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ABSTRACT

This work contains an analysis of multiple topologies of DC-DC voltage buck con-
verters. The main goal of this Thesis is to study and design a functioning Step Down
converter for capacitive coupling devices used for energy harvesting from the power AC
grid.

In order to achieve this goal, multiple topologies and circuits of this type of converter
are studied and analysed, so that the requirements for the intended application are met.
Since the input is obtained from the AC power grid and the output is connected to a
supercapacitor, this results in a large input voltage (over 150V) and a low output voltage
(between 1V to 3V), therefore the converter requires a step down voltage conversion ratio
of around 130.

The DC-DC converter should also have a large input impedance (around 50Mohm)
to maximize the energy transferred from the power grid. This mode of operation is
not common for regular inductance based DC-DC converters, making this a challenging
problem.

Moreover, since the amount of energy available from the capacitive coupling is very
small, it is also necessary to develop a controller circuit that is capable of created a clock
with a very low duty cycle while dissipating less than 50uW.

Keywords: DC-DC, Step-Down, Buck, Magnetic Coupling, Energy Harvesting, Internet
of Things.
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REsumMmo

Este trabalho visa analisar varias tipologias de conversores de tensao DC-DC deno-
minados conversores Buck. O principal objectivo desta Tese é estudar e projectar um
conversor DC-DC abaixador de tensao para sistemas de acopelamento electromagnético
capacitivo utilizada em aplica¢oes de Energy Harvesting a partir da rede AC.

De forma a cumprir este objectivo, varias tipologias sdo estudadas ao longo deste
trabalho, de forma a cumprir as especificagoes exigidas. Uma vez que o sinal de entrada
¢ obtido a partir da rede AC, e que o output esta ligado a um supercondensador, isto
faz com que a tensao de entrada seja elevado (Acima dos 150V) e a tensao de saida seja
baixa (entre 1V e 3V), como tal o conversor precisa de um racio de abaixamento bastante
elevado de cerca de 130 vezes.

O conversor DC-DC deve também ter uma impedancia de entrada elevada (cerca
de 50MOhm) por forma a maximizar a energia transferida da rede de energia. Estas
condig¢des de funcionamento nao sao habituais para conversores DC-DC indutivos, o que
torna este um problema muito desafiante.

Adicionalmente, uma vez que a energia disponivel devido ao acopelamento capacitivo
¢ muito reduzida, é necessario desenvolver um circuito controlador capaz gerar um sinal

de relégio com um duty cycle reduzido enquanto dissipa menos de 50uW de poténcia.

Palavras-chave: Conversor DC-DC redutor, Energy Harvesting, Industria 4.0, Conversor
DC-DC abaixador de tensao

xi






CONTENTS

List of Figures XV
List of Tables xvii
Listings xix
Acronyms xxi
Symbols xxiiill
1 Introduction 1
1.1 The Futureof theIndustry . . . .. ... ... ... ... .. ........ 1
1.2 Addressing of the Energy Supply Problem . . . ... ... ... ...... 3
1.3 Thesis Organization . . . . .. ... ... ... .. ... ... ... ... 5
2 State of the Art 7
2.1 Internetof Things . . . . ... ... ... ... . ... . . ... ... 7
2.2 EnergyHarvesting . . . . . ... ... ... ... 10
2.2.1 Energy Harvesting from Electromagnetic Fields . . . . . ... ... 11
2.2.2 General architecture of an Energy Harvesting System . ... ... 12
2.2.3 Generalizations and Considerations Regarding Power and Efficiency |
of the Electromagnetic Harvester (ELMH) . . . .. ... ... ... 14
2.2.4 Maximum Power Point Tracking . . . . . ... ... ... ... ... 15
2.2.5 Energy Storing Devices and Energy Storing Processes . . . . . .. 18
2.3 Analysis of DC-DC Step Down Converters Their Usage and Applications
intheIndustry . . . ... ... ... ... o oo 19
2.3.1 General Considerations About the Buck Converters . . ... ... 20
2.3.2 Specific Analysis of Different Converters . . . . . . ... ... ... 22
3 Converter Selection Analysis and Dimensioning 31
3.1 Impedance study of the previously Analysed Topologies . . . . . . .. .. 31
3.1.1 Analysis of the converters impedance. . . . . ... ... ...... 32
3.1.2 Converteranalysis . .. ... ... ... ... ... ... .. 33
3.2 Advanced study and testing selection of the final topology . . . . . . . .. 41

xiii



CONTENTS

3.2.1 Detailed analysis for the final topology . . . . .. ... ... ....
3.2.2 Study of the Single Stage Buck Converter . .. ... ... ... ..

4 Controller Implementation
4.1 Controller Study . . . . .

4.1.1 Different Controlmethods . . . .. ... ... ... . ........
4.1.2 DCM Specific Control Methods . . . . ... .............
4.1.3 Chosen Controller Architectureand Results . . . . ... ... ...

5 Final Assembly and Experimental Work

5.1 Final Assembly. . . . ..

5.1.1 Final Assembly simulation Results . . . ... ... ... .. ....

5.2 Experimental Work . . .
5.3 PCBDesign........

6 Conclusions and Future Work Prospects

6.1 Cost and Implementation Analysis . . . ... ... ... ..........

6.1.1 Discrete Components Analysis . . ... ... ............

6.1.2 PCB Analysis . .
6.2 Final Conclusions . . . .
6.3 Future Work in The Field

Bibliography

xiv

51

59
59
59
61
62

69
69
71
72
74

81
81
82
83
85
86

89



List OF FIGURES

1.1 Airbus Assembly Line in Hamburg . . . ... ... ... ... .........
1.2 Schematic of a Generic Buck Converter . . . . . . . . . . ... ... ......

1.3 A Generic Buck Converter inoperation . . . . ... ... ... .........

2.1 Industry evolution timeline over the centuries . . . . . . ... ... ... ...
2.2 Graphic representation of the electromagneticfield . . . . ... ... ... ..
2.3 Generic architecture of the Energy harvesting system taken from [1] . . . . .
2.4 Generic architecture of the system developed in thiswork.. . . . . . ... ..
2.5 Architecture of a possible Power Management System (PMS) after [8] and [38]
2.6 Simple and generic buck converter . . . ... ... ... . o0 0L
2.7 Non-Isolated Topology of [31]. . . . . . .. .. .. ... ... ... .......
2.8 Non-Isolated Topology of [44]. . . . . . . . . . .. . . .
2.9 Non-Isolated Topology of [34]. . . . . . . . . . . . i

3.1 Schematic of an Interleaved Buck Converter . . . . .. ... ... ... ....
3.2 Simulation Results of the output voltage of this circuit.. . . . . ... ... ..
3.3 Simulation Results of the current in this circuit. . . . . .. ... ... ... ..
3.4 Graphical representation of the input impedance of this converter with the

Time of Operation . . . . . .. ... .. ... ... ... .
3.5 schematic of the cascaded buck converter with 2 stages. . . . . ... .. ...
3.6 Voltage Evolution of the 2 Stage Buck Converter-Input Voltage . .. ... ..
3.7 Voltage Evolution of the 2 Stage Buck Converter-Output Voltage . . ... ..
3.8 Evolution of the input impedance of the cascaded buck with the comutation

period. . ..o
3.9 Coupled Inductor Converter Schematic. . . . . ... ... ...........
3.10 Coupled inductor converter voltage conversion in steady state . . . ... ..
3.11 Steady State Current of the coupled inductor buck converter . ... ... ..
3.12 Coupled inductor converter impedance evolution . . . . . ... ... ... ..
3.13 Evolution of the current until it stabilizes . ... ... ... ... .......
3.14 NMOS-transistor . . . . . . . . o e
3.15 2-stage Buck Converter Schematic. . . .. ... ... ... ... ........
3.16 2-stage Buck Converter Transient Analysis, Output Current. . ... ... ..

3.17 2-stage Buck Converter Transient Analysis, Current on the Second Coil. . . .

XV

11
13
14
17
20
23
25
25

33
34
34

35
37
37
37

38
39
40
40
41
44
47
48
49
49



LIST OF FIGURES

3.18 2-stage Buck Converter Transient Analysis, Current on the First Coil . . . . .

3.19 2-stage Buck Converter Transient Analysis, Input Voltage. . . . . . . ... ..

3.20 2-stage Buck Converter Transient Analysis, Output Voltage. . . . . . . . ...

3.21 Single Stage Buck Converter Schematic . . . . . ... ... ... ... .....

3.22 Ouput and Input Voltage of the Single Stage Buck Converter . . .. ... ..

3.23 Current evolution on the coil of the buck converter . . . . . .. ... ... ..

3.24 Transistor analysis for better efficiency 1.. . . . ... ... ... ... ....

3.25 Transistor analysis for better efficiency 2. . . . . ... .... .. ... .. ...

3.26 Average efficiency for different clock values for all the transistors. . . . ...

3.27 Diode Efficiency across the frequency range. . . . . . . ... ... ... .. ..

4.1
4.2
4.3
4.4
4.5

5.1
5.2
5.3
5.4
5.5
5.6
5.7
5.8
5.9

6.1
6.2
6.3
6.4
6.5
6.6

Diagram of Controller Circuit Componnents . . .. ... ...........

Controller Circuit Schematic. . . . . . . . . . . . . i i e

Controller Circuit Results-1. . . . . . . . . . . . . . . e

Controller Circuit Results-2. . . . . . . . . . . o e e

Controller Circuit Results-3. . . . . . . . . . . . . . .

Final Assembly . . . . . ... ... ... L o

Final Assembly Results-Input Voltage . . . . . .. ... ... ... .. .....

Final Assembly Results-Output Voltage . . ... ... ... ..........
Final Assembly Results-CLK Signal . . . . . ... ... ... ..........
Transistor RSQO15N06 . . . . . . . . . . e e e
Transistor RSQ015N06-in through hole adaptor . . . . . ... ... ... ...
PCB Converter Silk Layer . . . . . ... ... ... ... ... ... .. ...,
PCB Converter with Ground Plane . . . . .. ... .. ... ..........
PCB Converter with Ground Plane . . . . ... ... ... ... ........
5.10 PCB Controller Silk Layer . . . . ... ... ... ... ... ... ... ....
5.11 PCB Controller with Ground Plane . . . . . .. ... ... ... ........
5.12 PCB Controller with Ground Plane . . . . ... ... ... .. .........
5.13 PCB Converter Circuit 3D Model . . . .. ... ... ... ... ........
5.14 PCB Controller Circuit 3D Model . . . . . ... ... ... ... .......

Component Cost for the Converter . . .. ... ... ... ...........

Component Cost for the Controller . . . . ... ... ... ... ... .....

Specification of the printingof the PCB. . . . . . ... ... ... ... ....
Specification of the printingof the PCB2 . . . . . . ... ... .. .. .....
Printing Costs for a sampleof 5pieces . . . ... ... ... ... .......

Printing costs for the maximum production setting of this manufacturer, 2000

pieces

XVi

50
50
51
52
54
55
56
56
56
57

62
63
65
66
66

70
71
71
72
73
74
76
76
77
77
78
78
79
79

82
82
83
84
84

85



2.1 Table to compile the various converters studied

2.2 Table to compile the various converters studied

XVil

List OF TABLES

(Continuation). . . . . . . .. 29






X1iX

LisTiINGS






AC
Aol

CCM
CMOS

DCM

EH
ELMH

IC
IoT

LDO
M2M
MOSFET
MPPT
OTA
PMS
PMU
PWM
QSW

RFID

SoC

ACRONYMS

Alternate Current

Age of Information

Continuos Conduction Mode

complementary metal-oxide-semiconductor
Discontinuos Condition Mode

Energy Harvesting
Electromagnetic Harvester

Integrated Circuits

Internet of Things

Low Dropout Regulator

Machine to Machine Communication
Metal-Oxide-Semiconductor Field Effect Transistor
Maximum Power Point Track/Tracking
Operational Transconductance Amplifiers

Power Management System

Power Management Unit

Power Width Modulation

Quasi Square Wave

Radio Frequency Identification

System on Chip

poel



ACRONYMS

TB]J
TEG

VCO

ZVD

Bipolar Junction Transisotr

Thermoelectric Generator

Voltage Controlled Oscillator

Zero-Voltage-Detector

Xxii



SYyMBOLS

xxiii






CHAPTER

INTRODUCTION

1.1 The Future of the Industry

In the past, most energy related systems would work based on AC current, therefore
most of the power electronic and energy harvesting systems were directly supplied by AC
converters[14]. However, in the present there is a growing need to use energy harvesting
systems for DC current such as photovoltaic systems, and various appliances,[14] [48],
plus the fact that DC power supply systems, do not suffer from energy wastage due to
reactive power, thus being more efficient. In the future these devices will be even more
important, with the 4.0 industry where multiple appliances will have the capability to
interact and connect with each other, given that such appliances and devices mostly work
with small power and small ammounts of DC current. In the case of industry 4.0, there

is the need to apply a new concept called The Internet of Things.

This upcoming industry will require one key element called interconnectivity [40], in
order for this interconnectivity to be possible there is the need to spread a large ammount
of sensors and small parcels of actuators and transceivers that are able to interact with
each other and communicate with one another in a orderly fashion and in real time

applications for the most part.



CHAPTER 1. INTRODUCTION

Figure 1.1: Airbus Assembly Line in Hamburg

The figure above was taken from the following web site on October 18 2020.

https://werksfuehrung.de/en/english/group-offers/airbus-hamburg/

As can be seen by the image shown in 1.1, which depicts an example in this case in the
aeronautics industry of a plant which would need sensors and actuators spread all over
the plant to effectively communicate and have the plant it self take over the production
and work with minimum human supervision. In order to do this there would be the
need to supply all of those small sensors and actuators with small amounts of energy, as
previously mentioned in most cases, with DC current and at regular intervals [11].

In order to do this the obvious and traditional solution would be to provide each sen-
sor, actuator or device with its own set of energy transfer equipment such as an electrical
plug, a transformer to convert AC into DC current and possibly any other equipment
needed such as energy converters or cooling equipment and voltage regulators, since
these devices operate at very low voltage when compared to grid voltages. Plus this so-
lution would imply a large amount of voltage plugs spread around the factory, as well
as large extensions of copper cable, which in a plant such as the one shown in the pic-
ture could be tens or even hundreds of kilometres, which is very expensive, heavy and
occupies a lot of space.

To summarize this traditional solution would be very complicated due to the fact
that all the equipment needed to provide energy to the devices would be very expensive,
bulky and inefficient, specially when compared with the amount of energy and power
transferred towards these devices, with an additional problem which would be the fact

that this implementation would reduce the mobility of the factory equipment, because
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1.2. ADDRESSING OF THE ENERGY SUPPLY PROBLEM

each machine or assembly line would need a fixed number of sensors and actuators, which
need its own support grid in order to have sufficient power and be able to operate properly.
Thus, if the need to change such an assembly line or move a piece of equipment to another
site of the facility, a new and different set of infrastructure would have to be made and

planned in order for the sensors and actuators to keep working.

1.2 Addressing of the Energy Supply Problem

Ergo, the problem that this work tries to solve, picking up on the previous work of [8], is
to develop a system that can transfer energy from the power grid to those devices without
the usage of traditional methods. This will be done through electromagnetic coupling,
meaning the extraction of electrial energy that is available from the magnetic and electric
fields of electrical wiring on the walls of a building. The device in [8] can obtain energy
from the wiring through capacitive coupling although it lacks the means to regulate the

voltage applied to the devices.

In order to do that, since most of the sensors and devices work with low power DC
voltages, a Buck converter, like the one shown in Figure 1.2, will be an extremely impor-
tant device because it can lower the high voltage resulting from the capacitive coupling
device in [8] to the lower voltages that these devices would normally use. Since these
converters will be responsible for reducing the high voltage on the input side to a lower
voltage on the output, while elevating the current from the input to the output. Ideally
the value of the power delivered to the output should be close to the value of the power

obtained from the input.

So, as previously mentioned, these devices are very important, because they will allow
supercapacitors and batteries to be charged, allowing the hand shake between relatively
high voltage capacitive coupling devices or other[36] and the battery or sensor to be fed
directly by the converter. Therefore the main purpose of this work will be to develop a
buck converter that is able to convert the relatively high voltage of the coupling device to
a more usable voltage by the sensors and other equipment of the same nature and also to
study and develop a controller unit that is able to operate such a converter in the desired

operating point.
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Figure 1.2: Schematic of a Generic Buck Converter

This circuit produces a lower output voltage due to the voltage drop caused by the
impedance of the inductor. Since this impedance (ideally) is reactive, the voltage drop is
achieved without energy loss, as would be the case if a resistor was used. When connected
to the input voltage through transistor S, the inductor absorbs energy to its magnetic
field causing a voltage drop. When the transistor opens, the inductor voltage increases,
causing the diode to turn on so that the inductor current can continue to flow to the
output, releasing the stored energy from the inductor’s magnetic field. By controlling the
duty cycle of the controlling CLK signal it is possible to define the ratio between the input
and output voltages. The output capacitor provides an energy reservoir that reduces the
output voltage ripple.

The two operation modes of the traditional Buck Converter are shown in Figure 1.3



1.3. THESIS ORGANIZATION

On - State

N e ay
4

Vv

Off - State
/ 2o a's

v

Figure 1.3: A Generic Buck Converter in operation

1.3 Thesis Organization

The work in this Thesis was carried out as follows, first there was some research done in
order to better understand the concepts of Energy Harvesting and what to expect from
such a system. Both these analysis were presented on Chapter 2 as the state of the art
for this work. Also a research was made on different types of converters and how they
operate, as well as the strong and weak points, the advantages and disadvantages of each
one of them.

On Chapter 3, which is the main chapter of this work, based on the characteristics of
such converters and their modes of operation as well as their different technical charac-
teristics and implementation characteristics they were sorted out. Some topologies were
ruled out due to the fact that they were inadequate, as explained and justified further on,
while some others were selected for further studies and analysis. At the end of this section

one topology, the one that showed more promising results and ease to manufacture was
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CHAPTER 1. INTRODUCTION

selected and a second stage of calculations and studies was conducted, such as, how it
behaves in both Discontinuos Condition Mode (DCM) and Continuos Conduction Mode
(CCM) and wich mode of operation would best suit the purpose of this work. At the end
of this section, a fully functioning converter with adjusted duty cycles and its components
properly dimensioned was presented.

Chapter 4, presents the final steps of experimental work required, such as the studies
conducted and made on the controller for this circuit as well as the experimental results
and findings, that arose from the physical implementation and testing of the circuit at
hand.

On Chapter 5, the final results and calculations are presented, as well as a possible
implementation of a PCB prototype.

At last Chapter 6 presents both the technical conclusions that could be taken from
this work as well as future works that could be done in the field in order to improve and
further on develop this device and this architecture. As well as a brief economical study
on how viable this device would be in order to actually put it into use on the industry
for Industry 4.0 and how this financial aspect could be improved by future works in this
field.



CHAPTER

STATE OF THE ART

In this chapter, it will be explained how an energy harvesting system works and how it
can transfer energy from a source onto a load, which can be an energy storing device or
a load directly. It will also explain the objective of this thesis and an explanation of the

problem which it will try to solve.

2.1 Internet of Things

The Internet of Things (IoT) is an industry concept that, as we know it today, was first
introduced in 1999, although the concept of a smart network of devices had been first
recorded in 1982, when it was placed at Carnegie Mellon University a vending machine
which could tell how many products inside it had been sold, how many were still there
and list their temperatures. With this little experiment a new chapter in evolution started
one which will culminate with a fully integrated network of devices as will be explained
next. This is a simple concept which states that machines can communicate with each
other transmitting data and information without the need for human intervention, called
Machine to Machine Communication (M2M), therefore giving them a larger amount of
autonomy and capacity to automate certain aspects of industrial operation. A formal
definition of the concept has been given as: "a dynamic global network infrastructure with
self- configuring capabilities based on standard and inter-operable communication protocols
where physical and virtual ‘Things” have identities, physical attributes, and virtual personalities
and use intelligent interfaces, and are seamlessly integrated into the information network."[50].
This concept was first applied to Radio Frequency Identification (RFID). Later on, it
started to be applied to a number of different devices, such as GPS receivers, and even
actuators, which based on an input of a sensor, could operate on their own without the

need for human interaction or acknowledgment[50]. This is due to the fact that nowadays
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CHAPTER 2. STATE OF THE ART

many more appliances in the industry have internet connectivity and because of that, to
fully explore their capabilities, there is the need to use that connectivity. Therefore
these devices have the need to communicate an increasing volume of information over
increasingly longer distances and; in order to do that, they make a trade off between
baud rate, battery life and installation cost[49]. So, among the many challenges that this
concept poses, one of the most important, is efficient energy supply systems.

Given the fact that IoT applications need to meet multiple requirements of latency
tolerance, mobility, and reliability[11], we can perceive that the internet of things will
revolutionize the industry in the next few years, much like the steam engine did in
the eighteenth century; a concept called industry 4.0. This concept states that in the
next few years, many sectors of the market will be able to work autonomously or with
very little human supervision, such as manufacturing, transportation, asset tracking,
security, infrastructure monitoring[49]. However from here on, in this thesis, all these
sectors, will be simply called the industry. Therefore we can see that, in order to do that
it is absolutely indispensable that machines are able to communicate with each other
and send information to each other throughout low power devices such as sensors or
transceivers over Low Power Wide Area Networks known as LPWA or LPWAN. This
will de-centralize the industry and allow for machines and assembly lines from different
plants to be interconnected to each other[40] or the decentralization of medical services,
which can boost the free flow of medical information and diagnosis to provide for a
less standardised and more patient centred medical service[49]. Both of the previous
situations given here as an example of what to expect from the industry 4.0 and the
internet of things. In figure 2.1 we can see the chronological evolution of the industry

and the developments that made those leaps possible

8



2.1. INTERNET OF THINGS

INDUSTRY 4.0

Cyber physical
systems, internet of

INDUSTRY 3.0

Automation,

INDUSTRY 1.0 e computers and things (loT),

electronics networks
Mechanization,
steam power,

weaving loom

1784 1870 1969 Today

Figure 2.1: Industry evolution timeline over the centuries

The above figure was taken from the following website on January 3, 2020.

http://www.isitan.com/en/technology-industry-40-ready.html

All of that comes with the need to provide energy to all of these devices and sensors,
spread throughout a factory or any building that employs this kind of technology.

This begs the question of how to provide energy to all of these devices that are part
of such a network, keeping in mind that these devices, apart from actuators or heavy
machinery, are for the most part sensors and small transceiver devices, which are scattered
over the entire plant, and do not need a large amount of energy to operate.

The first and simplest solution, is to provide a large battery to the devices; a battery
that would autonomously support them over a certain amount of time and when it is
drained out, it would be replaced by a charged one. To optimize this solution, there
are certain techniques which can maximize the battery endurance, for instance the Age
of Information (Aol), which states that certain systems will only transmit information
pertinent to the whole system using criteria based on how old that information is, how
long it will take it to reach the appliance it has to reach and the level of priority it has[20].
Based on this implementation certain information might not be transmitted, for the sake
of energetic efficiency.

Another problem with the battery system is that devices would have to stay dorment
for some time in order to save energy, and this would pose some problems because when
they come online, they might have a very short period of time to decide which information
to relay or not based on the criteria previously seen in Aol.

The second and most obvious way of providing energy to these devices without the

9
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concern of information relaying would be to plug them into the electric grid, this is also
the most expensive and inefficient solution, because it would require a lot of extra electric
wires to supply electric plugs and, on the devices themselves, it would require step down
transformers for most of them or at least some sort of Power Management Unit (PMU),
based on a power transformation and processing unit, to make the handshake between
the low voltage sensor for instance and the relatively high voltage present on the electric
grid. The problem is that this unit would have to be bulky, heavy and thus expensive, to
provide the appropriate energy to the devices; this multiplied by all the sensors needed
would become extremely expensive and impractical.

This leaves us with the third solution which is the one that this thesis will try to
implement because it is much more efficient, practical, cheaper and energy efficient.

This third solution is based on energy harvesting and collecting energy from the elec-
tromagnetic field generated around electric power wiring. This way, there is a possibility
to have each sensor and device fitted with its own power unit that could harvest energy
from a close wire in the electric grid without adding plugs or more wiring to the installa-
tion, because the only thing needed would be for the device to be close to a wall where
electric wires were passing through so as to be under the influence of their electric field,
and therefore harvest part of the energy contained in that field. These devices would
also have their own means of storing that energy, in small batteries or supercapacitors,
so as to have that energy available at any time[49]. It is thought that due to the small
dimensions of the devices even with their own energy storing built-in capability, they
will be smaller and slenderer than the traditional solution. This would be the optimum
solution because it could accommodate a small battery which takes up less physical room
than solution number one, it wouldn’t take all the equipment needed in solution two and
using some sort of energy managing algorithms like the one described in solution one,
fine adjustments could be made, trading off device online time for battery capacity and
thus size, and vice-versa, according to the level of importance of the sensor or system in
order to make it more energy efficient.

In the next section will be exploited the concepts and techniques associated with

energy harvesting.

2.2 Energy Harvesting

Energy Harvesting (EH), is a technique of gathering energy for small applications which
captures energy from external sources like light, solar energy, thermal energy or in this
case, energy trapped in the magnetic or electric fields, of power wires and stores a certain
amount of it in small batteries or capacitors for it to be used later on by sensor networks
or other small electronic devices. The great advantage of using EH techniques instead of
traditional energy sources is that despite producing very small amounts of energy, the one
they convert is available as background in many places like walls where electric wiring is

located or ambient light provided by artificial lighting both indoors or outdoors.
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For the harvesting process to be possible there is the need to make a voltage and
impedance conversion between the energy supply, in this case, the electromagnetic field
and the load, in this case a supercapacitor. In order to make this conversion, there is the
need to develop a PMU, which will be placed between the energy harvesting component
of the device and the load for maximum efficiency[39]. This unit will comprise a PMU
core and a PMU starter circuit[8]. The main goal of this thesis is to develop a PMU, more
specifically the kernel of the PMU core which will be a DC-DC Buck Converter analysed
further ahead.

2.2.1 Energy Harvesting from Electromagnetic Fields

An electromagnetic field is a composition of two sinusoidal waves which oscillate between
a given maximum value, making a right angle between them, and a right angle with the
direction to which they travel. The magnetic field represented by H and the electric field

by E); a graphic representation of the two fields can be seen in figure 2.2.

Electric field

|-7Wavelength4—|

Magnetic field Direction

E

Figure 2.2: Graphic representation of the electromagnetic field

The above figure was taken from the following website on January 8, 2020.

https://openstax.org/books/university-physics-volume-2/pages/16-2-plane-electromagneticl

The energy in the magnetic and electric field can be harvested by the use of a coil or a

capacitor respectively. The energy present in a coil is given by the expression:

1 2

WmagZE'L'i (21)

With i being the current to which the coil was subjected to and L its inductance. The

energy present in a capacitor is given by the expression:

1
Welee = §~C-u2 (2.2)

With C being the capacitor capacitance and the u the electric voltage that its plates

are subjected to. From the expressions of indutance and capacitance we can write:
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L=ty pig N2 2L (2.3)

So by replacing L and C in 2.1 and 2.2 by their respective value obtained by the
expressions in 2.3 and 2.4 and then dividing 2.1 by 2.2 as done in the work of[8] we can
conclude the magnetic field is 10° times more powerful than the electric field, which at
first glance, would make the magnetic field a much more attractive prospect for EH than
the electric one. This is not exactly the case because the magnetic field is only present
when a current is present in the wire, while the electric field is always present as long as
there is an electric potential difference between the two extremities of the wire. Therefore

and specially in Low power EH applications, neither options can be disregarded.

2.2.2 General architecture of an Energy Harvesting System

In figure 2.3, we can see a Generic Energy Harvesting system and all of its components
based on the work of[1] and[8]. As we can see in this figure, there are two main compo-
nents of the PMU, which are the PMU core and the Start Up circuit.

The function of the startup circuit is to allow the harvesting circuit to start autonomouslyj]
Since the image shown represents a Thermoelectric Generator (TEG), the starting volt-
ages are very low and therefore, during the starting process, the circuit is prone to being
unstable. The starting circuit enables a transition phase to occur in order for the output
voltage to be more stable. A more detailed analysis of this circuit is presented in[1]. In
the case of this thesis, since this is a ELMH and not a TEG, the voltage available at start
is much higher, which means that there is not a need for a starter circuit in our imple-
mentation, The only issue that can occur is at the start when the output supercapacitor is
discharged, meaning its voltage is OV. This means that at start-up the DC-DC converter
has to be capable of operating correctly with a short at its output, due to the large value

of the supercapacitor[41].
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Figure 2.3: Generic architecture of the Energy harvesting system taken from [1]

The PMU core is used to actually deliver electric power to the load. It does so by stor-
ing the output voltage provided by a DC-DC converter in the Load-Buffer which in turn
is controlled by a two-phase low power clock generator[1], The Low Dropout Regulator
(LDO) is used ir order to disengage the starter circuit and engage the PMU core. The volt-
age level and Maximum Power Point Track/Tracking (MPPT) algorithm receives an input
from the load buffer and keeps the power delivered at its maximum[1],[8]. Although this
work is based on this architecture it cannot be equal because as previously said this is
based on a very low voltage source while the ELMH is meant to harvest energy from the
electric grid. So while this device main DC-DC converter was based on the Dickinson
pump[8],[1],[7], which is a step-up also known as a boost DC-DC converter, the need here
is for a buck or a step-down DC-DC converter which will be developed along this work.

As far as it is presently understood, the general architecture for this work would be

as follows:
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DC-DC Power
ELMH Lower
Converter
M P PT Control signal Loa d

Controller

Figure 2.4: Generic architecture of the system developed in this work.

As we can see on the image above, there is an ELMH which has enough power to
provide the start-up of the system without the need for a starting circuit, followed by the
DC-DC converter module, which will be the main goal of this work. Additionally it will
be implemented a digital control logic module with the purpose of keeping the MPPT,
and at last the load which will be a supercapacitor in order to store energy to be provided

to the sensor or other device to be supplied.

2.2.3 Generalizations and Considerations Regarding Power and Efficiency of
the ELMH

Although the focus of this work will be to develop a Buck Converter using discrete analog
components, it is important to analyse examples of power converters built using comple-
mentary metal-oxide-semiconductor (CMOS) technology, therefore the power dissipation
of the whole circuit as well as the power dissipation on the Converter can be attributed

to three main factors[46]:

* Static Dissipation
* Internal Power

* Switching Power

In a CMOS circuit, static dissipation depends on the parameters of the technology
used and would be a constant[46].

The internal power dissipation of the circuit corresponds to the amount of power
used by the components in the converter in order to operate correctly, such as the power
needed to operate the various switches. In the rest of the architecture this power would
be the one used to operate the Digital Control Unit for instance, as well as all the other

components both in the PMU core and in the startup circuit.
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The switching power is the power required to turn ON and OFF the switches in the
converter. These switches are implemented using MOS transistors or diodes, and they
have parasitic capacitances, that are charged to either the clock voltage and discharged
or to an internal voltage and discharged. This creates a power dissipation that is propor-
tional to the clock frequency. So in order to keep this parameter as low as possible, there
should be a concern firstly in keeping these parameters variable and controllable from
the Digital Control Unit, and secondly keeping them as low as possible.

Some of these concerns and factors that might affect directly or indirectly the value
of the parameters described will be discussed in future sections of this work, such as the
next one regarding MPPT capabilities and algorithms. These factors should be taken into
consideration when developing the converter and during future work.

The dynamic power consumption of MPPT controller circuit when all of the above

parameters are taken into consideration can be mathematically described as:

denamic :a'c'fc'VDzD (2'5)

In which «a is the switching probability, C is the parasitic capacitance associated to
the circuits nodes, Vpp is the supplied voltage and f. is the operating frequency[46].

The previous equation would be valid for the entire circuit including the controller,
the converter and any peripheral devices that would be attached to them. This represents
the power loss of the system which affects the efficiency. This is a very important param-
eter since this type of system harvests a very modest quantity of power. Therefore, they
are only feasible as long as the efficiency # given as P,,; over P;,;, with P;, the input power
and P,,; the output or useful power, is very high. Which is to say that the parameter

Piynamic must be as small as possible.

2.2.4 Maximum Power Point Tracking

In order to harvest energy there is also the necessity to develop MPPT capabilities so that
maximum efficiency is attained, given that these devices work with very small amounts
of energy and there is not a lot of it available.

There are two categories of MPPT algorithms, direct and indirect algorithms [47].
Direct algorithms are based on the "perturb and observe"method which introduces a
perturbation in the system and observes how the output varies, making adjustments
accordingly. The indirect approach, consists of crossing data from the consumption data
with the power curve of the energy available and throughtout different algorithms, predict
how the energy necessity will evolve over time. Solutions of the two groups are presented
below.

From the MPPT theorem (8], [39] we can determine that the device impedance has to
be complex conjugate of that from the Load in order to attain maximum efficiency. Thus,

the internal impedance of the supplying circuit should be variable in order to keep the
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Maximum Power Point. This can be achieved by a variety of methods and the DC-DC

converter can facilitate this process[39].

Other concerns are the amount of space available and the type of device that is going to
be supplied. Besides these, parameters of the following list should be taken into account
when programming a MPPT algorithm into the PMU core, more precisely in the Digital
Control inside the PMU. Such regards are[18]:

* Environmental energy model: Predictable behaviour of the environmental condi-

tions at which the device will operate.

* Energy Storage Type: The type of energy storing, if any, that will be used, if it is a

Lithium Ion Battery or a supercapacitor.

* Ratio of Energy Storage Capacity to Energy Harvested: The amount of energy that
can be stored in relation to the energy harvested. This parameter is directly related

with the efficiency of the system.

* Time Granularity: The frequency at which the device is going to be operated, and

the regularity of that operation. Being it every few mili seconds to a few days.

* Problem Size: The physical space available in order to build and place the whole

energy harvesting device.

Several algorithms and practices have been explored to take better advantage as well
as better manage the amount of energy across these types of systems. Most of these
are based on the principle of dynamic power management[38]. This principle states
that certain system components might be turned off when they remain in idle for an
extended period of time, this will in turn alter the characteristics of the circuit which
can be used to regulate the MPPT of the circuit in order to keep it at its best efficiency.
Other techniques might include limiting the amount of current which flows across the
device or altering its output voltage. In order to do so, the PMS, should comprise the
following components, Power Manager(PM), Spr(Service provider), Queue buffer, and

service requester(SR) based on [38], as we can see in 2.5.
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SPr Queue SR

Figure 2.5: Architecture of a possible PMS after [8] and [38]

Some of the algorithms that could be implemented by the architecture in figure 2.5
are for instance the Time Fair Rate Assignment and the Progressive Filling both explored
in[18], these algorithms are based on the premise that the energy must have a somehow
deterministic behavior, which allows these algoritms to predict future needs of energy,
and that the physical components are based on the model free approach which results in
them having variable duty cycles and variable clock timers[18]. The disadvantage of these
techniques is that they require very complex mathematical models previous to the imple-
mentation. They are difficult to implement when compared with the following techniques
and although they should be projected with some tolerance they are always conditioned
by the predicted behavior of the system. Other such techniques are the time-out tech-
nique which waits for a predetermined amount of time and shuts down components that
have been idle for that amount. This is a much simplistic behaviour which requires much
simple logic in the processor[38]. The disadvantage of this method is that it has a very
high latency problem, because while waiting the predetermined amount of time for the
PM to shut down the components, they are wasting power. Other approaches might
include Continous-time Markov Decision Process, this technique instead of waiting a
predetermined amount of time to shut down a component, it uses an asynchronous trig-
ger based on events happening on the device in order to engage or disengage different
modules. This technique is presented in the work [38], as well as variations of it that
can be more efficient depending on the circumstances. This technique might drastically
reduce the operating cycles inside the device which greatly reduces the internal power
dissipated.

Another technique that can be taken into account is the Clock-gating technique which
consists of placing digital logic components between the clock entry of the various digital
components of the circuit[46], which in terms allows for the operation of these compo-

nents at different passing and eliminates unnecessary clock cycles in order to reduce
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power dissipation.

At last another technique of MPPT that might make sense in this system is the Energy-
Aware program, based on the work of [39]. In this approach, the battery has a selfmoni-
toring device enabling it to control its own level of charge. When the latter gets below
a certain threshold, it sends a message towards the main device which will wake up
and start charging the battery once again. This approach has a disadvantage, because it
requires a careful monitoring of the battery level and spends a small amount of energy
while doing it, this amount that can be quantified by [39]:

_ Yoo Lulta)dt

(2.6)
Tsleep

I{l'l/é‘

Where I, is the average current that the module consumes during its sleeping oper-
ations, I, (t,) is the instantaneous sleeping curent of the battery monitoring module, o0t is
the sampling time interval and the Ty, is the total sleeping time.

Based on 2.6 we can infer that for relatively small intervals of time, the energy spent
will be very small and so, this might be a more economical solution power wise. But
in the case of longer waiting periods, meaning larger batteries, this might not be an
interesting approach because the average current will be larger and thus results in a
lot more wasted power. Therefore this might be a very interesting solution for medical
applications for instance, which involve very small amounts of energy and need to operate
almost continuously, making the sleeping time very small, but these are not very well
suited for the industry.

In conclusion of this section it is important to mention that regardless of the applica-
tion, for energy harvesting in general, it is necessary to choose an MPPT algorithm that
minimizes MPPT overhead even at the expense of some loss of accuracy on the optimum
operating point. This is due to the fact that Energy harvesting devices generate very
limited power and the nodes fed by the energy harvesters also consume very low power,
so there is the need to choose an MPPT solution that also consumes very low power and
does not overload the harvester, even at the expense of not being able to operate at exactly
the optimum MPP.

2.2.5 Energy Storing Devices and Energy Storing Processes

For this work two different options of storing energy were considered, supercapacitors
and Lithium-Ion Batteries.

The batteries have some disadvantages over supercapacitors such as the fact that
they do not endure as a large amount of cycles as the capacitors and typically require
a complicated charging scheme where the current, voltage and temperature have to be
carefully monitored and adjusted.

Moreover, most batteries have complicated charging procedures, where it is necessary

to adjust the charging current in function o the battery voltage and temperature, which
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requires a complex circuit to control the charging procedure.

Therefore supercapacitors were chosen over Lithium-ion batteries due to the fact that
a supercapacitor has a much larger number of charging and discharging cycles than a
battery, according to [41]. A supercapacitor can charge and discharge half a million times
until its total capacity drops to around 80% of its original capacity. They have a longer
life span, of around 10 to 20 years longer than batteries, given that it takes them 10 years
for its capacity to reach 80% and 20 to reach 50% [41]. They have a larger current density
that can be derived from them[47]. The capacitors have relatively low leakage currents, in
the order of nano-amperes, which allows them to keep fully charged for longer periods of
time [41]. At last, they are charged at the same voltage regardless of their voltage during
the charging process, they are simpler to charge and therefore better suited for low power

energy harvesting applications.

2.3 Analysis of DC-DC Step Down Converters Their Usage and
Applications in the Industry

In this section, an introduction to DC-DC Step Down converters, also known as Buck
converters, will be presented as well as the advantages and drawbacks of the various
implementations and architectures. This section, as previously mentioned regards the
most important part of this thesis, given that the main goal of this work is to develop a
Buck converter that has a specific amount of characteristics and fulfils the requirements

to be used in an ELMH as previously described.

The DC-DC converter, generically speaking, is a device of power electronics and power
management that receives a direct current input at a designated voltage and converts into
a either higher or lower output voltage. In this case, the Buck or Step Down converter
turns the input voltage into a lower output voltage. An ideal converter has the same
output and input power, thus if the output voltage is lower than the input voltage, the
output current will be larger than the input current, therefore in an ideal Buck V,,; =
DV, where V,,; is the output voltage, D is the duty cycle and V;, is the input voltage.
The simplest topology of a Buck converter is as follows:
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Figure 2.6: Simple and generic buck converter

2.3.1 General Considerations About the Buck Converters

The Buck converter is a very simple circuit consisting of an inductor and two switches.
One switch is implemented by the transistor S (controlled by the clock signal) and the
other by the diode D. The circuit operation is as follows: -When the clock signal is high,
transistor S turns on allowing current to flow from the input voltage source into the
inductor and into the load. This current is limited by the inductor because it is absorbing
energy into its magnetic field. The current decreases as the inductor charges. This causes
a voltage drop across the inductor resulting in an output voltage that is lower than the
input voltage. As the switch remains closed both the current and the output voltage
increase. -When the clock signal is low, transistor M1 turns off, stopping the flow of
current from the input voltage. Since the current in the inductor cannot change instantly,
its voltage will change abruptly, making the voltage of the node at the terminals of the
coil capacitor and load negative, thus turning on diode D and allowing the current to
continue to flow through the inductor and the load. The current decreases as the magnetic
field of the inductor discharges.

The output capacitor reduces the output voltage variation (ripple) by absorbing energy
from the inductor and releasing energy to the load. By adjusting the time duration of the
ON and OFF phases it is possible to adjust the value of the output voltage [44].

DC-DC Stepdown converters can be grouped into two categories, these are the Isolated
Converters and the Non-Isolated Converters[31].

The Isolated Converters are not referenced to Earth, so they have the advantage of
having an output current which is more easily controlled using a Transformer for instance,
and they can more easily achieve a very high step down conversion ratio. Although they
have the disadvantage of being less generalist, as it is more difficult to make them adapt
to any given value of a load or a battery, they occupy more physical space due to the
presence of a transformer, they are more expensive and tend to waste energy due to the
fact that the transformer core heats with usage[34]. The Non-Isolated Converters have
the advantage of having a large power density, being more easily adaptable to a given

output load and also work with very high efficiency, however it is more complicated to
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achieve a very high step-down ratio using this type of converter[34]. Consequently, these
converters are commonly used in low to medium power applications such as EH[31].
Although especially for EH as is the case, there is the need to have a very high step down
ratio, this might become a drawback because although these converters have very good
efficiency, cascading multiple modules reduces the performance, so among others one
of the challenges of this work is to develop a module as efficient as possible so that the

converter can be made of a single module or as little modules as possible.

2.3.1.1 Considerations to Be Taken During the Dimensioning Phase

During the sizing of these devices the following results, expressions and values to at-
tribute to the components in order for the converters to be as efficient as possible and
to work properly should be taken into consideration. These expressions have a certain
degree of tolerance but an effort should be made to choose values as close to these as
possible in order to achieve maximum operating capabilities [4].

D= %’ (2.7)

Lin = 2 ;P}R (2.8)

L=1.25-L,;, (2.9)

I = % (2.10)

Lynax = I + A'ziL (2.11)

Imin=1; — A'ziL (2.12)
Vo

Based on 2.7, this means that the duty cycle can be expressed as the ratio between
the output and input voltages. Expression 2.8 gives the minimum inductance of a coil
placed in the circuit and to keep the circuit in the continuous mode. The minimum value
of a coil in it should be at leat 25% greater than the value of L,,;,, as expressed in 2.9.
This is so that when the main switch of the circuit is open, the coils are large enough
to keep feeding the load with the energy in their magnetic field. Expressions 2.10, 2.11,
2.12, give us an indication of the current flowing through the circuit as well as the ripple
of that current which is an important measure because this ripple affects the efficiency

of the device, and if the output voltage has very high peak values, although the average
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value might be tolerable, the peak values might exceed the breakdown voltage of some
components in the circuit.

The capacitor which acts as an energy storage to the load and low pass filter to reduce
peak currents and harmonics, is given by 2.13, this capacitor shall always be able to absorb
the peak voltage calculated by 2.11 and 2.12. Another consideration that should be taken
into account is that diodes have a very large voltage drop and leakage currents, this can
affect the efficiency of the converter, by lowering the output voltage, thus according to
[4], Metal-Oxide-Semiconductor Field Effect Transistor (MOSFET) transistors can be used
in diode configuration in order to reduce this phenomenon and increase the efficiency.
In order to determine the specifications of the MOSFET to be used either as switches or
as diodes should be taken into account the Body Diode Power Loss which can severely
deteriorate the efficiency of the converter should be taken into account should also be
taken into account the possible usage of Schottky diodes since these present less Power
losses than normal diodes although they have the disadvantage of having more leakage

currents. This power loss can be expressed by the following expression:

PBodydiode = VsdoN “tBD * fow - (Tout + ZIneg) (2.14)
2Qsw

Lo = — 2.15

neg thw ( )

where Pgogygiode is the power loss through body diode effect, Vizon is the voltage at
which the transistor starts to conduct fgp is the conduction time of the body diode, f;,, is
the operating frequency of the device I,,; is the current output of the device and I, is
the negative value current given by 2.15 which is the negative current of the device which
may happen in resonant operation and make current achieve a negative value.

As can be demonstrated by 2.14, the body diode loss depends on the voltage and
specially the negative current, the frequency and the time might not be as important,
because they work against each other because as faster the commutating frequency, the
shorter the time the transistor is in the on state[34].

At last, in order to maximize the efficiency of the converter the total power loss should
be kept to a minimum and this is achieved by minimizing the total power consumed by
the converter, a very thorough analysis of loss and efficiency was made in [34] and will

serve as support for the efficiency considerations of this work.

2.3.2 Specific Analysis of Different Converters

This section will present the analysis of some of the architectures of different converters
which looked promising and that might serve as a starting point for the development of

the one needed.
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2.3.2.1 Isolated Converters

These types of devices have been recently used in ressonant converters, cascading two
steps of the converter, the first one as an isolated converter in order to achieve a high
step down ratio which is one of the biggest advantages of these devices, since they use a
transformer to reduce their voltage[34] and the second stage is a closed loop with a coil
and a capacitor, acting as a low pass filter, because in these devices, ripple currents are a
problem specially if they are feeding a battery[31]. These devices are particularly used in
high voltage and high power applications, so in this work the non-isolated ones might be
more interesting than these due to the fact that there is a need to operate with low power
settings achieve a very high efficiency and reduce the physical size of the devices, the
only advantage of the isolated over the non-isolated is that they can more easily achieve

a higher stepdown voltage than the latter.

2.3.2.2 Non-Isolated Converters
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Figure 2.7: Non-Isolated Topology of [31].

One of the first converters to be analysed was the one developed during the work of[31]
shown in 2.7. This converter falls into the category of the Non-Isolated Converters, as the
author said, it works as a normal converter, thus the controller circuit would be the regular
one used in any other kind of converter. This device has four operating modules which
allows it to charge and discharge two different inductors, so that the load is constantly
receiving energy. A a more detailed analysis can be found in [31]. Regarding the Steady
State analysis of this converter, it can be said that it allows for a stepping down voltage of
2.25 which is far less than that needed for this work as summarized in table 2.1, also this
converter operates with a power of 200W which is a lot more than the one which will be
drawn from this ELMH.

Although this Converter has some drawbacks in regard to what it is intended in this
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work, it has a crucial difference from other converters which is that for elevated step-
down voltages the voltage stress to components can be very large so this device uses what
the author called a Clamping capacitor known as C., which is mainly used to absorb
that overvoltage and increase the components life span. This capacitor does not have
any specific value as long as it is large enough to reduce the overvoltage to the desired
setting[31]. In this case the author calculated that the C, should be determined by:

ot

C
cToV,

(2.16)

Such as i ot is the product between the current that flows though the node of the
capacitor times the amount of time it does so. And 6V, is the variation of voltage to
the capacitor plates in that interval; as long as C, is kept over these values, to keep it
from reaching its fully charge state, so as to keep absorbing electric charge that would
otherwise stress the other components of the circuit. In this case the capacitor has to be

larger than 2.5y Farads.

The second converter to be analysed was also a Non-Isolated converter. This device
can be operated both in CCM or DCM, this means that it can work with either a syn-
chronous controller which keeps it at a continuous conduction state at regular intervals,
or an asynchronous one which will keep operating with an irregular cadence[44]. Usually
these types of converters are operated in CCM. Despite this type of operation is more
stable and reliable, it is also less efficient since it causes large losses on switches [13].
These efficiency problems might be mitigated using resonant converters which are briefly
discussed below. Largely, the behaviour of this device is achieved because this converter
is based on the principle of using two identical coils, which in turn generate two loops,
that feed the load constantly, both when the main switch of the converter is closed, and
the load is fed from loop number one, and when it is opened in which case the load is fed
from loop two[44], Therefore this device is very versatile and by altering its operating
mode, both from the CCM to DCM and vice versa, large conversion ratios can be achieved.
Although this is not entirely the conversion rate needed, it is still very high. The only
issue with this converter is that it is used with a very high input voltage and current, thus
power, and from what was presented in [44], this converter is not very well suited for
smaller power applications, because its optimum efficiency is achieved with the values
displayed in table 2.1,in [44]it is shown that when the load resistance is different then
50Q) or at higher frequencies, or lower power the efficiency plummets. Therefore this con-
verter seems like a promising solution but it would require some further testing, either by
reducing the inductance of the coils used or by making adjustments to the architecture

in order to adjust it to the range of voltage and power to be used in this work.
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Figure 2.8: Non-Isolated Topology of [44].

Also taken into consideration was a Quasi Square Wave (QSW) shown in figure 2.9;
this topology seems to be one of the most promising of these types of converters, since
it presents one of the highest step-down voltage ratios as seen in 2.1. This converter
is a resonant converter, with the inductor used having the function of both filter and
energy storage device, for that reason it should be large enough to accommodate both

roles simultaneously as stated in [34] by the following expression:
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Figure 2.9: Non-Isolated Topology of [34].
Lyes-I7 = Cyp- V2, (2.17)

Where L, is the inductance of the coil that guarantees resonance, I; is the current
across the device, Cy,, is connected to the switching node, the node where the main switch
is connected to, capacitance and V, is the voltage across the switching node. Another
possible implementation is a marginal resonant converter as presented in the work of
[13]. This converter has a sophisticated control system inside it, which works by detecting
the voltage across the free-wheel diode and when this voltage becomes equal to the input
voltage it opens the input switch thus achieving for a brief period of time a resonant state.
Despite the fact the control circuit and the general concept presented on this paper was

very interesting, the experimental results of this converter were not presented because

25



CHAPTER 2. STATE OF THE ART

this device has a step-down ratio of 1.4 and for this work as shown in table 2.1 there is
the need for a step down ratio of 135.

In the work of [14] a group of multiple architectures of different converters as well as
their characteristics, advantages and drawbacks can be found.

Two of the most simple of these complex implementations are the interleaved Buck
converter and the quadratic buck converter. These two architectures are achieved by
connecting in parallel simple converters and cascading them respectively. Because of
this, the interleaved converter can enhance the power output, reduce the current ripple
but it suffers a lot from voltage stress to its components [25] and the step-down voltage
is not very large as seen in table 2.1, the quadratic Buck converter as said before works
by cascading two or more conventional buck converters as the ones seen in figure 2.6,
but with only one switch commanding all of them. This converter suffers from very high
voltage stress but it theoretically achieves a higher conversion ratio than the interleaved,
because its step down ratio is the product of the ratios of the conventional bucks in the
architecture. In table2.1 we can see that they both have the same step down ratio, this
might be due to the fact that the author of [14], has used regular diodes instead of using
MOSFET transistors as diodes which have less current leaks and a faster commutating
behaviour. In order to achieve the best performance from these two architectures there
might be the need to use them together by interleaving two or more quadratic devices.

Another implementation studied in paper [14] was the Tapped-inductor Buck con-
verter. This converter presents a split inductor that can be adjusted in order to present
the optimum inductance to the circuit for the best efficiency possible, this topology is
very useful for controlling the duty cycle of the converter more easily, and it reduces
the conduction losses across the device; at the expense of a more complex controlling
system and MPPT algorithm implementation, as discussed in section 2.2, and it has the
disadvantage of keeping a very high voltage stress on the switches and diodes because
with every slight fluctuation of the coil inductance value, there is an alteration of the flux
across it, and very easily generate spike currents that exceed the circuit capacity [14]. An
alternative to the previous architecture is the coupled inductors topology, in this case
instead of a split coil, there are two conventional coils magnetically coupled to each other.
This reduces the voltages stress across switches and other circuit components as well as
current ripple although it does not reduce current ripple across the two coils themselves
which translates in heating and power waste. This topology also has a very narrow duty
cycle operation.

Another very interesting topology the switched inductor cells. In this case the con-
verter coil is replaced by two coils in parallel of equal value, and two freewheeling diodes
coupled to each one of the coils, so when the main switch is closed both coils are charging
and connected in series, but when the switch opens, both coils discharge in parallel thus
adding to the amount of current that can be supplied to the load for a smaller amount of
time [3], thus it can be stated that this converter works in CCM. This results in the fact
that these converters have a very high step down voltage and the expense of high ripple

26



2.3. ANALYSIS OF DC-DC STEP DOWN CONVERTERS THEIR USAGE AND
APPLICATIONS IN THE INDUSTRY

and high voltage stress on components, the author [14] called these inductors L-switching
cells, these converters are very good for low power applications [3]. There was also a brief
study of Multilevel Buck converters, but although these have a lot in common with the
previous one, they are better suited for high voltage applications as can be seen in the
table below they were tested with 5000W [14].

Lastly there are the Buck converters with tristate cells. These reduce the peak currents
and voltage stress on components, as well as an increase in the efficiency of the converter.
This is part due to the fact that part of the energy is fed through a transformer unit.
This tristate cell consists of two diodes, two transistors and two magnetically coupled
inductors acting as transformers [14].

Based on the work of [25], a very interesting topology arose, the High step down
single switch dc-dc converter. This device is primarily dimensioned to work in CCM, and
consists of a quadratic buck cascaded with a diode based buck converter, with one single
power switch across the entire device. This topology offers a very large step down ratio
without the need for a very large duty cycle, which in terms mean a reduced voltage stress
for a large duty cycle. This device works by charging a capacitor while the coils discharge
to the load and then that capacitor charges the coils once they become discharged [25].
The experimental results can be seen on table 2.1.

So, to briefly summarize after the compilation and analysis of multiple papers where
this type of device has been analysed, in different topologies and configurations, the
most promising topologies are presented in table 2.1, and as seen below one of the most
promising is the quasi-square wave buck converter and the L-switching devices, given that
these are the ones which present the most step-down ratio and are also one of the most
efficient at least for low power application such as this. Therefore, for further analysis,
these might be a good starting point in this case, although there is the need to study
the input impedance of these devices, because none of the papers studied had any value
regarding this parameter, so for future analysis this should also be a concern.

At last one other topology that was looked into was the Cascaded Buck converter
which is a derivative topology from the simple buck converter, it basically consists in
cascading two or more of the regular buck converters to cite the work of [2], it can be
concluded by the analysis of the previously mentioned document that voltage conversion
ratio is determined by the combination of the duty cycle of both converters, this is very
interesting, particularly in our case because it would allow us to divide such a large drop
down voltage through multiple stages and thus reducing the specification of each one of
the stages. In order to present a linear variation of the output voltage in regard to the
duty cycle, in CCM mode these converters should not be operated at duty cycles below
20% nor higher than 80%. To this work, this might pose a problem, because even with
two or more of these modules attached, the step down ratio required is very large. Thus,
such a converter would have different modules operating at very low duty cycles, which

accounts for some stranger behaviour and non-linearities in their operation according to

2].

27



8¢

Table 2.1:

Table to compile the various converters studied.

List of Converter Parameters

Topology
and Article

Voltage
Stress of
Switches

Voltage
Stress  of
Diodes

Ripple in Output
Current

Powerll
(W)

Effici-
ency

Vin
V)

Vout
V)

Step

Operatingll

Downll fre-

Ratio

quencyg

Desired
Converter
for this
work

50m-
100m

<90%

160

1.2

130

New High
Step Down
DC-DC
Converter
[31]

Vin-1 and
(Vin-Vc)-2

Vin-1 and
(Vin-Vc)-2

200

400

178

2.25

100KHZ]]

A DC-DC
Converter
for unprece-
dent higher
efficiency
[44]

99.39%

1200

180

6.66(6) 8KHz

Quasi
Square
Wave Buck
Converter
[34]

95.7%

48

1.8

26.6(6)J1MHZ]

Interleaved
Buck Con-
verters with
extended
duty ratio
[14]

Vin-1
Vin/2-2

Vin/2

VinD(l _2D)
2LF

240

94%

200

40

100KHZ]]

Quadratic
Buck Con-
verter [14]

Dvin(l_D)

DV, - 1
DV,

VinD?(1-D)
LF

93%

200

40

100KHZ]]
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Table 2.2: Table to compile the various converters studied (Continuation).

List of Converter Parameters (Continuation)

Topology
and Article

Voltage
Stress  of
Switches

Voltage
Stress  of
Diodes

Ripple in Output

Current

Powedll Effici-
(W) ency

Vin
V)

Vout

Step
Downll
Ratio

Operatingll
fre-

quency.

Tapped In-
ductor with
lossless
clamp [14]

nViy,

D+n(1-D)

Vi n

D+n(1-D)

n?V;,D(1-D)

(D +n(1-D))LF;

75 90%

200

40

5

100KHZ]]

Buck Con-
verter with
switched
inductor
cells [14]

2Vin
2-D

2Vin
2-D

VinD(l - D)
(2(2-D)LF;

26 -

200

40

100KHZ]]

Coupled
inductor
Buck Con-
verter [14]

Virl

VinD(1 -2D)
LiFs

50 98%

200

40

100KHZ]]

Buck con-
verter with
three state
switching
cell [14]

‘/l.il

Vin

VinD(1 - 2D)
2LiF;

1000 | 97%

200

40

100KHZ]]

Multilevel
Buck

Convreter(5§
level) [14]

Vin/4

Vi/4

ViyD(1 -4D)
4L, F,

5000 | -

200

40

100KHZ]]

A new
high step
down sin-
gle switch
dc-dc  con-
verter [25]

100 -

200

10.5

10KHZ]]

Switched-
Inductor
Semi-
quadractic
buck con-

verter [3]

42

4.6(6)

100KHZ]]
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CHAPTER

CONVERTER SELECTION ANALYSIS AND

DIMENSIONING

In this section some of the work that has already been developed towards the implemen-

tation of the DC-DC converter and its integration into the ELMH will be presented.

3.1 Impedance study of the previously Analysed Topologies

As previously stated one of the main concerns about this work was to make a converter
that was properly adapted to the energy system feeding it, given that the amount of
energy available in these systems is very small, so the first step after selecting a converter
was the analysis and optimization of the input impedance of the given converters on the
state of the art.

Since no such analysis was made in any of the papers reviewed it was decided that
before any further work could be done, at least a simple analysis of the input and output
impedances of these devices should be made, in order to determine in accordance with
the step-down ratio and their operating power namely which ones would be better suited
for the task at hand and therefore provide a better starting point for this work.

Some topologies were discarded after a more exhaustive analysis because although
they performed well as small step down converters they didn’t do very well when a
higher step down ratio and a lower power was involved. Some of such topologies were
the resonant Buck converter. This type of converter is better suited for small step down
ratios and large currents flowing through it as stated in [34].

The second topology of converters to be discarded were the square wave/quadratic
converters, because after some experimentation and further research it was found that

these type of converters are not very well suited for very high frequency due to the fact
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that high frequency devices need a very fast commutation frequency [14] which degrades
the performance of these converters and affects their efficiency.

At last the topologies that after a preliminary analysis were found to be promising
for this work were the interleaved converter, the Tapped inductor/Magnetically coupled
inductor, and the Cascaded Buck converter, further described and analysed in the next

sections.

3.1.1 Analysis of the converters impedance

Due to the fact that we need a very high step down ratio, there is the need to make
sure that the input impedance of this converter is high enough, larger than 50M(), and
the output impedance is relatively low, smaller than 500}, in order to protect both the
circuitry behind it as well as the supercapacitor that it will be feeding. Because the two
latter mentioned work with very different voltage and current levels.

In order to analyse the Input impedance of the three topologies mentioned, first there
was the need to determine the input voltage and the current flowing through them, both
in the permanent regime, where the current and voltage had stabilized. In order to

calculate these parameters the following expression was used:

Zy=Un_
|, 1(t)dt
T

T

Where the Z;, is the input impedance of the converter, U;, is the input voltage of

(3.1)

the converter I(t) is the current across the converter throughout the time considered, it
should be at least one whole period, and T is the total time elapsed during the integration
of the current.

This elevated input impedance is what will in fact ensure that the converter “s impedancel]
is well adapted to the ELMH feeding it. So the concern should not only be about the out-
put voltage and current but as well as the input voltage because according to the MPPT
presented in the work of [8], at best will result in a 50% power transfer. How well the
converter impedance is adapted to the ELMH is measured by the input voltage, which re-
flects how close together are the output impedance of the ELMH and the input impedance
of the converter.

Later on a second approach was used in order to determine the input impedance of the
converter and that was approaching the converter as a transformer[21], since the input
voltage was limited to a maximum and the output voltage was also limited to a relatively
small value that would be able to charge a supercapacitor some of the converters were
looked and analysed by their conversion ratio, since the input impedance could also be

expressed as:

Zin=V2R; (3.2)
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Being V- the voltage conversion ratio from the entrance of the circuit to the exit, and
R; the impedance of the load. With this analysis in mind there are three parameters that
can be constantly adjusted on order to get a satisfactory result, these being the Duty cycle
of the converter, and the frequency of operation the latter one only becomes extremely
relevant on the DCM mode. And the last one which is the maximum power available from
the unit, which is highly condicioned by the load impedance attached to the converter

[9]-

3.1.2 Converter analysis

The first topology to be looked into was the one mentioned in [14], as the interleaved topol-
ogy, which consists in connecting two regular buck converters in parallel. This topology
did not produce such good results as the previous one, which would be expectable since
it consists in a parallel connection, it presents the input voltage with a lower impedance,
than the previous one, and the output voltage is larger than the 1.2V needed, stabilizing
at around 2.8V.

This topology, might be an interesting one if the need to cascade multiple modules
arises, because it doesn’t lower the voltage to the exact value needed, which leaves some
manoeuvering space to cascade another converter. The results obtained from simulation
can be observed in the images below.

In figure 3.1, it can be observed the actual topology as the author in [14] proposes, as
we can see it was tested with a very high commutation frequency, which is also not very
good because the greater the frequency, the lesser the efficiency due to the fact that the
increase in frequency causes a higher energy loss charging parasitic capacitances on the

transistors gates.

Figure 3.1: Schematic of an Interleaved Buck Converter
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In figure 3.2 and 3.3 it can be seen both the output voltage and the output current
across the load respectively. These results were obtained with a 100KHz commutation

frequency as previously mentioned and a output resistance of 50Q).
1.6
1.4

1.2

Voltage
o
-]

0.6
0.4

0.2

0 0.002 0.004 0.006 0.008 0.01 0.012
Time

Figure 3.2: Simulation Results of the output voltage of this circuit.
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Figure 3.3: Simulation Results of the current in this circuit.

The total current obtained from the source in the permanent regime, is determined

as follows:
d,
Vin=Vi1+ Vour &= Vi1 = Vi = Vour &= Llﬁ =Vin—Vour &=
3.3
Il — fTon Vin - Voutdt Il — (Vm - Vout)Ton ( )
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The same analysis is valid for the coil number two. Thus it can be concluded that the

total current that is drawn from the source I;,; is given by:

Lot =D 41y &= Iy = (V; —VoutTon<<Li1>+<Liz>>) (3.4)
Ziy = S (35
(Vin_Vout)Ton((L_l)"'(L_z))

The graph depicted in Fig, 3.4 shows the input impedance as a function of the On
period, of this topology.

The On time is defined by the duty cycle, in this case for a first analysis it was cho-
sen 20% this was based on the work of [14] since the author of this paper had already
conducted extensive analysis on many of the analysed topologies which made it easier
to compare the simulation results done in this thesis between one another and with the
work of the aforementioned author. As can be observed, this presents very small values
of input impedance specially with lower frequencys. During the tests to plot this curve it

was assumed a constant value for the two coils of the converter(300vH).

Zin com L1(300uH) e Duty Cycle 20%

30,000.00
25,000.00
20,000.00

15,000.00

Input Impedance

10,000.00
5,000.00

,0.00
0 0.000005 0.00001 0.000015 0.00002 0.000025

Time of Operation

Figure 3.4: Graphical representation of the input impedance of this converter with the
Time of Operation

In conclusion, this topology presents by default a lower input impedance than the one
studied next although it does not lower the voltage so much, nervertheless it might be
interesting to explore because this one is more favourable to be cascaded with another

converter if necessary, since it does not lower the input voltage to the exact value needed.
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Still it didn "t fully satisfied the converter requirements for this work because by ma-
nipulating the previous expressions about this converter it was found that it would only
start to become interesting for the job at hand with an operating frequency of 1IMHz or
above and the physical components needed to do that were very expensive and made this
project uninteresting from a comercial point of view.

The second topology to be fully analyzed and tested in this work was the simple buck
converter as well as it s derivative which consists of a cascaded buck converter, putting
two stages of the simplest buck in cascade with each other. This topology alone could not
make a large voltage conversion ratio without generating very high peak currents in all of
the transistors, therefore the need to build a cascaded buck with more than one module
cascaded [25].

Using the analysis previously mentioned to determine an expression of the input

impedance of the converters, we could figure out that a simple buck converter would be:

dl; Ton Vin = Vout
Vin=VL1+Vyy &= Viy=Vour =Vi1 &= Vin—Vour = LIE L1 =1
0
(3.6)

This is when the converter is on

dI T Vo
Vi1 =V = Vyur :LlE = I= L—dt (3.7)
T0?1 1

and for a converter which is off

Now since in a steady state the converter is alternating between the On and OFF state,
the current never actually gets to zero, an offset has to be added to compensate for that
fact:

(Vm — Vout)Ton + Vout(T — Ton)
Ly
At last by applying the generic expression 3.1 to 3.8 we can conclude that the input

—1 (3.8)

impedance expression of a simple buck converter is as follows:

2V, TLy
STV Ay SRV (3:9)
( n out)) on out+ton

Therefore it can be infered that as the cascaded converter is composed by n modules

of the simple buck converter, its input impedance is:

2V TLy
2(Vin - Vout))To2n - VoutTo2n

( )" (3.10)

This is true as long as some considerations are taken into account such as the fact that
the decoupling capacitors between the stages must be large enough to isolate one stage
from the previous one and therefore diminishing the influence that one stage has on the

next and acting as an independent voltage source, as well as the need for the control and
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clock signals of the switches mustn "t overlap again in order for the stages of the converter
to act as independent and minimize their impact on the working process of each other
(2], [16].

In the images below it can be seen the schematic of the cascaded converter and the

first test results that were very promising for the desired objective of this work.

Figure 3.5: schematic of the cascaded buck converter with 2 stages

300
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Time

Figure 3.6: Voltage Evolution of the 2 Stage Buck Converter-Input Voltage

Figure 3.7: Voltage Evolution of the 2 Stage Buck Converter-Output Voltage

As can be observed on figures 3.6 and 3.7 the input voltage for the first stage of the
buck converter is around 90V and the output voltage at the end of the converter is about
4V this is a very promising result, the capacitor between the stages had a 470nF a value
which was determined experimentally. In this simulation this converter was tested with

ideal voltage sources therefore assuming an infinite availability of input power still this
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topology was very promising, showing a moderate level of eficiency attending to the
objective of this work for frequencies between 10KHz and 1MHz with duty cycles of 20%
with an efficiency varying from 12 to 25%. Further tests with different duty cycles were
later performed in order to have a sweep analysis with different On times, nevertheless as
previously explained the first tests were done with a 20% duty cycle in order to compare
and analyse different topologies. The input impedance of this converter is shown below.

Zin with L=750uH e DT=20%

3500 000.00
3000 000,00
2500 000.00
2000 000.00

1500 000.00

Input Impedance

1000 000.00

500 000,00

[1] 0.00002 0.00004 0.00006 0.00008 0.0001 0.00012

Time of Operation

Figure 3.8: Evolution of the input impedance of the cascaded buck with the comutation
period.

As can be seen from the previous graph, the converter input impedance is very high
for large commutation frequency values but it decreases very rapidly. This phenomenon
is due to the fact that for frequency values larger than 1MHz operating frequency the
converter does not operate as desired due to parasitic effects on the gate of the transistors
and large current spikes at the coils, rendering the mathematical model used not very
accurate at such extreme conditions. Still at 500KHz frequency we can observe a very
large input impedance as would be expected and the expression mentioned before be-
comes entirely valid. Also, of upmost importance is the fact that all these converters were
tested with a relatively high duty cycle at this stage. For a real application and for further
studies a smaller duty cycle will be used, allowing for a smaller power consumption and
transfer as well as a larger step down voltage.

At last, the third and final topology to be fully analysed was the coupled inductor buck
converter, this consists in a converter where there are two coils magnetically coupled to
each other, this allowed for a very high step down voltage ratio with relatively small coils,
at least theoretically [36]. The problem with this type of converter as is explained further
is that each device would need to have its coils wound one by one and by hand in order
to get the desired effects, therefore, this made the usage of the magnetically coupled

inductor buck converter unfeasible for such a small energy harvesting device, although
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it showed very promising results theoretically at least.

Figure 3.9: Coupled Inductor Converter Schematic

In figure 3.9 it can be seen the schematic for the coupled inductor buck converter,
one aspect of this topology that must be taken into account is the fact that the two clock
signals must not overlap, otherwise the input voltage would be short circuited to the
ground and discharge a large ammount of current through it. This is undesirable since it

is highly inefficent and creates large current spikes that can destroy the transistors.
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250
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Time

V(n001)

V(n003)
Figure 3.10: Coupled inductor converter voltage conversion in steady state
In figure 3.10 the steady state voltage conversion ratio of this converter is shown, it

can be observed that it has a very large voltage conversion ratio, it can lower the voltage

from 200V to about 6V, which is very desirable for the intended application.

Output Current Input Current

Current

Temporal Displacement
Figure 3.11: Steady State Current of the coupled inductor buck converter
In figure 3.11 we can observe that the current flow of this converter is fairly steady

specially the output current represented in green, the input current which is in blue has

large spikes, something that was observed at frequencies above 20KHz, not many studies
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were presented towards solving this issue since there was a fair ammount of certainty
that this converter wouldn "t be used for the reasons previously mentioned. Although
the most probable cause of these spikes is the fact that coupled inductors carry a larger
magnetic momentum because the same switch is in fact operating two coils and inducing
currents in two coils at the same time [14]. Therefore the switches and the diodes on this
converter should be faster to react and have less Gate parasitic capacitance in order to

make for a quicker commutation and therefore eliminate those spikes [32]

Zin at L=0.1mH and DT=20%

120000
100000
20000

60000

Input Impedance

40000

20000

0 0.000005 0.00001 0.000015 0.00002 0.000025
Time of Operation

Figure 3.12: Coupled inductor converter impedance evolution

As we can see on the figure above, the impedance on this type of converters is larger
at a lower frequency, this might be due to the fact, once again, that at very large fre-
quencies the converter cannot cope with the magnetic properties of the coils and induces
current spikes on them. This increase in current, according to 3.1, will diminish the input

impedance largely [32].

Vout(T B Ton)+ (Ll VLlLZVaut) + (LlLZVout)(T - Ton)+( VLZLl Vout + LZVout)(T - Ton)

h="nL L(LILVEL, Lihily)

(3.11)

3.2 Advanced study and testing selection of the final topology

Based on the preliminary analysis mentioned prior of the three topologies, the one that
revealed more potential was the cascaded buck converter so it was decided that that
topology would be the one that would be further analysed, disregarding the previous
two. The number of stages was set at two stages which appeared to be enough to allow
for the voltage conversion ratio necessary as well as maintainig the circuit simple and

compact enough for this project, and also to use small enough components which allowed
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to keep the circuit to be economically interesting. During the subsequent analysis some
problems arose on the implementation of the converter, first of all the challenge to make
it work with a circuit that simulates the actual ELMH from the work of [8]. This posed
two problems at start, the first one was the fact that the energy harvesting system in
question has a limited power output capability and the second one is the fact that the
output impedance of the ELMH has to be precisely determined in order to get a proper
line adaption to the converter. The output impedance of the ELMH was estimated as
follows, based on the work of [8].

1
E—— (e 3.12
2*250]?*71 out( ) ( )

This gives an output impedance of the ELMH of about 12.7MQ), therefore although in
the preliminary testing we were interested on having a converter with an input impedance
as large as possible, in order to have an ideal matching, the need and the converter would
be readjusted for this calculated value of impedance. The advantage of having a converter
with a margin to operate across a wide spectre of impedances is that all the circuit will not
have a completly stable operating point, therefore it will need a controller circuit to keep
it operating at the optimum point, this circuit will work by adjusting the duty cycle of
the converter in order to control its input impedance and obtain the maximum efficiency
from the converter as mentioned in [27] and [33]. This part about the controller, how it
will work and what was done to cope with the challenges that arose is further debated in
section 4.

From this point on, the basic requirements of the converter were completly set. There
was the need for a converter that would ideally provide 12.7MQ of input impedance,
and worked at a very low power setting as well as could handle as much input voltage
as possible to a maximum of 115V wich is the average value of 230 [28], and at the
same time that could keep a step down voltage as high as possible in order to supply a
supercapacitor[9].

With these goals set, the next task was to determine the expressions for the calculation
of the value of the coils, capacitors throghout the circuit as well as the diodes and switches
within it, the optimum operating frequency and the regime in which the converter would
operate, being it DCM or CCM. All these problems are addressed in the sections that

follow.

3.2.1 Detailed analysis for the final topology

After a final topology had been selected, in our case the cascaded buck converter, due
to the fact that is was the one topology that showed the most prominent advantages as
previously stated, and was the topology that allowed for a better energy transfer efficiency
maitaining the step down ratio required and the input voltage to the converter as high as

possible.
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Therefore there was a need to study this architecture in more depth and obtain the
actual expressions of the impedance [28] in order to modulate the behaviour of this
converter and to be able to control its operating output. In order to do so there were two
approaches that could be taken, the operation in CCM and the operation in DCM, both
had their advantages and disadvantages. Because of that an analysis of both of them is

shown below.

3.2.1.1 CCM mode Study

The CCM is characterized by the fact that the current inside the coils of the converter
never drops down to zero, so even when the converter is in the off stage and only the
diodes are conducting, there is always a remanescent value of current inside the coils [2].
Therefore the value of the voltage both in the coils as well as in the converter output is
always rising until a certain value when it reaches equilibrium. In that state of equilib-
rium the ammount of power transfered to the output is equal the the ammount of power
dissipated by joule effect in it, modulated in the schematic by a resistance, and therefore
allows for a constant value of output voltage to be maintained [9]. These effects are better
explained by the calculations and analysis below, this analysis was generalized for the

simple buck converter and then it was made a specific analysis for the cascaded buck:

di L dii V.-V
_V5+R0nIL+Ld_ltl+Vout:O:>IL+_ h_ Vs out

di _ 3.13
R,, dt R,, (3.13)

As can be seen on equation 3.13 this analysis is similar to the one previously done
for this type of converter, the only difference is that in this case the series resistance of
the input source was taken into account, as calculated below, which gives the following

complete expression for the inductor current in the buck converter during phase 1:

V —V _Ron*t _Ront
=2 (1-e L )+I)0)e L (3.14)
Ron

IL(t)

In expression 3.14 is described the entire operating mode of the Buck converter in the
first stage so the first member of the equation is the voltage gain derived from the fact that
the switches are turned on and there is voltage being transfered from the input source to
the output of the circuit. This forced regime has an exponential evolution because as it
charges the supercapacitor at the output the evolution of the voltage tends to slow down
and stabilize in a certain value. The second member of this equation is the current value
that comes from the last phase and is added to the forced regime present in phase one.

In order to simplify this equation an approximation can be made, e* ~ 1 + x given that

9" + T which is smaller than 1. In this

X << 1 in this case we can verify that because X =
condition an approximation can be made to the equation of phase one as well as to the

equation of phase two.
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Figure 3.13: Evolution of the current until it stabilizes

As can be seen on the figure above, the current has a sawtooth exponential evolution
towards a predetermined value. This only happens because the current on the next state
is equal to the current in the coil plus a remanescent value from the previous state. As
previously described this behaviour repeats itself until the circuit reaches a steady state
where all the power and thus current that is transfered from the input is dissipated in the
output and therefore the output capacitor does not charge anymore, leaving its voltage

steady or at least oscilating around a stable average value.

(VS - Vout)T
L

V-V, R,,T R,,T
S 0ut1_1+( on )+12(1_ on

R,, L i +1;(0) =4)(t) > t €0, T,,] (3.15)

)=

In much the same way, when phase 2 is active and the switches are turned off, the
diodes are in freewheel and the same analysis can be made, in this case the expression for

phase 2 will be:

_VoutT
L

In conclusion of this analysis, keeping in mind that this circuit is an analog circuit

+ IZL(O) = il(t) —te [Tow TClk] (3-16)

that operates in continous mode, to verify the equilibrium condition, we can look at it as
a discrete circuit, taking into account only the moments of comutation between phases.
In this case, the equilibrium condition is when 3.15 = 3.16 from the previous comutation
[9]. Given that for phase 1 w = K; and for phase 2

can further describe this particular converter for the steady state operation as:

~ Vout

= K, for simplicity. We

Iy [n] =Ky Ty + Ky(Tepg = Th) + Ip[n— 1] (3.17)
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This is for the first state of the converter and for the second we can describe it in much

the same way as:

Irp[n] = Ky Ty + Ky(Tepx — To) + I [n - 1] (3.18)

Given that this converter works in ping-pong configuration, so T} and T, were com-
plementary and T + T, = T¢ -

In the case of our cascaded Buck converter since it is made up by two stages of simple
buck converters, we can analyse both stages independently and consider that the output
of the first stage is the input voltage of the second stage, this analysis is only valid as
long as the intermediate capacitor, C2 on figure 3.6, is large enough to enable a full

detachment between stages and thus behave as a voltage source [2] and [4].

3.2.1.2 DCM mode Study

Forcing the converters to operate in CCM mode has some disadvantages for the intended
application. In order to achieve the desired power level which is very low and the desired
voltage ratio which is very high, it is necessary to use a very low duty cycle in the con-
verter’s clock signal. Therefore, using the analysis described in [4], in order to maintain
CCM it would be necessary to either use 10H coils or increase significantly the clock
frequency (more than 10MHz). The first option would result in a very expensive and
bulky system and the second option would not work because there is not enough power
from the energy harvesting device to create a high frequency clock, given the amount of
energy required to charge the parasitic capacities of transistors and diodes 2.14.

So the solution is to use a relatively low value for the coils and a frequency small
enough to make this solution both economically attractive and feasible was to explore the
operation of these converters in DCM [22].

The basic operation of this mode is that the current circulating in the coils drops down
to zero and remains equal to zero for a significant part of the clock period[23].

This format of operation has some advantages and some drawbacks as well. The
advantages are that it allows for a longer shutdown period of the circuit as mentioned in
chapter 2, in practice, this allows for a reduction in the average current and thus power
transferred from the input to the output because the converter remains in the off state and
discharging the coils for a longer time [35]. This allows the converter to have a very high
conversion ratio, benefitting from a longer operation period and thus a lower frequency.
The drawback is that in DCM we have another degree of freedom, from the fact that
period of the controller has to be constantly adjusted in order to optimize the amount of
time it is in the off state in order to keep it with the appropriate step down ratio and as
efficient as possible[22].

In DCM mode we will have the following equality regarding the times of operation of
the converter: Torx = Ty + T+ T3, in which T; represents the amount of time the converter

is turned on for the first step, the second time T; is the time the converter is turned off
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for the second step and T3 which is the time the converter remains in the off state but in
this case, the current of the coils actually drops down to 0 and remains at 0 for a given
time until the cycle starts all over.

So as in the previous state of operation, we will have the two main operating states,
of the converter on and off plus a third state which will control the overall power that is
transferred from the input to the output of the converter [23].

Vs = Vour
L
In this first state, the converter won "t have a current component to be added to it

st=ip(t)—te[0,Ty] (3.19)

since it always starts off from 0 because of the time that the current in the coils drops

down to 0.

-V,
L"“t st+ I, =ip(t) — t [Ty, T»] (3.20)

In the second state a component must be added to represent the maximum current of
the coils at the end of the first stage at how it drops down to 0 [23].

OZiL(t)—)tE[T2,TCLK] (321)

Finally, the third state is just keeping the current in the coils at 0 in order to spread
it along a longer time and thus making the current over time along the converter go
down, and thus making the input impedance of the converter go up and so improving its
efficiency by making it better adapted to the grid and being able to retain a higher level
of voltage from the source.

Ergo a conclusion can be made that the steady state of this converter in DCM is given

by the following expression:

T T T, )
(jo11L(T)dt+ijzL(T)deT;LKOdt) Ry,

(3.22)
TCLK 2Rseries

Which translates into the following expression if we substitute the generic term I; by

the actual expressions that it represents. which will be 3.19, 3.20 and 3.21 in this order.

T, Vs = Vour . Vout Terk 2
(J, T stdt+ [ 3 *t+12Ldt+fT2 0dt)>+R; _ v, 5.23)
TCLK 2Rseries

What it means is that the first state of a converter working in DCM has a rising flank
from 0 to T} where its inductor current rises from 0 up to the maximum value possible.
Then it has a state where its inductor current is discharging and dropping from the peak
value until it reaches the value of 0. And at last, it has a third and final state in which the
current in the inductor remains at 0 for the remainder of the cycle. This third term that
extends from T, to Tk is the additional degree of freedom that can be used in DCM in
order to control the values of power of the converter and guarantee that it is stabilized at a
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lower voltage using smaller coils and a smaller frequency, because the period of operation
is shortened to the extent that the converter remains for a certain amount of time in the
off state and with its coils at 0 current.

Therefore the chosen mode of operation was the DCM mode, because although it is
more complicated to implement from a controller point of view, it is easier to obtain high

levels of impedance and therefore get a large amount of power from the ELMH to the
output capacitor.

3.2.1.3 Problems That Arose From The Cascaded Topology and Possible Solution

After testing the 2 stage cascaded buck converter some problems arose that became un-
overcomable. These problems were detected after the testing of the circuit in Spice
software and could not be foreseen in the theoretical analysis of the circuit. Most of
these problems were connected to the fact that the circuit has a large amount of parasitic

capacitances to be charged on each cycle especially if it is working in DCM mode [17].

Source (5] i Drain (D)

—HE Gate (G)

S10;

v

+ + +|+ + +
Metal Electrode
Metal Oxide Insulator

M-y pe Channel

Depletion

Substrate Layer

Figure 3.14: NMOS-transistor

The first of these problems is that each switch being a NMOS transistor has a certain
gate capacitance between the gate and the substrate. Every time this switch is turned
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on this capacitance has to be charged. Given that this circuit is meant to work with very
small power levels this capacitance has to be very small otherwise the circuit efficiency
collapses and in some cases, all the power the circuit could deliver was used to charge
these capacitances [30]. The only solution is to search for or build very small transistors
which offer a very small area. The other solution is to use a single stage converter in order

to have just one switch and therefore just one capacitance to be charged.
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Figure 3.15: 2-stage Buck Converter Schematic.

The second problem that we faced which was more demanding and hard to overcome
was the fact that with a two stage cascaded buck converter as seen on figure 3.15, the input
capacitance of the converter which was the combined capacitance of the gate capacitance
of the two switches, would be very close to the output capacitance of the ELMH. Therefore
due to these parasitic effects the circuit would behave as two capacitors in parallel which
caused the input impedance of the converter towards the ELMH to be very small and way

below what was expected from the theoretical and ideal results.

Because of this in this particular topology, it was verified that the output voltage
and the input voltage would be rising very rapidly and continue to rise way beyond any
possible values when charged by the ELMH. This was because of this very low impedance
that the circuit presented, the clock signals, which on this stage were represented by ideal
voltage sources, would be providing large ammounts of current to the circuit, and both
the output capacitor, as well as the parasitic capacitances from the switches would be

charged using energy from the clock signals, as can be observed on the image below.
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Figure 3.16: 2-stage Buck Converter Transient Analysis, Output Current.
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Figure 3.17: 2-stage Buck Converter Transient Analysis, Current on the Second Coil.
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Figure 3.18: 2-stage Buck Converter Transient Analysis, Current on the First Coil
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Figure 3.19: 2-stage Buck Converter Transient Analysis, Input Voltage.
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Figure 3.20: 2-stage Buck Converter Transient Analysis, Output Voltage.

As can be seen on figures 3.16 to 3.20 the green line represents the input voltage to
the converter which is very close to the ideal results, but on the lower half of the graph
the current from the clock signal sources can be observed as delivering a large amount of

current, way beyond the maximum capacity of this circuit.

Due to these problems and concerns, the 2 stage cascaded buck converter had to be
abandoned because it was simply a too large circuit with many devices that had to be
charged and discharged in order for it to work, and unfortunately there was simply no
power availability for it. So it was decided to try to replicate the same results using a
simple buck converter, with just one stage, because this is a smaller circuit with way fewer
components. Although this has an inconvenience, which is that to achieve the same step
down voltage with just one stage, the components had to be larger in size have the circuit
would most certainly had to operate at a larger frequency in order to boost both the input
impedance as well as the efficiency.

3.2.2 Study of the Single Stage Buck Converter

As previously mentioned, the cascaded buck converter had to be abandoned, and replaced
for a single stage simple buck converter as the one shown on figure 3.21, therefore a
further study and analysis for this new, although simpler, circuit had to be conducted,

such analysis was as follows:
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Figure 3.21: Single Stage Buck Converter Schematic

First the step down ratio which would be the duty cycle D, although in this particular
case, given that the output voltage is not constant and is always rising, given that the
output charge is a supercapacitor, but based on the analysis previously made by [4], we
can reach a compromise between the duty cycle and the impedance of the converter, and
the velocity at which the output voltage rises in order not to exceed the maximum voltage
of the supercapacitor and also not to have the need of switching the converter on and off
multiple times [26]. But more of that will be exploited in the section about the controller
of the circuit.

So the components chosen and calculated for the operation of the converter shown in

figure 3.21 were:

L=1mH (3.24)
c=10uWorR =1000KQ (3.25)
f=10KHz (3.26)
D=1% (3.27)

T =100pus (3.28)

These values were obtained from the mathematical analysis and sizing of the com-
ponnents for this converter, some of which are mentioned below as well as economical
considerations about the price of the componnents and the size of each one of them and
how this could affect the normal operation of the converter as well as its purpose as a
mobile unit.

The second part to be analyzed was the impedance that the converter could present to
the ELMH, because as it was explained on previous sections, there was the need to have
the converter well adapted to the grid in order to achieve the maximum power possible.

The theoretical expression of the simple buck converter was:
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Zin = — 2 (3.29)

Where T¢k is the clock period, T; is the On time, L is the value of the inductance of
the coil.
Vout

V' - V t
and the L parameter was fixed and sized to be as large as possible,l within reasonable

Based on expression 3.29 it could be concluded that the parcel is constant

limits, such as economic cost of the component and physical size of it, in order to make a

small compact circuit with very limited power loss, this value was optimized at 1mH.

Therefore the impedance of the circuit was sized based on the Duty cycle and the
time between cycles that elapsed, in the DCM with all this in mind we reached a value of
impedance of 6,8MQ) with a theoretical ideal frequency of 10KHz, which is around half
the ideal value of 12,8MQ [8].

Finally the third aspect that was designed and considered in order to start testing the

new converter topology was the efficiency of the converter.

Pout

_cout (3.30)
P+ Perk

}7:

As can be seen on expression 3.30 the efficiency of the converter has to be measured
based on the output to input ratio and the power supplied to the clock generator, because
there is a chance that the power from the clock generator actually provides some current
to the circuit, especially to charge the parasitic capacitances of the switches coming on
and off. In order to calculate the efficiency of the circuit, since there was the need to
use a very large amount of cycles of the circuit, for obtaining a better precision and
accuracy of the results, the output capacitor was replaced by a very large resistor, this
way the precision would not be compromised, since a very large resistor gives an electrical
behaviour similar to the one of a discharged capacitor. There was a chance to measure the
power output with less computing power. With this simulation we could obtain power
levels of around 70uW.

This topology showed very promising results although those results came very far

apart from the actual ideal results that were expected. As shown in the images below.
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Figure 3.22: Ouput and Input Voltage of the Single Stage Buck Converter

As seen in the previous figure 3.22,those are the simulated results of the simple stage
buck converter with a capacitor of 10nF, the value of the capacitor had to be adjusted
empirically within certain limits, in order to have a large energy reservoir, which allowed
the output voltage to increase slowly so the circuit would not be constantly turning on
and off, but also small enough not to be too expensive and allow for the total impedance

of the Converter to be reasonably high so the circuit and the power transfer could occur.

Worth noting in either figure is that the converter only starts after half a second from
being coupled with the ELMH, this is due to the fact that with such large capacitances
both in the output as well as in the intermediate portions of the circuit, at the beginning
when all capacitances are discharged, the circuit presents a very low impedance to the
ELMH and therefore if not given a few moments to build up its voltage during the start,
and if connected all at once, the converter presents itself as a short circuit to the terminals
of the ELMH.

As can be seen on figure ?? left unattended the output voltage would stabilize at
around 4V, therefore we would need a killswitch in order to prevent the output voltage
from exceeding 2V and the input, with a large capacitor such as this one is stable at
around 7 to 8V, this allows for approximately the same levels of power transfer that we

would find using a 1000KQ resistor on the output as the one used on image 3.22.
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Figure 3.23: Current evolution on the coil of the buck converter

On figure 3.23, we can observe the current on the coil of the converter, as we can see
there is some power loss due to reactance on the coil and switch. This is due to the fact
that the power losses due to the swithcing of the parasitic capacitances associated to the
circuits components represents a significant fraction of the small amount of available
input power. So according to [15] and [13], this reactance can be explained by the fact
that the parasitic capacitances of the gate from the switch and the parasitic capacitances
of the PN junction of the diode are causing a resonance effect with the coil of the circuit
and this is basically generating unwanted harmonics in this topology. According to [15]
one way to deal with this is using another topology, the afore mentionned quadratic buck
converter, although this is not usable in here because of the previously mentioned power
loss on the switches, the other solution was to choose components with gate and junction
capacities as small as possible, and try to mitigate this phenomenon.

In order to maximize the efficiency of the converter multiple types of transistors and
diodes were chosen, in order to obtain one that could have the lowest possible parasitic

capacitance and therefore provide a better efficiency of the circuit.

At first multiple types of transistors were considered and different results for the
various power levels and efficiency levels were registered in order to compare them across

the different clock frequency values, the results are shown on the tables below.
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Transistor Frequency Pin_converter PCLK Pin_Source P_out Converter Efficiency System Efficiency (measured at the Source)
IPP180N10N3
7KHz(a 200n) 7.60E-05 0.000196723 0.00011008 7.45E-05 2.73E+01 2.43E-01
8KHz 7.55E-05 0.000215159 0.00010984 7.47E-05 2.57E+01 2.30E-01
9KHz 7.65E-05 0.0002501 0.00010924 7.48E-05 2.29E+01 2.08E-01
10KHz 7.78E-05 0.0002690&| 0.00010895 7.49E-05 2.16E+01 1.98E-01
11KHz 7.37E-05 0.000295949  0.00010875 7.50E-05 2.03E+01 1.85E-01
12KHz 7.30E-05 0.000328479  0.00010857 7.51E-05 1.87E+01 1.72E-01
Transistor Frequency Pin_converter PCLK Pin_Source  P_out Converter Efficiency System Efficiency (measured at the Source)
Fairchild FDS696 1A(mauser)
7KHz(a 200n) 4.05E-04 0.00018141| 0.00020452 9.66E-05 1.65E+01 2.50E-01
8KHz 1.85E-04 0.000212618  0.0001883 9.06E-05 2.28E+01 2.26E-01
9KHz 1.34E-04 0.000168238 0.00017631 8.60E-05 2.84E+0D1 2.50E-01
10KHz 1.34E-04 0.000168238 0.00017631 8.60E-05 2.84E+01 2.50E-01
11KHz 1.34E-04 0.000168238| 0.00017631 8.60E-05 2.84E+01 2.50E-01
12KHz 1.30E-04 4.27E-05| 0.00015439 7.80E-05 4.50E+01 3.96E-01
Transistor Frequency Pin_converter PCLK Pin_Source P_out Converter Efficiency System Efficiency (measured at the Source)
Rohm RSROZONOG(maouser)
7KHz(a 200n) 1.77E-04 6.62E-05 0.00016157 8.25E-05 3.39E+01 3.62E-01
8KHz 1.27e-04 6.98E-05| 0.00015159 7.85E-05 3.99E+01 3.55E-01
9KHz 1.25E-04 7.17E-05, 0.00014444 7.61E-05 3.87E+01 3.52E-01
10KHz 9.98E-05 8.07E-05| 0.00013896 7.47E-05 4.14E401 3.40E-01
11KHz 7.36E-05 8.83E-05 0.00013493 7.38E-05 4.56E+01 3.31E-01
12KHz 1.08E-04 9.38E-05| 0.00013145 7.32E-05 3.63E+01 3.25E-01

Figure 3.24: Transistor analysis for better efficiency 1.

Transistor Frequency Pin_converter PCLK Pin_Source P_out Converter Eficiency System Eficiency (measured at the Source)
Rohm RSQ015N06(mouser)
7KHz(a 200n) 1.74E-04 3.80E-05| 0.00019793 9.75E-05 4.59E+01 4.13E-01
8KHz 1.67E-04 4.21E-05 0.00018166 9.03E-05 4.32E+01 4.04E-01
9KHz 1.89€-04 4.48E-05 0.00016928 8.52E-05 3.64E+01 3.98E-01
10KHz 1.76E-04 4.65E-05 0.00016013 8.16E-05 3.67E+01 3.95E-01
11KHz 1.64E-04 4.64E-05| 0.00015301 7.91E-05 3.76E401 3.96E-01
12KHz 1.57e-04 6.24E-05 0.000147 7.72E-05 3.52E+01 3.68E-01
Transistor Frequency Pin_converter PCLK Pin_Source P_out Converter Efficiency System Efficiency (measured at the Source)
Rohim RSFOLSNO6 (Mouser)
7KHz{a 200n) 1.74E-04 3.94E-05 0.00019564 9.63E-05 4.52E+01 4.10E-01
8KHz 2.02e-04 4.47e-05| 0.00017978 8.94E-05 3.62E+01 3.98E-01
9KHz 1.86E-04 4.56E-05 0.00016763 B.46E-05 3.66E+01 3.97E-01
10KHz 1.74E-04 4.68E-05| 0.00015883 B8.11E-05 3.67E+01 3.94E-01
11KHz 1.62E-04 4.88E-05| 0.00015198 7.87E-05 3.74E+01 3.92E-01
12KHz 1.51E-04 6.26E-05| 0.00014609 7.69E-05 3.60E+01 3.68E-01
Transistor Frequency Pin_converter PCLK Pin_Source P_out Converter Efficiency System Efficiency (measured at the Source)
Rohm RJIPD20NO6 (Mouser)
7KHz{a 200n) 9.88E-05 1.56E-04| 0.00013204 7.37E-05 2.89E+01 2.56E-01
8KHz 9.17E-05 1.84E-04| 0.00012734 7.29E-05 2.64E4+01 2.34E-01
9KHz 9.34E-05 2.04E-04| 0.00012371 7.25E-05 2.44E+01 2.22E-01
10KHz 8.63E-05 2.22E-04 0.00012148 7.25E-05 2.35E+01 2.11E-01
11KHz 8.58E-05 2.50E-04 0.00011931 7.25E-05 2.16E+01 1.96E-01
12KHz 8.06E-05 2.74E-04| 0.00011772 7.26E-05 2.05E+01 1.85E-01

Figure 3.25: Transistor analysis for better efficiency 2.

Transistor  Frequency Converter Efficiency System Efficiency (measured at the Source)
7KHz{a 200n) 3.30E+01 3.22E-01
8KHz 3.24E+01 3.08E-01
QKHz 3.12E+01 3.04E-01
10KHz 3.14E+01 2.98E-01
11KHz 3.18E+01 2.92E-01
12KHz 3.19E+01 3.02E-01

Figure 3.26: Average efficiency for different clock values for all the transistors.

As can be seen on figures 3.24 and 3.25 the efficiency of the circuit ranges from 30%
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to 45% and that the best transistors were those from the manufacturer Rohm, due to their
very low gate capacitance. As well as the optimum frequency obtained experimentally
was slightly below the 10KHz initially obtained, in the order of 8 to 9KHz. This is due
to the fact that the theoretical expression is for the ideal case and in reality, the parasitic
effects of multiple components greatly affects the behavior of the circuit since we are
working with very small amounts of power, in the order of tens of y watts, due to this
fact the fast comutation of the switches would consume a vast amount of power from
the circuit which reduces efficiency [30], so it was decided to adopt a smaller comutation
circuit because the gain from the switches would compensate the decrease in the converter
performance.

The components chosen were the ones with the lowest gate capacitance as stated and
explained in the previous paragraph. A final study was conducted in which an average of
all the efficiency from multiple transistors was taken into account in order to have a better
understanding of the circuit efficiency and behavior overall. As can be seen on image 3.26,
the best efficiency is slightly lower than the 10KHz from the theoretical analysis, this, as
it was explained prior, can be explained from the nonideal effects of the switches which
cause it to decrease the system efficiency with a larger amount of comutations. According
to the final figure, the ideal frequency would be of 7KHz such as it would be for the
transistor that was chosen the Rohm RSQO015N06, which grants the largest converter and
overall circuit efficiency, for the analysis of the diodes this transistor was chosen as the

final one.
Dicde Frequency Pin_converter PCLK Pin_Source P_out Converter Efficiency System Efficiency (measured at the Source)
RB705D(pharnell)
7KHz(a 200n) 2.57E-04 3.81E-05 0.000302907 1.68E-04 5.70E+01 4.92E-01
8KHz 2.38E-04 4.69E-05 0.000279587 1.59E-04 5.56E+01 4.86E-01
9KHz 2.16E-04 5.20€-05 0.000254843 1.44E-04 5.34E+01 4,67E-01
10KHz 1.97E-04 5.80E-05 0.000234179 1.31E-04 5.15E+01 4.49E-01
11KHz 1.80E-04 6.16E-05 0.00021643 1.20E-04 4.97E+01 4.33E-01
12KHz 1.65E-04 6.64E-05 0.000200247 1.11E-04 4.77E+01 4.15E-01
Dicde Frequency Pin_converter PCLK Pin_Source P_out Converter Efficiency System Efficiency (measured at the Source)
RB706F-40(mouser)
7KHz(a 200n) 2.57E-04 3.81E-05 0.000302907 1.68E-04 5.70E+01 4.92E-01
8KHz 2.38E-04 4.69E-05 0.000279587 1.59E-04 5.56E+01 4.86E-01
9KHz 2.16E-04 5.29E-05 0.000254843 1.44E-04 5.34E+01 4.67E-01
10KHz 1.97E-04 5.80E-05 0.000234179 1.31E-04 5.15E+01 4.49E-01
11KHz 1.80E-04 6.16E-05 0.00021643 1.20E-04 4.97E+01 4.33E-01
12KHz 1.65E-04 6.64E-05 0.000200247 1.11E-04 4.77E+01 4.15E-01
Dicde Frequency Pin_converter  PCLK Pin_Source P_out Converter Efficiency System Efficiency {measured at the Source)
RBA480Y-90(mouser)
7KHz(a 200n) 2.15E-04 4.35E-05 0.000279876 1.68E-04 6.49E+01 5.19E-01
8KHz 2.18E-04 4.66E-05 0.000251038 1.35E-04 5.11E+01 4.55E-01
9KHz 2.01E-04 5.05E-05 0.000227633 1.22E-04 4.85E+01 4.38E-01
10KHz 1.77E-04 5.57E-05 0.000208513 1.11E-04 4.76E+01 4.19e-01
11KHz 1.73E-04 6.04E-05 0.000192442 1.01E-04 4.35E4+01 4.01E-01
12KHz 1.44E-04 6.44E-05 0.000178928 9.38E-05 4.51E+01 3.86E-01

Figure 3.27: Diode Efficiency across the frequency range.

As can be observed on figure 3.27, the diodes that provide the best efficiency for the
converter are the RB706F-40 series or the RB705D series either one of them since they
have very similar characteristics regarding breakdown voltage and parasitic capacitances,
as well as similar costs, however, the RB705D series seems to be easier to acquire, since

there are more suppliers that stock them and it appears to be more of them in stock.
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But later on in this thesis, the economical aspects of mass-producing this converter will
be presented and analysed and more information about component availability will be
presented. All the diodes are Schotckky diodes, since these present a better response
for this circuit, although they don "t have such large breakdown voltages, they react
quicker to voltage comutations, and generally speaking, have substantially less parasitic
capacitances on the PN junction.

As can be seen in figure 3.27 the efficiency of the converter is between 50 and 55%
for the optimum frequency range. Which is very good for this type of circuit given the
extreme characteristics that it needs to work under. Unfortunately the efficiency of the
whole circuit, the ELMH plus the converter is not that high it is around 1 to 0.5% but given
that this circuit uses reactive power that is otherwise wasted and is always available as
long as there are other devices around that need to be powered, it is always an interesting
alternative to exploit them, as long as the production costs are small enough for it to be

viable.
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CONTROLLER IMPLEMENTATION

4.1 Controller Study

In order to have a fully functioning buck converter there is the need to use a controller
circuit, in order to regulate both the frequency and the duty cycle of the converter. In
the beginning, these types of converters would receive a linear On/Off control algorithm,
but those types of algorithms had problems because these circuits have many different
variables and noise sources from the outside, therefore over time there was the need to
develop more robust control thecniques[37]. There are a number of different topologies
and algorithms in order to achieve this, generally speaking, there are two great families
of controller type circuits, current based controllers or voltage based controllers [6], both
with different pros and cons and different ways of being properly used. Some of those
algorithms and control techniques are the Bat algorithm, the PID controller, the Fuzzy
Logic Controller or sliding mode control [37], some of these algorithms are presented and
analyzed in the sections that follow.

In our particular case, since the circuit was meant to work in DCM mode, there was
the need to build a controller circuit that could operate in this regime thus being able
to not only control the duty cycle as well as the width of the Power Width Modulation
(PWM).

4.1.1 Different Control methods

For this type of converter, usually the most common type of controller circuit is the sin-
gle loop voltage mode controller assisted by a PID controller. This type of architecture
presents some drawbacks as it is reasonably inefficient and it performs poorly under load
variations such as the ones encountered during the charging process of a supercapaci-
tor[10].
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Some of the topologies that will be presented and analyzed were the PI and PID
controllers, as well as state feedback controllers, although these generally tend to have a
poorer performance for small and limited power applications [19] such as this, therefore,
other types of converters were analyzed such as hysteresis controller, sliding mode or
boundary controller, as well as VCO oscillator based controllers.

One of the proposed topologies from [10] is the use of both voltage and current for the
controller input combined. In this case, two different control loops would be used such
as an outer voltage control loop and an inner current control loop with both the voltage

and current dynamics governed by:

Leig (1) +vo(t) = d(t) s vi(t) (4.1)
Cruglt) = Iy(0) - 22 (4.2)

As can be seen on 4.1 and 4.2 this method is based on the time evolution of the circuit,
starting from the initial voltage and after that, it takes the natural tendency of the circuit
in order to see how it evolves and from that feedback, it makes small adjustments to
the duty cycle[6] and [10]. The major disadvantage of this topology is that although it is
very efficient and has a very fast transient response, it requires two completely different
control loops which represent an augmentation of the number of components to be used
in the circuit, which translates into an increase of current and power in order to feed
the control circuit, as well as the relatively high number of components means that this
technique cannot be used in this particular application, since although it is very efficient it
is also very power hungry from a controller point of view and it requires a lot of different
components which would raise the price of each particular circuit.

Another interesting topology would be the use of Peak Current Control[24], in this
technique the output current of the converter is used as a feedback signal and the objective
is to maximize the current that circulates through the load in order to obtain maximum
power output. This method is very interesting for battery charging applications, although
it suffers from subharmonic oscillations especially in very high duty cycles[24], this is
not the case in this converter since our circuit operates with a very small duty cycle. The
major drawbacks in this particular application for this technique are that although it is a
very robust technique it requires a lot of hardware such as a PI controller and therefore an
integrator circuit. In such a limited power supply circuit, such as this one, this topology
cannot be used.

A third possible implementation algorithm for the controller circuit of the converter
was the use of a Sliding Mode Controller [42]. In this topology a PWM approach is used
in order to regulate the width of the control pulses to the circuit and as such to vary the
duty cycle of the converter. in this topology of converter, there are two sets of state-space

equations in order to keep the controller working properly. From 0 to DT:
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dij 1
E_I*Vd (4.3)
A 1V
20— (2N 4.4
T C*(R) (4.4)
and the other from DT to T:
dip 1
dV() 1 . =17
S S T 4.
2 = ¢t ) (4:6)
R

As can be perceived from the equations presented above, the mathematical model on
which this topology relies upon is better suited for the CCM mode of operation, since
there are only two stages of operation, one based upon the time that the converter is
turned on and the other based upon the time the converter is switched off. As it was
previously studied for this application it was found that the converter should be able to
cope well with the DCM mode of operation since this was the mode of operation better

suited for this energy harvesting application.

4.1.2 DCM Specific Control Methods

As it was previously analysed, the primary advantage of using a Buck converter working
in DCM is that the parasitic capacitances that would dissipate a lot of power in CCM now
will have their effects greatly reduced since those parasitic capacitances won "t have to be
charged and discharged so many times [17] [22]. Now the problem is that the converters
operating in this mode will need a different type of control unit, one that allows not only
to control the width of the control pulses, also known as the duty cycle but also to control
the frequency of commutation, also know as the length of time that the current inside the
converter remains at 0.

One of such methods is the Zero-Voltage-Detector (ZVD), basically, this method uses
a comparator to check when the voltage in a certain stage of the circuit, usually at the
input, and letting it tend to a certain value, then leaving it there for a certain amount of
time until the controller activates the circuit again. By controlling this amount of time
at which the voltage from the circuit is left at the same value as a reference voltage, the
frequency of commutation of the converter can be adjusted [22]. The main drawback of
this type of implementation is that it consumes a lot of power feeding the comparators
and that it has a lot of latency to respond and usually is very slow due to all the circuitry
through which the electrical signals have to be passed through until they operate the
switches. Although in [22] an interesting topology for the ZVD is proposed which makes
the latency issue negligible, by using a pre-amplifying stage.
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4.1.3 Chosen Controller Architecture and Results

For this particular case we needed a way to generate non-overlapping square waveforms,
or in case of using only one transistor a simple square waveform. One way to do that is
through cross-coupled logic gates. In that approach, the master clock signal would be
split into two different signals and each would be fed to a chain of cascaded NAND logic
gates and logic inverters. From each of the gates the outputs would be cross-coupled back
into the inputs of the next stage gates, thus generating a non-overlapping clock signal
from the delayed response from the gates themselves [51].

These sawtooth signals are then passed through an integrator circuit which generates
a square wave signal, but keeping in mind that the amplitude of the sawtooth wave might
decrease as the frequency increase because an integrator is also a low-pass filter, this
phenomenon would happen until eventually at a very high frequency, the amplitude of
the signal would be 0, some solutions for this problem are further discussed in [51].

On figure 4.1 is depicted the simplified diagram of the operating principle of the

controller architecture to be analyzed.

VCC

Input Output

Po—o—

1 L

T i vy

Figure 4.1: Diagram of Controller Circuit Componnents

The biggest problem with this architecture for the control circuit is that it is primarily
designed to use Bipolar Junction Transisotr (TB]) transistors and it is engineered to work
with 10 transistors since this device is meant to generate two clock signals and for this
converter, there will be one, the number of components could be reduced to 7, which is

still a large amount, especially for TB] transistors and so this small circuit cannot provide
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all the power necessary for the circuit to work properly.

A second approach in order to have a more efficient circuit with less components was
to research and test out a Voltage Controlled Oscillator (VCO) by cascading a Operational
Transconductance Amplifiers (OTA) followed by a Schmidt Trigger Device. Generally
speaking, these devices tend to be more power-efficient and to generate a PWM signal
which happens to be basically a square wave signal, with less components and more
power efficiency[43]. The only disadvantage of this circuit is that the frequency range is
greatly affected by environmental conditions, such as temperature.

As the environment in a factory or plant would be fairly stable, and without very
drastic temperature fluctuations, a modification of the implementation proposed in [43],
based on a VCO followed by a Schmidt Trigger.
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Figure 4.2: Controller Circuit Schematic.

On figure 4.2 is an example of the controller circuit used to generate the control signal
for the converter. As can be seen this circuit topology has three stages the first one being
a current source controlled by a potentiometer defined by R2 and R3, the total value
of these two resistances can be adjusted throught the parameter x up to a maximum of
1000KQ). By adjusting this parameter the output current of the source of the transistor
M1 can be adjusted. This is a very important parameter, because of mainly two things,
a larger output of current means that the circuit requires more power in order to work
and also the frequency of the clock signal generated by our VCO is controlled and can be
adjusted by varying the x parameter and the value of current that it puts out, because by
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adjusting the value of the output current and the capacitance of the capacitor C1. The
time the capacitor takes to be charged generates a sawtooth wave that depends on the
value of such capacitor and the respective ammount of current, therefore ideally it should
be chosen a small capacitor, which charges quickly whithout a large ammount of current

since the power supply available to this circuit is relatively limited.

In the second and third stages of the controller we can observe the Schmidt Trigger

device that actually works as an oscillator and develops the clock signal to be used.

The second stage of the controller is made by the transistor M2, M4, and the resistor
R4, in this stage the there is another inverter used to change the logic value of the signal
coming from the first stage. The third stage is made up by resistor R5 and transistor M3
this creates yet another inverter which in term inverts the logic value from the output of
the second stage of the inverter. At last, this output value is inverted for the last time and
fed back into the circuit. Now the output is a 1 which inverter will generate a 0 on the
circuit output and after the final inversion will be another 0 on the input and so on and so
forth. The ratio at which this inverter works and how fast it switches between logic values
of 0 and 1 is defined by how fast the C1 capacitor can charge and discharge its voltage.
Therefore by adjusting the supply of current to this capacitor through the current source
made by the potentiometer, there can also be used the value of the capacitor to change

the charging or discharging rate and frequency of the commutation.

This circuit was first implemented using TB] transistors but these had a problem,
that the voltages needed for propper operation were very high and required a large base
current, which in turn forced a very high value of power to be fed to the controller circuit,
so an effort was made based on the work of [45] to produce the same circuit using both
N-MOS and P-MOS transistors which require lower voltages in order to function properly
and since they work based on field effect, the power savings from the base currents
were significant, as an example, with TB] transistors, the power required to supply these
circuits was around 300 to 500mW and by using MOSFET technology the power required

was reduced to some hundreds of microWatts.

The results of the given controller are presented below as it was first tested isolated
from any other circuitry and using an ideal 8V voltage supply, the results are displayed

in the images below.
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Controller
R5=50K voltage input 8V
X parameter frequency power dissipation (W)  pulse width

0.1 11.822222KHz 3.69E-04 3.76E-05
0.2 10.44962KHz 3.29E-04 3.07E-05
0.3 8.1BKHz 2.73E-04 3.76E-05
0.4 6.939KHz 2.36E-04 3.45E-05
0.5 5.232KHz 1.90E-04 2.82E-05
0.6 2.9018182KHz 1.47E-04 2.82E-05
0.7 1.68KHz 1.04E-04 2.82E-05
0.8 N/D N/D N/D

Controller

new schematic with transistor(c=250p) voltage input 8V

X parameter frequency power dissipation (W)  pulse width

0.1 10.1KHz 4.15E-04 5.18E-05
0.2 8.5KHz 3.63E-04 4.50E-05
0.3 7.84198KHz 3.13E-04 4.20E-05
0.4 6.4905414KHz 2.64E-04 3.70E-05
0.5 4.91KHz 2.11E-04 3.87E-05
0.6 3.1969KHz 1.58E-04 4.23E-05
0.7 1.4896KHz 1.06E-04 3.86E-05
0.8 N/D N/D N/D

Figure 4.3: Controller Circuit Results-1.
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Controller
R5=500K voltage input 8V
% parameter frequency power dissipation (W) pulse width

0.1 7.2727273KHz 3.25E-04 1.34E-04
0.2 6.6666KHz 2.89E-04 1.34E-04
0.3 5.7142857KHz 2.53E-04 1.66E-04
0.4 5KHz 2.17E-04 2.00E-04
0.5 4.0506329KHz 1.78E-04 2. 44E-04
0.6 2.8571429KHz 1.41E-04 2.78E-04
0.7 1.47096KHz 9.92E-05 2.32E-04
0.8 N/D N/D N/D

Controller

R5=500K and c=2n voltage input 8Y

® parameter frequency power dissipation (W) pulse width

0.1 4.1558KHz 3.07E-04 2.34E-04
0.2 3.555KHz 2.72E-04 2.03E-01
0.3 2.7586KHz 2.36E-04 2.66E-04
0.4 2.519685KHz 2.00E-04 2.59E-04
0.5 2.06622KHz 1.66E-04 2.52E-04
0.6 1.3190083KHz 1.29E-04 1.97E-04
0.7 N/D N/D N/D
0.8 N/D N/D N/D

Figure 4.4: Controller Circuit Results-2.

Controller
R5=50K and c=200p voltage input 8V
x parameter frequency power dissipation (W]  pulse width

0.1 25.33KHz 4.98E-04 2.73E-05
0.2 22.334456KHz 4.33E-04 2.71E-05
0.3 19.558824KHz 3.81E-04 2.56E-05
0.4 16.0240KHz 3.19E-04 2.63E-05
0.5 12.17KHz 2.56E-04 2.21E-05
0.0 8.151174/KHz 1.91E-04 2.34E-05
0.7 3.72KHz 1.22E-04 2.20E-05
0.8 N/D N/D N/D

Figure 4.5: Controller Circuit Results-3.

The more interesting results for the controller operation are highlighted in yellow,
being either by the fact that they produce the right frequency or they require a relatively
low amount of power, as can be perceived multiple testing with different values for the R5

resistor and the C1 capacitor were made but in order to obtain the best results possible,
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although the larger the value of the parameter x, the less current the circuit requires
and therefore the lower the power, but also the lower the frequency since there was
needed a frequency of about 7KHz to 12KHz. Through meticulous testing and experiment
we reached the optimum combination of R5=50K(), the capacitor C1=200pF and an x
parameter of 0,6 to 0,7. In this configuration the circuit had 7KHz of operating frequency
and power dissipation of around 150 to 200uW.

Briefly, the controller was also tested using a transistor M4 in place of the R5 resistor,
creating a CMOS inverter but since these circuits operate with a very elevated input
voltage, and the NMOS transistors require a low value of Vgs to turn on there was a
time interval where the transistor M3 and M4 would be turned ON at the same time and
pulling a large amount of current from the supply bus, raise the input power required.
Therefore the solution using a transistor as a resistor had to be abandoned and replaced
by an actual resistor.

The final topology of the converter is the one on 4.2, with some adjustments on the
resistor R4 which was used at 500K(Q), and resistor R2 and R3 were increased to a maxi-
mum value of 5000K. Also, the capacitor C1 was also reduced in order to achieve a higher

operating frequency due to the faster charge and discharge cycle of the converter.
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5.1 Final Assembly

In this section the final assembly of the entire circuit is presented and discussed alongside
with the experimental results and possible drawbacks from the implementation and
interaction of the various components of the entire device, the experimental results will
also be presented and analysed. Below it can be seen the final circuit with the various

components, and how they are interconnected.
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Out1 CLK outl
Controller

Figure 5.1: Final Assembly

In the final assembly of the circuit there were three components the main circuit of
this work was the converter which was a simple buck converter using a 1mH coil and
a transistor of low gate capacitance, plus a Schottky diode controlling the freewheeling
part of the circuit. In order to run these simulations, the output capacitor was set at 10u
to simulate a supercapacitor at the output of the circuit. The initial simulation was tested
with a resistor of very high value in order to simulate the condition of a supercapacitor at

the output of the circuit with the benefit of having a faster simulation time.

Another component is the ELMH that can be seen on the top portion of the image, it
was necessary to add to 1Gohm resistors between the input and output to allow the spice

simulator to converge.

At last, the block shown at the top of the figure is the encapsulation of the controller
circuit, previously depicted in figure 4.2. The only change that was made was the varia-
tion of the x parameter that had to be adjusted to 0.5 instead of the optimum 0.6, this was
due to the fact that the ELMH can not provide the maximum amount of current needed
to provide power to the controller, therefore the capacity to charge the capacitor C1 in
figure 4.2, is reduced. Due to the limited amount of current available from the ELMH this
in term forces us to use a lower value of X, as can be seen, by figures 4.3 and the operating
frequency is also lowered well below the optimum operating frequency of 7KHz down to
1.8KHz. This results in a reduction of the input voltage from the optimum 8V down to
about 4V due to the lower input impedance of the converter caused by the reduction of

the operating frequency. This reduces the amount of power that can be transferred to the
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supercapacitor.

5.1.1 Final Assembly simulation Results

In this subsection the simulation results of this work will be analyzed as to what they

mean and the real functioning of the device from an simulation and ideal point of view.
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Figure 5.2: Final Assembly Results-Input Voltage
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Figure 5.3: Final Assembly Results-Output Voltage
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Figure 5.4: Final Assembly Results-CLK Signal

As can be observed in the figure above once the converter starts to operate the voltage
from the capacitor keeps increasing steadily while the input voltage also increases but
at a slower pace, the input voltage stabilizes at about 8V, while the output voltage keeps
rising, in real operation what would happen is that the output voltage would be lowered
as a device is connected to our supercapacitor and takes some energy harvested in it to
function, if the voltage of the capacitor would rise too much without any control over it
there would be placed a kill switch which could stop the conversion and let the converter
die down until some of the energy of the capacitor is taken.

5.2 Experimental Work

Unfortunately although all the dimensioning and project of the circuits was done, due
to the Covid-19 pandemic the access to the university laboratories and research facilities
was greatly conditioned, therefore although all the components were bought there was

no time to build a functioning prototype before the PCB design just as a proof of concept.

One attempt was made using discrete components and perforated cooper boards,
nevertheless, this solution had to be discarded because as it was previously mentioned the
components used had to have a very small dimension in order to minimize the parasitic
capacitance effects. As shown in figure 5.5 the transistor used as a switch for this circuit
is very small and hard to hand solder. Therefore the solution that was initially thought
of was to place this transistor in a through-hole adapter as shown in figure 5.6. This
solution had to be dropped out because of that said difficulty the pins on the transistor
were inevitably short-circuited to each other as it was tried to solder them to the board.
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Figure 5.5: Transistor RSQ015N06
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Figure 5.6: Transistor RSQ015N06-in through hole adaptor

5.3 PCB Design

This section presents the design and project of the integrated circuit and PCB project
designed in KICad software.

This work was divided into 2 different circuits the converter and the controller circuits,
in this case, both printed in different PCBs. As it was studied in [5], the integrated
circuits Integrated Circuits (IC), show very different results when they are tested and
implemented separately and then when they are put together in a unique PCB because
the increment in noise and interference from electromagnetic effects from the board itself
and from other components present in the board affect and interfere with the various
components especially given the fact that the controller has a lot of commutating devices
which generate a lot of ripple in both current and voltage. Since this converter is very
sensitive to parasitic effects thus the decision to design the converter and the controller
in two different circuits, might be problematic because it allows for undesired effects
and parasitic effects between circuits and makes for a more complicated optimization
problem when trying to make the best layout for the various circuits such as described in
[29]. This was a calculated risk in order to have less parasitic effects between the various
components of the circuit in exchange for a more complicated optimization problem in

order to make the connection between both PCBs.
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Another problem that might arise in the practical implementation of these devices is
the handshake between different technologies as referred in the work of [5] and types of
devices is the appearance of noise and slight degradation of efficiency from the fact that
two different technologies are used such as through hole for resistors and some capacitors
jointly with SMD for transistors and diodes. This poses a problem because the large
resistors and large defects of the soldering might interfere with the other very small
components and also degrade the efficiency of the circuit because of joule loss due to
imperfections on the solder that might cause it to heat up and dissipate energy. These
through-hole components were used because they are cheaper and easier to hand-solder
since this is just a prototype. In future versions of this work, it is highly recommended

that all the components might be changed to SMD.

Another consideration that was analyzed while developing these PCBs was the heat
dissipation. Since the energy harvested is in the order of micro watts, in order to provide
for sufficient heat dissipation an adequate spacing between the various components must
be assured according to [12]. After a brief analysis it was concluded that in this circuit
the heat dissipation did not impose a serious problem because the current and power
levels are very low. Another two methods that might be used to improve heat dissipation
characteristics are using special solder paste with better heat dissipation characteristics
and/or leaving thermal vias for the same purpose, because of their increased complexity
associated costs and technical difficulty it was decided that these methods would be

implemented only if necessary on a further phase of development and optimization.

Finally one last consideration to be taken into account was the width of the PCB
tracks. The default width of the software was substantially reduced due to the fact that
the current circulating in the circuit was very small and thus did not need such a large
track. This has the advantage that consumes fewer resources manufacturing the PCB and
also the biggest advantage is that there are smaller parasitic capacities between the tracks

on the PCB and thus an improved efficiency of the circuit.

Below in figures 5.7 and 5.10 there is the PCB design Silk layer for both circuits with
the best possible component arrangement and the PCB tracks designed.
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Figure 5.7: PCB Converter Silk Layer

Figure 5.8: PCB Converter with Ground Plane

In figures 5.8, 5.9 for the converter and 5.12 and 5.11 for the controller are depicted
the PCB printed board as well as the groundmass plan for both boards. This plan was
made in two layers one at the bottom of the board depicted in green and another on top
depicted in red. These are very important because the current flowing in the tracks of
the PCB generates a magnetic field that might originate parasitic currents that would
affect and interfere with the good functioning of the other components on the boards.
Therefore with this mass plane, the whole substrate will be at the same potential and be

able to compensate the induced parasitic currents from the passing of current through
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the PCB tracks.

Figure 5.9: PCB Converter with Ground Plane

Figure 5.10: PCB Controller Silk Layer
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Figure 5.11: PCB Controller with Ground Plane

Figure 5.12: PCB Controller with Ground Plane

On images 5.13 and 5.14 there is depicted the 3D models of both the converter and
the controller circuit respectively. As can be observed the components are welded on the
board and the connectors to the boards are made of simple 2 jack pins one for the input
or output signal and another one for the ground reference. These jacks in particular were
chosen for the fact that the pins on them are relatively close to each other which reduces

and improves upon noise and interference between the two signals.
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Figure 5.13: PCB Converter Circuit 3D Model

Figure 5.14: PCB Controller Circuit 3D Model

In conclusion both circuits were designed according to the principles and consider-
ations aforementioned using KICad software as previously mentioned. This software
facilitates greatly the conception and optimization process for the development of PCBs
and as can be seen in the above figures the output and input signals for these boards
are made by normal 2 pin jacks to which the exterior components will be hand soldered
using a single coper wire. The layout and disposition of all other components was made
attending to the aforementioned considerations and technics.
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CHAPTER

ConNncLuUusIiIONS AND FUTURE WORK PROSPECTS

Along this chapter some final conclusions about this work shall be taken into consider-
ation such as the multiple technical and technological solutions necessary in order to
produce this device as well as the economical aspects of the various solutions and how
good and profitable would they be when the technical aspects are set against the econom-
ical one. Finally, there are some advice and possibilities listed as to what could be done
towards a better solution and further development of this device and this technique of

harvesting and using reactive power in Industry 4.0.

6.1 Cost and Implementation Analysis

In order to make this a viable option from an economical viewpoint, there is a need to
make this circuit as cheap as possible, in spite of the technical implementation chosen
and the technical solutions at which the conclusions of this work arrived. Therefore in
this section a small presentation about the price of the components and how much would
it cost to implement this circuit in practice and at a large scale in order for it to be viable

in the industry.

The intent of this device from an economical perspective was always to be a low-
cost solution since the ELMH is intended to be a scavenger circuit for reactive power
within the electrical grid, therefore the idea was always to work and develop a device
that could work properly but also would be cheap to manufacture and produce in a large
scale. During the experimental part of the work two different types of technologies were

studied, both discrete components and PCB design.
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cost of buck componnents comentaries
componnents Mumber  price per unit {unit) total price (mouser)

inductors (1mH)(NLFV32T-102K-EFT) 1 0.20€ 0.20€
transistors(DMT15H017LPS-13) 1 0.42 € 0.42 €
diodes(V5PA22-M3/1) 1 0.37€ 0.37€

source capacitor (CGASL3X7R2E104K160AA) 1 0.39€ 0.39€

super capacitor (0.1f)(EDS1042Z5R5C) 1 2.11€ 2.11€

sum - - 3.57€ -

Figure 6.1: Component Cost for the Converter

cost of controller componnents comentaries
componnents Mumber  price per unit (unit) total price (mouser)
RHKOOSNO3_NMOS 2 0.31€ 0.62€
BSS84_PMOS 2 0.33€ 0.66 €
potenciometer 2 1.19€ 2.3B€
COB0SC101FCGACAUTO (100pF capacitor) 1 0.47 € 0.47 €

multiple resistors 4 0.15€ 0.60 €

sum - - 473 € -

Figure 6.2: Component Cost for the Controller

As shown above a cost of implementation analysis was made and the values obtained
were the ones shown above in figure 6.1 and 6.2, the price of the controller circuit is even
higher than the price of the converter, this is due to the fact that it has more components
and especially two potentiometers which are very expensive components in this type of
circuit because they need to be very large and also have a high degree of precision.

It can be concluded that the total cost of the circuit would be €8,3. The goal along
this work was to develop a circuit with the necessary quality but also that was was cheap
enough to produce a feasible financial solution, ergo it was set a threshold limit to develop
a circuit that was below the €10 mark which was achieved. Also bear in mind that
these costs do not take into account the man-hours and infrastructure necessary for the
production and assembly of the circuits, only the cost of the actual components, but
since these components were bought in a regular electronic store in this case Mouser
Electronics, it is expectable that if these same components were to be bought directly
from the manufacturer and in large quantities the components price and shipping would
reduce in at least 50% which means that each circuit would have a components cost of
€4,15. This seems a very interesting solution and well within the economical goals of this

project for the technical specification of the circuit.

6.1.1 Discrete Components Analysis

The discrete components have an advantage over PCB design since they are easier to
acquire and therefore to manufacture and replace parts within the circuit. However they
proved to be less technically efficient as previously discussed and happen to make for an
overall more expensive design of the circuit, some numbers and figures are as follows.
Another major problem with discrete components is that for this particular circuit in

order to minimize losses by charging parasitic capacities in a variety of components very
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physically small components had to be used. The problem with such devices is that they
are very complicated to solder to a perforated board and they are very difficult to make
the connections to each other. At last, the perforated boards on which these components
are soldered would induce very high levels of noise and disturbances into the circuit, so
it was estimated that even if the circuit was to work with these devices it would consume
a very large amount of power much larger than the actual PCB version and much more
than could be supported in this type of application.

Therefore the discrete component circuit was abandoned in favour of a PCB prototype.

6.1.2 PCB Analysis

In this subsection is presented the results from a small procurement study that was
done in order to print the designed PCB boards analyzed below, in figures 6.3 and 6.4
is presented the specification of the board to be printed. And figures 6.5 and 6.6 are

displayed the costs of implementation of such boards and the time they will be taken to

produce.
Base Material FR-4 p Aluminum
Layers 1 z 4 ]
A
Dimensions 100 o 100 mm v
PCB Qty 10 -
Different Design 2 3 4
A
Delivery Format Single PCB 4 Panel by Customer Panel by JLCPCB
PCB Thickness 0.4 0.6 0.8 1.0 y 1.2 1.é 2.0
PCB Color @ Green 4 @® R« Yellow ® Blue White @ Black
Silksereen White 4

Figure 6.3: Specification of the printing of the PCB

83



CHAPTER 6. CONCLUSIONS AND FUTURE WORK PROSPECTS

Surface Finish HASL(with lead) LeadFree HASL-RoHS ENIG-RoHS

Outer Copper Weight loz

‘|

Gold Fingers No Yes

Confirm Production file No Yes

Flying Probe Test Fully Test Naot Test

Castellated Holes Yes

gjafjak

Remove Order Number o Yes Specify a location

Figure 6.4: Specification of the printing of the PCB2

Charge Details A~

Special Offer $5.00

Build Time

PCB: @ 2-3days $0.00

Calculated Price $5.00
Addimtional charges may apply for special cases
Weight 0.22kg

Figure 6.5: Printing Costs for a sample of 5 pieces
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Charge Details ™

Engineering fee $8.00
Film $2.80
Board $1060.70
Buld Time

PCB: @ 5-6days $0.00
2-3 days $378.80

1-2 days $757.60

Figure 6.6: Printing costs for the maximum production setting of this manufacturer, 2000
pieces

As can be observed from the above figures the cost of production is very low, given
that the 5 piece sample would cost about 1 dollar per unit but the 2000 piece order would
take slightly over 50 cents per board, this cost would be added to the components cost
already presented and analyzed on figures 6.1 and 6.2.

6.2 Final Conclusions

Along this work it can be concluded that this circuit works and is able to harvest energy
from the reactive power of the grid and transfer it into a supercapacitor in order to have
a small amount of energy available to power up small sensors or actuators. Although
because of multiple technical difficulties and especially the presence of various parasitic

capacitances and unwanted effects, the efficiency and the amount of energy that could be
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transferred is substantially lower than the one first thought to be available. Especially the
input impedance of the circuit could not be brought up to a very high value and because
of all the parasitic capacitances and some compromises had to be made on the choice of
the converter because the one that was supposed to be used, the two stages cascaded buck
converter presented two capacitances paralleled to each other which behaved like a short
circuit of the buck and when it attached itself to the previous circuit it would lower its
input impedance and therefore the output voltage of the ELMH.

Because of these setbacks a single-stage buck converter was chosen due to its simplic-
ity in building it and in order to get the same step-down ratio we chose to use a much
smaller duty cycle, than what would have been necessary with a cascaded buck. This
posed some problems on the choice of the transistor because with a smaller duty cycle
and a larger operating frequency which was used in order to enlarge the input impedance,
this results in a very large number of cycles to charge the parasitic capacitances of the
input transistor and the diode so a very small component had to be chosen which makes
this circuit viable to build only in PCB design and not as a discrete components circuit
using perforated boards or breadboards because it cannot be soldered properly onto them.

About the controller circuit many different architectures and implementations were
analyzed both in CCM as DCM but at last the architecture chosen was a DCM solution
although this poses problems in the way that it has another degree of freedom which is
basically the time that the voltage across the circuit stays at 0 voltage. This disadvantage
of another variable within the control loop in our case is superseded by the extra degree
of freedom that it gives us which enables us to boost the input impedance of the converter
without needing to either increase the operating frequency which as explained previously
increases the influence of the parasitic capacitances and without the need to use larger
coils which makes the circuit overall more inefficient and more expensive.

The controller solution that was used was a set of three inverters based on the Schmidt
trigger configuration fed from a current source that could be controlled by a potentiome-
ter and that would load a capacitor. The charge and discharge rate of such capacitor
sets up the f requency of the commutation cycles of the inverters, and consequently the
frequency of operation of the controller circuit. This controller circuit could be used in
multiple different configurations but yet again since the main concern of this circuit is
that it takes as little energy as possible in order to run, it was decided that small MOS-FET
transistors would be used.

At last the main concern was to use a small device that could implement a voltage
cut-out switch so that the output voltage of the converter never exceeds the maximum

voltage of the supercapacitor.

6.3 Future Work in The Field

For future work in this area I propose that the next investigator would invest more time

in practical experimental work like printing and testing the PCB boards as well as a
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prototype developed in discrete components and perforated board because it would be
good to test both systems and compare their results in order to validate some of the results
and predictions made on this thesis.

Another interesting aspect in order to enhance the performance of this circuit would
be to develop a new type of controller more efficient than this one since the cascaded
inverters based on the Schmit trigger implementation happen to consume a substantial
amount of power in order to charge parasitic gate capacitances of the transistors. This is
particularly bad in our case due to the limited amount of energy that we can work with,
especially because the controller circuit consumes about half of the total amount of power
available to power up the entire system.

Also it would be very interesting to develop a controlling solution that would be
cheaper than this one since this controller architecture is slightly more expensive than
the converter itself.

Finally it would be interesting when this whole system was built and properly opti-
mized to build a fully functioning prototype integrated into an actual net powering a

wireless sensor or an actuator and testing its true purpose.
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