = Duty Cycle

19
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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

+ +
Vin T — §
—_ Vo
C

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 tost. 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 T 1 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].

A

+ +
Vin ——
L i § Vo
C —

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.

v, D 2.6

2.3.4 Cuk converter

The Cuk converter, pronounced as (chook converter) is named after the
inventor, Slobodan Cuk, 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 Cuk converter.

ud B +
Vi ey 1
Y c2—— g Vo

Figure 2.11. Cuk converter circuit.

Unlike the other switch-mode converters discussed so far, Cuk 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 Cuk 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.

v, -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.

Vin T —

+ N1 ”1

JYY

N2 c == ¥
Vo

0

=]

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.

W N, D 2.8

Vin: F11_D

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 _ N2 p 2.9
Vin Nl

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.
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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.
V N 2.10
R _ZD
Vin Nl

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.

W N 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.

2.12

V. N

) _ZD

Vin Nl

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.
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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 (Cy) 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 (C) 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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Chapter Three

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

Il.  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 °C - 1200 °C) and treatment
in the presence of oxidizing gases like steam and CO[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. CNTSs 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/RUO:..

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 °C[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 m?/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™* 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 (Mn0O>), 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]

Specific Capacitance
Electrode materials Electrolyte
(Fg)
Activated Carbon Aqueous (NaOH/KOH) 200-400
Carbon nanotubes Aqueous (NaOH/KOH) 20-180
Carbon Aerogels Aqueous (NaOH/KOH) 40-200
Tetraethylammonium
Graphite and reduced
tetrafluoroborate 10-150
Graphene oxide (RGO)
(EtsNBF4)
Manganese oxide
K2SOq4 261
(MnOy2)
Ruthenium oxide
H2SO04 650-735
(RuOy)
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]

Properties of various electrolytes.

Electrolyte Density Resistivity Cell
(g;n;f (Ohm-cm) Voltage
cm’)

KOH 1.29 1.9 1.0
Sulfuric acid 1.2 1.35 1.0
Propylene 1.2 52 2.5-3.0
carbonate
acetonitrile J8 18 2.5-3.0
1|11];'11.ji:| 1.3-1.5 ;:j e | 328

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.
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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.

Rz R Rs Ra

Figure 3.1. Horizontal ladder network.[57]
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Figure 3.2. Vertical ladder network.[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
Il.  Pseudo-capacitor

I1l.  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

loxus. 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

249 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™ [75]. Figure 3.7 is a prototype 40,000F battery-type hybrid

supercapacitor produced by SAMWHA capacitor group.

SCAP™

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.

Energ)H/ Density (Wh/kg)

10! 102 10°

Power Density (W/Kg)

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
| At
AV =2 3.1
C

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.

LDO

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.

LDO - fL

Cscep v, Vin

Figure 3.11. SCALDO technique (second stage).
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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 (0.5CV?), 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.

57



Chapter 3 - Supercapacitor Technologies

27 el SC 2
| . .
|
S1 S3
load1 pc( load2

Figure 3.16. Schematic of SCALED.
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Chapter Four

Laboratory Result Comparison of Supercapacitor Types

The performance characteristics of three different technologies of supercapacitor

were studied in the lab. The samples include:

e A3,000F, 2.7V supercapacitor of EDLC technology,
e A 7,500 F, 2.8V supercapacitor of the pseudocapacitive hybrid technology

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

The following performance was evaluated:
e Constant Resistance discharge
e Constant Current discharge

e ESR Measurement

4.1 Constant Resistance Discharge

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

AMMETER

R
&

+
+
Supercapacitor —— @ @ C.<> VOLTMETER

LAMP1 LAMP2

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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2
R = V? 4.1
2
R =12
21
=6.86Q2

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

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.

Discharge Curve for 3000F EDLC Supercapacitor
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Figure 4.2. Constant resistance discharge curve for an EDLC supercapacitor.

60



Chapter 4 — Lab Result Comparison of Supercapacitor Types

Discharge Curve for 7500F Hybrid Supercapacitor
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Figure 4.3. Constant resistance discharge curve for a hybrid supercapacitor.

Discharge curve for 40,000F Battery-Type Hybrid Supercapacitor
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Figure 4.4. Constant resistance discharge for battery-type hybrid supercapacitor.
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Figure 4.5. Discharge curve of anormal Figure 4.6. Discharge curve of a

capacitor. 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=— 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=22V

40,000 X 2.22
=

E = 96,800 Joules.

From basic knowledge of electricity calculations,

E
nergy 4.3

Power = -
Time

In terms of their S| units,
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Joule

Watt = 4.4

Second
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
2.2V

= 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)

7,500 X 2.3
=

E =19,838 Joules.
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19,838 Watt—second
2.3V

= 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.

M3 §R1 d
|| DC Suppl |H© © ©‘ —,E
oleolld @ @ @ o !

— Supercapacitor

| =

Figure 4.7. Constant current load circuit.
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For accurate results, TEXIO pxI-151A, a solid-state electronic load device was used.
The supercapacitors were discharged at the calculated C-rates and the characteristic

curves are obtained.

Different SC discharge at their C-rate

25 \
; N

1

Voltage (v)

0.5

0 20 40 60 80 100 120 140
D.0.D (%)

—@— Hybrid SC-Bat

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.

Discharge curve of SC-Bat at different C-rates
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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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Constant current load

Supercapacitor

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.

M Pos: 3.240s

(REREN

-
-
w

Figure 4.11. ESR measurement trace.
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AV
ESR = — 4.6

Where, | = 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

ESR:1 | ESR2 | ESR3 | ESRave

SC Types | AVi(V) | AV2(V) | AV3(V) mQ) | (MQ) | (mQ) | (mQ)

0.06, 0.124 ,

3,000F 0.048 , = 15A | | = 20A

| = 10A

5 4 6 5

0.072, |0.036, |0.022,

7,500F I=5A |I1=3A |I=15A

14 12 15 14

0.12, 0.2, 0.32,

40,000F I =10A | 1 = 20A | 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

Capacitance Rated | Energy | Power DC
Manufacturer Technology P (F) Voltage | density | density | ESR cycle life
(V) | (Wh/L) | (W/L) | (MQ)
loxus.Inc EDLC 3,150 2.7 7.76 12,563 | 0.26 | 1,000,000
Varta Hybrid (EDLC-
. pseudo 90 8.4 9.58 900 270 | >500,000
microbattery .
Asymmetric)
Nesscap
Ultracapacitors
(A maxwell Pseudocapacitor 300 2.3 10.53 1,768 20 100,000
Technologies
company)
JM Energy Hybrid 3,300 3 20 |12000| 1 |>500,000
(composite)
Samwha Hyb”‘tjy;bea)ttery' 40,000 2.7 673 | 3093 | 07 | 20000
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Chapter Five

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.

L

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%.

Vi A
P (Vin)
0 |
t
B
| | (Vin Vo)
iy b T —] .
::;,:==“‘=:’:::Ht::ht=‘“{::H£::f’_' -
| | i&—%
0 | i t
— o N toﬂ‘—>] >

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.

12V,5W LED characteristics
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Figure 5.3. Variation of the LED illuminance with voltage.
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12V,5W LED characteristics
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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,

df
V, = d_;L 5.1

Where,
dt is the switch on-time and dl. is the ripple current.

Therefore, the inductance (L) becomes,

dt
[=—V
dJ'I_ L 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 (Vgs) caused by the Ras(on) 0f the MOSFET.

Non-ideal situations are considered in order to improve the accuracy of the

calculation.
[ — {Vrn B Vds)dr 53
dl;
On time, (dt) = DTs 5.4
D = duty cycle Ts = switching period.
The voltage transfer function of a boost converter is given as follows,
v, 1
V. 1-D 5.5
Substitute for D and Ts in equation 5.1
(V. -V, (v,-V,) 1
L — n L3 }( o m }( -
dl V. F >6
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Vs is assumed to be 0.2V which is expected to be close to the actual value when a
MOSFET with low Rgs(on) is used.
The ripple current (dIL) by rule of thumb is not expected to exceed 20% to 30% of

the maximum inductor current I max). 15% is assumed for this calculation.

] Vo=
Limax) — \V

in{min)

Vd 5.7

5

L Ax1
L{max) — 18-072

IL(max) =75A

dit=0.15x75=11A

Vin = average input current =2.25V Vo =12V f = 300kHz Vs = 0.2V

_(225-02) (12-2.25) 1

L 11 12 300000

L =5pH
For lower ripple current, the inductance value can be increased. The peak inductor
current is calculated from Equation 5.8
5.8
;I_l:peak}=*;f_[imax}+D'E'{d‘;f.}

IL (peak) = 7.5 +O.5(l.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 6.8uH +£10%
Maximum DC Current 19A

Maximum DC resistance 2.9mQ

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.

IL(peak)

12

IL(min)

A

0 time

Figure 5.5. Inductor voltage and current waveforms.

For CCM,

IL(min) > 0.5dIL
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Where I min) = Minimum inductor current
ILminy OCCurs at maximum input voltage and minimum output current.
From Equation 5.7,

, _045x12
L{min) 2702

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 Vdsmax) Of the MOSFET should be above the sum (Vo + Vqg). Switching losses
ina 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 Rasen) 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 22mQ

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

dV 5.9

I =C—
R

The capacitance is therefore given as;

My = dt

C
dV

5.10

Where, I, = Output current
dt = MOSFET on-time

dv = Output voltage ripple.

To achieve the desired maximum voltage ripple, the minimum capacitance required
becomes,

Jrn[max} * D[max}

Conin = dV = f

5.11
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From equation 5.5,

Va - 1"I;.".I'J min
D, = + 5.12

Equation 5.11 becomes;

C o 'Iln[max} X [VD - V."n(m."n}]
out (min) dV x f x V,

5.13

1x [12— 1.8]
0.1 x 300000 x 12

Cnur [ min) =

Cout(min) = 28F

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 330uF 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

e 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.

p JUUL | Drver 3
| Deadtime i
Modulator - - -
PWM Ramp
- Compensator
Vref
_<IJ_ V('ump
PWM
Comparator

Figure 5.6. Voltage-mode control.

A voltage divider circuit formed by Rrs2 and Z; 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.
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REFERENCE —| |
ERROR™,_Y® I~ s ‘ J ’ 2
AMP_~ N _ ~
vour —| - PWM ™ | ! q 4
L~ |comp_~ R Q S r
1~ | LaTCH ‘ T Vour
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B
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P 7
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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 VVoltage 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 % 101¢
H[nsr:} = }(— 5.14

For a frequency of 300 KHz,

5 x 10%°

Ensc=—
(256} = 300 % 10°

Riosc) = 167 kQ

The closest standard resistor value to 167 kQ is used.

Riosc) = 165 kQ (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.

85 % 103
Rle) = —305
Rie) = 10mQ

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.

Vout

FB

X1

Figure 5.8. Feedback voltage divider circuit.

R2 = V..,
R1 = V—f*} ~ R2 5.15
( ref)
Where, V(ref) = 1.25V,
Let R2 be 105kQ,
105,000 x 12 105,000
B 1.25 ’
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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.

L1
VIN =1.8Vto 2.7V

Y
6.8uH
+ PDS1040-13 Vout = 12V
N
1
u1 D1 | |
_|E Q1 c4 cs [ Jom
_L_Lno Ex-r_| IRF7401PBF 330|.|F| 330|.|F| astl
= c1 1uF = = =
I_ vce cs L
- R1 909k, 1%
rR3 S1omo
MAX669
CBI 0.1uF SHDN PGND

hREF FB
>
FREQ GND —j_ R2 §105K, 1%

R4 165k, 1%

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:

e High current traces should be made as short and wide as possible to reduce
the parasitic impedances.

e Star ground concept should be used to avoid ground current flowing in the
circuit.

e 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.

e 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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202415A_Y11-182609

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:

e Line Regulation

e Load Regulation

e 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.

Graph of Output Voltage against Input Voltage

12

10

(o)}
Output Voltage (V)

3 2.5 2 15 1 0.5 0
Input Voltage (V)

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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Graph of Output Voltage against Load Current
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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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Efficiency vs supercapacitor voltage
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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.

r"r'"r"r"'r"'r"r"r“'n“'r-'r‘ﬁ"ll:!}-?'- e Bt AR "" L ™ MEASURE
R CH1
Mean
11.6Y

e
Pk-Pk
CH2 Off

SRR ERE RN EE R A RN N

1A I H
4-Mar-19 10:50

Figure 5.16. Output voltage waveform.
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Figure 5.17. MOSFET gate waveform.
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Figure 5.18. Diode waveform.
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Figure 5.19. Inductor waveform.
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Chapter Six

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. .

7 MM

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:

e Supercapacitor Bank

e 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.

Graph of llluminance against Voltage
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Figure 6.2. Illuminance curve of the sample LED load.
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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 = 120Vx 1.05A = 126W
On — time = 1 hour = 1x60 x 60 seconds
Energy consumption over 8 hr = 126 x 60 x 60 = 453,600 Watt — seconds

Assuming power converter efficiency of 75%,

_ 453,600
Energy requirement of SC bank = 08 - 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=—— 6.1

Cx2.72 Cx1.82
2 2

6.2

Energy suplied by each SC =

For a single 40,000F Supercapacitor,
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40,000x 2.72 40,000 x 1.82
2 2

= 81,000]

Therefore, for an energy of 604,800 J,

Number of supercapacitors required = 604,800 =75
percap aured = s1o000 ~

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]

Topology

Flyback 150
Forward 150

Push-Pull | 500
srdge | 5
Hes&r[l:ant 500

75

75

80

85

90

Relative
Cost

1.5

1.8

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.

1L

Figure 6.3. Push-pull converter operation stage one (0 <t <DT).
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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:

e Define Specification

e Transformer design

e Filter design
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e Diode selection

e MOSFET selection

e Control circuit and Feedback design
e Simulation

e 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:
e Core material selection
e Core size calculation
e Primary turns
e Secondary turns
¢ Winding topology
e 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 (MnzZn), maximum flux density of 390mT at 100 °C with curie temperature

greater than 210 °C. .

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].

1.143
6.3

(11.1 XPin)
KxABxf

Where,

Pin = Input power

f = operating frequency
AB = 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/cm?

2. Temperature rise = 30 °C

3. Core loss = 100 Mw/cm?®
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 (AB)

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.
2000

1500

1000

FLUX DENSITY GAUSS

500

0 I I ! 1 1
10 30 60 100 300 600 1000
FREQUENCY kHz

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, AB =0.2T.

Topology Constant (K)
The topology constant (K) is a product of the Primary area factor (K;), winding
packing factor (Ky) and RMS current factor (Kr)
K = KpKuKT

Table 6.2 shows the constant values for different converter topologies.

Table 6.2: Topology Constants for Transformer Design[83]

Primary Secondary K, K, K’
Converter type form form (A,/A,,) K, (/1) (K, K, - K)
Forward SE CcT 0.32 0.4 0.71 0.091
SE SE 0.4 0.4 0.71 0.114
Full and half SE CT 0.41 0.4 1.0 0.164
bridge SE SE 0.5 0.4 1.0 0.2
CT push-pull CT CT 0.25 0.4 1.41 0.141
CT SE 0.295 0.5 1.41 0.208

For centre tap primary, centre tap secondary push-pull converter K = 0.141. The

area product is therefore calculated:

1.143

11.1 X 200

AP = ( ) = 0.76cm*
0.141 x 0.2 X 100,000

EPCOS ETD core 34/17/11 with area product of 0.8cm* 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 97.1mm?
Core Volume 7630mm?
Path length 78.6mm

Since a temperature rise of 30 °C is assumed in the Area-product formula, the total

30
Core thermal resistance (@)

power loss of the transformer should not exceed

@ = 53 x (Vcore) 0> 6.4

Where,
@ = core thermal resistance

Veore = core volume in cm?®

@ = 53x(7.63)7054

@ =17.7°C/IW

3
Total power loss (P) = 77

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.

_ Vs X ton(max)
s ABx A,

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 (us) = 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,

0.5x 0.47
tonmax) = 7557000

ton(max) =94 HS

A. = effective core area = 97.1mm?

Therefore,

N = 124x94
S 0.2x97.1

Ng = 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 Vinminy IS approximated to 12.96V to make up for voltage drops across the

switching device and due to the PCB trace resistance.

_ 12.96x9.4
P 0.2x97.1

Np = 6 turns

6.3.2.5 Wire gauge calculation

To calculate the wire size, the following factors are considered:
e Skin effect
e Maximum available area for a turn

e 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.

69.66
Penetration depth (A) = ——— 6.6

Vi

69.66

Penetration depth (4) = —===-=

=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 = A X Aw = 0.8cm*

0.8cm*= (0.8 X 10*) mm*

Ae = 97.1mm?

0.8 x 10%
97.1

Window area (Aw) = = 82.4mm?

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 = 53.55mm?

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 = 13.39mm?
Therefore,

13.39

The maximum area available for a single primary turn = Tz

=1.11mm?
For a conductor of round cross-sectional area, the maximum allowable diameter is

given by Equation 6.7

4= 4xA 6.7
T

Where,

A = the area available for a single turn.
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4x1.11
d= ’
TC

= 1.2mm?

Total copper loss: For a maximum temperature rise of 30 °C, 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 0.53mm?
Resistance 0.0000326 Q/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 0.9mm?,

For the secondary winding,

14.97

The area occupied by a single secondary turn = 120

= 0.12mm?

d= /“:12 = 0.36mm
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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 Q/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@deymax = l(outymax X Dmax 6.8
Isacymax = Is(deymax X 1;& 6.9
max
Ip(doymax = ls(dc% 6.10
Ipaoymax = IS(“% 6.11
Where,

Is(deymax = Maximum secondary dc current
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Ipcymax = Maximum primary dc current
Is@acymax = Maximum secondary ac current
Ip@cmax = Maximum primary ac current
Dmax = Maximum duty cycle

l(ouhmax = Maximum output current

n = turns ratio (%)

S

I(out)max =13A
Is(dc)max =1.3x0.47 = 0.6A

1-0.47
IS(aC)maX - IS(dc)max X oar 0.64A

0.6

Ip(dc)max = m = 585A
0.64
Ip(ac)max = m = 627A

The dc resistance of the winding is given by equation 6.12

R4c = 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,(td) where d is the bobbin diameter (11.8mm according to the datasheet).
For the primary winding,

R4. = 11.8 x T x 8 x 0.0000326
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=0.0096 Q

Dc primary copper loss = 5.85% X 0.0096 = 0.32W.

Since the skin depth requirement is met, Rqc is assumed to be approximately equal
t0 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 = nd ( d = bobbin diameter + (2 x diameter of primary wire))

MLT =m(11.8 + 1.64) =42.23mm

Rqc = 42.23x77x0.000134

=0.44 Q

Dc secondary power loss = 0.6% 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.

. 100 x (156 — (1.04 + 0.66)
Efficiency = 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 tOﬂ [l
Vo= (nVy, — Vu) — V, 6.13
Where,

. N
n = turns ratio (—p)
Ng

V4 = Voltage drop across the diode
Vo = Output Voltage.

From the voltage-current relationship of an inductor,

di,
=L 6.14
i < dton)

Substituting equation 6.13 into 6.14, while replacing ton with DT,

Vi, — Vg — V DT.
L = (1’1 i d O)X s 6.15
di,

dl = 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= fi (fs is the switching frequency of the MOSFET)

From the push-pull converter power transfer function, nVis is deducted thus:
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Vi = oo 6.16
120
[ = (m) - 0.7 — 120) x047x1
0.2x50,000
L = 327uH

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,

Al
I peak) = lomax) T+ (T) 6.17

0.2
IL(peak) = 13 + (T)

=14A

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.
VcEsr) = Al 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,

AV
[. = (;(_) 6.19
¢ dt
Al x to,
C=
AV

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,

o 0.2x0.47
"~ 0.25x 0.5 x 50,000

C=15puF
The maximum ESR required to limit the output voltage ripple to 0.5V is given as,

ESR — 0.75x 0.5
0.2

=1.875Q
Hence, the capacitor should have ESR not greater than 1.875Q 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.

N
ZVS =2 Xvin(max) X N_p 6.20

Where,

Vs = secondary side voltage
60

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 tofr. 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 (2Vinmax) + Vspikes) Where Vspikes 1S estimated as 30% of the

voltage.

MOSFET Vosmax > (2 X 22) + (0.3 X 2 X 22)

MOSFET Vos(max > 57.2V.

The MOSFET should be able to withstand the maximum primary current.

Assuming a worst transformer efficiency of 90%.

119



Chapter 6 — SC Application for street lighting systems

I Vs x I
primax) = Ao <wv
x 0.9 x Vpri(min) 6.21
124x1.3
lorieman) = 593 77.06 — 1004

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

(Iprt) can be found. The average current is approximately 0.8 Ips [85]

Pi = VipX Ipft x 0.8 6.22

Maximum current occurs at minimum input voltage, hence;

1 L
ft = 7 vna
pit Vin(min) x 0.8

6.23

Assume a converter efficiency of 75%.

[ = 156 = 20.06A
Pft = 1296x0.8x0.75

|avg(max) =0.8 X 20.06 = 16.04A

Therefore, the Ipsmax) 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 Rpson 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.

1

Cr = ————
T 14.8K x fyq.

6.24

Where fosc = oscillator frequency, which is twice the switching frequency of each
MOSFET.
For a switching frequency of 50kHz, fosc = 100kHz

1
Cr = T28x100x106 ~ °8OPF
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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. I, was calculated
from equation 6.23. This calculation assumed a flat-topped waveform with the
middle point of the ramp chosen as the Iy. To make margin for the actual peak

current, say 30% of Ips.

Ipeak = Ipft +0.3 Ipft 6.25

lpeak = 14.78 + (0.3 x 14.78) = 19.214A

0.3
19.214

=0.0156€

Rsense =

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 R. controls the current through the
LED.

Ry

Vv COLL Rl
REF

LT1431

GNDS __ GNO-F_| =
— 1

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 0.2pA. This is considered in choosing R1 and R2.

Vref
= — 6.26
IR
If 2uA is allowed through R2,
R2 = 25 _ 1.25MQ
- 2x10¢
1 —(1+R1)v f 6.27
0= R2 re .

120
R1 = (E — 1) 1.25x10% = 59MQ

123



Chapter 6 — SC Application for street lighting systems

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:

120 — 7.7
R(zener) = W = 12kQ

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 Ry 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.

V+ Vref
O_

RL % Rp
. Vcomp

=

Vcoll

S GND2

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 Ir(max)
ILep = 0.7 x 60 = 42mA

The minimum Rep is calculated such that the 5V of Vref is dropped across it when a
zero duty cycle is desired at the worst case CTR.

Vref(min) -0
Ir x worst case CTR

RP(min) == 6.28

4925 — 0
Remin) = 5022 % 1

Rp(miny = 117.2Q

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.

Vref(min) — 4.5
RP(max) = 6.29

Ileakage(max)

Maximum leakage current = 50nA (from the datasheet),

4925 — 45
Remax) = ~503 7079

RP(max) = 85M.Q.

The pull-up resistor range is 117.2Q — 8.5MQ. Therefore, any resistor value chosen
within this range is suitable for the optocoupler circuit. A 270Q resistor is used for

this design. .

With the chosen pull-up resistor value, the new maximum and minimum collector
currents are calculated.

I . Vref(min) — 45
C(min) = Rpui—up 6.30
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4925 — 4.5

le(min) = ——=5—— = 0.0016A
_ Vref(max) -0

Icmax) = —Rpull—up 6.31
5.075 - 0

IC(maX) = 2—70 = 00188A

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) = 1.6mMA

IF(max) = 188mA

The current limiting resistor R. should be able to allow a current range of Irmin) to

|F(max).
V+(min) _VF ~ Vcoll(max)
RL(max) = IF(min) 6.32
7.7 — 1.5 — 251
Ruman = 50016

Ri(max) = 2306.250

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.

Vimax) — Vemin) — Veoll(min)
Ri(min) = - 071 6.33
+/ 1F(max)

8.7 —1.15 — 2.49
Rimin) = —4=70706

RL(min) == 1 2 0489.

RL is chosen to be 1kQ 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.

KiL1L21L3L41 D4

°135p Rioad

a1 Eﬂ 120
Vee =
uvLo DRVA —
cs u1
| Vref DRVB
0.47p RS R2
Dprg cs
10K R3 Ve 4 jj“ 2K
Rleb SDRA [~ 22p
33K
Sprog SDRB —
c2 LTC3723-1 R4
FH—ss comp
Ap ¢1 lCT 270 c5 R15
et GND Fa D 1500p
680p 1p 2K
?5 Ro 59meg
Coll UJ Ref
1K u3

Dy-4

MOC207

Figure 6.9. Final circuit layout of the push-pull converter.
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Figure 6.11. Input/output voltage signals.
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Chapter Seven

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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PCB layout for Boost Converter Circuit (Top Layer)

139



Appendices

PCB layout for Boost Converter Circuit (Bottom Layer)
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Appendices

Appendix A.2

International
TIGR Rectifier

Generation V Technology
Ultra Low On-Resistance
N-ChannelMosfet
Surface Mount

Available in Tape & Reel
Dynamic dv/dt Rating
Fast Switching
Lead-Free

Description

Fifth Generation HEXFETs from International Rectifier
utilize advanced processing techniques to achieve the
lowest possible on-resistance per silicon area. This
benefit, combined with the fast switching speed and
ruggedized device design that HEXFET Power
MOSFETSs are well known for, provides the designer
with an extremely efficient device for use in a wide
variety of applications.

The SO-8 has been modified through a customized
leadframe for enhanced thermal characteristics and
multiple-die capability making it ideal in a variety of
power applications. With theseimprovements, multiple
devices can be used in an application with dramatically
reduced board space. The package is designed for
vapor phase, infra red, or wave soldering techniques.
Power dissipation of greater than 0.8W is possible in
a typical PCB mount application.

Absolute Maximum Ratings

PD - 95724

IRF7401PbF

HEXFET® Power MOSFET

Vpss = 20V

RDS(on) =0.022Q

Parameter Max. Units
Io@ Ta=25°C 10 Sec. Pulsed Drain Current, Vzs @ 4.5V 10
Io@ Ta=25°C Continuous Drain Current, Vgs @ 4.5V 8.7
Io@ Ta=70°C Continuous Drain Current, Vgs @ 4.5V 7.0 A
lom Pulsed Drain Current @ 35
Po@Ta=25°C Power Dissipation 25 w
Linear Derating Factor 0.02 wi=C
Vs Gate-to-Source Voltage +12 vV
dv/dt Peak Diode Recovery dv/dt @ 5.0 Vins
TuTs16 Junction and Storage Temperature Range -55 to + 150 *c

MOSFET datasheet for Boost Converter Circuit
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IRF7401PbF International

IR Rectifier
Electrical Characteristics @ T, = 25°C (unless otherwise specified)
Parameter Min. | Typ. |Max. | Units Conditions
Verpss Drain-to-Source Breakdown Voltage 20 | — [— \Y) Vgs = 0V, Ip = 250pA
AVigripsg/AT) | Breakdown Voltage Temp. Coefficient | — [0.044| — [ V/°C | Reference to 25°C, Ip = 1mA
. . ) — | — [0.022 Vs =45V, Ih=41A @
R Static Drain-to-S On-Resist Q
DS(ON) c Prain-lo-souree MnResislance "1 |o.oao Vos =27V, Ip = 3.5A O
Vesith) Gate Threshold Voltage 070 | — | — \Y) Vps = Vs, Ip = 250pA
O Forward Transconductance 11 |— | — s Vos =15V, Ip = 4.1A
. | — 1.0 VDS =16V, Vss =0V
| Drain-to-S Leakage Current A
bas rain-to-Source Leakage Currel R B m Voo = 16V, Ves =0V, T, = 125 °C
I Gate-to-Source Forward Leakage — | — | 100 nA Vs =12V
58S Gate-to-Source Reverse Leakage —_— | —— |-100 Vs =-12V
Qq Total Gate Charge —_ | — | 48 Io = 4.1A
| Qs Gate-to-Source Charge — | — | 51 nC | Vps =16V
Qg Gate-to-Drain ("Miller") Charge —|— | 20 Vgs = 4.5V, See Fig.6and 12 @
tajon) Turn-On Delay Time — | 13 | — Voo =10V
t; Rise Time _ 72 | — s In=4.1A
taofy Turn-Off Delay Time — | 65 [— Rg = 6.0Q
1y Fall Time — | 92 |— Rp = 2.4Q, See Fig. 10 @
Lo Internal Drain Inductance — |25 |— ) .
nH | Between lead tip Q:
d cent f di tact 4
Ls Internal Source Inductance — |40 | — and cenier of die contac ]
Cies Input Capacitance — (1600 | — Vs =0V
Coes Output Capacitance — | 680 | — | pF | Vps =15V
Cres Reverse Transfer Capacitance — | 310 | — f = 1.0MHz, See Fig. 5
Source-Drain Ratings and Characteristics
Parameter Min. | Typ. |Max. | Units Conditions
Is Continuous Source Current MCOSFET symbol o
. — | — ] 34
(Body Diode) A showing the
(™ Pulsed Source Current integral reverse ]
(Body Diode) @ — || % p-n junction diode. s
Vsn Diode Forward Voltage —_— |— (1.0 V T,=25°C,Is=2.0A, Vags=0V @
ter Reverse Recovery Time — | 39 59 ns | T;=25°C, Il = 41A
Qy; Reverse RecoveryCharge — | 42 | B3 nC | di/dt = 100A/us @
ton Forward Turn-On Time Intrinsic turn-on time is negligible (turn-on is dominated by Lo+lg)

MOSFET datasheet for Boost Converter Circuit (contd...)
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Appendix A.3

&TDK

SIFERRIT materials

N87

Material properties

Preferred application Power transformers
Material N87
Base material MnZn
Symbol Unit
Initial permeability 1 2200
(T=25°C) +25%
Flux density Bg (25 °C) |mT 490
(H=1200 A/m, f =10 kHz)| Bg (100 °C)| mT 390
Coercive field strength H.(25°C) |A/m 21
(f = 10 kHz) H. (100 °C)| A/lm 13
Optimum fnin kHz 25
frequency range Trnax kHz 500
Hysteresis B 10-8/mT | <1.0
material constant
Curie temperature Te °C >210
Mean value of o 106K |4
at25...55°C
Density (typical values) kg/m? 4850
Relative core losses Py
(typical values)
25 kHz, 200 mT, 100 °C kWim3 |57
100 kHz, 200 mT, 100 *C kWwim3 |375
300 kHz, 100 mT, 100 *C kwim3 | 390
500 kHz, 50 mT, 100 °C kKWim2 | 215
Resistivity P om 10
Core shapes RM, P, PM, ETD, EFD, E, ER, EP, EQ, ELP, U,
Toroid

N87 ferrite core material datasheet
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Appendix A.4

Item Part number Description Value
L1 B82559A5682A020 Inductor, Epcos 6.8uH
D1 PDS1040-13 Diode, DIODESZETEX
Q1 IRF7401PBF FET, n-channel, Infineon

Capacitor, Electrolytic,
Cc4 PLG0J821MCO1 Nichicon 820uF
IC MAX669EUB+ PWM controller, Maxim
R4 WSL36375L000FEA | Current sense Resistor, Vishay S5mohm
C5, C6, Capacitor, Electrolytic,
c7 EEUFM1C331 Panasonic 330uF
R1 Resistor, E96 165k
R3 Resistor, E96 909k
R2 Resistor, E96 105k
Cc1 Capacitor, Ceramic 1uF
c2 Capacitor, Ceramic 0.1uF
c3 Capacitor, Ceramic 0.22uF

Boost Converter design, Bill of Materials
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