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ABSTRACT

The Smart Grid is the response of the Electrical Engineering discipline to challenges
of the 21st century such as global warming and the gradual depletion of energy
resources. The vision of a smart electricity grid is an automatic entity in charge of
generating, dispatching and consuming electrical energy in the most efficient way
and with as small an ecological impact as possible. This new model of electrical
energy management is currently being materialized with continuous research and
development efforts of technical engineers all over the world, who are in the process of
creating and evaluating the best technologies that will contribute to the construction

of a more sustainable electrical grid.

As renewable generation resources have gained greater popularity in the last two
decades as a measure to address environmental challenges, their introduction to the
electricity grid is now changing the paradigm of how the tasks for achieving safe and
efficient management of electricity should be carried out. Hence the deployment of
technologies around different sections of the grid are becoming increasingly important,
in particular in distribution power lines, which are the large conductors in charge of
the last stages of electricity dispatch to households and industry, usually at 11 kV or
22 kV in Australia and New Zealand. For the task of continuously monitoring vital
parameters of distribution power lines, the most effective approach is the sensing

and transmission of the data using embedded wireless communication technologies.

The development of the electronic devices in charge of power line monitoring
tasks requires a cost-efficient deployment, as their number will be considerable given
the large distances that distribution lines usually cover. Hence, self-powering of
these electronics is essential in the design of line monitoring technologies. The
research field that deals with this problem is Energy Harvesting, which addresses
the transfer of low amounts of energy taken from environmental sources to feed
low-power-consumption loads. For the specific environment of distribution power
lines, the discernible environmental source is within the strong electric fields produced
by the high voltages in these lines. The topic that addresses this problem is called
Electric Field Energy Harvesting (EFEH) and the literature around this subject has
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defined its principles. Nonetheless, previous work has not yet adequately defined the

basis that underlays this energy transfer concept.

This thesis addresses electric field energy harvesting from medium voltage
distribution power lines, focusing on an optimal solution both in terms of its adaption
to the grid and of the most adequate energy conversion strategy for maximum
power transfer. A non-contact technique for EFEH from medium-voltage lines using
power line insulators is introduced, and the specific conditions under which the
energy obtained using this EFEH principle is maximised are determined. Under
such conditions, the limitations that a solid-state switching converter has when
transforming the EFEH supply to usable levels for low-power loads has, are identified
and then addressed by the proposal of a pulsed transfer-mode flyback conversion
strategy. The implementation of a self-powered, pulsed-mode energy conversion
strategy is demonstrated theoretically and then practically through the development
of physical prototypes. The results obtained from the experimental investigations
indicate that this conversion strategy can outperform previous works, being able
to harvest higher levels of power with a reduced volume and a weaker coupling

capacitance.

The contribution of this research work to the scientific community is the proof of
concept that a better solution for Electric Field Energy Harvesting can be achieved
that will enrich the set of technologies for the upcoming Smart Grid and hence

contribute to achieving a more sustainable future for our society.
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Chapter 1

INTRODUCTION

1.1 Background

The past several decades have witnessed the development of renewable energy
generation resources as a measure to address the urgent environmental challenge
that has been set by the increase of the concentration of carbon dioxide (COs) in
the atmosphere [4--6]. However, the introduction of all kinds of renewable resources
into the electricity grid (e.g. solar panels and wind turbines) has the potential to

conflict with the conventional functions of the grid [7,8].

To manage this conflict an emerging concept is the Smart Grid, which can be
broadly defined as the modernization of the existing electric power grid infrastructure
with efficiency, safety and reliability optimized for a gradual integration of renewable
energy resources, using the most advanced instrumentation, automation and
communication technologies [9]. A modern smart grid strives for an interactive
transfer of energy between suppliers and consumers that are now capable of injecting
energy back to the grid through renewable generation resources [10]. This is done by
the integration of functions such as smart metering (that allows load management at
times of high demand) and remote control of grid assets (which will allow efficient
utilisation of renewable energy). With this scenario, the supply and load conditions
vary substantially and continuously, making it much more challenging to control
the power balance and reliability of this new grid [11]. Figure 1.1 gives a conceptual

representation of a smart grid.

Investment in the smart grid encourages the penetration of renewable forms
of energy, as a means of coping with an increasing electricity demand [12--17].
Thus, the implementation of an upgraded grid depends on the development of
technologies at different levels of the electricity grid infrastructure. This includes

the Transmission and Distribution (T&D) level, where the continuous monitoring of

1
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Figure 1.1: The smart grid.

vital parameters such as voltages, currents, fault codes, temperature, etc., is crucial
to manage electrical energy transfer [18,19]. The administration of such prescribed
grid functions requires the use of a highly capable communications network that
can provide guaranteed levels of performance into a smarter transmission system,
but which also can be expanded to the distribution network level [12,17,20]. An
extension of communications coverage to the distribution network can support a
variety of distribution automation functions such as the control of switchgear to
achieve rapid restoration and self-healing properties, and extensive monitoring of
distribution-network assets to actively manage feeder voltage profiles with automated

tap changes or VAR support [21].

Power Line Monitoring (PLM) [20,22--24] is a concept within the smart grid
that uses wireless communication networks to assist smart grid developments such
as Distribution Automation (DA), Advanced Metering Infrastructure (AMI) and
Demand-Side Management (DSM) [15,25]. Within the distribution network, these
technologies aim to allow the last mile integration of customers and their loads with
central grid assets (e.g. Distribution Control Centres in the case of the AMI) through
state-of-the-art communication concepts such as Neighbourhood Area Networks
(NAN) and Home Area Networks (HAN) [10,26, 27].

Wireless Sensor Networks (WSNs) are often addressed in the literature as the
roadmap for the implementation of PLM [17,24,28,29]. A WSN comprises a set
of spatially distributed autonomous sensor nodes (SNs) in charge of sensing and
communicating different parameters to coordinator nodes (CNs) wirelessly. In the
context of MV distribution power lines, this type of network aims to use low cost
communication devices for the sensing and communication of vital power line data,
which are extensively distributed in overhead and underground transmission and

distribution lines. These technologies are referred in this study as Distribution Power
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Figure 1.2: A distribution power line sensor network (DPLSN).

Line Sensor Networks (DPLSNs). An example is depicted in Figure 1.2, where it
is envisioned as a large number of sensor nodes located both on the MV lines and
on the supporting poles. Information from each node is transmitted peer-to-peer
back to a data concentrator node away from end devices which provides an interface
with the rest of the smart grid via Distribution Control Centres (DSC), in parallel

operation with other smart grid communication substructures such as the AMI.

One of the key enabling technologies for DPLSNs, as is the case for other smart
grid developments based on the AMI [21,30--32], is ZigBee® [23, 28,29, 33--36], a
communication technology based on the IEEE 802.15.4, implemented for wireless
devices requiring low data rate communications and ultra-low power consumption [37].
DPLSNs based on this and similar communication technologies have demonstrated
their effectiveness in spite of the performance challenges in the medium-voltage
environment [24,28, 38--46]. However, the large geographic range that distribution
grids encompass compels the deployment of a large number of such devices. This
means that the design has to be optimized for large-scale deployment, which, in
turn, requires the technologies to be: of small physical dimensions, of low power

consumption, of low cost and able to self-power from the environment [19,47,48].

The optimal self-powering of electronic devices deployed within the distribution
grid MV environment is a subject for the field of Energy Harvesting (EH). An
exemplary energy harvesting system for DPLSNs is shown in Figure 1.3, illustrating
the obtainment of low levels of energy from surrounding environmental sources to
feed low-energy consumption loads. From a medium-voltage environment, the most
straightforward harvesting option is to take advantage of the strong electric fields
generated in the MV power lines. This type of energy scavenging is known as Electric
Field Energy Harvesting (EFEH) [12], and it is the main focus of this thesis.
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EFEH systems use the capacitive coupling between the medium or high voltage
power lines of an electrical grid and a nearby electrode in order to provide power for
the low-energy-consumption distributed electronic measurement systems that are
needed to monitor these lines for Smart Grid operation. The energy is collected by
the capacitive displacement current that flows from the conductor to earth. Energy
scavenged in this way has the advantage of always being available as long as the
distribution line is energised, without depending on variable load currents flowing
through the line itself. Another attractive feature is that it provides the opportunity

of a minimally invasive implementation with the power line.

Being a relatively new topic, the literature in EFEH [28,45,49--51,51--63] has
demonstrated that the challenge is to extract useful amounts of energy while avoiding
close proximity to (or even galvanic contact with) the power line. Previously reported
approaches and outcomes have only provided limited exploration of the specific
operating and loading conditions that are required to achieve the maximum possible
power transfer. In addition, the high impedance weak capacitive coupling between
the power line and the harvesting system severely limits the input current magnitude
and hence makes any form of switched conversion strategies using semiconductor
devices challenging. As a result, only a very small power output is typically achieved

because of the methodologies proposed to deal with these limitations.

The present study contributes to the field of Power Line Monitoring for the Smart
Grid, by exploring an approach to enhance the energy transfer that is possible to
achieve using EFEH to energize electronic the devices that are in charge of the
measurement and communication of electrical variables such as voltages, currents,
temperatures and fault codes of the Medium Voltage (MV) feeders (11 kV to 22 kV

in Australia and New Zealand).
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1.2 Objectives

This thesis addresses the following research questions and objectives relating to

Electric Field Energy Harvesting:

1. How to implement a non-intrusive Electric Field Energy Harvesting coupling
from Medium Voltage power lines?
The challenge with EFEH is to extract useful amounts of energy and also avoid
close proximity (or even galvanic contact) to the power line, in order to assist a
low-cost, large-scale deployment of wireless sensor networks (WSNs) fed by this
self-powering strategy. This thesis will explore a new approach that couples
the EFEH system to the power line avoiding direct contact, hence making
the harvesting technique more efficient in terms of both cost and large-scale

deployment for the Smart Grid.

2. Under what conditions does Electric Field Energy Harvesting coupling provide
optimal energy extraction?
Previously reported EFEH strategies do not focus particularly on exploring
how to optimise their power transfer, which is essential for practical systems
since the available energy from EFEH is invariably quite small. This thesis
identifies the loading conditions that maximise the extracted energy by EFEH,
and studies how a power electronic conversion system can maintain these load

conditions for maximum possible energy extraction.

3. What is an effective power electronic conversion strategy to achieve optimal
enerqy transfer in an Electric Field Energy Harvesting system?
Energy harvested from an MV, AC supply has to be converted to an
appropriately extra-low DC voltage (ELV) level for use by an electronic load.
The high impedance, weak capacitive coupling between the power line and the
EFEH system severely limits the input current magnitude and hence makes
switched conversion strategies using semiconductor devices challenging. This
thesis studies an appropriate scheme for the practical implementation of a
power electronic converter to transform the supply of an EFEH system into

usable energy for low-power loads.

4. How to practically realize an effective, self-powered FElectric Field Energy
Harvesting conversion strategy?
This thesis investigates the implementation of a power electronic converter
that is able to efficiently convert the energy of an EFEH supply that is not

in direct contact with the power line, without requiring an auxiliary power
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supply. A compact, efficient and completely self-powered solution for the energy

conversion stage in an EFEH system represents an important contribution to

the field.

1.3 Thesis Structure

The content of each chapter in this thesis is outlined below.

Chapter 1 (this chapter) introduces the context of this research and presents
the research objectives addressed in this work. It also provides a description of the

contributions made by this research.

Chapter 2 presents a literature review on distribution power line monitoring for
the smart grid and its present-time technologies and requirements, as the context
for the topic of Electric Field Energy Harvesting. The chapter includes a review of
the methods available for EFEH, underscoring their limitations and identifying the
need for a more fundamental understanding to facilitate power transfer optimisation

and power electronic converter design.

Chapter 3 introduces a non-contact approach for Electric field Energy Harvesting
that uses the parasitic capacitance between the medium-voltage power conductor
and an inner electrode inside the supporting power line insulator. The chapter then
develops an analytical study to determine how to maximise the power harvested
with the previously defined EFEH technique, deriving the loading conditions that are
necessary to obtain maximum power. The proposed EFEH coupling is studied and
quantified, and the feasibility of implementing the conditions for maximum power
transfer using a solid stage converter are addressed using analytical and experimental

investigations.

Chapter 4 applies the ideas from Chapter 3 to develop a novel two-stage
conversion strategy that rectifies the weakly-coupled MV, AC EFEH supply into a
DC bus capacitor, and then uses a flyback converter operating in discontinuous pulse
mode to extract the energy from the capacitor and transform it down to a useful low
DC voltage level. The pulsed methodology handles the inherent challenges presented
by the coupling conditions in EFEH, and is able to harvest more power from medium
voltage distribution feeders than previously reported. Detailed theoretical analysis,
computer simulations and experimental results are presented to confirm the concept

and underscore its accomplishments and limitations in terms of efficiency.

Chapter 5 builds on the concepts of Chapter 4 to deliver a self-triggered

implementation of the previously featured EFEH energy conversion strategy. The
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chapter develops the theoretical analysis and the practical implementation of a
flyback converter in pulsed energy-transfer mode whose switch is self-triggered from
the EFEH input supply. Experimental results are presented to investigate the

operation of the design.

Chapter 6 describes the simulation systems used in this study to obtain the

simulation results presented in the previous chapters.

Chapter 7 describes the experimental systems developed to validate the simulated

and analytical results presented throughout the thesis.

Chapter 8 concludes the thesis. Important contributions are reviewed and

suggestions for future research work in this area are made.

1.4 Identification of Original Contributions

This thesis presents a number of novel contributions to the field of Electric Field

Energy Harvesting as follows.

The first contribution is the demonstration of a methodology for the design of
Electric Field Energy Harvesting solutions. The proposed EFEH approach presented
in this thesis is a non-contact solution that uses a power line insulator with an inner
electrode to provide capacitive coupling to the power line, to harvest the energy.
The parameters of this coupling are estimated and validated, and the techniques
applied for these tasks can be used for further EFEH implementations, that are less

invasive with the power line.

The second contribution is a more fundamental understanding of the maximisation
of the power extracted by EFEH, to facilitate the design of an efficient energy
conversion scheme. The principles for achieving optimal energy transfer from any
EFEH methodology are developed. The theoretical analysis identifies specific loading
and operating conditions that allow maximum power transfer. The maximum possible

energy to be harvested is specifically characterised.

The third contribution is the assessment of the limitations of solid-state-based
switched converters in this type of application and the overcoming of such limitations
by using a conversion scheme that uses a rectified DC-bus voltage feeding a flyback
type converter operating in pulsed transfer mode, to achieve maximum energy
transfer. The presented analysis, simulation and matching experimental results
demonstrate the viability of the concept, even with the limitation of a weak coupling

to the power line.
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The fourth contribution is the introduction of a compact power electronic converter

in pulsed energy transfer mode, with the main switch self-triggered from the weakly

coupled input supply to avoid the need for an auxiliary supply in the control stage of

the system. The detailed design strategy for the flyback converter under the unusual

input conditions of an EFEH supply has the benefit of improved efficiency for the

EFEH context and potential applications in other smart grid technologies.

1.5 Publications

Several parts of the work presented in this thesis have been published by the

author during the course of the research. These publications are listed below:

1]

J. C. Rodriguez, D. G. Holmes, B. P. McGrath, and R. H. Wilkinson,
"Maximum energy harvesting from medium voltage electric-field energy using
power line insulators,” in IEEE Australasian Universities Power Engineering
Conference (AUPEC), September 2014, pp. 1-6.

J. C. Rodriguez, D. G. Holmes, B. P. McGrath, and C. Teixeira, ”"Energy Har-
vesting from Medium Voltage Electric Fields using pulsed flyback conversion,”
in IEEFE 8th International Power Electronics and Motion Control Conference

(IPEMC-ECCE Asia), May 2016, pp. 3591-3598.

J. C. Rodriguez, D. G. Holmes, B. P. McGrath, and R. H. Wilkinson, ”A
Self-Triggered Pulsed-Mode Flyback Converter for Electric Field Energy
Harvesting,” submitted for review to IEEE Journal of Emerging and Selected

Topics in Power Electronics on February 2017 (under revision).
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LITERATURE REVIEW

Electric Field Energy Harvesting (EFEH) [12] is a particularly attractive option
for energy scavenging from the environment of medium-voltage (MV) power lines,
since it obtains its energy directly from the electric field produced by the voltages in
these lines. Interest in EFEH has grown over the last few years, with a number of
recent publications covering the areas of harvester coupling design and conversion of
the available energy into usable levels for low-power electronics near the power lines.

The review of the material in this area is presented in two sections.

Section 2.1 explores the challenges that EFEH encounters as a self-powering
technology for sensor nodes (SNs) in distribution power line sensor networks
(DPLSNs), in the environment of 11/22 kV MV power lines. The key conclusions

from this section are that:

e The requirements for real-time power line sensor networks and large-scale

deployment need a generalised optimisation of EFEH.

e EFEH is a strong contender when compared against other options for energy

harvesting.

Section 2.2 reviews the solutions that have been proposed for EFEH, exploring the
importance of the coupling to the power line and various energy conversion strategies

that have been provided. The key conclusions from this section are that:

e There are fundamental input conditions that limit the power transferred with

EFEH, which need to be analysed for power optimisation.

e An effective power electronic conversion system is a key element in the
attainment of optimal power, and as such, it requires considerable in-depth

analysis, to be viable.
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2.1 The Challenges of EFEH

One of the most important factors for the implementation of power line monitoring
via WSNs is the availability of a reliable auxiliary power supply for the electronic
apparatus that is used to measure various line parameters [24,64]. Such equipment
includes all types of sensors and communication hubs attached to the power line. In
order to attain inexpensive deployment of these electronic systems, one important
requirement is for them to be self-powered [12,29,48, 63, 65--67].

While batteries offer a convenient power supply option to test and demonstrate
line monitoring systems, in the literature they are usually seen as a maintenance
problem at the system level. Hence the consensus is to use environmental power
sources in lieu of, or in conjunction with, batteries [32]. The collection of small
amounts of energy (less than 1 W) from such environmental sources is the general
topic of Energy Harvesting (EH) [47]. In the environment of medium-voltage power

lines, different options for EH are available, including EFEH.

The challenges that EFEH faces as a self-powering technology for smart-grid
DPLSNs are common to other EH technologies available in the power line environ-

ment. The most important challenges of EFEH are thus reviewed first.

2.1.1 Energy Requirements

An electronic embedded system is at the heart of any WSN sensor node. Typically,
the electronics inside an embedded electronic system consume more energy than
an EH source is able to deliver at a given time. This is because a SN can operate
continuously only if the energy production is equal or superior to the consumption,

which is challenging for any EH supply.

Hence, the merit of using EH as a reliable power supply for line-monitoring SNs
depends on the implementation of low-power management strategies. In essence,
energy optimisation is achieved by re-arranging different processing cycles. This is
the principle behind the development of low-power-consumption communication tech-
nologies that modify specific communication periods [68], or implement customised
scheduling of sleeping times which is referred to as duty-cycling operation [69].
More low-energy consumption schemes appear as technologies in circuit design,

microelectronics, storage and communications evolve [70--78].

Low-power management strategies are broadly applied in the literature of EFEH,

as in any other EH technology. The most common approach is the use of duty-cycled

10
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operation of the target low-power load, with transmission of data implemented only
every several seconds or even minutes [58,63]. Under these constraints, an energy

rate of some tens of milliwatts has been identified as a sufficient target [79].

However, this energy requirement increases sharply as real-time monitoring is
considered. In fact, the implementation of future smart grid technologies ascribed to
power line monitoring calls for real-time operation, such as, for example synchrophasor
measurements via Phasor Measurement Units (PMUs) [19]. Typical grid operations
towards which smart grid operation is aimed (such as fault-current response and
partial discharge detection) require tight accuracy and short response times ranging

from some hundreds of milliseconds to several seconds [11,80].

Under the constraint of real-time monitoring, the energy rate required from an
EH supply can be estimated from the existing literature. The figure is obtained as
the equivalent power required from a SN with duty cycles approximately equal to
one, as this illustrates continuous sensing and communication of variables, avoiding
long sleep intervals. The total continuous power requirement then ranges from some
hundreds of milliwatts to nearly 2W [23,36,52,63,81]. A second source for this
estimation is the survey presented in Table 2.1, which shows a comparative analysis
of the approximate continuous power consumption of the microprocessors typically
used in low-power WSNs [82--88].

2.1.2 Competing Technologies

From the environment of medium-voltage power lines the available sources for

energy scavenging, other than electric-fields, are surveyed next.

Vibrational-Based Energy Harvesting

This technique is based on the principle of exploiting the oscillation of a proof mass
resonantly tuned to the dominant mechanical frequency of the applied environment
[48]. In power lines, low level vibrations vary widely in frequency and amplitude.
There are three methods typically used to convert mechanical motion into electricity:

Piezoelectric, Electromagnetic and Electrostatic.

Electromagnetic power conversion uses Faraday’s law of electromagnetic induction,
and it is highly limited by output voltages below 100 mV [67]. Electrostatic generation
on the other hand takes advantage of the varying energy in a capacitor caused by
the motion of the proof mass. This is the principle basis of Micro-electromechanical

Systems (MEMS). Its primary disadvantage is the requirement of a separate voltage
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Table 2.1: Estimation of commercial low-power processors peak energy consumption.

Peak
Power
Estimation

(mW)

Device Power Consumption

-Active mode:270pAQ1MHz/2.2V
MSP430F2274 [82] -Standby mode:0.7pA 9.504
-Off mode(RAM retention):0.1xA

-Run mode:150pA/MHzQ3V
-Sleep mode:51uA/MHzQ3V
FM32TG840F 32 [83] -Deep sleep Mode:1pAQ3V 144
-Stop mode:0.6pAQ3V
-Shutoff mode:20nAQ3V

-Rx/Tx:18.6 mA(1.8-3.6 V)
ATMega -Deep Sleep mode:250nA@25°C
128RFA1 [84] -CPU Active mode (16MHz):4.1 mA
-2.4GHz Transc:RX12.5mA /TX14.5mA

-35.3mA active mode@2-3.6V
JN5148-001 [85] - 5.644A sleep mode 127.08
-100nA deep sleep mode

66.96

22 mA RX radio/MCU active
-0.8mA MCU idle(radio off)
MC1322x [86] -29mA TX radio/MCU active 79.2
-3.3mA MCU active(radio off)
-0.85uA typical hibernate

source to charge the capacitor to an initial voltage for the implementation of a

conversion process [89)].

As a consequence, the most common EH vibrational method in the environment of
power lines is in fact the piezoelectric generator [67]. Piezoelectric materials produce
an electrical charge when mechanically deformed. A cantilever beam made of a
piezoelectric material with a magnet attached to its edge is kept in the varying
magnetic field of the AC current of a nearby MV power line, as in Figure 2.1 As the
magnet oscillates, a time varying deflection at the line frequency is produced and

this yields a subsequent AC voltage to be processed by power electronics [52].

Due to its very high source impedance, Piezoelectric EH provides low continuous
output power ranging from some hundreds of microwatts to less than one milliwatt
[79,90--92], even at high currents through the power line (around 1kA) [93]. Recent

12



Chapter 2. Literature Review

Induced Voltage A~ ~

Powerline

SSNNSSSSSS

Piezoelectric Material

’
1
Y
\
\
.
A3
~
~

Figure 2.1: Piezoelectric energy harvesting from power lines.

improvements on the cantilever design and multi-cell, and multi-modal operations
achieve power levels up to 10 mW, with the constraint that the EH device has to be
installed directly on the source of vibration [94,95] i.e. the MV power line.

Thermal Energy Harvesting

Thermoelectric generators (TEGs) take the energy from the electric potential
created from a temperature gradient [96]. Recent developments show a broad range
of applications including WSNs to monitor electrical assets, and promising power
densities of up to 40 W /cm? [53,91,97,98]. It has been demonstrated to supply a
peak of 31.8 mW when a temperature difference of 34°C is applied across multiple
TEG cells [99].

However, the efficiency of the method is highly dependent on temperature difference
changes, and reduces drastically for small gradients [52]. In the environment of
power lines this is a big limitation, since in mild-weather the temperature differences
in conductors will not exceed 10°C [100]. Furthermore, the temperature patterns are

not consistent, and hence the reliability of the power supply will not be guaranteed.

Solar Energy Harvesting

Whereas energy harvested from the sun could also be seized with the TEG principle
in overhead distribution lines, Solar Energy Harvesting in the literature refers mainly

to the energy harnessed with the help of a photovoltaic (PV) cell that converts
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incident solar radiation into electricity. In principle, it is considered as a feasible
alternative to power autonomous field devices. A common continuous power output

is 160 mW for a 16 cm? cell in outdoors applications [101].

However, solar energy harvesting systems behave as voltage-limited current sources,
making it difficult to power the load directly from the cell [52]. Also, solar radiation
is only available during the day time within the environment of overhead power
lines, which adds the requirement of storage technologies, whose implementation at
this level is challenging due to thermal constraints [96,101]. Another disadvantage
that limits the application is the low efficiency of the method, from as low as 20%

for high-end research solar cells by themselves [53, 76].

Energy Harvesting from Radio Electromagnetic Waves

This approach harnesses energy from far-field ambient radio signals. The incident
radio-frequency (RF) radiation has the potential of powering wireless autonomous
devices. An antenna connected to a rectifier (called rectenna) is used to convert the

incident RF power into usable DC power.

In general, the technique shows consistently low energy density. In a DPLSN
environment where smart grid wireless local area networks are deployed, scattered
RF signals create power densities that go up to 0.3 pW/cm?, which in a standard
application yields around 100 W before any energy loss due to power processing.

This is generally inadequate for powering sensor networks [102,103].

One recent development with regards to this type of energy harvesting is the
deliberate transmission of RF energy, solely for the purpose of powering RF devices.
This is called RF Energy Transport [52]. Even with this approach, the average
power supply levels range from 100 uW at 940 MHz and at 2 meters from the
source [104], to a theoretical maximum of 1 mW at 20 km from the transmitter [103].
New communication sources born from WSNs in the Smart Grid, such as modulated
backscattering radiation, have the potential to enhance this method [105]. However,
at the present time, the energy levels obtained do not seem to be comparable to

other EH options.

Magnetic Field Energy Harvesting

Magnetic Field Energy Harvesting (MFEH) is by far the most popular energy
harvesting technique for power line monitoring devices, and has been used in multiple
applications involving WSNs [28,29,52/53,58,96,106--109]. The magnetic field near
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Figure 2.2: Magnetic field energy harvesting from power lines.

distribution lines produced by the AC current flowing through the main conductor
can be used as a source of energy caused by electromagnetic induction in a nearby
coil. This is the same principle used in a current transformer (CT), and it is shown

in Figure 2.2.

It is well recognised that the main limitation of MFEH is the need for large currents
through the main conductor. For instance in [110], conductor currents larger than
100 amperes can harvest up to 330 mW; however, below 26 amperes the supply fails
in sustaining its output voltage. Important improvements to the design have been
developed through the years. In [111] a multi-winding CT and more sophisticated
power conversion are used to achieve a continuous power of around 1 mW CT with
a primary current of 1 A, hence opting for a duty-cycle mode of operation of the
load. The method is also reliable up to 40 metres of distance. Further attempts to
maximise the power at low currents by placing the core in saturation have also been

proposed [112].

Another important limitation of MFEH method is that it usually needs a core
clamped around the power line. Direct contact with MV conductors raises concerns
about insulation requirements and safety. To address this issue, some MFEH
methodologies not in direct contact with the line have been proposed instead. For
instance, the magnetic noise around the power lines has been used instead as a source

of energy and around 6 mW were harvested with air-core coils in this way in [113],

In [33,114], the authors introduce a flux concentrator based on an open core, not
wrapped around the line but at a certain distance from it. Additional conversion
techniques are included and the method shows to be successful in powering a load in

a duty-cycle mode of operation with a period of one minute. However, the continuous
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power drawn is again highly dependent on the power line current. The figures are
as much as 116 mW at 900A of conductor current but only 1.25 mW with 100 A
conductor current. An additional limitation is the distance of the harvester from
the power line, which rapidly decreases the maximum available power to only 5% at
15 cm. Another implementation with the harvester placed just above the ground
collects only 360 uW of continuous power, confirming the high dependence with the

distance from the power line too [103].

Hybrid Harvesting Methods

Harvesting the energy from several sources simultaneously is the approach taken
by several authors and commercial applications. In this context, the integration of a

battery as a storage element is not unusual.

Hybrid solar and piezoelectric energy harvesting has shown to power SNs with up
to a continuous 86 uW, without the need for batteries [92]. Hybrid harvesting from
solar energy and electromagnetic radio waves has demonstrated an improvement

over each individual technique by producing up to 32 W of continuous power [115].

Another technology integrating EH designs is small-scale wind energy harvesting,
either by itself [116] or as part of hybrid implementations with other technologies
such as high-frequency wireless magnetic power transfer [117] and linear generators

for EH from HVDC power lines usually acting as a battery charger [55].

2.1.3 Devices Deployment

Ultimately, any form of EH will be integrated into a composite solution for power
line monitoring, along with the sensing, processing and communication blocks. How
easy the deployment of these solutions is within a DPLSN will depend on their size
and thus their cost [20].

For example, the network of a distribution company that accounts for only one
fifth of the maximum demand in the state of Victoria in Australia, would require
nearly half-million sensor nodes for the deployment of WSN technology in a DPLSN.
This represents a considerable challenge given its relatively small capital budget for

asset development in one fiscal year [118].

Quite often, the cost and size of the monitoring solution depends in turn
on the EH methodology applied. Commercial monitoring solutions with some
form of energisation from the power line have evolved through the years, from

simple voltage detectors [119] and fault circuit indicators (FCIs) [120], to patented
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self-contained solutions including measurement, communications and self-powering
[121]. Representative off-the-shelf solutions for self-sustained distribution power line
monitoring that can be found commercially to this date have been surveyed and are

presented in Table 2.2.

It can be seen that current solutions feature large measurement spans in MV/HV
conductors and successfully integrate the most up-to-date communication and self-
powering technologies. However, they are invariably bulky and energy-hungry, so that
none of them show complete independence from batteries. Also, the implementation
of real-time waveform monitoring does not seem to be in place yet, except for
particular events such as line faults. A quick market-cost research indicated their
prices in the range of AUD 1000.0 to AUD 9500.0. These limitations still hinder
large-scale deployment, which is needed for DPLSNs.

The most popular technology for self-powering in these commercial devices is
MFEH, which often requires a device wrapped around the power line conductor.
Direct contact with the line presents additional requirements of insulation and safety,
requirements that drive the increased sizes and higher costs. Clearly, there is a big

benefit in reducing the bulk and the proximity of the EH technique to the line.
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2.2 EFEH Solutions

The energy harvesting technologies for powering wireless sensor nodes in DPLSNs
in the literature still face the challenge of achieving the higher levels of power
necessary for real-time operation. Additionally, large-scale deployment of these SNs
requires more compact EH solutions that are not too invasive to the power line

conductors.

EFEH systems take advantage of the strong electric fields radiated by MV /HV
power lines [129] to enable a low-power supply when these fields are capacitively
coupled from the line to a nearby load. This represents an advantage against other
harvesting strategies such as MFEH, because the energy is collected via the capacitive
displacement current that flows from the conductor to ground, not the load current
flowing through the primary conductor. Hence it is independent of the load currents.
This also has a great potential for reducing the distance of the harvester to the power

line.

The way EFEH couples to the power line, the strategies for converting the available
energy to usable levels, and the power achieved by this technique are reviewed in

this section.

2.2.1 Power Line Coupling

The principle of EFEH as a self-powering technology for line monitoring was first
introduced by Zangl et al. [45,49]. It was presented as part of a system able to
determine temperature, distance to ground, and degree of icing for preventing the
occurrence of sags and increased vibrations in HV power lines. The structure forms
a cylindrical EFEH topology, shown in Figure 2.3a. The power is usually extracted
by connecting a subsequent energy conversion system in parallel to C, from the

capacitive divider formed by the strategy.

The cylindrical EFEH topology has been used widely throughout the literature.
In [55], [66] and [90], it is used to power devices in a WSN for the monitoring of
temperature, the inclination of power lines, and their current load, as an industrial
application for controlling losses related to conductor deterioration. In [56], its
successful integration with wireless communication schemes was demonstrated,
showing as well that the operation of the harvester and communication channel are

not negatively affected by the harsh environment of the HV line.

One unattractive feature of using C'; as the harvester medium is the direct contact

of the EFEH system to the power line. The investigations in [50] and [63] use a
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Power Line Conductor
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Figure 2.3: Topologies for EFEH harvesters (cross-sections).

variation of the cylindrical topology, where the energy is extracted between two

concentric electrodes around the power line, thus avoiding direct contact.

The cylindrical topology has also been applied in EFEH from low-voltage
conductors. In [57] and in [60] the topology was composed using metallic foil
wrapped around insulated, single-phase, three-wire household power chords (rated
for 220V line-to-line). The energy is extracted from Cj rather than from C, thus
forming an EFEH system that is earthed through a conductor plate on the concrete

floor of the edification on which it is mounted.

Moghe, et al. [52] proposed a different form of coupling, using a two-plate topology,
as showed in Figure 2.3b. In this geometry, the top plate is in direct contact with the
power line and the bottom plate is 5 cm below. The two-plate system is at a certain
height from the ground, thus forming an EFEH capacitive divider. The energy here
is extracted from C}, which again has the disadvantage of a direct contact with
the power line. The use of this topology with energy extraction from C5 has been
proposed as well [58]. Finally, a modification to this geometry has been proposed
in [53] where the two-plate system is not in contact with the HV conductor, but at

a distance about 10 cm below it.

The most important parameters for the characterisation of the coupling to the
power line are the capacitances in the parasitic capacitive divider formed under the
principle of EFEH i.e. €} and C5. The identification of these values depends in
turn on the characterisation of the electric field near the power lines. For simple
geometries, this identification can be done deterministically using electromagnetic
theory. For more complicated structures, however, numerical methods are required.
The different methodologies available for this task [130--132] are mainly based on the
Finite Elements Method (FEM) also known as Finite Element Analysis (FEA) [133].
In general, the high accuracy of FEA in the estimation of electromagnetic field

patterns around power lines has been proven and documented [45,49,55,61] .
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In both the cylindrical and the two-plate EFEH topologies it has been observed
that the values of the capacitances depend greatly on the dimensions of the harvester,
as well as on the distance from the ground reference. The values for both C} and
C5 have been shown consistently to be in the range of some tens of picofarads
[28,45,49--51,51--63].

The extremely low values of the capacitances in the system translate into very
large input impedances. It has been determined that the equivalent input circuit
of the EFEH system resembles an AC current source with a large input impedance
[45,49,134]. This causes the input AC current to be invariably low (some few
hundreds of micro amperes), with an input voltage that is highly dependent on the
load presented to the system. These features severely limit the available power
transfer. For methods that are not in direct contact with the power line this situation

is worsened, as the input capacitances drop further [50,53, 58, 63].

One direct consequence is that the maximum continuous input power available
to the EFEH system depends strongly on the loading presented to the capacitive
divider. The experimental quantification of this input has been somewhat explored
in the literature. However, there is no clear exploration of the explicit conditions for

maximum power transfer for any particular load.

There are additional challenges related to the capacitive coupling that are specific
to EFEH. For instance, the total parasitic impedance of the circuitry between the
conductor and the harvester shell has to remain below 500 pF, as an increase in C}
deviates the displacement current towards it, thus decreasing the available power
to the load. In addition, there is a requirement for decoupling of the measurement
and communication circuits from the harvesting circuitry. These limitations were

explored in [56].

2.2.2 Energy Conversion

In order to deal with the difficulties in power transfer presented by the capacitive
coupling, it is a common identification in the literature that the design of the power

conversion circuit is the key element to an efficient use of EFEH.

To manage the limited AC input current of the EFEH divider and the rapid
increase of the input voltage with the load, some of the most representative energy
conversion methodologies in the literature implement tapping of the input MV, in
their first stage. This has been tried either by an input, line-frequency, voltage
transformer [45,49--51,56], or an input resistive divider [59,62], as shown in Figure 2.4a

and Figure 2.4b respectively.
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Figure 2.4: Tapping in EFEH conversion strategies.

The use of a MV /LV tapping transformer increases the size of the EFEH system
due to the requirement for a high magnetising impedance to limit the excitation
current demand from the low-current supply [61,63]. On the other hand, the use
of a resistive divider is inefficient and hence reduces the available harvested energy.
The requirements of a strategy for direct energy conversion, without reducing the

initial MV, have not been analysed experimentally in depth.

A subsequent AC-to-DC power electronic converter is then required to make the
energy usable by a low-power load. The varied conversion topologies proposed in

the literature are summarized in Figure 2.5.

Simple linear power supplies (2.5a) used in [45,49--51,56,58] have the disadvantages
of increased size and low efficiency. Furthermore, the use of batteries for supporting

the conversion system is not unusual.

An alternative switching topology was presented in [59,62], which is based on a
semi-controlled, full-wave bridge rectifier. This option uses asymmetrical switching
control in low-frequency, and it is depicted in Figure 2.5b. The switching operation
was illustrated in computer simulations, but there was no detail on the practical
switching waveforms nor on the design and power consumption of the gate drivers

for the switches.

Another option is the so-called up-conversion oscillatory circuit presented in [63]
and illustrated in Figure 2.5c. This topology works with the premise of optimising
the efficiency by using the principle of resonance. Its main challenge is that matching
the impedance formed by the low input capacitance and the equivalent inductance of
a subsequent transformer at 50 Hz requires a magnetising inductance in the level of
kilohenries [61], which is impractical. Hence, it uses a switch working at a very low
duty cycle (5% at 200 Hz), which oscillates at higher frequencies such that resonance
can be achieved with smaller magnetics. The method succeeds in improving the

efficiency, however the total output power is very low (less than 1 mW), despite the
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(b) Semi-controlled full wave
bridge rectifier

— T+
Vbc

(d) Switched voltage doubler
(low-voltage EFEH)

Figure 2.5: Energy conversion topologies used in EFEH.

increased complexity. In fact, it is acknowledged in [135,136] that higher efficiency

does not necessarily mean more power transferred.

Finally, alternative control methods based on hysteretic triggering have been
proposed in low-voltage EFEH applications, with a general representation as shown in
Figure 2.5d. In [57] this topology is used to store the energy from the voltage-doubler
in a capacitor. In [60], the energy conversion is implemented using a MOSFET
triggered by a MEMS switch which uses the electrostatic force in the field created in
the EFEH system. It turns the main switch on for a higher threshold and turns it
off when the input voltage falls a below a lower threshold. Its application to MV

power lines however is limited due to the low MEMS switch voltage ratings.

One important realisation is that the reasoning behind the choice of the different

energy conversion methodologies proposed in the literature is not clear. In addition,
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the underlying principles for power maximisation, the detailed switching operation
and the process of selecting the most optimal topology have limited coverage. As a
result, it is uncertain whether the power achieved from existing EFEH techniques is

in fact the best that is possible.

2.2.3 Power Output

The practical output power levels that EFEH is able to deliver make it a strong
contender as a self-powering technology for MV power line monitoring. However, its

optimal level is not clearly identified yet.

Using the cylindrical EFEH topology, up to 370 mW of continuous power have
been extracted from a 150 kV line in [45,49,56]. It was described that the power can
be increased by increasing the coupling with the MV line i.e. C. Also, the power

decreases slowly with the increase of the distance to ground.

For the cylindrical topology used in [50,51], an output power level of about 16.4
mW is obtained from a 60 kV power line. This application includes power matching
circuitry, storage with supercapacitors and a low-power energy management system
that implements duty-cycled operation that measures variables every 15 minutes, in

normal state. However, batteries are still included for initialisation.

The non-contact cylindrical EFEH system with up-conversion oscillatory circuit
in [63] achieves up to 663 uW of continuous power from a 10 kV power line, with a
high efficiency of 90.5%. In this reference, another demonstration of the low-power
management system was presented, where a WSN node composed of low-power
embedded electronics was duty-cycled for 620-millisecond transmission every 4
minutes, to make the power usable. In addition, the gate driver of the main switch

was implemented with low-power elements, consuming up to 6 uW.

The two-plate geometry in direct contact with the power line proposed in [59]
and [62], with a tapping input resistive divider and semi-controlled full wave bridge
rectification obtains nearly 17 mW of continuous power from a 35 kV power line. In
contrast, the same topology without direct contact to the line achieves only up to
some hundreds of microwatts [53,58]. Again, this energy rate is demonstrated to
be enough for duty-cycled WSN node operation, but not necessarily enough for a

real-time implementation.

Finally, low-voltage EFEH techniques can achieve only as much as 57 yW, hence
requiring the use of duty-cycled operation of their low-power loads, with RF data

transmission happening only every 42 seconds [57,60].
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In general, the power obtained with EFEH is too low for real-time operation.
Table 2.3 presents a comparison between the most representative EFEH approaches
reviewed in this section. The comparison uses the common standards of power per
unit of volume (power density in gW/cm?), power per unit of voltage in the power
line in mW/kV (since the harvested power increases with higher line voltages) and

the main strengths/limitations of each technique.

It can be seen that EFEH systems with direct contact with the MV /HV power
line, i.e. connected across (', can harvest more continuous power. This requirement,
however, hinders a large-scale deployment of the associated low-power sensor nodes
that EFEH aims to energize, as it is more invasive to the power line for installation.
In addition, the power harvested in this form involves close proximity of the outer
electrode to ground too, as the power decreases with the height of the power line

conductor.

Another observation is the two-plate EFEH harvester topology displays a superior
power density compared to the cylindrical topology. This shows that a less invasive
geometry does not necessarily reduce the efficiency. On the other hand, the cylindrical

topology in contact with the power line still achieves the highest EFEH per kilovolt.

Less-invasive EFEH techniques with improved power transfer are yet to be explored,

as well as paying closer attention to the design of the power electronic converter.
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2.3 Summary

This chapter has been presented in two sections. The first section reviewed the
challenges that EFEH faces as a technology for power line monitoring. The second

section reviewed the solutions for EFEH presented in the literature.

Much of the literature in energy harvesting proposes the use of low-power
management strategies for duty-cycled operation of the target loads in WSNs
for power line monitoring. However, a more holistic application in smart-grid
developments requires real-time operation of SNs, which has the more demanding

requirements of continuous power, in the order of some hundreds of milliwatts.

The different EH alternatives to EFEH in the environment of MV power lines
either have a very low power delivery or are unreliable. The most prominent option is
Magnetic Field Energy Harvesting (MFEH), which is the choice for many commercial,
off-the-shelf solutions for power line monitoring at the moment. However, MFEH
techniques have the limitations of requiring close proximity to the power line, and
variable power outputs as the line current changes. The former drawback, in
particular, drives increased sizes and higher costs, which hinders the application of

large-scale deployment of SNs in DPLSNs.

EFEH takes its energy from the strong electric fields produced in MV lines and
does not require load current flowing through the power line. The harvester couples
to the power line as a capacitive divider from which the energy can be extracted
both with and without direct contact to the line. In either case, the low values of
the coupling capacitances limit the power that can be extracted with this technique

to some tens of milliwatts, even from HV lines.

There is scope to resolve many of these issues associated with the optimisation of

the energy transferred with EFEH. hence of particular focus in this thesis are:

e The exploration of less-invasive EFEH techniques, able to avoid galvanic
contact to the power line, in order to assist a low-cost, large-scale deployment

of the sensor nodes to be powered using this strategy.

e The determination of the precise electrical conditions needed for the opti-
misation of the energy transfer in EFEH, which are not clear yet from the

literature.

e A detailed analysis of the switching operation within an energy conversion

strategy that is able to maximise the power obtained with EFEH.
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e The continuous energy transfer rate obtained with the current EFEH method-
ologies can be greatly improved by an adequate implementation of the energy

conversion stage.
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Chapter 3

MAXIMUM ELECTRIC FIELD ENERGY
HARVESTING USING POWER LINE
INSULATORS

The challenge of EFEH is to extract useful amounts of energy but to also avoid
extreme close proximity (or even galvanic contact) to the power line. In this
chapter !, a novel, non-contact option for EFEH is proposed, which uses the parasitic
capacitance of the medium-voltage power cable supporting insulator. Then, a detailed
study of the conditions of the capacitive divider and loading conditions for maximum
power transfer is developed. Supporting simulation and experimental results are

included.

The first section of this chapter presents the first contribution of this thesis, which
is the demonstration of a novel technique for EFEH. The approach is a non-contact
solution that uses a power line insulator with an inner electrode to provide capacitive
coupling to the power line, to harvest the energy. The parameters of this coupling
are estimated and validated experimentally. The approach applied for these tasks
can be used for further EFEH implementations that are less invasive with the power

line.

The second section of this chapter presents the second contribution of this
thesis, which is a more fundamental understanding of the optimisation of the
power extracted by any EFEH system. The theoretical analysis identifies specific

loading and operating conditions that allow maximum power transfer. By using this

Many of the contributions contained in this chapter were first published by the author in:
[1] J. C. Rodriguez, et al., Maximum energy harvesting from medium voltage electric-field energy
using power line insulators, in Australasian Universities Power Engineering Conference (AUPEC),
Perth, Australia, 2014, pp. 1-6.
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understanding, the maximum energy harvested from an EFEH system is specifically

characterised and validated in simulation.

The third section of this chapter explores the feasibility of building a power
electronic converter that is able to implement the conditions that allow maximum
power transfer. The switching operation of candidate topologies is studied and

conclusions are drawn about the most adequate conversion strategy.

3.1 EFEH with Power Line Insulators

3.1.1 The Principle of Electric Field Energy Harvesting

The general theoretical principles of EFEH are reframed first. EFEH is based
on the principle that any conductor, energised at some voltage level, emits a radial
electric field that contains energy. Following electromagnetic theory, an energized
AC power line conductor in steady state has its excess charge distributed on its
surface. Radial electric field lines are thus produced that emanate from this outer

surface.

In an EFEH system, an electrode located at a distance from the conductor creates
a structure in which the charge available in the conductive elements, in relation to
the potential distribution (associated with the electric field pattern) can be seen as a
capacitive voltage divider network. This capacitive divider network based on one
single electrode is depicted in Figure 3.1, where capacitor C represents the coupling
between the power line and the electrode. Capacitor C5 represents the coupling

between the electrode and the ground reference.

Power Line Conductor

Gaussian S Power Line Voltage
Surface S, S i Electric
T Field
/ Lines C Cl
& // @ “ ‘, “‘\ \\ 1 I
l’ o \\‘ El — @Vllne
y SR Ty Electrode
ds ;
i R >
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‘ . ! 52\‘ ' SurfaceS, C
! | i : | 2 =
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_— - = — —*C -—_— = - = — —7—/—7?

Figure 3.1: EFEH from power lines.
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The value of the capacitors will be dependent on both the magnitude of the
electric field in the power line and the geometry of the complete coupled system. For
instance, the value of capacitor C -expressed in general electromagnetic terms in
(3.1a)- depends on the electric field intensity Eq, the electric-flux-coupling Gaussian
surface S7, the total distance between the electrode and the power line [, as well as
the permittivity of the dielectric material between the power line and the electrode
e1, according to [137]. A similar expression can be obtained for Cy and is given in
(3.1b).

_ &1 #Sl E1 . dSl

= 3.1a

Ry .
ey b, Eo - dS

L= 25@552 2 (3.1Db)
[ By - dl

The energy available in the capacitive divider can be collected by deviating the
displacement current from the conductor into a target load (instead to ground where
it normally flows to). This is done by connecting in parallel to either C; or Cj
an EFEH system as shown in Figure 3.2. The EFEH system is composed of the
following blocks:

e Harvesting capacitive divider: Formed by two or more equivalent capacitors
in series, depending on the number of electrodes used. The energy is harvested

by connecting the following blocks to any of the capacitors.

e FEnergy conversion topology: Transforms the AC voltages developed across the
chosen capacitor down to appropriately extra-low DC voltage (ELV) levels for

use by a low-power load.

e Low-Power management system: Electronic schemes in charge of efficiently
matching the low power harvested to the consumption of the load, within some

limited operation schedule, as discussed in Section 2.1.
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Figure 3.2: A full EFEH system.
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Figure 3.3: Overhead distribution power line insulators.

e Low-power load: The final electronic load such as a WSN node and its peripheral

devices.

A non-contact solution that uses a power line insulator with an inner electrode to
provide capacitive coupling to the power line, to harvest the energy, is presented in

the next section.

3.1.2 Power Line Insulators in the Smart Grid

Overhead power line insulators (Figure 3.3) are an integral part of power
transmission and distribution systems. Their objective is to both support the
overhead conductors and provide electric insulation between the higher-voltage line
and the earth. Hence, they must be able to withstand high-voltage stress. There are
several types according to the application (pin, suspension, strain, hollow-core etc.),
as well as a variety of materials such as porcelain, toughened glass, polymers and

composite materials.

It is well recognised that the presence of insulators in the power lines produces a
leakage current to ground. Usually, leakage current in insulators is referred to as

the current passing through the DC resistance path on its surface, which is more
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dominant than the current passing through the parallel leakage capacitance of the
insulator [138].

The maximum allowed levels of leakage current are not well defined by standards
organisations, but are specified instead by local power companies. These limits
depend on the insulator type and voltage rating, quality of service and line losses.
An empirical limit is acknowledged at 100 milliamperes [138, 139]. However,
practical studies have observed leakage currents up to 1.5 amperes [140] in heavily
contaminated MV devices, with the insulator operation still not compromised. Given
the fact that EFEH from MV lines usually extracts currents in the level of some
hundreds of microamperes [61], their use for EFEH should not affect their normal

operation in power lines.

The idea of using insulators in the context of smart power line monitoring has
been presented before in the literature. In [141], trending non-conventional smart
grid voltage and current measurement technologies as in [12,142] are integrated
into a hollow insulator. A follow-up work [143] includes a self-powering strategy
for powering the electronic circuits embedded in the sensors that uses the principle
of Magnetic Field Energy Harvesting. The results indicate that such a power
line monitoring system offers the benefit of being non-invasive, while keeping high

accuracy and broad frequency range.

In [144], a system for monitoring insulators leakage currents in WNSs is proposed.
The system uses high conductivity copper rings installed on the surface of the
insulators themselves to collect the leakage current through the insulator DC
resistance and transmit it as part of a sensors network. The energy consumption of

the system is designed to be low, so it can be powered from an EH method.

In [145], studies on smart grid non-conventional methods for MV power line
voltage measurement via C' and RC dividers and current measurement via inductive
pickups, indicate that such sensors can be incorporated inside support insulators,

with examples provided of the integration of the topologies.

Commercially, industrial projects such as [146] have proposed systems that replace
conventional high voltage pin-type insulators with others of the same size that
incorporate coupling electrodes, thus composing a voltage testing system where
the capacitor voltage divider translates the applied phase-to earth voltage into a
measurement voltage proportional to the high voltage. The application aims to

retrofit a medium voltage switching system for power line control operations.

To the best knowledge of the author, power line insulators themselves have not
been used as the medium for EFEH. However, the literature shows that the reported

electric-field distribution patterns of power line insulators are in the same levels as
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the studies in EFEH [147], which encourages an EFEH application. An additional
benefit is the non-invasive nature that smart grid developments using insulators
have demonstrated. Finally, since insulators are an inherent requirement for the
power line, using them has the advantage of reducing installation and deployment
requirements in the distribution system, which is one of the challenges of power line

monitoring regarding large-scale deployment.

3.1.3 Proposed Insulator-Based Harvester

The physical structure of MV power line insulators is a cascaded set of epoxy sheds
that are linked by an internal connecting pin. For the proposed EFEH system, this
pin is now extended beyond the top of the main insulator, surrounded by a cylindrical
insulation extension, and then sheathed by an outer electrode which connects to
the power line conductor. A physical proof-of-concept of this arrangement is shown
in Figure 3.4a. Note that the overall geometry of the proposed harvester is not
substantially different from a composite insulator for overhead power lines, which
makes it a viable implementation for electrical distribution systems. A complete

description of the construction of the experimental harvester is presented in Chapter 7.

At Line Elgcuttrirde
Voltage
¢ " Insulation
Inner
Electrode
(a) Harvester construction.
Outer Electrode
Inner Electrode
Converter
I —
VIme@ : ! / R LOW'
Cp 2t | vAc v,| | Power
A - Load
: = AC, DC,
0 150 300(mm) Insulator MV ELV

(b) 3D FEA model. (¢) Conceptual conversion scheme.

Figure 3.4: Power line insulator-based EFEH system.
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The structure forms a parasitic capacitive divider network as shown in Figure 3.4c,
where C represents the capacitive coupling between the outer electrode sheath
and the inner electrode pin, and Cy represents the (parasitic) coupling of the inner
electrode pin to the pole earth. Note that in this arrangement there is no direct

contact between the line and the inner coupling electrode.

Energy can be scavenged from this capacitive divider by connecting a conversion
system in parallel to Cy. A stylised conversion system is shown in Figure 3.4c where
a power electronic converter transforms the AC voltage developed across Cy down to

an appropriately extra-low DC voltage (ELV) level for use by a generic low-power

load.

As it was identified in Chapter 2, the EFEH strategies that scavenge the energy
from the high voltage capacitor of the capacitive divider i.e. '} are able to obtain
more power. However the challenge that this creates is to have the conversion
system in direct contact with the power line. The use of (5 instead of C as the
connection element of the harvesting system has more limited exploration in the
literature. Besides providing galvanic isolation, the use of this type of connection has
the benefit of having its reference to the earth of the system rather than to the active
conductor, which has the potential of reduced installation requirements and costs.
The challenge with parallel connection to Cs is to understand the conditions that
will allow an increase of the available energy. The first step towards this knowledge
is to recognise the input impedance of the system. In the next section, simulation
and experimental studies performed in order to estimate the capacitances of this

EFEH system are presented.

3.1.4 Experimental Investigations

In EFEH capacitive dividers made up of electrodes with varied geometries, Finite
Element Analysis (FEA) is often used to investigate the field distribution of the
experimental structure and hence to estimate the values of capacitances C; and Cs
in the divider. The Ansoft Maxwell 3D FEA software [148] was used in this study
to analyse the system proposed in Figure 3.4, where the materials used to emulate
the insulating rod and power line insulator have a relative permittivity of 2.2 and

4.4, respectively.

The FEA simulation model in Figure 3.4b includes the 3D representations of the
inner Copper electrode, the insulating Polypropylene rod, and the epoxy power line
insulator. In addition, the Aluminium cylindrical wrap that holds the line voltage of

12.7 kV (phase-to-ground voltage from a 22 kV distribution system), and a Copper
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structure that holds the ground potential, are included in the model as the excitations

of the electrostatic simulation.

The resultant electric field distribution is presented in Figure 3.5 and the estimated
capacitances based on the analysis are: € = 43.111pF and Cy; = 0.1437pF. The
FEA results confirm that the maximum field intensity is well below the material
dielectric breakdown of the insulating rod and the power line insulator i.e. 30 and
19.7 Megavolts/metre respectively. The value of capacitance C; is similar to other

studies in the literature, some tens of picofarads, as identified in Chapter 2.

In order to validate the estimations of the FEA simulation in practice, an
experiment was designed. An AC voltage of 1.14 kV (RMS) at 50 Hz was connected
between the Aluminium wrap and the ground plane. The distance between the
medium voltage potential and the inner electrode electrode is 10 mm, which is more
than enough to sustain the test voltage according to the dielectric strength levels of

the insulating materials mentioned above.

Different known resistive loads R, were connected between the harvesting electrode
(Copper tube) and the ground reference, i.e. across capacitor Cy. The steady state,
RMS voltage across the resistor Ry was then measured for each load. The equivalent
circuit of this arrangement is shown in Figure 3.6a. The experimental setup is shown

in Figure 3.6c.
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Figure 3.5: Electric field distribution FEA results.
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Figure 3.6: Experimental validation methodology.

In this experiment, the input impedances of the capacitive divider at the line
frequency are in the range of several Mega-ohms. Hence, the load voltage drop is
very low for loads with impedances lower than this input impedance, making it
difficult to make test measurements. On the other hand, the use of high impedance
loads will inevitably influence the measurement of the load voltage because these
impedances will be comparable to the impedance of the voltage probes used for the

measurement i.e. they will produce loading effects.

To address this issue, high-impedance loads were used and the experimental
measurements of the load voltage V; were compared to analytical models that
take into account all the impedances present in the circuit. A simulation of the
experimental circuit was implemented using the PSIM software package. The
simulation utilizes the values of C; and (3 that were predicted by FEA. It
includes models of the TEKTRONIX P5100A voltage probe, which was used for

the measurement of both the line voltage and the load voltage, to take into account
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Table 3.1: Experimental validation results of the proposed EFEH system.

Ry, Vi, experiment (V) V simulation (V) Error (%)

100.00£€2 1.65 1.66 0.71
2.19MQ 33.70 34.29 1.73
3.99M 2 59.00 59.87 1.45
7.07MQ 94.70 98.92 4.27
8.32M 2 110.00 114.20 3.68
23.98M€2 220.00 242.39 9.24
61.98M 2 342.00 380.10 10.02

the loading effect that the probe introduces in the circuit. As per the information
in [149] the model of the voltage probe P5100A is a 40 M2 resistor (value assigned to
Rprobel and Rprobe2) in parallel with a 1.5 pF capacitor (value assigned to C'probel
and Cprobe2). The simulation model is presented in Figure 3.6b.

Table 3.1 shows the experimental results versus the simulated V}, voltages. The
discrepancies that are observed are due to second order effects of the voltage probes
that are more relevant in this study due to the test impedances being comparable to
the impedances of the probes. Overall, the experimental results match the simulation
with an average difference error of 4%, which is sufficiently close to validate the

capacitance predictions made by the FEA software.

3.2 Maximum Power Transfer

In the EFEH system proposed in Figure 3.4c, a follow-on energy conversion stage
connected across Cs is required to transform the energy from the MV system into
extra-low DC voltage levels that are usable by a subsequent low-power load. To
maximize the power obtained with this configuration is one of the challenges in this
field of study.

Some previous works in the literature have considered that the energy available
from the EFEH systems is simply the energy in the capacitor used for harvesting, in
this case Cy. However, the AC voltage divider (considered to be composed of ideal
capacitances in this model) transfers various amounts of active power depending on
the load connected across one of its arms. Because of the sensitivity of this system
to loading effects, which was identified in the previous section, a closer look at the

effect of the load connected across C is required.

This section will firstly analyse the effect of resistive loads on the power transfer

as a basis for understanding the system under loading, and then will derive the
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Figure 3.7: EFEH system with a resistive load.

conditions needed for power transfer maximisation in the more general case of a

converter acting as the load of the divider.

3.2.1 Resistive Load Analysis

The steady state AC circuit analysis of the capacitor divider shown in Figure 3.7
for a load resistor R was performed. Eqn.(3.2) defines the resultant RMS output

load voltage V,, , RMS output current I,, and average delivered power P,.

o Rolwo‘/line (3 2&)
? \/1 + R2wo2<01 + 02)2 .
o ClwoWine (3 2b)
? \/1 + R2w02(01 + 02)2 ‘
2, 2Y/2
Rclwo ‘/Eine (320)

° T 1+ R2w,2(Cy + Cy)2

In these circuit analysis results, the angular frequency w, is a stiff grid parameter.
Capacitor C depends on the geometry of the harvester only, as in eqn. (3.1a). With
respect to Cy, although its minimum value depends on the geometry of the harvester,
any element connected across its terminals will in fact add more capacitance, so it
cannot be considered constant. Hence, for a given line-to-ground reference voltage

Viine, R and Cy are the degrees of freedom considered in this study.

Figure 3.8 shows the variation in RMS output voltage and current, as well as the
average power as functions of the two independent variables R and Cs. A 22 kV, 50
Hz distribution system was considered (12.7 kV line-to-earth) with C;=40 pF, which
is the approximate value estimated for the EFEH system proposed in Section 3.1.4.

The results show that a reduction in the value of Cy results in an increase of all
the output variables. This is in fact obvious when it is recognised that reducing Cs

to zero is equivalent to removing this capacitor from the circuit, which diverts the
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Figure 3.8: System variables under resistive load.

displacement current from the capacitive divider directly to the resistive load and

hence maximises the output power transfer.

For the case where () is essentially zero, increasing R causes both the voltage and
power to rise, while the current remains practically unchanged. Thus the capacitively

coupled line acts effectively as a current source.

One conclusion from this load analysis is that in order to maximise the power
obtained from an EFEH system, the capacitance across which it is connected has to
be reduced ideally to zero, while the load presented to the system has to look like an

ideal resistor.

Since the source current effectively stays constant, increasing the load resistance
increases the load voltage and thus the available power. However, in practice the
load voltage will be developed across the input terminals of the subsequent conversion
system in Figure 3.4c, and hence it cannot be higher than it is sustainable for the

components of the converter. Therefore, the problem of maximising the power
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Figure 3.9: EFEH system loaded with an energy conversion system.

extracted from the EFEH system is bounded by the value of the maximum output

voltage allowed in the conversion system.

The results in Figure 3.8 show that for the proposed EFEH system with an input
impedance Z; of nearly 80 M2, and assuming a capacitance Cy equal to zero, nearly
118 mW can be extracted from a 22 kV power system into a resistive load of 4 M,
if a maximum of about 687 Vrms (970 Vpeak) is allowed to develop across this load.
A current of around 170 pA then circulates through €} and R. A more general

analysis for non-resistive loads is discussed in the next section.

3.2.2 General Load Analysis

In more practical terms, the overall objective of the EFEH system is to deliver an
appropriate power supply for the final load, which is conceptually a WSN node in
charge of power line monitoring. An exemplary load of this nature is a ZigBee®power
line monitoring mote in [82], based on a MSP430 microcontroller with an input

supply requirement of “3.6 VDC.

Depending on the instantaneous power requirement of the final load, the energy
conversion stage of the EFEH system will be an AC-to-DC converter with varying
input AC voltages of potentially high values (up to the kV range), that is able
to deliver regulated DC extra-low-voltage (ELV) to a low-power load (which in
the context of Figure 3.9 includes any necessary power management system and
the final load itself). The power electronic converter in Figure 3.9 is based around

semiconductor devices (diodes or/and transistors) that are connected to the terminals
of CQ.

As it was shown in the previous section, in order to maximise the power obtained
from the divider, capacitance Cy has to be minimised, ideally to zero; the load
presented to the divider has to be close to an ideal resistor; and the higher the output

voltage, the more energy can be harvested. However, in the system in Figure 3.9:
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e Making (5 equal to zero is not really practical, since it depends on the
environmental conditions inside the pin cavity and, more importantly, it

will be enlarged by any system connected in parallel.
e The AC divider does not necessarily see a resistive load.

e The semiconductors implementing the conversion stage are limited by their
breakdown voltage. Hence, the voltage at the output of the harvester, vac(t),

cannot exceed the semiconductor breakdown voltage (around 1 kV).

It is clear that a more general analysis should include the limit of the voltage

across the converter input and the nature of its current consumption.

In Figure 3.10, the EFEH capacitive divider has been replaced with its Thévenin
equivalent and the load at the harvester output terminals has been replaced by a
virtual dependent source which draws from the harvester a current i(¢) while keeping
a voltage v(t) across its terminals. In this steady state AC system, the reference

source is the phasor Vyj,e of Figure 3.9.

The Thévenin equivalent voltage source and its input equivalent impedance (which

is simply a series capacitor) are given by:

Vin = mvlme (3.3a)
Oth = Cl + Cg ~ Cl (33b)

For a steady state output voltage limited to an RMS value of V', represented by
the phasor: V =V /§y , the power injected into the virtual load can be expressed

using:

P = w,Ci Vi,V sin(dy ) = weCi VigneV sin(dy) (3.4)

+ VCthI (t) - i (t)

—>

I O

|
Cth

Vin(D) :(t)

Figure 3.10: Thévenin equivalent of the EFEH system.
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This power relationship states that, in order to get the maximum power from the

harvester:

(a) The line angular frequency and voltage must be maximised. These conditions

are usually fixed.

(b) Capacitor C; has to be as large as possible. In EFEH strategies, this
condition implies manipulating the geometry of the harvester, as discussed in
Section 3.1.4.

(c) The voltage V' at the load terminals has to be kept high, but below the

semiconductor breakdown levels.

(d) The phase angle between the line voltage and the load voltage has to be 90°.

Note that according to (3.4), the maximum harvested power does not depend on
the value of C'5. The conditions that lead to maximum power transfer are represented
in the phasor diagram of Figure 3.11. In particular, condition (d) is fulfiled by a
specific magnitude and phase angle of the circuit current, which can be calculated

analytically.

For a given AC supply [Viine, w,], with a harvester coupling capacitance Cy and
a pre-selected load voltage V', the current that is being drawn from the harvester,
I =1/6; can be calculated by simple circuit analysis. Assuming V = V/90° in order
to fulfil condition (d) for maximum power transfer, the solution for the magnitude

and phase of the current is given in (3.5).

I = w,Cip/ V3 4+ V2 (3.5a)

d; = arctan(Vy,/V) (3.5b)

Figure 3.11: Phasor diagram at maximum power transfer.
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Figure 3.12: Simulation results for optimal power transfer.

In order to illustrate this principle, a PSIM simulation was performed. A 22 kV /50
Hz distribution system and the harvester capacitances predicted by the FEA in
Section 3.1.4 are considered i.e. C7; = 43.11 pF and Cy = 0.144 pF. The working
voltage at the harvester terminals was selected to be 687V(RMS) (peak of 970V)
as a realistic, safe voltage for any semiconductor chosen to implement the system
conversion stage. These conditions are similar to the ones used in Section 3.2.1, to

allow a comparison to be made.

From (3.5), the current required for maximum power tracking in this case study
is I =172.3/86.9°[A] . This current value was programmed in an ideal dependent
current source, which acts as the AC load in the circuit simulation. Simulation
results over two cycles are presented in Figure 3.12. The load voltage is orthogonal
to the Thévenin source voltage and is limited to about 970 V(peak), as required
by condition (d) for maximum power transfer. The average power transferred to
this virtual load is 118 mW, which is close to the result in Section 3.2.1 for a pure
resistive load of 4 MS2.

These results indicate that about the same power from an output-voltage-limited
EFEH system with a purely resistive load, can be achieved with a non-resistive

current-controlled load, without requiring C5 to be reduced to zero.

The maximum power that can be harvested from the insulator-based EFEH system
under study is about 110 mW, which in theory can be achieved by synthetising a 170
pA load with a power factor of cos(90° — 86.4°) = 0.998, while keeping a voltage of

970 V(peak). This voltage is a safe level for any semiconductors that are connected
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at the terminals of the harvester output that are part of the subsequent conversion

system, which is investigated in the next section.

3.3 Implementation in Solid-State Converters

In the last section, the fundamental conditions for the optimisation of the power
transfer in a non-contact EFEH system were developed. The power extracted from
an EFEH capacitive divider is maximised if the load presented to it looks essentially
resistive, with an AC voltage that is orthogonal to the line voltage. Also, the power

obtained is proportional to the amplitude of the AC voltage of the load.

The AC-to-DC power electronic converter that will ultimately be in charge of
implementing these conditions (depicted in Figure 3.4c), in practice should limit its
input AC voltage vac to about 1000V (peak) in order to operate with realistically

rated semiconductors that could be sensibly used in the conversion system.

The first aim is to manage this input medium-voltage directly, in constrast to
previous studies where an initial voltage reduction stage was used. With this
constraint, the input AC current to the converter i 4o will have very low magnitudes
("microamperes). These overall input conditions are unusual for a standard power

electronic converter.

This section will explore the feasibility of implementating the conditions for
maximum EFEH power transfer using a solid stage converter. First, single-stage,
active front end rectification will be considered. Then a more traditional passive

front end, double-stage conversion scheme will be studied.

3.3.1 Active Front End Rectification

The objective of an AC-to-DC, single-stage converter is to directly transform the
input medium-voltage (71000 Vpeak), low-current (some hundreds of microamperes)
AC supply, to DC voltage levels that are appropriate to energize the subsequent
blocks in the EFEH system (Figure 3.2), which are in the extra-low-voltage (ELV)
range i.e. lower than 120VDC.

At the same time, in order to achieve maximum power transfer the proposed
converter has to absorb the power in such a way that its input voltage v,¢ is
orthogonal to the line voltage vj,.. As it was shown in Section 3.2, this can be
accomplished by shaping the input current i 4o to have a pre-determined magnitude

and phase-shift with respect to the line voltage.
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Figure 3.13: Active Front Converter Topologies.

AC-to-DC converters (rectifiers) can be classified between topologies working with
low switching frequency (line-commutated) and other circuits which operate with
high switching frequency. From the latter group, pulse width-modulated (PWM)
regenerative rectifiers, also known as active front end (AFE) converters integrate
switches to change the waveform of the input current actively [150, 151]. Hence,

these type of rectifiers have potential for the conversion problem under study.

An active front converter is nothing more than an inverter working with reverse
power flow, controlling the DC voltage (or current). They can be classified as
Voltage-Source Rectifiers (VSR) and Current-Source Rectifiers (CSR), and their
basic topologies are depicted in Figure 3.13a and Figure 3.13b respectively.

A single-phase VSR bridge includes in its topology an input filter inductor L for
its operation as it relies on inductive coupling to the input power supply. Hence,
this topology is clearly not appropriate for the conversion of an EFEH supply, which
offers capacitive coupling. Furthermore, for appropriate operation of a VSR, its DC
output voltage must be greater than the input voltage at any time, since the nature
of such a topology is that of a boost-converter. However, the application under study
requires the output DC voltage to be at ELV levels, which means that the peak
value AC input voltage could not exceed, say 20V. Since the power obtained via
EFEH was found to be proportional to the AC input voltage (eqn. 3.4), then the use

of a VSR would also reduce dramatically the power harvested.

Current Source Rectifiers (CSRs) are the dual of VSRs [151,152]. A CSR bridge
uses four controlled power switches with diodes in series with each of these switches,
to produce a controlled DC output. Since CSRs rely on capacitive coupling to the
power supply (represented by Cy) and are by nature voltage-buck-converters, they
are more appropriate for the study of active front end conversion from an EFEH

input.
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The input current in a CSR can be controlled using modulation techniques
and control strategies completely analogously to the ones used in VSIs [153,154].
Therefore, in theory the conditions for maximum power transfer from EFEH derived
in Section 3.2 can be practically realized with the use of CSRs by using control

strategies to regulate either the current or the voltage at the input of the converter.

The switching patterns of a PWM-controlled CSR for one carrier cycle are shown
in Figure 3.14a, with the equivalent circuits of each switching interval depicted in
Figure 3.14b. The output voltage of a CSR changes from zero to positive as the
phase legs of the converter do and do not create a short circuit through a pair of

non-complementary switches.

In practice, maximum power transfer conditions require semiconductors with the
highest voltage breakdown as possible (T1000V in commercial devices). At the
same time, they have to operate at very low switching currents (some hundreds of
microamperes). The question of how well high-voltage-rated switches perform at
currents well below their ratings is essential for assessing the viability of an active

front end rectifier in an EFEH application.
To address this question, the experiment shown in Figure 3.15 was conducted. A

CSR bridge is supplied from a low-voltage AC input v; of 100 V (RMS) at 50 Hz,

Ves. Ves

@ @ ® (@ @

Vd

(a) Switching waveforms

(b) Equivalent circuits

Figure 3.14: CSR PWM switching patterns in one carrier cycle.
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Figure 3.15: Low-current switching experiment.

producing a low-voltage DC output v,. The experimental setup was implemented
with state-of-the-art semiconductors chosen for their high-voltage-breakdown ratings
and low leakage currents (see Chapter 7). The switching converter was commanded
with asymmetrical PWM with a fundamental frequency of 50 Hz. The range of test
load resistors was designed for currents that range between 4 A and 300 mA. The

parameters of the experiment are summarised in Table 3.2.

The objective of the experiment was to observe the relationship between the
Gate-to-Source vgs(t) and the Drain-to-Source vpg(t) voltages of the MOSFETS,
during the ON/OFF transitions of high-frequency switching, at different load currents.
Two significant results are presented in Figure 3.16a and Figure 3.17a, that show

commutation events for currents of 300 mA and 20 mA, respectively.

In both cases, the OFF-to-ON transition occurs at the expected rate i.e. when the

switches are commanded a positive vgs , vps decays to zero within the expected time
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Table 3.2: Low-current switching experimental parameters.

Variable Value Comments
Vi 415V(RMS) Max. voltage in LV lab.
Wo 27 x 50 rad/s Nominal line frequency
M 0.93 For linear modulation, no pulse dropping
fe 20kHz Common PWM carrier frequency
o7 0° Phase-shift with respect to v;
R [32.5€2, 8.06M¢?] Load resistors

interval (100 ns in these devices). However, the ON-to-OFF transition for 20 mA
switching current is much slower than for 300 mA. As switches command a negative
vas, the voltage vpg in Figure 3.17 rises much more slowly than in Figure 3.16,
following a first order response with a delay time much longer than the expected
standard OFF time (25 ns in these devices).

Further observations confirmed that for currents lower than 20 mA, vpg takes even
longer to build up from zero during the OFF switching interval. This deteriorates the
switching operation, which has a direct impact in the quality of the output response,

as it can be confirmed by observing v,(t) in Figure 3.17.

The explanation for this commutation behaviour can be found by exploring in
more detail the physical characteristics of the MOSFETs. The construction of this
type of semiconductor gives rise to parasitic capacitances between: Gate and Drain
Cya (Miller capacitance), Gate and Source Cy, and Drain and Source Cys. These

parasitic capacitances are shown in Figure 3.18.

The displacement charge due to ON/OFF voltage transitions at the gate of each
MOSFET are represented by the processes of charge and discharge of these non-linear
parasitic capacitances [155,156]. Essentially, during the OFF interval, capacitance
Cg4s recharges slowly from the source due to the large circuit resistance that in this

case represents the low switching current (larger time constant).

In order to validate this hypothesis, a meticulous PSIM simulation model of
the experiment was developed, taking into account the parasitic impedances of
the MOSFETSs, measurement probes and peripheral circuitry to reproduce the
experimental setup. A complete description of the model is presented in Chapter 6.
The simulation results are presented in Figure 3.16b and Figure 3.17b, next to the
experimental results for comparison, where a good match between experiment and
simulation can be seen. This confirms the understanding as to why the switching

times of the devices dramatically increase as the source current reduces.

In conclusion, semiconductor devices with ratings that meet high voltage require-

ments generally have parasitic capacitances of similar magnitude as the extremely
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Figure 3.16: Low-current switching experiment results at 300 mA.
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Figure 3.17: Low-current switching experiment results at 20 mA.

small values of the AC input capacitor divider in EFEH. For example, if an active

front end AC-to-DC converter were to be directly connected across Cy, the (say)
1700V FET devices that would be appropriate to block the 970V+ AC input voltage
have parasitic drain-source capacitances of 100 pF. If two of these devices are
configured as a phase leg across the AC input voltage, the available 170 A AC

input current would lead to a phase leg commutation time of nearly 0.5 milliseconds,

as the parasitic capacitances of each phase leg device charge/discharge.

Clearly any form of high frequency switching process is impossible with such a long

phase leg transition time, which means that a continuously switched high-frequency

active converter system will be quite ineffective in this context.
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Figure 3.18: MOSFET equivalent circuit with parasitic capacitances.

3.3.2 Passive Front End Conversion

The alternative to single-stage, high-frequency active front end rectification is
a more traditional conversion system composed of two stages: an AC-to-DC line-
commutated rectifier to transform the MV supply at low-frequency switching; and a
DC-to-DC voltage regulator to transform the relatively high-voltage DC bus to the
ELV range. This topology is shown in Figure 3.19.

The conditions for maximum power transfer from an EFEH input are initially
determined by the front end converter in the scheme of Figure 3.19. This converter
is line-commutated, meaning that the rectification is not controlled i.e. passive
front end conversion. The simplest implementation of this scheme is a diode bridge
rectifier(DBR). The prospect of a DBR for the conversion of the low-current EFEH
input is better than for an active front end converter because the switching occurs
at low-frequency, ensuring that the slow commutation times have less impact on the

switching process.

With respect to the implementation of the follow-up DC-to-DC conversion stage,
the conventional theory of switched-mode power supplies (SMPSs) can be considered
[157] since it makes a good prospect for the needed voltage regulation. However due

to the requirement of high-frequency switching, this type of DC-to-DC regulation still

Passive Front End Rectifier
DC-to-DC Voltage Regulator

Power Management
and Final Low-Power
Load

Power Electronic Converter

Figure 3.19: Two-stage conversion system for EFEH.
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faces the same conversion challenges of continuously switched high-frequency active
converters discussed in Section 3.3.1. In the next chapter, a conversion methodology

that addresses these limitations will be presented.

3.4 Summary

This chapter has been presented in three sections. The first section introduced a
novel strategy for EFEH from medium voltage distribution feeders, with no galvanic
line contact required. The approach uses a power line insulator with a cylindrical
structure that provides the capacitive coupling to the power line, to harvest the
energy. The parameters of this coupling have been estimated in FEA simulations
and then experimentally validated. The capacitive divider that couples the power

line with the harvesting system is in the order of magnitude of 40 pF for C}.

The second section of this chapter has developed a novel study of the fundamental
conditions for the optimisation of the power obtained from an EFEH system.
Theoretical analysis identify specific loading and operating conditions that allow
optimum power transfer. An AC-to-DC power electronic converter in practice should
limit its input voltage to about 970 V(peak). It was shown that if the converter
is able to present to the divider an AC load voltage that is orthogonal to the line
voltage, maximum power will be transferred. This condition can be achieved by
synthetising an input current of deterministic values of magnitude and phase. The
maximum possible energy that could be harvested with the insulator-based EFEH
system, from a 12.7 kV line, is approximately 110 mW, while maintaining a 170 uA
load with a power factor of 0.998, for a load voltage of 970 V(peak).

The third section studied the feasibility of the implementation of a practical
conversion system for EFEH that is able to keep the proposed conditions for optimal
power transfer. The study of active front end rectification with a Current Source
Rectifier (CSR) illustrated that any form of high-frequency conversion under the
input constraints of EFEH is impractical. This is mainly because semiconductor
devices with ratings that meet the high input voltage requirement have parasitic
impedances that lead to extended phase leg commutation times, degrading the

switching performance.

On the other hand, the study of a more traditional passive front end conversion
scheme showed that while the AC-to-DC conversion of the EFEH input using a diode
bridge rectifier (DBR) is feasible, the subsequent DC-to-DC regulation still faces

the same conversion limitations of direct active front end AC-to-DC conversion. A
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DC-to-DC conversion strategy that is able to tackle these challenges will be presented

in the next chapter.
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Chapter 4

PULSED-MODE FLYBACK
CONVERSION FoRr ELEcTRIC FIELD
ENERGY HARVESTING

In Chapter 3 the conditions for maximum power extraction from a galvanically
isolated EFEH system were derived. Essentially, the scavenged energy is maximized
by allowing the voltage developed across the input capacitor divider to be as large as
possible because the weakly coupled MV supply essentially acts as a current source.
Any power electronic converter with the task of making this energy usable therefore

has to resemble a large resistance comparable to the EFEH input impedance.

The practical implementation of a converter that can fulfil these requirements is
limited to passive front end rectification, because any form of high-frequency, active
front end strategy is impractical for this type of system. In addition, the low input
current of an EFEH supply does not allow for any subsequent DC-to-DC conversion
scheme to switch continuously. Hence, any form of conventional, continuous DC

voltage regulation is impractical too.

This chapter ! now presents a novel energy conversion approach for EFEH that
rectifies the weakly coupled AC supply into a high voltage DC source, and then
uses a flyback converter operating in discontinuous mode to transform this voltage
down to levels that are useful for electronic systems. The investigation has identified
that up to 17 mW of continuous power from a 12.7kV MYV line can be extracted
using this principle. Matching simulation and experimental results are presented to

validate this performance.

Many of the contributions contained in this chapter were first published by the author in:
[2] J. C. Rodriguez, et al., Energy Harvesting from medium voltage electric fields using pulsed
flyback conversion,in IEEE 8th International Power Electronics and Motion Control Conference
(IPEMC-ECCE Asia), Hefei, China, 2016, pp. 3591-3598.
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4.1 Discontinuous DC Voltage Regulation

The principle of discontinuous conversion is shown in Figure 4.1, where the AC
EFEH supply of Section 3.2.2 is once again considered (V};,.=12.7 kV, C;=40 pF).
Following the basis of low-frequency front end conversion, the input is rectified using
a DBR. On the DC side a virtual, controlled current source absorbs pulses (or bursts)
of current with peak values Ipe only during time intervals toy, wih a frequency fs.
Because the load is not absorbing power continuously, but rather intermittently, the
operation is regarded as discontinuous. The bus capacitor Cj is considered to be

zero for this case study.

This duty cycle Dy of discontinuous current absorption is defined analytically with

the familiar equation (4.1).

Dy =tonfs (4.1)

Hence, the average value of the DC current i4(t), Iy can be expressed as:

Iq = Dilpc (4.2)

This scheme is investigated in a case study that uses current pulses of Ipc = 100
mA, which according to the experimental studies in Section 3.3.1 is a suitable value
for any switching semiconductor to operate adequately in an EFEH application.
Since the low current supplied from the EFEH system is in the level of microamperes,
a sensible approximation to emulate this input is I; ~ 100pA. From (4.2), this yields
a test duty cycle of D; =0.1%. Finally, an appropriate approximation for tpy is the
turn-on delay of a practical high voltage rated semiconductor device such as [158]
ie. toy=1 ps. From (4.1), this indicates f;=1 kHz as an adequate test switching

frequency.

C,
VIine(’\?{ Vac Co= Ve ¢>Y
o— tON* ~
2‘& S 1,

A\

Figure 4.1: The principle of discontinuous conversion.
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The results of this case study are shown in Figure 4.2. Every time a pulse of current
is absorbed by the load, the DC bus voltage rapidly collapses, after reaching a peak
of 13 kV (note that this is much more than the safe breakdown value of any present
commercial semiconductor device), as shown in Figure 4.3. This drop occurs because
the current demanded from the load surpasses the available input current from the
EFEH supply, which is very low. Following the principle of conservation of energy,
the DC bus voltage collapses in order to match this instantaneous requirement of
power at constant current. Another way to understand this behaviour is to notice
that since the rate of energy absorption is much higher than the incoming power
flow from the AC side, the DC bus capacitor discharges, and the DC bus voltage
collapses.
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Figure 4.2: Simulation results for discontinuous regulation.
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Figure 4.3: One current pulse.
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This voltage drop only lasts for as long as the duration of the pulse i.e. toy. After
this time interval, the load is removed and the DC bus voltage is able to reacharge
slowly from the supply, until the next burst of curent. In contrast with linear DC
voltage regulation, studied in Section 3.3.2, discontinuous regulation succeeds in
maintaining a high peak DC bus voltage, which in turn assists the achievement of
more power. Particularly in the present case study, more continuous power than
predicted in Section 3.2 at a similar load current is achieved simply because the peak
voltage in this case is more than the 970 V proposed in that section. The voltage
used in this case study however is at an undesirable level, since it exceeds the safe

breakdown value of commercial semiconductor devices.

Clearly, the application of the principle of discontinuous regulation requires the
additional consideration of confinement of the bus voltage to safe values. In the next
section, a complete conversion solution for EFEH that can implement in practice the
principle of discontinuous conversion under the restraints analysed in this section is

introduced.

4.2 Proposed Conversion Strategy

The findings that this thesis has presented so far suggest that an effective energy
conversion strategy for EFEH integrates low-frequency rectification and discontinuous
DC bus regulation, with the additional challenge of keeping the peak bus voltage
below a maximum limit. However, the functional implementation of the power
electronic converter has to consider further practical requirements, such as the
isolation between the high voltage DC bus and the ELV end.

One topology that is able to realistically meet these insulation requirements is
a flyback converter. Also, it has been recognised before that a flyback converter
working in discontinuous conduction mode (DCM) can naturally accomplish the
implementation of a load that looks like a loss-free resistor to the input supply [159],
which is one of the requirements for maximum power transfer derived in Section 3.2
and also has the potential for the implementation of discontinuous DC voltage

regulation, provided that an adequate voltage control method can be developed.

The use of these principles will now be applied to the implementation of a novel

strategy for energy conversion using EFEH.
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Divider Pul sed Flyback Converter

Triggering
Control
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Figure 4.4: Proposed pulsed-mode flyback converter for EFEH systems.

4.2.1 Principle of Operation

A new energy conversion approach for a galvanically isolated EFEH system that
uses the principles of the maximum possible power transfer is introduced in Figure 4.4.
The approach uses a two stage conversion system comprising a simple diode rectifier
to convert the 50 Hz AC voltage developed across C5 into a relatively high DC
voltage, followed by a second stage DC-to-DC converter to transform this voltage

down to a useful ELV output.

However, the DC-to-DC converter also cannot switch continuously, since the
maximum continuously available current that can be taken from the (nominally)
970V DC bus is at most 170 pA, given the theoretical maximum power transfer limit
of 110 mW identified in Chapter 3. Once again, parasitic device capacitances will
lead to phase leg transition times of several milliseconds for any form of continuously

switched converter, which makes high frequency operation impossible.

To overcome this limitation, a single switch flyback converter operating in discrete
pulse mode is used as the second stage energy conversion system. FEach energy
transfer pulse is initiated by activating the converter main switch S; when the DC
bus voltage charges up to a defined trigger voltage V}, to transfer the energy stored

in the bus capacitance into the coupled inductance magnetising circuit.

Since the rate of this energy transfer is much higher than the incoming power flow
from the AC side, the DC bus capacitor discharges, and the DC bus voltage falls.
When it reaches a lower threshold voltage V;, switch S; is turned off, and the energy

stored in the coupled inductance transfers to the secondary side rectifier and load
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Figure 4.5: Switching intervals of the conversion system.

via a conventional flyback sequence. During this energy transfer burst, the diode
bridge rectifier keeps conducting current to the DC bus, although it is only some

hundreds of microamperes.

Once the energy transfer pulse cycle is complete, the HV DC bus voltage slowly
recharges from the incoming AC supply until it again reaches the trigger voltage
level, and another pulsed energy transfer cycle is initiated. Multiple pulse cycles
occur over each half AC fundamental cycle, with the exact number depending on
the AC input voltage magnitude and the various parasitic capacitances shown in
Figure 4.4.

Figure 4.5 shows the switching sequence of one energy transfer pulse cycle which
has a number of stages, described next. The cycle starts when switch S; is turned
on at time ty. This causes an initial surge of bus current during the period t.; as the
coupled inductor primary winding voltage v, increases to the DC bus voltage vy
by charging up the parasitic capacitance Cy, of this winding. Note that this initial
current surge causes some energy loss from the main bus DC capacitance since it
does not transfer energy into the magnetic circuit. This loss mechanism will be

discussed in Section 4.3.

Once the primary winding voltage has established, the current through this winding
increases during the period tpy, transferring energy from the DC bus capacitance to
the flyback transformer magnetizing inductance L,,. This causes the DC bus voltage

to decay to the lower threshold V; at time t5, at which point the gate of switch S is
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turned off. The transformer current continues to rise during the turn off period t.o

until the primary winding voltage v;, reaches zero, just before 3.

At time t3, the voltage across the coupled inductor has reversed, the voltage
across the secondary winding has reached the LV DC output voltage, and the output
rectifier diode turns on. This provides a discharge path to the output filter capacitor
C,, which transfers the energy stored in the magnetizing inductance to this capacitor.

The primary current also ceases at t3 as the secondary discharge current takes over.

The secondary current continues for the period ¢, until all the stored magnetic
energy has been transferred to the output filter capacitor, and the energy pulse cycle
is complete. The HV DC bus then slowly recharges from the input AC current over
the period torp until it again reaches Vj, and another energy transfer pulse can be

initiated.

4.3 Theoretical Analysis of the System

4.3.1 Estimation of Energy Transfer

Conventionally for a flyback converter, the rise in the primary winding current
during ton is approximated as a linear ramp. However for this application
the significant change in vy caused by the energy transfer process makes this
approximation inadequate. Instead, during the switching interval oy, as soon
as the bus voltage reaches the higher trigger voltage V},, the switch S; is turned-on
and becomes a low resistance path between its drain and source terminals Ry 0n-
Hence, the circuit in Figure 4.6a is formed, where the parasitic capacitances in

Figure 4.4 are considered, including the measurement resistances (represented by
R =R, + Ry).

The AC circuit analysis indicates that the contribution of the AC source during
the considered toy, and the values of Ry 0n and L., are negligible. Therefore,
as the switch Drain-Source voltage falls from V}, to zero, the DC bus voltage vy
is impressed across the primary winding of the flyback transformer L,, and the
energy is transferred according to the equivalent system in Figure 4.6b to the flyback

transformer, from the total consolidated capacitance of the DC bus given by

Con=C1+Cy+2C; +Cy+ Cyy (43)
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Figure 4.6: Circuit during energy transfer interval toy.

Neglecting momentarily the measurement resistances represented by R, the change
of bus voltage and primary winding current can be determined as the response of

the approximate LC circuit in Figure 4.6b, by:

va(t) = Vj, cos(t// LinCon) = vy, (1) (4.4a)
id(t) ~ Vi\/ CON/Lm sin(t/\/ LmCON)a <t <tls (4.4b)

During each energy transfer pulse, the energy transferred to the magnetising

inductance is given by

By - / N (Dt (4.5)

Substituting the values from (4.4) this integral solves to:

1 .
Ed =~ QVhZCON Sln2<tON/\/ LmCON> (46)

Expression (4.6) identifies the energy extracted from the DC bus consolidated
capacitance for one energy transfer pulse at the end of each energy transfer pulse,
when the DC bus voltage has decayed to the value V;

During interval ¢ly, the energy stored in the magnetising inductance is transferred
to the output capacitor C, via conventional flyback operation. For the moment, it is

considered that this process is lossless. The losses will be considered in Section 4.3.2.

At the end of the flyback interval, the approximate equivalent circuit of the
system (again neglecting momentarily the effect of the measurement resistances R)
is depicted in Figure 4.7. Essentially the DC bus circuit reverts to an ideal capacitor
divider fed from the rectified incoming AC line voltage, comprising C; and the total

consolidated capacitance Coprpr of the DC bus, which is given by

64



Chapter 4. Pulsed-Mode Flyback Conversion For Electric Field Energy Harvesting

+

V,: vV, &

line d -
Core [ - =R

Figure 4.7: Equivalent circuit during recharge interval {orr.

Corr = Co +2C; 4+ Cy + Cys (4.7)

The voltage across Copp is readily identified as a sinusoidally increasing voltage

with an initial voltage of V; at time t4, i.e.

Ud(t> = VOFF,peak sin(wot) -+ D, t4 <t (48)
where:
Ch
Ve eak — Vine eak ~ o~ 4.9
OFF,peak line,p kc,l + COFF ( )
and:
D = ‘/l - VOFF,peak’ Sin(wot4) - W - VOFF,peak Sln(@) (410)

The variable ¢ is the phase angle of the AC input voltage (with an angular

frequency w,) at which each DC bus recharging cycle starts.

Equation (4.8) can be linearized over each topp period as:

va(t) = Vi + %[t —ta4] = Vi+woVorrpeak cos(@)[t —ta], ta <t < (ta+torr) (4.11)
Note that (4.11) is always linearly increasing for each recharge interval over the
range —7/2 < ¢ < /2, which is the period where one diode pair of the input rectifier
is conducting (since the input current through C; leads the AC input voltage by
7/2). As the cycle of discharge and recharge repeats symmetrically for each AC
half cycle, the recharge sequences now only need to be analysed over this half cycle

period.

The total energy harvested in one AC source half cycle is nE;, where n is the
number of pulses which occur during that period, and depends on the value of torp.

For each pulse torp can be solved from (4.11) by setting v4(torr) = Vi. However,
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it is also clear that torr will not be constant but rather a function of ¢, varying as

the magnitude of the incoming AC voltage changes.

An average value for torr can be found by recognising that

Ud(t4 + tOFF) =V, =V + WOVOFF,peakCOS((,D) X torF (4.12)

over the period —7/2 < ¢ < 7/2.

Hence, since cos(p) = 1 f_ﬁ,/jg

o

cos(p)dy = 2, then (4.12) becomes

o

_ 2
va(ty +torr) =V =V, + WOVOFF,peak%tOFF (4.13)

which gives a solution for the average DC bus recharge time interval topp:

T V=V
t == 4.14
orr 2 WOVOFF,peak ( )

Finally, since topr >> ts,, > ton the number of recharge cycles that occur during

each half-cycle can be approximately estimated as:

n ~~ To o 12WOVOFF,peak o Cl ‘/line,peak

torr wo T(Vh—V))  TCL+ Corr (Vi — W)

(4.15)

where T, = 1/f, is the period of the input AC line voltage. The total energy
harvested per half cycle is given by nFy, which gives a continuously scavenged power
of:

P=2fnE; = (w,/m)nEy (4.16)

Expression (4.16) defines the relationship between the high voltage threshold
V,, and the DC bus capacitance Cj, for maximum power extraction, as shown in
Figure 4.8. For the experimental system described later in this chapter, the predicted
energy in one pulse from this analysis is £y =22.7 uJ, the theoretical number of
pulses is n=27, and thus the maximum harvested power is about 61 mW. However,
this estimation does not take into account the quite significant converter losses,

which now have to be considered.
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Crus = C1+Cy +2C; + Cy (417)

This loss can be derived as

N | —

Eloss,CtI ~

and has a value of 6 pJ for the experimental system described later in this chapter.

Secondly, there is some energy loss caused by the discharge of the energy stored in
the switching device drain-source capacitance Cys, Ejoss sw, at the point of turn-on.
This energy can be determined from the data sheet for the C2M1000170D SiC
FET [158] used in this work, which specifies the energy stored in Cy, for a given
Drain-Source voltage. In this case, the energy stored in this capacitor that is lost
at the point of turn-on is about 2 uJ per pulse, for a Drain-Source voltage of 545V

(more detail in Section 4.5).

On the other hand, during the flyback interval ¢, of Figure 4.5, some energy is
lost through the secondary diode which is forward-biased with a voltage Vpgec, fu, as

shown in the equivalent circuit of Figure 4.10. This energy can be approximated as

Busee = | Voweguict)dt (4.19)
tiiy

The evaluation of this quantity depends on an estimation of the secondary current

isec(t) and the duration of the flyback interval ¢,. From Figure 4.5, the secondary

winding discharge current ... decays as all the energy previously stored in the

magnetising inductance L,, during toy is transferred to the output capacitor at the

end of ¢y, in the form of the charge

bty tel
apy(t) = /0 isec(t)dt = CLAV, ~ w (4.20)
id
- +
L + CtX :I.: Lm< VtX
CbUS V_d S

Figure 4.9: Equivalent circuit during interval ..
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i
+ VDsechw‘ Sec
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SEronf o

J s
C:ds - Vl+a(V0+VDsec,fw)

Figure 4.10: Equivalent circuit during interval ¢y,

Cbus:

which is derived using the conventional flyback converter assumption of a triangular

approximation for the shape of ig..(t).

Since ise.(t) = aiq(t) due to mmf balance in the flyback transformer, then

Isec.(mazx) can be determined from (4.4) as

Isec(max) = aly(maz) = aVin/Con/ Ly sin(ton/v/ LmCon) (4.21)

where a is the turns ratio of the transformer.

Without considering other losses, the energy stored in the magnetising inductance

during ton is equal to the energy transferred to the output capacitor i.e.

E,=V,C,AV, ~ E, (4.22)

Combining (4.6), (4.20) and (4.21) then gives an estimate of ¢, as

Vav L, C . e
tﬂy = % Sln(tON/ LmCON) (423)

Now, the expression in (4.19) can be evaluated considering that the waveform of
the secondary current i..(t) can be approximated as a triangle of height Is..(max)
and base tg,, as per the conventional theory for flyback converters [157]. Hence,
using the approximations (4.21) and (4.23) for I,..(max) and tg,, respectively, the

value of this loss solves to

1V sec wv2 . t
Eloss,Dsec ~ §DV+HCON Sll’l2 (%) (424)
o mYON

This loss is dependent on the forward voltage drop of the secondary diode and the
maximum DC bus voltage and, for the experimental system that will be presented

in Section 4.5, is 2.7 pJ per pulse.
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Magnetic Losses

Magnetic hysteresis is the lead mechanism for the losses in the core of the flyback
trasnformer in this application, associated with the magnetic flux density swing AB,
which is the maximum gradient of the instantaneous magnetic flux density B(t). This
variable can be defined using Faraday’s law of induction as a piecewise expression of

the electromotive (emf) developed across the primary of the transformer vy, with

B(t) = ( Nll AC> /0 (1)t (4.25)

where N; is the number of turns in the primary of the transformer and A, is the

effective core area.

From Figure 4.5, the interval that contributes predominantly to the gradient of
B(t) is ton. Hence the integral in (4.25) can be solved by defining vy, () for ton.
According to the approximation in Figure 4.6b during toy, vy, is approximately

equal to the decaying bus voltage vy, i.e.

Utm(t> ~ V), cos ( ) ,t €ton (426)

t
V LmCON

Hence, applying (4.25), the approximate magnetic flux density during ¢oy is given
by

t
B(t) ~ <N‘1/}j4 ) \/LmCON sin (\/L:C'ON> ,t < tON (427)

and the maximum value it reaches i.e. the magnetic flux density swing is

(4.28)

VLnConVi . ton
AB ~ sin
Nl Ac V LmCON

The extensive literature in the topic of core losses identifies the improved
generalised Steinmetz equation (iGSE) [160] as a good method to estimate the
hysteresis losses for non-sinusoidal waveforms. It defines the energy per switching
cycle, which in this case is approximately topr according to the analysis in Section 4.3.

Using the iGSE, the energy loss in one switching cycle is thus approximated as

ki AB|"° o
Eloss,hys ~ VOltOFFﬁqvtz(t)’ > (429>

where
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K.

= 9f—1ra-1 (1,1044 + aisl2§§4)

ki (4.30)

Vol is the effective volume of the core, and [K., «, 5] are coefficients associated with
the core model obtained from curve-fitting, respectively: core loss constant, frequency
exponent and flux density exponent. Appropriate coefficients for frequencies more
than 500 kHz and the experimental core presented later in Section 4.4 are K.=0.0032,
a=1.46 and =2.75 [161].

In general, (4.29) indicates that larger core sizes as well as higher bus voltage
triggering levels increase the losses in the core of the trasnformer. The estimation of

the core loss for the example system in this study, in each pulse, is of 50 nJ.

Taken together, the total losses per energy transfer pulse add up to 6.0 + 4.0 +
2.7+ 0.05 = 12.8uJ , which from the ideal switching prediction, leaves “10 pJ of
energy per pulse available for energy transfer. This translates to a transferred power

of nearly 27 mW for an ideal pulse number of n=27.

Parasitic Resistor Losses

The bus voltage sense resistors R and Ry shown in Figure 4.4 also contribute a
significant standing energy loss for the converter system. While these resistors have
been made as high as possible for the experimental system, they still constitute a
R = Ry + Ry = 50M$2 load across the DC bus, which in this case study creates a
standing load of almost 6 mW. In addition, this standing load will also constrain the
rate of recharge of the DC bus voltage during torp, which will reduce the number of

energy transfer pulses for each half cycle.

The current drawn by the sense resistors is 545V /50M Q) = 11 A which is about
10% of the anticipated DC bus charging current of 110 pA at this bus voltage. Hence
the pulse rate could be expected to reduce by about 10%, down to n=24 pulses
per half cycle. This reduces the transferred energy to 23.9 mW according to (4.15)
and (4.16). Subtracting the 6 mW standing loss of the sense resistors from this
transferred energy leads to a predicted continuous output power of about 18 mW

available from the conversion system of the EFEH energy scavenging system.

These loss calculations suggest that over 70% of the theoretical transferred energy
will be dissipated in losses, which is very high. Since these losses are substantially
dependant on the average DC bus voltage, this further suggests that the EFEH

converter could be more efficiently operated at lower V}, and V; threshold voltages.
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This will reduce the transferred energy according to (4.6), (4.15) and (4.16) but will

also reduce the losses (particularly the device drain-source stored energy Ejoss sw)-

This section has analytically derived an expectation of the energy transferred with
the proposed conversion system. However, theoretically predicting the energy transfer
and the optimum operating conditions for its attainment is extremely difficult, given
the substantial level of losses associated with the pulsed switching converter, and the
difficulty in accurately determining these losses because of the influence of various
practical parasitic effects. Hence, the figures resulting from the analyses have to be
regarded as estimations. Complementary experimental investigations are presented

over the next sections.

4.4 Verification of the Theory

A theoretical estimation of the power transferred by the proposed converter system
was derived in the previous section. It was found that there is a relationship between
the harvested power and two degrees of freedom: V}, and C}, according to (4.6),
(4.15) and (4.16). The theoretical, optimal values of these parameters for maximum
energy could be inferred from Figure 4.8. However, not only is there a substantial
level of loss associated with the pulsed switching converter but also these losses
are difficult to quantify analytically because of the influence caused by the highly

non-linear parasitic impedances of the switching devices.

Therefore, the actual power harvested by the proposed conversion system, as well
as the optimal parameters V}, and (), for maximum power transfer need to be verified
experimentally. Firstly, the EFEH conversion system has been investigated using a
detailed PSIM computer simulation model in order to verify the correctness of the
analytical equations derived in Section 4.3. Then, a low voltage (V) proof-of-concept
experimental investigation was developed to verify the complete range of switching
waveforms in the conversion system. Finally, the efficacy of the proposed conversion
system was validated through full rating medium voltage (MV) experiments. The

results of these experiments are presented in this section.

4.4.1 Computer Simulation Model

The detailed PSIM model includes the semiconductor junction impedances, the
transformer inter-winding capacitance Cy, and other essential parameters of the MV
EFEH system under study, as listed in Table 4.1. The values of the parameters in

the table were used in the numerical computations of the equations in Section 4.3.
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Table 4.1: EFEH circuit experimental parameters.

Parameter Value Description
Wo 2750 rad/s Input AC supply angular frequency
Viine RMS 4.5 kV Peak AC line input voltage
C 100 pF EFEH High voltage capacitor
Cs 17 pF EFEH Low voltage capacitor
Cq 2 pF Diode BYG10Y parasitic capacitance
Cy 1 nF DC bus capacitor
Cis 13 pF MOSFET C2M1000170D output capacitance
Cia 28 pF Flyback transformer inter-winding capacitance
Ly, 561 pH Flyback transformer magnetising inductance
Licar 1 nH Flyback transformer leakage inductance
a 46/23 Flyback transformer turns ratio Ni /N,
A, 125 mm? Effective area core ETD34, grade 3C90
Vol 11500 mm? Effective volume core ETD34, grade 3C90
R 50.22 MSQ2 Combined measurement resistance R; + Rs
Vi 545 V Maximum threshold voltage
ton 300 ns Min. response time of fast comparator ADCMP609
C, 47.1 pF Load capacitor
R, 10 kQ Low-power load
Vbsee, fw 153V Secondary diode forward voltage drop

The proof-of-concept experimental prototype on which the simulation model of
Table 4.1 is based, is shown in Figure 4.11. The AC supply is based on the medium-
voltage system described later in Section 4.5. The threshold voltage triggering
control device is a low-power consumption ADCMP609 fast comparator [162], which
has a short time response of around 300 ns. This is the time that was used for
ton in the theoretical development presented in Section 4.3. The DC bus voltage
measured input for the comparator derives from the R;/Ry, 50 M) resistive divider

in Figure 4.4.

The input diode bridge rectifier uses 1600V BYG10Y [163] diodes while the
flyback conversion stage switch is a 1700V SiC C2M100170D MOSFET [158]. SiC
semiconductors were the devices that presently present the highest breakover voltage
while maintaining low leakage currents. The rectifier in the secondary of the flyback
transformer is an ultrafast diode rated to block a peak of 800V reverse voltage (
MURS480ET3G [163]). These semiconductor devices were selected as the forefront

technologies for such a high-voltage switching converter.

The flyback transformer was designed with a small magnetising inductance to
increase the transferred energy per pulse. With the same aim, the number of turns
Ny and N, were kept as small as possible. An ETD34 grade 3C90 [164] core was
used, which is appropriate for such low power applications but still of sufficient size

to avoid high voltage arcing. The turns-ratio a = N1 /N, was selected to keep the
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LV Input
AC Supply

LY

EFEH Conversion
System PCB

Figure 4.11: Low-voltage experiment.

AC magnetic flux density swing represented in (4.28) well below 200 mT and hence
minimize core losses. A sandwich winding construction was used to improve the MV

insulation level between the primary and secondary windings.

The full PSIM simulation model based on the prototype is described in Chapter 6.
The results obtained using this model will be compared against the experimental

results, for both LV and MV real-life experiments.

4.4.2 Low Voltage Experimental Results

The proof-of-concept experimental EFEH system was tested with a low AC input
of 415V(RMS) to validate the two stage EFEH concept. The experimental setup is
shown in Figure 4.11. This LV experiment was used to get around the limitations
that the MV experimental setup has in relation to the measurement of the different
switching waveforms in the system. This issue was noticed before in Section 3.1.4,
i.e. the conversion system is extremely sensitive to the influence of any parasitic

impedance.

For instance, in this experiment the TEK P5120 [165] voltage probe used to
measure voltage waveforms has an input impedance 5M(2/11pF, which is comparable
with the bus impedance of around 36 pF without any added C}, and can significantly
influence some of the measured waveforms. This problem is even more pronounced
in a MV setup. Therefore, the observation of switching waveforms is easier in a LV
setup. A more detailed description of the low-voltage experimental setup built for

this experiment is presented in Chapter 7.
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Figure 4.13: Low-voltage experimental verification - Single pulse.

Figure 4.12 and Figure 4.13 show simulation and matching experimental results
for the LV system: for a complete AC input cycle and for a single switching pulse,
respectively. The figures show the collapse of the DC bus voltage as ig charges the
magnetising inductance, and the slow turn-off of the switch during the period t..
The flyback action of energy delivery can be seen in the secondary current 7., up

to the end of the ¢z, interval.

The shape of all the experimental waveforms match the theoretical expectations
in Figure 4.5 very well. Approximately eighteen energy transfer pulses occur in each
half fundamental cycle, creating an output load voltage of 10V across a load resistor
of 1 MS2. This translates to nearly 100 4W of continuously harvested power, with
a measured converter input power of 196 uW. Hence the conversion efficiency at

low-voltage is just over 50%.
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Figure 4.14: Medium-voltage experimental setup.

4.5 Medium Voltage Experimental Validation

The experimental prototype presented in the previous section was tested under
full scale operating conditions with a MV AC supply to confirm the operation of
the energy harvester under realistic operating conditions. However, the 12.7kV
line voltage was represented using the 4.5 kV(RMS) AC supply available in the
laboratory, feeding through a 100 pF HV coupling capacitor. This generated a
maximum input current of 150 pA, which is the same order of magnitude as for the
full line voltage system discussed in Section 3.2. Hence the proposed converter was
working essentially at the designed maximum input AC voltage and current levels
(approximately 1kV and about 170 pA, respectively), so the study results matched
what could be expected for a full field conditions. The parameters of the experimental
setup are summarised in Table 4.1, without losing any generality in the study. A
complete description of this experimental arrangement is presented in Chapter 7.

The MV experimental setup studied in this section is shown in Figure 4.14.

As was anticipated in the analysis of Section 4.3, the system proved to be extremely
sensitive to the different capacitances around the setup i.e. the identification of the

precise values of V}, and C} for maximum power had to be tested in situ.
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Table 4.2: Results from the MV investigations (powers in miliwatts).

v %o 500 pF 1nF 10 nF 100 nF
h
206 V85 9 9.4 8.3 1.6
545 V. 12.3 14 171 106 7.6
880V 162  10.7 10 4.2 -
1200 V. 11.7 4.9 - - -

The power values obtained for different tested values of V}, and Cj, are presented in
Table 4.2. The cases with no result mean that no pulses were observed in half-cycle
period for that condition. The presented results confirm the notion that a higher
triggering voltage V}, increases the available power but also the losses in the system.
This means that for a given added bus capacitance Cj, there is a specific triggering
voltage V}, for which the power is maximised, above which the power decreases due
to increased losses. In this experience, maximum power transfer was achieved for a
V=545V, with a DC bus capacitor C;,=1 nF.

For this condition, Figure 4.15 and Figure 4.16 show simulation and matching
experimental results for the MV system: for a complete AC input cycle and for a
single switching pulse, respectively. The results show up to 24 energy transfer pulses,
which matches the final theoretical prediction of Section 4.3.2. The DC bus voltage
(measured with a resistive divider ratio of 223/1) rises to the specified V}, of 545V
and discharges back to about 500V for each tpy interval. The measurement of the
secondary current i,.., confirms correct flyback operation, in accordance with the

theory and simulation study.

Other voltage waveforms such as the switch voltage vy, and the input current iy
are not displayed because the inclusion of the additional measurement probes in the
circuit disturbs the operation of the circuit due to loading effects, as was discussed
in Section 4.4.2. Also, a second order ring can be seen imposed on the waveforms.
This effect is caused by the coupling of the measurement equipment to earth. This
hypothesis was validated by reflecting such a capacitive coupling to earth in the
simulation model, to make it exhibit this response too. Again, these effects reflect

the sensitivity of the system at MV to the addition of any further impedance.

The final result is an output load voltage of more than 13V across the low-power
load resistor of 10 k2 to harvest a total power of 17.1 mW. This figure closely
matches the predicted expectations for the system in Section 4.3, confirming a low
efficiency of the conversion system of around 25%, which is inherent to the switching
behaviour. Nonetheless, the level of continuous power attained with this conversion

topology outperforms the state-of-the-art figure of 2 mW at 15 kV in [62], with
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Figure 4.16: Medium-voltage experimental verification - Single pulse.

the additional benefit of being viable for a non-contact EFEH system. Hence, the

proposed conversion system has been validated in concept.

This section has presented the experimental validation of the novel conversion
solution for EFEH introduced in this chapter. The conversion scheme uses a flyback
converter working in pulsed energy transfer mode. The design limits the maximum

DC bus voltage to adequate levels for the operation of the semiconductor devices.

This conversion strategy was implemented in practice using a low-power con-
sumption fast comparator. The continuous power requirement of the device is of
around 10 gW. In theory, this power quota can be met by the EFEH system, but the
conditions to feed back the power supply to the gate-driver have not been addressed
in these investigations. Hence the experimental prototype presented in this section

used a battery to power the control circuitry. Clearly, there is an advantage in
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self-triggering the switching circuit to produce a completely self-powered EFEH

conversion solution. This is the topic of the next chapter in this thesis.

4.6 Summary

This chapter has presented a novel energy conversion strategy for EFEH systems.
The approach does not tap the input voltage but instead uses a single diode bridge
rectifier to directly process a DC bus voltage of higher values than in previous
strategies found in the literature. A subsequent DC-to-DC conversion stage composed
of a flyback converter operating in a non-conventional pulsed energy transfer mode
is able to deliver a suitable power supply for low-power electronic devices in charge

of power line monitoring.

The proposed conversion scheme is able to tackle the challenging limitations
that the extremely small values of EFEH input capacitor dividers present i.e. the
impracticality of high-frequency continuous conversion due to high commutation
times produced by the parasitics in the switching system. Detailed circuit analysis,
computer simulations and experimental results are presented to confirm the viability
and success of the idea. The concept was tested for the galvanically isolated, insulator-
based EFEH capacitive divider system presented in Chapter 3. An extraction of 17.1
mW from a 12.7 kV power lines was demonstrated experimentally, which outperforms

previous achieved levels of power using a non-contact EFEH strategy.

Compared to the total input power available from the EFEH divider (analysed
in Chapter 3) the efficiency of the conversion system is about 25%. A theoretical
analysis identified the origin of this low efficiency as the high switching and resistive
losses that are inherent to the weakly coupled system and its added parasitic
capacitances. Detailed experimental waveforms corroborated this hypothesis and

explained successfully the energy transfer process.

The system has the main disadvantage of not having its control circuitry self-
powered, as the gate driver of the main switch is powered by an auxiliary battery.
This constraint means that there are additional losses associated with the gate-driver
of the main switch, which is similar to the case of several previous studies in the
literature. In order to address this issue, the concept of a power electronic converter
with self-triggered switching operation is now introduced in the next chapter of this

thesis.
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Chapter 5

A SELF-TRIGGERED FLYBACK
CONVERTER FOR EFEH

Chapter 4 has validated the principle of a flyback converter working with pulsed
energy transfer as an effective energy conversion strategy for Electric Field Energy
Harvesting. However, as in any conversion topology, the control circuitry that
triggers the main switch requires its own auxiliary power supply. In an EFEH
application the limited amount of power available from the main supply makes the
accomplishment of this demand more challenging. In the literature, this problem is

usually solved by the use of a battery, which is suboptimal.

This chapter now introduces a triggering control strategy for the flyback converter
topology that is self-powered from the EFEH input supply. The operation of the
overall self-triggered flyback converter is then explored. A complete analytical study
of the structure is developed and the operation of the system is validated in a

medium-voltage environment.

The investigation presented in this chapter identifies that more than 20 mW of
continuous power can be extracted from a 12.7kV MV line using this design, with a
very low input capacitive coupling to the line. The overall features of this system

outperforms previous work presented in the literature.

5.1 Principle of Operation

Following the principles of Chapter 4, the converter presented in Figure 5.1 is
composed of two main stages. The first section uses a simple diode rectifier to convert
the 50 Hz AC input voltage developed across Cy into a relatively high DC voltage.

The second stage uses a pulsed-operation DC-DC flyback converter to transform
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Figure 5.1: Self-triggered pulsed-mode flyback converter for EFEH systems.

this voltage down to a useful low voltage output for low-power electronic devices. A
triggering circuit is now added to control the main switch S;. The basic converter

operation is then as follows.

Each energy transfer pulse is initiated by turning on the converter main switch S,
when the DC bus voltage charges up to a defined trigger voltage V}, to transfer the
energy stored in the DC bus capacitance into the coupled inductance of the flyback
converter. Since the rate of this energy transfer is much higher than the incoming
power flow from the AC side, the DC bus capacitor discharges, and the DC bus

voltage collapses.

When the DC bus voltage reaches a sufficiently low value, switch S; turns off and
the energy stored in the coupled inductance transfers to the secondary side rectifier
and load via a conventional flyback sequence. Once the energy transfer cycle is
complete, the HV DC bus voltage slowly recharges from the incoming AC supply
until it again reaches the trigger voltage level, and another energy transfer pulse is
initiated. More than one energy pulse may occur over each half AC fundamental
cycle, depending on the AC input voltage magnitude and the various parasitic

capacitances shown in Figure 5.1.

A primary target for this system is to directly trigger S; using energy taken
from the DC bus, without requiring any auxiliary supply. This is achieved by
connecting DIAC D; across the drain-gate of the main MOSFET S;. When the DC
bus voltage charges up to the DIAC breakover voltage Vj,, it triggers and becomes a
low resistance element. This dumps stored DC bus stored charge via the transformer
parasitic capacitance Cy, into the gate of Sy, which turns it on to begin the pulsed

energy transfer cycle.

DIAC D; remains in conduction until its current drops below its minimum holding

threshold, which happens very rapidly as the drain-to-source voltage of S; falls.
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Switch S; then remains on until the DC bus voltage has discharged to zero. After
this, the energy stored in the coupled inductance transfers to the secondary output

to complete the energy pulse cycle.

For an appropriate design of the system, it is required first to understand the
behaviour of the circuit. Over the next section, the switching waveforms of the

system will be described as observed in a Low-Voltage (LV) triggering experiment.

5.2 Detailed Circuit Response

To conveniently study the circuit response in detail, the conversion system
described in the last section was fed from a 500V DC supply feeding through
a 10M¢S2 resistor, which allowed the rectified dc bus voltage vy to slowly charge up
towards 500V over several seconds. The DIAC string breakover voltage was reduced
to 284V (8 individual DIACs in series) so that the flyback converter would trigger at
this lower dc bus voltage. This arrangement allowed detailed switching waveforms
to be captured without the difficulty of measuring them at full operating voltages.
Figure 5.2 shows the experimental results, with switching waveforms presented over

three different time scales to show the various stages of the energy transfer cycle.

e DIAC Breakover Interval (¢,,): The first 50 nanoseconds of switching in
Figure 5.2 (left), where the MOSFET is triggered through the DIAC-based
triggering.

e Energy Storage Interval (ton): The first 2 microseconds of switching in
Figure 5.2 (centre), where the energy is transferred to the primary of the

flyback transformer.

e Flyback Interval (¢f,): The first 40 microseconds of switching in Figure 5.2
(right), which is the normal flyback sequence for energy transfer into the

secondary.

e Bus Recharge Interval (t.,): The interval beyond Figure 5.2 (right), where the
DC bus is slowly recharged from the low-current AC supply.

These intervals will now be discussed in detail.
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Figure 5.2: Switching waveforms for one energy transfer pulse in the scale of 500ns(left),
10ps(centre) and 100us(right).

5.2.1 DIAC Breakover Interval

This stage starts when the DC bus voltage reaches the breakover voltage of the
DIAC string, V;, and becomes a low resistance. This makes it conduct a pulse of
current to transfer charge from the overall DC bus capacitance Cj,s combined with
the S drain-source capacitance Cy,, into the S} gate-source capacitance Cyq as per

the equivalent circuit shown in Figure 5.3a.

The overall DC bus capacitance is defined with the parasitic capacitances shown

in Figure 5.1 as:

Chus = C1 +Cs +2C; + Cy (51)

(a) Gate charge (b) Gate equilibrium

Figure 5.3: Equivalent circuits during the DIAC breakover.
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Figure 5.4: Equivalent circuit during the energy storage interval.

Consequently, the gate voltage of S; rises to its threshold level, turning it on to
create a low resistance path between its drain and source terminals, 745 on as shown
in Figure 5.3b.

In the response of Figure 5.2 (left) it can be seen that as Sy turns on, its Drain-
Source voltage falls to zero, impressing the DC bus voltage across the primary
winding of the flyback transformer and thus starting the energy transfer cycle. When
this drain-source voltage reaches zero, the current flowing through D; ceases since it
is now short circuited by the S; on-resistance R4 on. This completes the turn-on
process, with enough charge stored in the gate capacitance of Sy for it to continue

to conduct for the next tpy period.

From Figure 5.2, it can also be seen how the total gate charge needed to turn the
MOSFET on, g4 is transferred from Ch,s to Cys during ty,, while reducing the DC
bus voltage from its original value V, to V},, which is determined from the charge

redistribution process as

C’bus Qgs
Vo~ sy, - 195 5.2
" Chus &+ Cha ( P s + Cas (5:2)

The voltage V}, is thus established across the transformer primary winding at the

start of the next switching interval, toy.

5.2.2 Energy Storage Interval

During this second stage, the flyback transformer magnetising inductance L,,
remains connected across the DC bus through the channel resistance Rg;on of 57 as

shown in Figure 5.4.

This creates an LC' circuit through which the energy from the DC bus total
paralleled capacitance Cpy transfers to the magnetising inductance L,, as a quarter
cycle oscillation. The DC bus total paralleled capacitance during this switching

interval is defined as
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C’ON = Cl + 02 + ch + Cb + Ctz = Cbus + Ctx (53)

From the upper trace in Figure 5.2 (centre), it can be seen how the current through
S, created by this response increases its drain-source voltage. This is because the

channel resistance of S; is relatively high as it is not turned on particularly well.

Furthermore, and somewhat paradoxically, it is interesting to see that this
increasing drain-source voltage slightly increases the gate-source voltage of S; as can
be seen in the lower trace of Figure 5.2 (centre), via coupling through the drain-gate

capacitance. However, this second order effect has little influence on toy.

The response of the LC' circuit during tpn can be approximately determined using

simple AC circuit theory (ignoring the increasing drain-source voltage across S1) as

vg(t) = Vi, cos(t// LinCon) == vy, (t) (5.4a)
Zd(t) ~ Vh\/ CON/Lm Sin(t/\/ LmCON) (54b)

The switching interval ¢t finishes when the voltage across the transformer primary
winding passes through zero, and changes polarity. Using the approximation that the
DC bus voltage is essentially zero at this point, ton can calculated by determining

when (5.4 a) reaches zero, i.e.

tON = (7T/2)\/ LmCON (55)

The energy transferred to the magnetising inductance during the energy pulse can
then be calculated by

By = /0 N ety (5.6)

which, substituting from (5.4) and (5.5), solves as

1
E;= 5OONv,f (5.7)

Eqn. (5.7) identifies the maximum energy that can be extracted from the DC bus
consolidated capacitance for one energy transfer pulse, without taking losses into

account.
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Figure 5.5: Equivalent circuit during the flyback interval.

5.2.3 Flyback Interval

Figure 5.2 (right) shows waveforms for the flyback interval ¢s,,, which begins when
the voltage across the flyback transfer primary winding reverses and the secondary
winding rises to the voltage V,, + Vpsec, fu (i-€. sufficient to turn on the secondary
rectifier diode with a forward voltage of Vpsec, fw). This provides a discharge path to
the output filter capacitor C,, as shown in the equivalent circuit of Figure 5.5, which

allows the energy stored in the magnetising inductance to transfer to this capacitor.

As the secondary winding current increases at the start of ¢z, the primary winding
current correspondingly decreases by transformer action. This can be seen by the
reducing drain-source voltage of S; in the upper plot of Figure 5.2 (centre) at the
start of t;,,. This reducing voltage decreases the gate-source voltage of S; through
drain-gate capacitance coupling, as shown in the lower plot of Figure 5.2 (centre),
which usefully helps turn it off in preparation for the flyback energy transfer to the

secondary side.

The secondary winding discharge current 4., now continues until all the stored

magnetic energy has been transferred to the output capacitor at the end of ¢z, i .e.

t iyl sec(mazx)

; (5.8)

tfly
qfly<t> - / isec(t)dt - OOAV; ~
0

using the conventional flyback converter assumption of a triangular approximation

for the shape of is..(t).

Since ige.(t) = aiq(t) due to mmf balance in the flyback transformer, then

Is.c(mazx) can be determined from (5.4) as

Lsec(maz) = aly(mazx) = aVi\/Con/Lm (5.9)

where a is the turns ratio of the transformer.
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Without considering losses, the energy stored in the magnetising inductance during

ton is equal to the energy transferred to the output capacitor i.e.

E, =V,C,AV, ~ E, (5.10)

Combining (5.7), (5.8) and (5.9) then gives an estimate of ¢y, as

Vh\/ LmCON

At the end of this interval, the secondary rectifier diode turns off, the primary
and secondary transformer winding voltages become zero (matching the discharged
DC bus voltage) and the HV DC bus is ready for recharge.

From Figure 5.2 (right), it can also be seen how the gate capacitance of S; has
significantly discharged during this period, via the gate discharge resistance. Note
that the time constant of this RC' circuit has to be set to make sure the gate voltage
is sufficiently low at the end of ¢4, to ensure that S; remains turned off as the HV

DC bus now recharges in the next interval.

5.2.4 DC Bus Recharge Interval

At the end of each energy transfer pulse, the DC bus circuit reverts to an ideal
capacitor divider, comprising C and the total consolidated capacitance of the DC

bus at this interval, defined as

Corr =Cy 4+ 2C;+ Cy 4+ Cys (5.12)

which is fed from the rectified incoming AC line voltage.

The voltage across Copp (the DC bus) begins rising from zero at the start of this

recharge interval t.,, and can be expressed as the offset sinusoid of

Ud(t) = VOFF,peak sin(wot —+ QD) — VOFF,peak sin 2 (513)

where Vorppeak = ViinespeakC1/(C1 + Corr), and ¢ = w,t is the phase angle of the
AC input voltage at which each DC bus recharging cycle starts. Eqn.(5.13) can be

linearized over each t., period as

Ud(t) =~ tonOFF,peak CcosS,t € tep (514)
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Note that (5.14) is always linearly increasing for each recharge interval over the
range —7/2 < ¢ < /2 since the input current through C leads the AC input voltage
by 7/2), which is the period where one diode pair of the input rectifier is conducting.
Furthermore, since the cycle of discharge and recharge repeats symmetrically for
each AC half cycle, the recharge stage only needs to be analysed over one half cycle

period.

At the end of ¢, the DC bus voltage will reach the breakover voltage of the DIAC
string again and start a new energy transfer cycle. Hence the number of energy
transfer pulses that occur in each AC half cycle depends on the value of t.,. For

each pulse cycle, t., can be solved from (5.14) by setting vg(ten) = Vio-

However, it is also clear from (5.14) that ¢., is not constant but is instead a
function of ¢ which varies as the incoming AC voltage magnitude changes. Hence

an average value for t., needs to be found by recognising that

Ud(tch) = ‘/bo = WOVOFF,peakCOS Soﬂ (515>

over the period —7/2 < ¢ < 7/2. Since

w/2
COS P = (1/7?)/ =2/m (5.16)
—7/2
then t,, can be solved as
— T™Vho
teh ~ ———2—— 5.17
" 2Wo‘/OFF,peoLk ( )

which provides an estimate for the average duration of the recharge interval. This
allows the number energy pulses expected for each fundamental half cycle to be

predicted, as will be shown in the next section.

5.2.5 Energy Transferred

Ignoring losses for now, the total energy transferred through the flyback transformer
in one AC source half cycle is nE;, where n is the number of pulses which occur
during that period. Since t., >> ty, > ton, the number of recharge cycles that
occur during each half-cycle can be approximately estimated as the greatest integer
of the expression (T,/2)/ts, where T, = 1/f, is the period of the input AC line
voltage. Using (5.17), this gives
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Figure 5.6: Number of energy transfer pulses in half-cycle (top) and power transferred
to the flyback transformer (bottom).
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With a total energy harvested per half cycle of nEj;, the total continuously

scavenged power is then given by

P ~nEyw,/m (5.19)

Equations (5.7), (5.18) and (5.19) define the relationship between the output
power, the pulse transfer breakover voltage V;, and the DC bus capacitance C}.
Figure 5.6 depicts this relationship for values of Cj, up to 5 nF, and for four break
over voltages V4, = [292, 584, 860, 1140] V, without considering any losses in the

system.

As can be seen in Figure 5.6 (top), the discrete number of energy transfer pulses in
each AC source half-cycle drops with larger breakover voltage levels and larger bus
capacitances. In-between each band given by the discrete values of n, the obtained
power shown in Figure 5.6 (bottom) varies proportionally to the changes in added bus

capacitance Cj, over a narrow range of picofarads. The maximum possible achievable
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power for each band at a given triggering voltage V,,, however, is constant. In
addition, the power increases as the triggering voltage gets higher, provided that the
given bus capacitance is not high enough to bring the number of pulses to zero, in

which case the power collapses to zero too.

As a result, the power transfer is extremely sensitive to the changes in bus
capacitance. For instance, with a breakover voltage of 292 V, the power reaches a
maximum of 18 mW for about 4.3 nF capacitance. However, for a slightly larger
capacitance the power abruptly collapses to zero as the number of half-period pulses

drops below one (zero).

From this analysis, it is generally preferable to keep the bus capacitance as low as
possible to achieve maximum power transfer. However, even with a zero DC bus
capacitance, in practice there will always be parasitic capacitances in the system
which limit the number of energy transfer pulses that can be achieved. This issue will
be discussed further in Section 5.4. Furthermore, another important consideration for

maximising the extracted power are the system losses, which will now be addressed.

5.3 Circuit Losses

This section discusses the loss mechanisms that showed to be the most relevant
to the system, according to the experimental studies presented later in Section 5.4,
namely the bus capacitance charge redistribution, MOSFET and secondary diode
losses. Additional losses in other elements in the circuit of Figure 5.1 such as: the
protection Zener V; which, while not in breakover, dissipates only 14 nW via its
leakage current; the reverse bias junction capacitance of the secondary diode C'pge.,
which reflecting back through the coupled inductor produces dv/dt losses related to
sudden changes of primary voltage of less than 1% of the total bus energy; and the
magnetic, hysteresis losses of the core of the coupled inductor, which were estimated

to be of around 0.4% of Ey; are considered negligible.

5.3.1 Charge Redistribution

The first loss mechanism in the system is the charge redistribution process that
takes place during the DIAC breakover interval. As was discussed in Section 5.2.1,
the charge necessary for S; to turn-on is transferred from the DC bus, which loses
energy in the process. As a result, the bus voltage drops from V,, to V} according to
(5.2). The energy in the DC bus per energy-transfer pulse of the converter has thus

been reduced from an initially available amount of
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1
Ei = §(Cbus + C’ds)‘/boz (520)

to Eq in (5.7). Part of this energy contributes to the turn-on of the main switch
S1, which while necessary, is of course a loss. The rest of this energy is dissipated
in other elements of the triggering circuit in Figure 5.1, namely the DIAC string
and gate-source resistance. This loss represents around 3% of the total theoretically

available energy, FE;.

From here, the energy left Fj is diluted by additional losses, which will be quantified
for each energy-transfer pulse. Essentially the most significant losses in the circuit
occur in the MOSFET S; and in the secondary diode of the flyback transformer
DSGC‘

5.3.2 MOSFET

For this circuit, the soft turn-on of the MOSFET during the energy storage interval
ton produces a significant resistive loss. This is because the channel resistance Rgs on
is much larger than is usual since the gate-source voltage during toy is only just
above the minimum gate threshold Vg, Identifying this resistance from data
sheets is not straightforward, since the gate voltage is very hard to determine. Instead

an estimated value for R4s on was found as follows:

Using the experimental results presented in Section 5.2, the drain-source voltage
v4s(t) during tony was directly measured from Figure 5.2 (middle), while the drain
current i4(t) was approximately determined using (5.4b), since its direct observation
using a measurement probe is challenging due to loading effects. The instantaneous

value of R4s oy was then calculated as

Rason(t) = vas(t)/ia(t) (5.21)

which was then averaged over tpy, which is the interval of interest. This gave a
value of Rgs on ~620€). Using again the expression of i4(f) in (5.4b), as well as the

approximation of tox in (5.5), this leads to an energy loss on the switch over toy of

TConRasonVi’y/Con/Lm
4

lon
Eloss,sw ~ / idQRds,Oth = (522>
0

Equation (5.22) defines the energy per pulse dissipated in R4, on during the energy

storage switching interval ton. Note that this loss is proportional not only to R4son
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but also to the peak DC bus voltage V}, and capacitance Cpy. Experimentally, it
accounts for about 44% of the total theoretically available energy, as will be seen in
Section 5.4.

5.3.3 Secondary Diode

During the flyback interval ¢4, the secondary current through the diode Dg.,
causes an energy loss because of the diode forward voltage Vpsec o On the device.

The expression for this loss is given by

iy
Eloss,Dsec = / VDsec,fwisec(t)dt (523)
0

The expression in (5.23) can be evaluated considering that the waveform of the
secondary current i4..(f) can be approximated as a triangle of height I,..(max) and
base t 1, as per the conventional theory for flyback converters [157]. Hence, using the
approximations previously developed in Section 5.2.3, (5.9) and (5.11) for Is..(max)

and ¢y, respectively, the value of this loss solves approximately to

Vi sec wv 20
Eloss,Dsec ~ D 7f2Vh ox (524)

This loss is dependent on the forward voltage drop of the secondary diode and
the maximum DC bus voltage. Experimentally, it accounts for 25% of the total

theoretically available energy, as will be seen in Section 5.4.

5.4 Experimental Validation in MV

The coupled inductor (flyback transformer) and other major system components of
the switching system in Figure 5.1 were implemented in an experimental prototype
on a PCB. The main design parameters are summarised in Table 5.1. A more detailed
description of the implementation is given in Chapter 7, which in turn follows the

design principles detailed in Appendix A.

The experimental prototype was tested under full scale operating conditions with
a MV AC supply to confirm the operation of the energy harvester under realistic
operating conditions. However, the 12.7kV line voltage was represented using the
4.5kV (RMS) AC supply available in the laboratory, feeding through a 100 pF HV

coupling capacitor. This generated a maximum input current of 150 uA, which is the
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Table 5.1: Main design parameters.

Element Parameter Value
Flyback transformer
Turns-ratio a 4.47
Number of primary turns Ny 148
Magnetising inductance L, 5.5mH
Inter-winding capacitance Ciz 30.7pF
Core/Material RM12/N41
DBR Diodes BYG10Y
OFF Capacitance Cy 2 pF
MOSFET (nominal) C2M1000170D
Drain-Source capacitance Ciys 50pF
Gate-Source Capacitance Cys 170pF
Secondary diode MURS480ET3G
Forward voltage VDsee, fw 1V
DIACs (each) SMDB3
Individual breakover Vio, 32V
Designed lead resistance Ryiae 47082
Output Circuit
Output capacitor C, 5.6mF
Tested output load R, 82012

same order of magnitude as for the full line voltage system discussed in Section 3.2.
Hence the proposed converter was working essentially at the designed maximum
input triggering voltage and current levels (approximately 1kV and about 150 uA,
respectively) so the study results matched what could be expected for a full field
conditions, without losing any generality in the study. A complete description of

this experimental arrangement is presented in Chapter 7.

Figure 5.7 shows the experimental arrangement, which was found to introduce
some additional capacitance Cur, to the DC bus. This capacitance was determined
experimentally to be 660 pF, and adds to the parameter Cj, identified in the theoretical
analysis of Section 5.2. Such considerations are critical to evaluate a converter such
as this, since the various conducted tests and the analysis shown in Figure 5.6 have
shown that the overall system is highly sensitive to any change in the effective bus

capacitance.

To identify the best possible power transfer conditions, different combinations of
Vio and Cy, were then evaluated. V;, was adjusted by setting a link on the PCB, to
choose between the four series strings of eight DIACs each, as detailed in Chapter 7.
This allowed the response of the four triggering voltages of V,, = [292, 584, 860,
1140]V to be evaluated. Overall bus capacitances (Cp) of up to 1nF (i.e. the sum of
the actual Cj, and C.,., were then tested at each trigger voltage to determine the

maximum possible power transfer that could be achieved).
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Figure 5.7: MV experimental setup.

From these tests, it was found that maximum power transfer was achieved with all
four DIAC strings in series (a triggering voltage of V;, =1.14kV), with a total effective
bus capacitance of Cy + C\pyre = InF. These conditions were then used for theoretical
power transfer calculations based on the concepts presented in Section 5.2. The
results are shown in Table 5.2, and predict a continuous output power of 21.7mW.
This represents a power transfer efficiency of 31%, with about 44% losses in the main
MOSFET switch and 25% losses in the secondary diode.

Experimental waveforms for this condition are shown for two different time scales
in Figure 5.8 (left) and Figure 5.8 (centre), for one energy transfer pulse. As can be
seen in Figure 5.8 (left), when the DC bus voltage rises to 1.14 kV, the diac string
triggers, and the DC bus discharges in about 3 us as predicted by the theoretical
analysis. The secondary current i,.. can be seen for the flyback period in Figure 5.8
(centre), with its waveform showing the anticipated triangular discharge shape over
a period of about 60 us, again in accordance with the theoretical analysis presented

in Section 5.2.

Note that the high frequency ring during the initial DIAC breakover period
is primarily an artefact of common-mode voltage probe coupling, and illustrates
the difficulty of making measurements for this type of application because the

measurement probe loading effects are quite significant since measurement probes

Table 5.2: Theoretical energy transfer.

Parameter Value Description
Ey 713.4uJ Energy available in the DC bus
n 1 Number of pulses per half-grid cycle
P 71.3mW Power before losses
Eloss,sw 317ud MOSFET losses
Eioss,Dsec 178.3ud Secondary diode losses
P, 21.TmW Actual power harvested
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Figure 5.8: Experimental results at medium-voltage. (left)Scale of 5us. (centre)Scale of
100us. (right)Scale of 50ms

have nominal input impedances in the range of mega ohms (parasitic capacitances in
the levels of picofarads), which are comparable with the capacitances of the EFEH
divider. Hence their presence influences the measured waveforms at various points

of the circuit, and often also disturbs the system operation.

Figure 5.8 (right) shows that the system achieves one energy transfer pulse for
every 10 ms (half-grid cycle), and delivers an average output voltage of 4.4 V across
the 820 Q output load resistor. This represents a harvested output power of P,
=23.6mW, which matches very well with the theoretical expectations as presented in
Table 5.2. Note that in general and as predicted by (5.7), larger triggering voltages
Vho manage to harvest more power. However they also produce larger losses, so that

the best overall efficiency of the system that can be achieved remains at about 33%.

5.5 Summary

This chapter has presented a conversion system for non-contact electric field energy
harvesting based on a flyback converter topology working in pulsed energy-transfer
mode, which is completely self-triggered from the EFEH input supply. The proposed

system does not require any additional auxiliary power supply for the control stage.

A detailed analytical study of the switching circuit and the power transferred was
introduced. It was found that in general the switching circuit is extremely sensitive
to added parasitic capacitances. The main loss mechanisms in the system were also

identified.
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Experimental results were presented to confirm the theoretical analysis and physical
viability of the concept, in a medium-voltage experimental setup. The experimental
study identifies that almost 24 mW of continuous power can be transferred from a
12.7kV MV line using a non-contact EFEH supply based on a power line insulator.
This figure outperforms previous work in the literature in this field, not only for its
larger power density but also for the features of a self-powered triggering cicuit and

its design for a non-contact EFEH methodology.

Compared to the system proposed in Chapter 4 the conversion circuit presented
in this chapter does not have additional losses related to the gate-driver of the main
switch since this sub-circuit is self-powered. On the other hand, the nature of the
gating circuit of this chapter does not allow for a higher number of pulses per half
grid cycle, unlike in the system of Chapter 4. As a result, the principles of one system
cannot be directly translated to the other and a precise comparison between both
solutions is not possible beyond the evident benefit of the gate-driver self-powering

in the design of the present chapter.
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Chapter 6

DESCRIPTION OF THE SIMULATION
SYSTEMS

In the investigation of the energy conversion topologies for Electric Field Energy
Harvesting, the extremely low currents and high voltages associated with the
application made the influence of parasitic elements around the circuitry of the
systems much more relevant than in standard conversion applications. This difficulty
has been identified throughout the thesis.

Therefore, suitable simulation models that take into account the parasitic
impedances in the switching circuits were essential to verify the response of the
experimental systems. Hence, the hypothesis that any particular waveform in the
system (e.g. the peak value of a current) is influenced by one particular group of
impedances in the system (e.g. the parasitic capacitance in the DC bus) can be
readily verified by the modelling of this parasitic element in a computer simulation.
This validation strategy has been used extensively throughout the experimental

sections of the thesis.

In this work, MATLAB was used for the analytical design of the different proposed
conversion systems, and basic simulation studies. Ansoft Maxwell 3D [148] was
used for the Finite Element Analysis (FEA) of the EFEH harvester proposed in
this study. The software package ALTIUM [166] was used for the design of the
circuit boards built in the experimental sections, and for the simulation of various
switches used in the proposed systems. However, the PSIM software package [167]
was the predominant simulation tool in this work. It supports discrete time analysis
of the electrical and electronic circuits that are part of switching systems with their

corresponding logical controllers.

In the simulation environment, the use of standard models of switching devices

showed limitations due to the unusual input conditions of EFEH, so alternative
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models were constructed. In this chapter, the most important simulation models

developed for the study of the proposed conversion systems studied in this thesis are

described.

6.1 Finite Element Analysis of the Harvester

In the field of EFEH, Finite Element Analysis (FEA) is often used to investigate
the field distribution of the varied geometries that form the capacitive dividers of the
harvester structures and hence to estimate other field distributions like the electric

flux density and parameters such as the values of capacitances in the dividers.

In this work, the Electrostatic type of solution analysis of the FEA software
Ansoft Maxwell 3D was used. The first objective was to investigate the electric field
distribution of the line insulator-based harvester proposed in Section 3.1.3, in order
to verify that the field intensities in the structure at 12.7 kV are within safe levels,
below the dielectric breakdown of the insulating media. The second objective was
to estimate the values of the capacitances of the parasitic capacitive divider that is
created by the proposed harvesting structure, and hence to establish the electrical
nature of the input AC supply that is considered throughout the studies developed

in this thesis.

A 3D model of the harvester proposed in Section 3.1.3 and described in more detail
in Section 7.1 was created. The steps of construction are described in Figure 6.1.
The inner electrode is a Copper (Cu) tube with 12.7mm of outer diameter, which
is inserted into an 30mm-diameter insulating Polypropylene (PP) rod represented
with a semi-hollow cylinder i.e. filled with a disc at the top that provides 10mm
of insulation (Figure 6.1b). This insulating medium is assigned a relative electric

permittivity of 2.2.

The 300mm-long plastic clylinder is then surrounded by a very thin (0.2mm)
Aluminium (Al) sheath, which represents the outer electrode. This cylindrical
structure is then inserted into a modified pin-type power line insulator, with an
extended pin cavity to fit the structure, and whose model is shown in Figure 6.1d.
The insulator, made of epoxy resin, is assigned a relative electric permittivity of 4.4.
Finally, a Copper structure that works as the support of the harvester system in the

experiments of Section 3.1.4 is modelled in Figure 6.1e.

For the electrostatic analysis, the excitations of 12.7kV and 0V were assigned to
the outer electrode and supporting structure respectively. The FEA was configured

to run a maximum of 15 passes and 1% of error. The analysis for the results presented
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L L
0 100 200 (mm) 0 100 200 (mm)

(a) Inner electrode (Cu tube).  (b) Insulating medium (PP rod).

L
0 100 200 (mm) 0 100 200 (mm)

(c) Outer electrode (Al sheath). (d) Power line insulator (Epoxy).

0 150 300 (mm) 0 150 3040 {mm)

(e) Support structure (Cu). (f) Complete 3D model.

Figure 6.1: 3D model of proposed the insulator-based harvester.

in Section 3.1.4 converged after 3 adaptive passes with a 0.5% of energy error, and a
total number of mesh elements (tetrahedra) of 43694. These results were validated

experimentally in that section, which shows the accuracy of the model created.
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6.2 Current Source Rectifier Bridge

A PSIM simulation model of the CSR bridge investigated in Chapter 3 was used
for the validation of the experimental waveforms in the low current switching setup
presented in Section 3.3.1. The model is shown in Figure 6.2, and is divided into

power and control stages. The power stage includes the following parts:

e A model for each one of the MV-rated C2M1000170D MOSFETSs [158], which
is composed of an ideal switch controlled by continuously comparing the
Gate-Source voltage against the switch nominal threshold Vth. The model
considers the MOSFET antiparallel diode DS with a voltage drop of 2 V, the
MOSFET ON-resistance RdsON and its parasitic capacitances Cds, Cgs and
Cdg. The latter capacitive elements are non-linear, which is challenging for
an exact representation. Hence, the values were determined according to the
curves provided in the respective datasheet, chosen depending on the input

voltage levels under investigation.

e The parasitic parallel capacitances Cd of the blocking diodes of the CSR
topology [168]. Again, its non-linear value is chosen according to the curves
provided in the respective datasheet, depending on their working reverse

voltage.

e The parasitic elements of the PCB, some components and wiring, whose values
were either measured or estimated. These elements include: the AC input
supply resistance Rs and inductance Ls, the parallel input damping resistance
Rdamp, the parasitic capacitance across the input terminals of the CSR. Cin,
and the parasitic resistances and inductances of the output circuit (Ro, Lo),
the gate driver circuitry (Rg, Lg) and PCB tracks (Rpcb, Lpcb). The parasitic
capacitances between PCB traces were ignored because in practice they are

swamped by the higher values of the capacitances of the switching devices.

e A voltage source Vsmps representing the coupling of the gate driver circuitry
to the power circuit through the capacitance Csmps_cm_1, which was observed

to add noise measurement in the execution of the experiments.

The control stage includes the following parts:

e A modulation scheme for each MOSFET that represents the floating circuitry
of the gate driver that couples to the gate. It provides the option to program

the standard modulation parameters i.e. modulation index M and carrier
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Figure 6.2: PSIM model of CSR bridge.
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Figure 6.2: (continued) PSIM model of CSR bridge.
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Table 6.1: Referencial values of parameters of the CSR bridge PSIM model.

Parameter Value Description
Rs 0.22€2 Input source resistance/Measured
Ls 300nH Input source inductance/Measured
Rdamp 800MS2 Damping resistor/Chosen
Cin 100pF Input capacitance/Estimated
Rg 35(2 Gate resistance/Datasheets
Lg InH Gate inductance/Measured
Cdg 32pF Drain-Gate cap/Estimated at 100V (OFF)
Cys 4500pF Gate-Source cap/Estimated at 100V (OFF)
Cds 1pF Drain-Source cap/Estimated at 100V (OFF)
RdsON 12 MOSFET ON resistance/Datasheet at 15V
Vith 3.5V MOSFET Gate threshold voltage
Cd 2.5pF Blocking diode cap/Estimated at 100V (OFF)
Rpcb 0.042 PCB tracks resistance/Estimated
Lpcb 10nH PCB tracks inductance/Estimated
Ro 0.152 Output resistance/Measured
Lo 300nH Output inductance/Measured
Vsmps 1V (peak)/100kHz Common mode noise control board/Estimated
Csmps_cm_1 1pF Coupling control board to ground/Estimated
Rprobe 11MSQ P2220 voltage probe resistance/Datasheet
Cprobe 40pF P2220 voltage probe capacitance/Datasheet
Rprobe_GND 5MQ Probe coupling to ground/Estimated
CProbe_GND 4pF Probe coupling to ground /Estimated

frequency fc. Then it considers the switching differential voltage levels of the
gate driver used for switching the MOSFET gate (+15V/-5V), as well as the
1 ps overlapping function of a CSR (analogous to the a dead-time in VSRs),
programmed in the modulation technique. The gate driver excitation depends
on the Gate-to-Source voltage surpassing the gate threshold voltage Vth, which

is represented with comparators.

The equivalent circuits of the voltage probes on the sections that were
considered for measurements in the experiments. These include the inter-
channel parasitic resistance and capacitance (Rprobe, Cprobe) of the CRO,
and the parasitics of each one of the CRO’s channel to ground (Rprobe_.GND,
Cprobe_.GND).

Some reference values for the parameters in the model of Figure 6.2 are defined in

Table 6.1.

The main limitation with the simulation of the CSR bridge presented in this

section is the non-linearity of the majority of the parasitic elements found in the

experimental setup. In particular, since the values of the parasitic capacitances
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in the MOSFETSs depend on their instantaneous Drain-Source voltages, they are
different for the ON and OFF intervals.

The consequence is that the accuracy of the model can be optimized only for OFF
or ON intervals but not for both, as it is quite challenging to program a non-linear
capacitance in PSIM. The values in Table 6.1 represent the optimisation for the
OFF intervals, which was the focus of the study in Section 3.3.1 of Chapter 3, where
the simulation model was useful for validating real observations of high-frequency

switching at high voltage and low current.

6.3 Line-Frequency Conversion

The investigation of the switching characteristics of a HV-rated diode bridge
rectifier under the unusual input conditions of EFEH studied in Chapter 3 were
tested using standard diode models in PSIM. However, when comparing to analytical
expectations, the AC input voltage and transferred power were dramatically reduced

due to the inadequacy of the diode models.

It was determined that the reason for the inadequate response was the leakage
current through the parasitic capacitors that PSIM uses to simulate the diodes
when they are turned off, shown in Figure 6.3. Whereas in applications with larger
currents, this leakage current is negligible and the final response of the circuit is
accurate, in the present EFEH application (featuring some hundreds of microamperes
at most) the leakage becomes more relevant. This situation is observed as well in
MATLAB and in standard PSPICE models used in ALTTUM. In PSIM, the value of

this parasitic capacitor cannot be programmed directly as a parameter of the diode.

The alternative representation that was used to circumvent this modelling
limitation is shown in Figure 6.4. The diodes under study are the BYG10Y [163] rated
for 1600V, and are represented by ideal switches with their parasitic capacitances
Cd=2pF in parallel. The ideal switches are controlled by comparators to switch
them ON and OFF according to their anode-to-cathode voltage state (i.e. forward

junction voltage Vfw="2V), hence emulating the normal operation of the diode.

Figure 6.3: DBR turn-off parasitics for an AC input positive cycle.
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Figure 6.4: PSIM model of a diode bridge rectifier for EFEH.

The parasitic capacitances can now be set to the levels that are appropriate for
the simulation. In particular, it has been found that the parasitic capacitances
of semiconductor devices rated for higher voltage (MV range) are lower than for
standard devices. Hence the results yielded by this model were in better accordance

with theory.

The basic model in Figure 6.4 has been extensively used in the exploration of the
subsequent conversion strategies for EFEH that include a line-frequency switching

stage in Chapter 4.

6.4 Pulsed-Mode Flyback Converter

The PSIM simulation model of the novel pulsed-mode flyback converter for EFEH
proposed in Chapter 4 was to validate the experimental waveforms in the LV and
MYV experiments proposed in Section 4.4.2 and Section 4.5 respectively. The model
was described in Section 4.4.1 and is shown in Figure 6.5, where it is divided into

power and control stages. The power stage includes the following parts:

e The alternative representation of a DBR model presented in Section 6.3. As
this block is the first input to the EFEH divider, the currents through it are
very small, as predicted in the analytical sections. Hence, standard diodes
representation were not adequate and the advanced diode model was again

necessary.
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Figure 6.5: (continued) PSIM model of the pulsed-mode flyback converter.
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e A simplified model for the C2M1000170D MOSFET [158]. Since the recharge
interval is the focus of study this time (Section 4.3) and because this is larger
than the ON time, the Drain-to-Source capacitance only is included around
the ideal switch. The ON resistance RdsON is still included to represent the
loss mechanism. Capacitance C_DS is selected as per the datasheet, according
to the respective voltage of the experiment, with the known limitation of its

non-linearity.

e A model for the flyback transformer, which includes implicitly the definition
of the magnetising inductance Lm. Explicit representations of the measured
parasitic inter-winding capacitance Ctr and the resistor Rm (representing
the calculated small core losses) were added, as well as the measured leakage

inductance of the windings Lleak.

e The measurement circuit necessary for implementing the pulsed-mode control
of the switch. This resistive divider is in parallel to the bus capacitor Cb and is
composed of the high-voltage side and low-voltage side resistors Rhv and Rlv.
The low-voltage resistor Rlv includes a parallel capacitor C'meas representing
the parasitic impedance of the circuitry of the subsequent control board in the
PCB.

e The output circuit after the secondary of the flyback transformer has a
simpler representation since the level of currents and voltages there are more
conventional. However, the model of the secondary diode requires the inclusion

of the OFF capacitance C'Dsec and the definition of its forward voltage.

e The parasitic resistance and inductance of the wiring using in the experimental

setup (Rlead, Llead), with estimated values.

The control stage of the system includes:

e The control scheme for the DBR described in Section 6.3, with the anode-

cathode voltage of each diode compared against the forward voltage Vfw_diode.

e A representation of the pulsed-mode control scheme for the MOSFET, made
up of a comparator that implements the pulsed-mode control strategy. The
bus voltage is continuously compared against the defined upper trigger voltage
Vh. When the bus reaches this level, the signal for turning-on the MOSFET is
held high for as long as the minimum response time of the comparator t.ON
(taken from its datasheet), because the bus voltage drops almost immediately.

This is represented by a monostable multivibrator with a pulse width ¢_ON.
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Table 6.2: Pulsed-Flyback converter simulation parameters.

Parameter Value Description
Rlead 0.582 Leads parasitic resistance
Llead 1puH Leads parasitic inductance
Cd 2 pF Diode BYG10Y parasitic capacitance
Rhv 50 MS2 HV measurement resistance
Rlv 220 kQ2 LV measurement resistance
Cmeas 33 pF Control stage equivalent loading, estimated
Rm 500k Emulating magnetic core losses
Lm 561 pH Flyback transformer magnetising inductance
Lleak 1 nH Flyback transformer leakage inductance
C_DS 13 pF MOSFET C2M1000170D out. capacitance @500V
RdsON 1.4 MOSFET Drain-Source resistance @500V
CDsec 30pF Sec. diode junction capacitance @250V
Viw_Diode 2V Diode BYG10Y forward voltage
t_ON 300 ns Min. response time comparator ADCMP609
Rprob 10MQ Voltage Probe TEKTRONIX P5100A
Cprob 16pF Voltage Probe TEKTRONIX P5100A
Rcro.GND  14MX) CRO TEKTRONIX TPS200
Ccro.GND  37TpF CRO TEKTRONIX TPS200

e A model to represent the parasitic impedances of the voltage probes of the
oscilloscope [165] (Rprobe, Cprobe), which also have a common single grounding
rail coupled to earth through Rcro.GND and Cro_GND. This, again, models

the loading introduced by the measurement devices in the circuit.

The values of the parameters were either measured or estimated and the most
representative values are summarised in Table 6.2. Other values, for specific working
conditions, have been defined in Section 4.4.1 of Chapter 4. Although the model
has important limitations introduced by the non-linearity of the parasitic capacitive
elements, the results that it yields are comparable with the experimental waveforms

observed in practice (Sections 4.4.2 and 4.5), hence validating its effectiveness.

6.5 Summary

This chapter has presented an overview of the PSIM-based simulation system
used throughout this thesis. The power and control stages of the different power
electronic systems are represented using PSIM’s built in power electronics discrete

elements and blocks.

The simulation environments address the limitation of standard simulation models
of switching devices, when used to represent the EFEH systems, by proposing

alternative representations.
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The simulations were developed to validate the experimental systems under the
influence of several parasitic impedances. This is of particular importance in the field
of EFEH, since the extremely low currents and high voltages manipulated within

the circuits amplifies the influence of such parasitics.
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DESCRIPTION OF THE
EXPERIMENTAL SYSTEMS

To validate the performance of the theoretical developments presented in this
thesis, different experimental systems have been established in the RMIT University
power electronics laboratory. The most important experimental implementations of

the thesis are described in this chapter.

7.1 Power Line Insulator EFEH Harvester

The structure proposed in Section 3.1.4 of Chapter 3 for the exploration of the
concept of EFEH, was built by modifying a standard pin-type power line insulator
made of epoxy resin with a nano-filler. The alteration was made so that an electrode
inserted within the grounded pin cavity of the insulator is allowed to form a capacitive
divider with the power line voltage applied to an external conductive arrangement,
having insulating material between the two electrodes. The harvester is depicted in

Figure 7.1.

The inner electrode was chosen as a Copper tube with an outer diameter of 1/2
inch (12.7 mm). The Copper (Cu) tube was then inserted in a Polypropylene (PP)
rod with a diameter of 30 mm, which was used as the insulating medium between the
inner and outer electrodes. The PP rod was bored to fit the C'u tube within precisely.
In order to meet the total length of the structure (300 mm), the bored rod was built
in two pieces. The outer electrode was built as a 0.2mm-thickness Aluminium (Al)
sheath wrapped around the plastic rod. Some steps of the construction process are

shown in Figure 7.1a.
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Figure 7.1: Proposed insulator-based harvester.
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The cylindrical structure was then inserted in a 30mm-diameter hole drilled in
the centre of the epoxy insulator, in order to fit the structure in its pin cavity.
The overall EFEH harvester was placed in the final experimental setup depicted in
Figure 7.1b. In the experimental test, the voltage of the power line was applied to
the outer electrode (Al foil), with the ground reference applied to an earthed metallic

structure.

7.2 Pulsed-Mode Flyback Converter

This section presents details of the hardware used in the experimental system
developed to investigate the operation of the Pulsed-Mode Flyback Converter for
EFEH proposed in Chapter 4. First, the input AC supplies used for the validation of
the experimental waveforms in the LV and MV experiments proposed in Section 4.4.2
and Section 4.5 respectively will be described. Then, the board implementing the
pulsed-mode flyback converter topology will be described.

7.2.1 Input AC Supply

In the experimental sections of Chapter 4, both LV and MV experiments were
used to validate the converter operation. The corresponding LV and MV EFEH AC

input supplies are described first.

Low-Voltage Input AC Supply

The LV implementation that emulates the equivalent circuit of a weakly coupled
EFEH divider system was realised by using the standard line-to-line grid voltage in
Australia (415V, 50Hz) through a variac, and fed to an isolation transformer with
a 1:1 turns ratio, in order to produce an appropriately grounded system. This AC
supply feeds the LV system through a 117 pF coupling capacitor composed by a
string of larger capacitors in series. This generated a maximum input current of
about 15 pA, which is in the same proportion as the source voltage of the MV system
discussed in the next sub section and the present LV source voltage (4.15kV/415V
~ 150puA /15uA). These elements were connected as shown in Figure 7.2.

This input setup was used in the LV experimental validation of the pulsed-mode

flyback converter in low-voltage mode, in Section 4.4.2.
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Figure 7.2: LV AC input supply arrangement.

Medium-Voltage Input AC Supply

As was noted in Section 4.5, due to practical limitations with the availability of
the required 12.7 kV in the RMIT Laboratory, the EFEH capacitive divider system
used for the validation of the pulsed-mode flyback converter in medium voltage
was synthesised using the 4.5kV (RMS) AC supply available in the laboratory,
feeding through a 100 pF HV coupling capacitor. This generated a maximum input
current of 150 pA, which is the same order of magnitude as for the full line voltage
system discussed in Section 3.2. Hence the proposed converter works essentially at
the designed maximum input AC voltage and current levels (approximately 1kV
and about 170 A, respectively), without losing any generality in the study. The

parameters of this input supply experimental setup are presented in Table 7.1.
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Table 7.1: Target MV equivalent of the EFEH system.

Variable Value Comments
Viine 4.5 kV (RMS) Available in the HV lab
Wo 27 x 50rad/s Nominal line frequency
4 100 pF HV capacitor available (rated for up to 100 kV)
Cineas 28 pF For measurement
220V:100kV ——C,=Cy

+ +
Vin Viine ! °
- i | Equivalent

::::Cmea$:17xCLV MV
Supply

O

.||-<>———

Figure 7.3: DBR MV experimental setup schematic.

The circuit in Figure 7.3 describes the physical implementation of the MV input
supply system. The line-earth potential is obtained from a 50 Hz High Voltage (HV)
test transformer, single-phase, with a turns ratio 220/100000 V. The transformer
tap was set to achieve a line voltage V. = 4.5kV(RMS). Any input voltage

measurements were thus obtained from the primary winding with a ratio of 1:417.

The shown capacitance divider was composed of the high-voltage (HV) capacitor
Chxv = 100pF that produces the maximum input current required to represent
the EFEH system, and a string of 17 LV capacitors CLy in series composing an
input-volage measurement capacitor C,eqs = 28pF. The extremely low value of
Cineas does not affect the equivalent input current from this system. The HV capacitor

was coupled to the L'V array via coaxial cable.

Photos of the setup with the experimental boards are shown in Figure 7.4, together
with the additional boards of a DBR and some resistive loads. These boards were
used to test independently several sections of the conversion system described in
Section 4.3.

The required DC bus capacitances for the pulsed-mode flyback conversion system
Cy were implemented with discrete film capacitors rated for high voltages of the
order of kilovolts. Adequate clearance and creepage distances were considered in the

design of the PCBs for the high voltage experiments.

The proposed equivalent of the EFEH system was extensively used in the MV

experimental setups throughout this thesis.
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Figure 7.4: MV Experimental setup for the DBR.
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7.2.2 Pulsed-Mode Flyback Converter

The two-stage converter introduced in Chapter 4 is composed of: an input DBR
made of four 1600 V, 1.5 A diodes [168]; and a DC-to-DC regulation stage made of a
1700 V, 4.9 A, N-channel, enhancement MOSFET [158] which is the main switch of
the system, and a flyback transformer designed for the energy transfer from the MV
DC bus to the ELV DC load side.

The design of the PCB for the flyback converter topology was based on the
auxiliary power supply CX48 supplied by Creative Power Technologies [169]. The
original board implements a dual-flyback converter that is rated for a 3A/800V DC
bus. The modifications performed on the original design to adjust it for this work are
shown in Figure 7.5. From the original design, the original placement for the DBR,
the bus capacitor, the DC bus voltage measurement resistors, the MOSFET (with
grounded Source terminal), and the output circuit of the flyback after the secondary
of the transformer (including secondary diode [166] and output RC circuit) were
maintained. The benefit of using this platform is that the adequate clearance and
creepage distances for 800 V are achieved by default. Additional terminals were

added for interconnection with the flyback transformer and control circuitry.

The second main component in the power circuit is the flyback transformer. It
was implemented in an ETD34 grade 3C90 [164] core, a turns-ratio of 46/23 with
Copper enamelled wire AWG 23 for both primary and secondary windings, and an
air gap of 0.02 mm. The transformer was constructed with a separate PCB and
attached to the main CX48 board.

For the implementation of the pulsed-mode control strategy of the converter, a
small PCB was designed and implemented. The schematic and footprint are shown

in Figure 7.6. The control board is composed of the following elements:

e A linear voltage regulator TI LM78L05 [170], which takes a 9V DC input
(from a standard alkaline battery) and regulates the voltage to 5 V to feed the

subsequent comparator circuit.

e The fast comparator ADCMP609 [162] which takes the voltage signal from the
resistive divider measurement circuit in the DC bus, and compares it against an
adjustable scaled reference that corresponds to the higher threshold triggering
voltage V. The hysteresis is provided naturally from the response time of the

comparator, around 300 ns overall (obtained experimentally).

e The high-speed, low-side MOSFET gate driver FAN3122 [171]. It takes the
input from the fast comparator and drives the MOSFET in the power stage
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(b) Control stage

Figure 7.7: Flyback converter experiment boards.

ON and OFF with respective 9 V and 0 V levels by providing high current

pulses.

Photos of the boards in the full system are presented in Figure 7.7.

This experimental board was useful for a rapid and simple validation of the concept
of a flyback converter system in pulsed-transfer mode as an effective methodology

for the energy conversion from an EFEH supply, in Section 4.4.

7.3 Self-Triggered Flyback Converter for EFEH

This section presents details on the hardware used in the experimental system

developed to investigate the operation of the Self-Triggered Pulsed-Mode Flyback
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Figure 7.8: Input AC supply arrangement.

Converter for EFEH proposed in Chapter 5. The AC power supply used in the
experimental investigations of Section 5.4 will be described first. Then, a complete

description of the experimental board of the flyback converter will be given.

7.3.1 MYV AC input supply

The experimental prototype of the self-triggered flyback converter topology
proposed in Chapter 5 was tested to confirm the operation under realistic operating
conditions using the MV input setup previously described in Section 7.2.1, with
the difference that the 4.5 kV supply this time was taken from a HIPOTRONICS
AC high voltage test set [172]. This interconnected AC supply system is shown in
Figure 7.8.
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7.3.2 Self-Triggered Converter Board

The two-stage conversion system introduced in Chapter 5 is composed of:

e An input DBR based on BG10Y diodes [168] to rectify the input AC supply

into a flyback converter made of:
e The C2M1000170D SiC MOSFET [158] as the main switch of the system

e A MOSFET-triggering circuit composed of 32 SMDB3 LV-DIACs, with an
individual breakover voltage of 36 V [173], for an overall breakover voltage of

up to 1.14 kV in practice.

e The coupled inductor (flyback converter) for the implementation of the flyback

topology, with the low-power circuit connected to its secondary winding.

In this work, the design of the coupled inductor of the conversion system is
somewhat unconventional compared to a conventional flyback converter. Firstly,
the magnetic core has to be selected as a choice between the minimum core size
required to store the energy transferred in each energy transfer pulse without core
saturation, and a larger core size that could accommodate more primary turns to
increase the magnetising inductance L,,, and thus reduce the MOSFET conduction

losses as identified in Section 5.3.2.

Consideration also needs to be given to the insulating capability of the selected
core, recognising that the primary winding must withstand nearly 1kV until the diac
string triggers. Taking these factors into account, an RM12 ferrite core was selected

for the coupled inductor.

Next, the turns ratio a was selected as a balance between the required reverse
blocking voltage of the secondary rectifying diode, and the peak current flowing
through this diode as the flyback period commences. Consideration also needed to
be given to the reverse bias junction capacitance of the secondary diode, since this
capacitance reduces the converter efficiency because it reflects back through the
coupled inductor to the primary side during the energy charging interval toy, as

discussed in Chapter 5.

The secondary diode selected was a MURS480ET3G [163], because of its (relatively)
low forward voltage drop and low reverse bias junction capacitance. Since this diode
has a 400V reverse blocking voltage, the turns ratio was then set to a = 4.47. This
limits the reverse voltage that the diode has to block to less than 200V, which is a

comfortable margin compared to its rating.
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Finally, the coupled inductor windings were wound using as thin a wire as possible
(particularly for the primary winding), to fully fill the bobbin window and thus
achieve the maximum possible primary inductance. The windings were arranged in
a sandwich configuration using a standard U winding technique, to reduce proximity

and leakage inductance effects [157].

To identify experimentally the best possible power transfer conditions, different
combinations of V;, and Cj, were evaluated in Section 5.4. V,, was adjusted by
setting a link on the PCB, to choose between the four series strings of eight DIACs
each forming the complete string of 32 DIACs linked to the Drain terminal of the
main switch. The groups of DIACs are selectable via 4 taps that are linked to the
transformers primary via a jumper in a discrete selector made up of 2 parallel strings
of pin-headers. This allowed the response of the four triggering voltages of V;, =
[292, 584, 860, 1140]V to be evaluated. A header across the DC bus is included for

connection and testing of different bus capacitors Cj.

The lower side of the string of DIACs is connected to the gate of the MOSFET,
in parallel with a 24V MMSZ4709T1G Zener diode [174] to keep the gate voltage
below its maximum rating of 25 V. A resistor between the Gate-Source terminals is

included for the discharge of the gate after the device is turned-off.

A more detailed description of the sequential steps taken for the design of the

self-triggered flyback conversion system can be found in Appendix A.

The design parameters for the coupled inductor and values of the other major
system components are listed in Table 7.2. The schematic and footprints of the
board, implemented in ALTIUM [166], are presented in Figure 7.9 and Figure 7.10
respectively. Adequate clearance and creepage distances were considered in the
design for up to 2000 V in the high voltage side. Testing points and measurement
resistors are included in the design. Finally, photos of the boards are presented in
Figure 7.11.
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Table 7.2: Self-triggered flyback converter parameters

Element Parameter Value
Flyback transformer
Turns-ratio a 4.47
Number of primary turns Ny 148
Magnetising inductance Ly, 5.5mH
Inter-winding capacitance Ciz 30.7pF
Core/Material RM12/N41
Primary/Secondary winding diam.  dppim/dsec 0.25/1.15 mm
DBR Diodes BYG10Y
OFF Capacitance Cy 2 pF
MOSFET (nominal) C2M1000170D
Drain-Source capacitance Cys 50pF
Gate-Source Capacitance Cys 170pF
Protection Zener diode voltage Vy 25V
Gate-Source resistor Ry, 500 k2
Secondary diode MURS480ET3G
Forward voltage VDsee, fuw 1V
DIACs (each) SMDB3
Individual breakover Vo, 32V
Designed lead resistance Riiae 47002
Output Circuit
Output capacitor C, 5.6mF
Tested output load R, 82012

7.4 Summary

This chapter has provided details of the experimental systems used to validate

the work presented in this thesis.

The experimental setup to test the coupling of an insulator-based EFEH strategy

includes electrodes of different geometries that went through a metallisation process.

The experimental system for testing the proposed concept of a flyback converter
in pulsed-mode for EFEH includes a power stage based on an altered CPT-CX48
board. The control of the board is based on a small board with fast comparator and

gate-drive circuitry.

The realisation of the fully customised prototype of the flyback converter in pulsed
mode with self-triggering integrates the flyback converter power stage with a control
system that triggers the main switch based on a string of DIACs with different taps

for selecting the triggering voltage level.
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CONCLUSIONS

Electric Field Energy Harvesting (EFEH) from medium voltage power lines is an
emerging smart grid technology that aims at energizing low-power sensor nodes from
the electric fields in the vicinity of such lines. The development of this technology
will contribute to the improvement of the present day electricity grid by allowing the
implementation of distribution power line sensor networks (DPLSN). DPLSN in turn
will enable distribution automation (DA) operations that are becoming essential, in
a grid with an increasing integration of renewable resources. Consequently EFEH

has started to be the focus of significant research effort in recent years.

The challenge with EFEH systems is to extract useful amounts of energy while
avoiding close proximity to (or even galvanic contact with) the power line. Since
the input supply in a non-contact EFEH system is weakly coupled to the load,
a thorough foundation in understanding of the loading conditions is required to
implement optimal power transfer. The operation of the energy conversion stage is

vital in realising the conditions that allow maximum energy transfer.

Knowledge and understanding from EFEH input supply conditions has been
applied in this thesis to the energy conversion system, specifically with the aim of
determining the limiting factors in the switching strategies to be used. In addition,

optimal conversion strategies for non-contact EFEH have been studied.

The work carried out in this thesis provides substantial contributions to the field
of EFEH. The contributions are summarised in the following sections, including
both the use of a power-line insulator based strategy for non-contact EFEH and the
development of an energy conversion technique for optimal power harvesting. There
is scope to extend the switching converter principle to apply this knowledge to other
grid and conversion technologies. This chapter also provides such suggestions for

future work.
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8.1 Summary of Research

8.1.1 Maximum Electric Field Energy Harvesting using

Power Line Insulators

This thesis has demonstrated the use of power line insulators to bypass the
limitation of having EFEH systems with galvanic contact to the power line. This
direct contact between the conversion system and the MV power line is often used
in the literature of wireless sensor nodes (WSN) that are powered by EFEH. This
creates a limitation in the implementation of DPLSN as it restricts a large-scale

deployment of sensor nodes, by making the power supply system bulky and expensive.

A pin-type power line insulator was proposed as the medium to create an EFEH
capacitive divider between the power line, the insulating material, an electrode
inside the power line insulator and the earthed pin, which is the ground reference of
the system. The parameters of this coupling were estimated using Finite Element
Analysis (FEA) simulations, for different electrode shapes. The estimated values of
the capacitive voltage divider in the system were validated using an experimental
setup in which the effects of measurement in the high impedance system, which

make the investigation of an EFEH system challenging, were identified.

A novel study of the fundamental conditions for the optimisation of the power
obtained from this EFEH system has been presented. Theoretical analysis identified
that the nature of an EFEH supply is that of an AC current source. The line
voltage is essentially coupled to the load by a series capacitance (in the picofarad
range). Hence, while the AC load voltage (in the kilovolt range) is variable while
the AC current is of a nearly constant amplitude (in the microamperes range). The
power harvested from this EFEH input (in the milliwatts range) depends strongly
on the load presented to the capacitive divider. Analytical and simulation studies
demonstrated that for maximum power transfer, the load has to be seen by the
EFEH supply as an ideal resistance of a large impedance, in the range of the series
input impedance, while keeping as high a peak load voltage as is practical. The
conditions for maximum power transfer from an EFEH input are then determined

by the front end converter in the conversion scheme.

Furthermore, the methodology that was used for the investigation of this particular
EFEH harvester can be used for the assessment of any EFEH harvesting strategy,

particularly for a clear identification of the maximum theoretical energy available.
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8.1.2 Pulsed-Mode Flyback Conversion for Electric Field
Energy Harvesting

The feasibility of the implementation of a practical conversion system for EFEH
that is able to keep the proposed conditions for optimal power transfer was studied.
It was demonstrated that any form of primary high-frequency conversion, given the
input constraints of EFEH, is impractical. This is mainly because semiconductor
devices with ratings that meet the high input voltage requirement have parasitic
capacitances that lead to extended phase leg commutation times, degrading the
switching performance. It was determined that a more traditional conversion scheme
using a passive front end AC-to-DC converter switching at line-frequency (i.e. a
diode bridge rectifier) is a feasible strategy for EFEH. However, high-frequency
continuously switched conversion for the subsequent DC-to-DC regulation required

has the same limitations mentioned above.

The different conversion strategies for EFEH that are available from the literature
often deal with these challenging input supply conditions by reducing the capacitively
coupled input AC voltage to quite low voltage levels before its conversion to DC.
This action, however, hinders the attainment of maximum power transfer. The use
of a conversion system that switches the medium-voltage input directly has the

potential of increasing the energy transfer.

This thesis then introduces a novel energy conversion strategy for EFEH systems
that does not tap the input voltage. The proposed scheme is able to use a medium-
voltage, low-capacitance DC bus by using a discontinuous DC-to-DC conversion
strategy. First, a diode bridge rectifier is used to directly utilise a higher DC bus
voltage than proposed in previous strategies found in the literature. A subsequent
DC-to-DC conversion stage composed of a flyback converter operating in a non-
conventional pulsed energy transfer mode is able to deliver a suitable power supply

for low-power electronic devices in charge of power line monitoring.

One feature that is frequently missed from the literature in EFEH is the detail of
the switching process in the conversion system. This work has presented meticulous
circuit analysis of the switching waveforms that are relevant for the energy transfer
process. The theory was further studied with the development of comprehensive
simulation models that reflect with a good level of accuracy the various parasitic
impedances that affect the behaviour of the system. Finally, experimental studies
were carried out using both low-voltage and medium-voltage experimental systems
to validate the switching operation via observation of the main waveforms in the

real-life system, to match the simulation theoretical predictions.
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The validation process confirmed the viability and success of the idea, demonstrat-
ing experimentally a conversion system that outperforms previous achieved levels
of power, with a non-contact EFEH strategy. Up to 17.1 mW can be harvested
from a 12.7 kV power line and an input capacitance of 40 pF. However, due to high
switching losses that are inherent to the weakly coupled system, the efficiency of the
conversion system is about 25%. This figure includes resistive losses associated with

the measurement resistive divider that is necessary for the control of the switch.

The main limitation of the conversion system is that the triggering of the main
switch in the flyback converter requires additional energy from an auxiliary power

source. This limitation is consistent with other works in the literature of EFEH.

8.1.3 Self-Triggered Flyback Converter for Electric Field
Energy Harvesting

A conversion strategy for non-contact EFEH with energy transfer optimisation can
be realised by switching a medium-voltage DC bus that is directly rectified from the
EFEH input supply, using a flyback converter working in a pulsed energy transfer
mode. One limitation of the system that is common to any conversion strategy for
energy harvesting is that the triggering circuit of the main switch requires additional
energy. Several solutions in the literature opt for the use of batteries. This, however
is a suboptimal solution that hampers the large-scale deployment of the low-power

sensor nodes in DPLSNs that acquire the harvested energy.

In order to overcome this challenge, this thesis has introduced a technique for
gating the main switch in the conversion system that does not require any additional
auxiliary power supply for the control stage. The self-triggering circuit is based
around DIACs that are able to trigger the main switch (a MOSFET) when the DC

bus reaches their breakover voltage level.

An extensive analytical study of the switching system has been presented, with a
focus on the effect of the operation of the DIACs in their region of negative dynamic
resistance to gate the MOSFET through this low-resistance path. The knowledge of
this process made it possible to understand the switching behaviour throughout the

different switching intervals, as well as the loss mechanisms in the circuit.

The insight of the energy transfer mechanism in the proposed conversion scheme
was applied to the design and the implementation of the prototype of a completely
self-powered flyback converter working in pulsed energy transfer mode for non-
contact EFEH. The successful operation of the practical system was validated in

a medium-voltage experimental setup. The conversion system is able to harvest
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around 24 mW from a 12.7 kV power line and an input capacitance of 40 pF. The

efficiency of the system is around 33%.

The results obtained in this research show clear advantages compared to other
work presented in the literature of energy conversion for EFEH. A comparison of
the features of this work, compared to the ones of other representative methods in
the literature, is presented in Table 8.1. The highlights are that:

e Even the prototype of the conversion technique features a higher power density
i.e. is able to yield more power per unit of volume. This makes it a more
compact and inexpensive option, which supports the development of large-scale
development of DPLSNs.

e The overall harvesting scheme attains more continuous power per available
power line voltage than any other method that is not in direct contact with the
power line, as well as most of the methods using direct contact with the line.
The feature of avoiding galvanic contact with the power line further supports

a large-scale deployment in DPLSNs.

e The presented conversion methodology features more power per input capaci-
tance than most previous solutions, hence demonstrating one of the highest

efficiencies, irrespective of the harvester topology used.

e Detailed switching waveforms has been presented in this work, which is usually

missing in the literature.

e The triggering block of the main switch of the conversion strategy is completely
self-powered from the harvesting supply, making the methodology independent

of additional power supplies such as batteries.
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8.2 Suggestions for Future Work

8.2.1 Peripheral Smart Grid Technologies for DPLSNs

There are many challenges associated with the topic of power line monitoring.
Although having a power supply for the fundamental components of a DPLSN is vital,
the research questions of the applications for DPLSNs are still open. Measurement,
processing and communication technologies integrated within the wireless sensor
nodes are an ongoing development from both academia and industry that can be
looked at for future work. In addition, the computation needed for processing the
obtained data from DPLSNs is still very complex and not very well understood.
The specification of parameters of the monitoring and control functions in the data
centres collecting the information from the sensor nodes is a broad area that needs

attention in smart grid technologies.

8.2.2 Electric Field Energy Harvesting Coupling

The work presented in this thesis proposed a technique for EFEH that obtains
its energy from a MV power line through a pin-type insulator-based harvester with
an inner electrode that fits in the cavity of the pin. Although this strategy helped
to provide a more compact solution for EFEH in large-scale deployed WSNs, if
the volume of the harvester is not a limitation in the application then different
geometries not limited to the boundaries of a line insulator can be explored that
will produce even larger volumes of harvested power. By using the analytical and
practical methodologies provided in this thesis, a clear idea of the available input
power from each methodology can be used to explore more efficient energy transfer
techniques. Additionally, the effect that peripheral impedance values has on the
power transfer when the insulator-based or other EFEH strategies are mounted in

the poles of distribution power lines, is a topic that requires further attention.

8.2.3 Applications to Auxiliary Power Supplies

In this work, it was determined that any form of high-frequency conversion is
impractical for the objectives of Electric Field Energy Harvesting. This is because
semiconductor devices with high-voltage ratings have parasitic impedances that are
comparable to the ones of the input capacitive coupling of EFEH, which reduces the

operational current levels and causes extended phase leg commutation times, hence
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degrading the switching performance. However, in applications with better coupling
to the power supply i.e. with larger capacitance values of the input coupling element,
the current levels can be placed in more standard values and the commutation times
of the switches can be decreased back to values that allow any type of front end
conversion. This could be realised for example by deliberately connecting a capacitor
to an MV power line as the coupling medium. Under these circumstances, the
implementation of the conditions for optimal power transfer presented in the thesis
can be applied to a wider range of conversion strategies that are able to provide an
auxiliary power supply for any subsequent application while maintaining galvanic

insulation to the power line.

8.2.4 Self-Triggered Pulsed Mode Flyback Converter
Applications

A completely self-triggered power electronic converter that is able to couple to
a higher-voltage power line without requiring galvanic contact has been developed
in this work. The efficiency achieved using this concept is 33%. Most of the losses
in the harvesting system are related to the switching process in the most recent
semiconductor devices. The continuous development of new semiconductor tech-
nologies is likely to improve this efficiency, so the exploration of new semiconductor
devices within this technique is a topic that can be explored in the future. Additional
switching techniques and topologies of conversion that are able to improve the
efficiency of the system, are open topics for investigation too. Of particular interest
is the exploration of alternative self-triggering circuits that are able to optimise the
turn-on of the main switch and hence reduce its associated losses, while still avoiding
the need for an additional power supply i.e. of extra-low power consumption. Finally,
the presented conversion system has the important potential of being applicable
to different technologies for power line maintenance and smart grid, beyond WSN
powering. Some of the applications of this theory include (but are not limited to)
auxiliary power supplies for larger conversion systems that require galvanic insulation
from the power lines, high voltage presence detection and in-situ DC battery charging

systems.

8.3 Thesis Closure

Electric field energy harvesting is an attractive strategy for powering wireless

sensor nodes from communication networks in charge of operations needed for power
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line monitoring, in the context of the smart grid. However the close proximity with
the power line and suboptimal energy transfer present a challenge for achieving
large-scale deployment and the extraction of useful amounts of energy. These
needs have driven substantial research into coupling techniques and optimal energy

conversion design.

This thesis has presented an in depth analysis of the conditions for the realisation
of an optimal strategy for electric field energy harvesting from medium voltage power
lines, leading to the development of a non-contact coupling technique and power
electronic conversion strategies aimed at optimising the energy transfer from the
weakly coupled supply. With the conditions for optimal power transfer in place, the
practical aspects of the power electronic converter were explored. The challenging
supply conditions of high voltage and extremely low current were managed using
a conversion strategy based on low-frequency rectification of the medium-voltage
supply and pulsed-mode discontinuous flyback conversion of the rectified bus, into
extra-low-voltage loads featuring low-power sensor nodes. The limitations of the
technique were addressed by a self-triggering strategy that creates an autonomous

conversion solution.

The control and design ideas presented in this thesis have provided a significant
contribution towards the use of electric field energy harvesting from medium voltage

power lines, promoting less invasive design and improved efficiency.
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Appendix A

DESIGN OF A FLYBACK CONVERTER
FOR EFEH

This appendix describes the steps necessary for the design of the self-triggered
flyback converter that was conceived in Chapter 5 for the weakly-coupled input of
an EFEH supply.

Similar to the design of a standard flyback converter-based SMPS, the central
element of the design is the coupled inductor known as the flyback transformer.
However, because of the challenging conditions of the supply in this application, the

design process showed to be quite different than the conventional approach.

In the topic of design of magnetics for power electronic converters, there is a large
amount of material in the literature. The following design has been based on the
basic principles of example 4.5 (pp.130) in [157] and the theory in [175], as well as
on the more up-to-date theory presented in [176].

Because the converter presented in this design is an emerging application, the
design steps have been adjusted to the specific nature of the circuit under study.
The schematic of the design is presented in Figure A.1. Each element in the circuit

will be considered in the design steps described next.
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Figure A.1: EFEH Self-triggered flyback converter design circuit.

A.1 Design Requirements

In this design, the magnetic core has to be selected as a choice between the
minimum core size required to store the energy transferred in each energy transfer
pulse without core saturation, and a larger core size that could accommodate more
primary turns to increase the magnetising inductance L,,. The use of a small core
is enforced since the application of the conversion system to EFEH for power line
monitoring devices requires a compact design for large-scale deployment, as was
discussed in Chapter 2. On the other hand, an increased value of L,, is necessary in
order to reduce the losses in the system, as investigated in Chapter 5. Additional
consideration also needs to be given to the insulating capability of the selected core,
recognising that the primary winding must withstand more than 1 kV until the diac

string in the design of Chapter 5 triggers.

Whereas in a conventional flyback converter design the turns ratio is decided
based on the ratings of the main switch, in this application the turns ratio has to
reflect a balance between the required reverse blocking voltage of the secondary
rectifying diode, and the peak current flowing through this diode as the flyback

period commences.

In addition, special attention has to be given to the winding topology used in
the design of the transformer, in order to achieve the maximum possible primary
inductance in a small geometry, while at the same time reducing unwanted parasitics
in the design, which have demonstrated to affect the response and efficiency of the

system in Chapter 5.
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A.2 Turns-Ratio and Secondary Diode

In a standard flyback converter design, the primary /secondary turns ratio is chosen
first to reduce the voltage stress in the main switch during its turn-off process. In
this application, however, the MOSFET does not reach a higher voltage during

turn-off than it does under turn-on.

The semiconductor whose rating has to be checked, in this application, is the diode
in the secondary of the flyback transformer. Over the interval oy, the maximum
reverse voltage stress on the secondary diode will be V,, 4+ V},/a. Therefore, the first
requirement for the turns-ratio is its reverse voltage rating to be more than this

value. This translates into a requirement for the turns ratio as in (A.1).

Vh

VDsec,Tev,ratmg - ‘/o

Vh
VDsec,re'u,rat'mg > ‘/o + ; = a > (Al)
During the flyback interval ¢;,, from the mmf balance in the transformer it follows
that the maximum output peak current in the secondary winding is Is.(maz) =
als(mazx). From the equations in the theoretical analysis of Chapter 5, this means
that Isec(maz) = aVi\/Con/ L. Hence, a second requirement for the turns-ratio is

the diode current rating to fulfil:

/ Isec ratin,
]sec,rating > th CON/Lm < a< — T (A2>

Vin/Con /L

The working design parameters to solve equations (A.1) and (A.2) are:

o V), = Vio(max) = 1.14kV | the worst case of breakover voltage.
e V, = V,(max), the maximum expected output voltage, around 10V.

e Coy is chosen by considering that the total value of the DC bus capacitance is
varied in the experiments performed in Section 5.4, as different bus capacitors
Cy (up to 1 nF) are tested to find the level for maximum power transfer in
the range up to some nanofarads. Hence, 1 nF is chosen for Cpoy as the

worst-case-scenario value.

e [, is chosen as 5.5 mH, as the maximum value that makes the conductors
fit in the selected core, given the considerations presented in Section A.3 and
Section A.4.
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Table A.1: Options for the secondary diode specification.

VS-

Devices 30EPHO6PbF MURS480ET3G 6A05G
Reverse
Voltage 600V (pk) 800V (pk) 600V (pk)
Rating
Capacitance
Nominal 33pFQ600V 8pF@200V 60pF@4V
In the Application 33pFQT768V SpFQ768V 15pFQ768V
CRZZ:ZZt 30A (avg) 4A (avg) 6A(avg)
Forward
Voltage
Nominal 2V@30A 1.75Va@3A 1VQG6A
In the Application 1V@Q1A 0.97VQAlA 0.85VQl1A
Mazx.
Reverse TTns@30A (fw),
Recovery QOOV(reEI) ) 100ns Q1A fw) i
Time
Reverse

Current 1pAQT00V (rev) 1pAQT30V(rev)  0.6pAQT00V(rev)

Given that the number of turns depends on the ratings of the chosen secondary

diode too, it is preferable to specify this device now.

The loss analysis of the system in Chapter 5 indicated that in order to reduce
the loss of energy in the secondary diode, its forward voltage at turn-on has to be
minimised. Furthermore, its parasitic capacitance at turn-off should be kept small,

to also reduce its losses.

A survey of the most viable, commercially available options for this device is
summarised in Table A.1. It was clear from this survey that higher voltage diodes
have less parasitic capacitance. The ultra-fast diode MURS480ET3G [163] was then
chosen for its low forward voltage feature. Devices with even less forward voltage
are usually rated for lower voltage, but this limits the range for the number of turns.
Another reason for the selection is its higher-voltage rating, which provides a wider
range of selection for the number of turns, as inferred from equations (A.1) and (A.2).
Using the parameters of the selected semiconductor in Table A.1 the requirement

for the number of turns is:

13<a<77 (A.3)
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While a larger a will reduce switching losses, if it is too large it will produce
a larger current in the secondary, which will increase resistive losses. The target

number of turns is therefore, the mean value of the range.

A.3 Core Selection

In general terms, the choice of the core within the context of magnetics design
is based on the principle of minimising its losses by means of minimising the peak
magnetic flux density excursion, in order to avoid saturation of the B — H curve of

the chosen magnetic material.

In switched mode power supply theory, the strategies to follow this action are
the use of either magnetic powder cores, which naturally have a distributed gap,
or ferrite cores with an added gap. The effect of such choices are to tilt the slope
of the hysteresis loop such that is more difficult to saturate the core with larger
ampere-turn excursions. In addition, it is considered that cores of smaller sizes are
more difficult to saturate, since smaller cores can generally operate at a higher flux
density [157].

Some of the smallest ferrite cores whose application is switched-mode power
supplies are RM-type cores. RM cores represent a compromise between pot and EE
cores. While the advantage of using a pot core is that the coil on the bobbin around
the centre post is almost entirely enclosed by ferrite material hence minimizing EMI
problems, the major disadvantage is the narrow slot in the ferrite through which
the coil leads exit. This makes it difficult to use in multi-output supplies with many
wires exiting. It also makes it a poor choice for a high-voltage supply, even at low
power, where leads carrying a high voltage may arc because of the close spacing in
the narrow exit notch in the ferrite [175]. An RM core is a pot core with a much
wider notch cut out of the ferrite. It is thus easier to bring larger diameter or many
wires in and out of the coil, so this core is usable for multi-output transformers and

may increase its reliability with high-voltage supplies.

An RM type core is then chosen for this application. Some commercially available
options for this choice are presented in Table A.2, where their main features of each

core are listed.
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The selection of the material and size of the ferrite core based on the Area Product

method is studied next.

A.3.1 Selection using the Area Product Concept

The Area Product method is regarded as a powerful tool in magnetic design,
based on the fact that the area product figure of merit has been shown to be a good
indicator of the power rating of the core [157]. The Area Product A, of a magnetic
core is defined in (A.5).

A, =W, A, (A.5)

where W, is the total window area destined for windings of the bobbin, and A, is the

effective cross-area of the ferrite core. This equation can be expanded by considering:

e The definition of the window utilization factor

K, =NAy,/W, (A.6)

which is the ratio of the total conductor cross-sectional area (equal to the total
number of turns N = Ny + Ny, times the cross-sectional area of the winding

wire A,) to the window area W,.

e The definition of the current density in the conductors is

J=1I/A, (A.7)

which can be particularly defined at the point of maximum primary current as

J(maz) = I;(maz) /Ay (A.8)

e Following the theory developed in [177] the cross-section area is related to the

maximum current and flux density according to:

_ Lplq(maz)

Ae = N, B(mazx)

(A.9)

Using the previous considerations, the Area Product is expanded to
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4 - NA, Lypli(mazx)

= Al
P~ K, N;B(max) (A.10)

The left-hand side of (A.10) contains the mechanical core parameters (related
to the current conduction capability), while the right-hand side of the expressions
includes the inductor electrical parameters (related to the magnetic flux conduction
capability). This is what makes the area product a good indicator of the power

capability of a specific core for any application.

Now, considering the definition of the current density, (A.10) reduces to (A.11).

2Whn 1
Ay = K, J(max)B(max) (1 * 5) (A.11)

where W, = (1/2) Ly, Iy(maz)” is the maximum energy stored in the inductor.

The calculation of the required area product for the present application uses values

of the parameters in (A.11) according to the following considerations:

e The energy W,, is the maximum energy handled by the circuit in one pulse,

hence

1
Wy, = Ey = §CONV,f (A.12)

For the design at the worst case scenario, the parameters in (A.12) are adjusted

to the maximum possible values, taken from Chapter 5, and yield W,, = 891

.

e In the literature, the window utilisation factor is usually recommended to be
maximum 0.4 for flyback converter designs. Given that this application has
a high primary voltage, there is an insulation requirement to be addressed.
Under this condition, the recommended value of K,=0.235 selected under

approximately similar insulation condition in [176] will be used.

e A conservative practice in transformer design is to operate the windings at
current-densities up to 1/300 amperes (RMS) per circular mils, while greater
inverse-densities are avoided to avoid excessive copper losses and temperature
rise [157,175]. The maximum inverse-current-density is therefore chosen as
1/300 A (RMS)/cmils for this design, i.e. J(max)=6.58 A/mm?.

e The maximum possible flux density excursion depends on the material of the
ferrite. The two materials under consideration in Table A.2, N87 and N41
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Hysteresis
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Figure A.2: Hysteresis curves of EPCOS materials N41 an N87 (using [178]).

have been compared using the design software provided by the manufacturer,
EPCOS. This is the Magnetic Design Tool v.5.1.5851.28384 [178]. The first
quadrant of the hysteresis curves of both materials at 25°C are presented in
Figure A.2.

Following the principle of avoiding reaching the saturation region on the
hysteresis curve, the maximum flux densities when the B — H relationships
stop being linear is 210 mT for material N41 and 256 mT for material N87.

Such maximum values are included in Table A.2 as the parameter B,g;.

e The number of turns specified in the previous section a=>5 will be used.

The minimum required area product for each material within the conditions of this
application are listed in the column A, ,., of Table A.2. From there, the cores whose
area product A, fulfils the required A, ,., are the RM12 and the RM14 cores. To
complete the core selection the maximum flux density before saturation is considered

next.

A.3.2 Maximum Flux Density

Magnetic hysteresis is the lead mechanism for the losses in the core of the flyback
transformer in this application, which is associated with the gradient of the magnetic
flux density AB, that in turn is dependent on the (emf) developed across the
primary of the transformer v;, during the energy transfer interval, as was explored
in Chapter 4.

The selection of the core has to take into account the fact that the switching
process does not bring it to its saturation region through an excessive value of the

maximum magnetic flux density swing AB. This requirement will be explored now.
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In practice, the inductance of a ferrite core is determined by the inductance factor
Ap, usually given by manufacturers as shown in Table A.2. Using this parameter,

the primary inductance is defined as

Ly = ALN? (A.13)

On the other hand, the instantaneous magnetic flux density B(¢) can be defined
using Faradays law of induction as a piecewise expression of the electromotive force
(emf) developed across the primary of the transformer vy, throughout the intervals
discussed in Section 5.2 of Chapter 5, with

B(t) = ( Nll Ac> /0 (D)l (A.14)

where N; is the number of turns in the primary of the transformer and A, is the
effective core area. The integral can be solved by defining vy, (t) for each switching
interval, however tpy was shown to be the main contributor to the magnetic flux
density swing. As it was determined in Section 5.2 during ton, vy is approximately

equal to the decaying bus voltage vy, i.e.

Vi (t) &V}, cos ( (A.15)

t
——— | ,t €ton
VLmCON)

Hence, applying (A.14), the approximate magnetic flux density during toy is given
by

1 . t
B(t) ~ (NlA ) vV L, Con sin (\/L—m) ,ton (A.lﬁ)

and the maximum value it reaches is

vV L ConVi
ABr~ ———— A.17
NoA (A.17)
Now, by replacing (A.13) into the expression for the magnetic flux density swing
AB defined in (A.17), it can be seen that the peak magnetic flux density swing in
this application is dependent directly on the A factor rather than on the exact

number of turns, i.e.

_ Vv ALCon

AB A

(A.18)
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Table A.3: Selected core parameters: RM14/N41 gapped, no centre hole.

Parameter Value Units Description
FERRITE

Type RM12 Gapped, no centre hole
Material N41
YI/A 3.9x107* m~* Magnetic form factor

le 0.057 m Effective magnetic path length

Ae 1.46x1074 m? Effective magnetic cross section
Apnin 1.25x10~* m? Minimum core cross section
Vol, 8.32x1076 m? Effective magnetic volume

m 0.045 Kg Weight per set

Ap 2.5x1077 H/turn? Inductor factor, +3% tolerance

s 7x107* m Total air gap

Lbe 78 Relative effective permeability
BOBBIN
Insulation  TEC 60085

An 7.2x107° m? Winding cross section

In 0.061 m Average length of turn

Ap 2.87x107° Q Resistance factor, Ar = R, /N?
Dimensions 33.02x25.4 mm

A, 1.0512x107® m* Area product (calculated)

Using the same design conditions in Section A.3 (the worst case scenario of this
application), the maximum flux density that will occur in each core is listed in the
column labelled B,,,, in Table A.2. This maximum value is compared with the
previously defined maximum saturation levels before the non-linear region of the

hysteresis curve By, for the respective material of each core in Table A.2.

The smallest core that simultaneously fulfils the requirements of area-product
power capability and maximum flux density is the gapped RM12 core of material
N41, with an air gap of 0.7 mm, which is the one with the largest A; factor of
the options left. Hence it will yield more inductance for the same number of turns
than the other alternatives. The parameters of the chosen core are summarized in
Table A.3, and they will be used for the rest of the design steps.

A.4 Number of Turns

For a given core with an inductance factor Ay, the required number of the primary

winding turns to achieve the desired inductance L,, can be calculated from (A.13) as

N1 =/ Ln/AL (A.19)
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Following the design requirement of as larger a magnetising inductance L,, as
possible, eqn.(A.19) indicates that a larger number of primary turns will yield a
larger inductance, depending also on the inductance factor A;. For the selected
turns-ratio in (A.4) and the parameters of the selected core in Table A.3, taking
into account the utilisation factor described in Section A.3.1, an iterative process

showed that in the selected core it is possible to fit as many turns as

Ny = 248 (A.20a)
N, =28 (A.20b)

The adjusted turns-ratio is then a=5.28, and this yields a magnetising inductance
of L,,=5.48 mH, which will set an energy transfer interval of about ton ~ 3us. The

next step is the selection of the size of the conductors.

A.5 Size of Conductors

The main criterion for the selection of the size of the conductors is the definition
of the current density J, as the RMS current per unit of area A,, in the conductors

of both primary and secondary windings:

Ju = I(RMS)/A, (A.21)

A standard practice is to operate at current-densities of maximum 1/300 RMS
amperes per circular mils to avoid excessive copper losses and temperature rise [157].
Furthermore, it has been identified that the optimum distribution of current in the
available area is to have the same current density in each winding, which leads to

minimum power losses [176].

In this design, both primary and secondary windings will be operated at the same
current density, which will not be greater than J,(max)=1/300 A(RMS)/cmil (this
is 6.58 A/mm?).

From the equations derived in the analytical study in Chapter 5, the current
through the primary winding can be approximated as a sinusoid during tpy and

zero elsewhere, with an RMS value of
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Vh 7TCON3/2
where T is the period of each energy-transfer burst. For one pulse, this is simply
Ts=T,/2 =10 ms.

On the other hand, the current through the secondary can be described with the
more conventional triangular approximation during s, and zero elsewhere. Hence,

its RMS value is given by

3 3/27 1/2
Isec(RMS) ~ \/th C?)O‘]/VT - (A.23)

The areas of the conductors of respectively the primary and secondary windings,
are developed by substituting the RMS primary and secondary currents in equations
(A.22) and (A.23), into the current density equation in (A.21).

The values replaced in the parameters of these equations are chosen based on the

following considerations:

e The values of V}, and Cpy are the same for the design at the worst case scenario
in Section A.1.

e The current density .J, is never higher than 1/300 A(RMS)/cmils (3.947
A/mm?). Different values lower than this limit were tested so that the largest
possible areas of the conductors are achieved, within the requirement that the
utilisation factor K, is kept high enough so that the area product requirement
in (A.11) does not exceed the rating of the core in Table A.2. This requirement
is numerically A, = W, A, =2.12x107% m*.

From the different trials, it was decided that the application is to operate with a
current density of 1/11083 A (RMS)/cmil (0.1784 A/mm?) in each winding. This
yields an area product requirement of 4.55x10~? m*. This leads to conductor areas

of Apim=0.05 mm? and A,..=1.04 mm? respectively.

Therefore, conductors of diameters: dp,;,=0.25 mm and ds..=1.15 mm respectively
are required. The primary conductor, being very thin, is chosen as a single copper
wire. The secondary is chosen as Litz wire to reduce any skin-effect-related loss

mechanism.

Once the conductors have been chosen, the winding strategy is to be determined.
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Figure A.3: Example of sandwiched winding topology.

A.6 Winding Topology

In a power electronics magnetic design, the physical spacing of the windings

determine the parasitic leakage inductances and winding capacitances.

The winding capacitance appears due to the turns and how they are placed
throughout the transformer. The net effect of the capacitance is what has been
normally called Cy, throughout this thesis. In general, this capacitance can be
reduced by keeping the number of turns low. However, the parasitic capacitance in

reality can be separated into four categories [179]:

e Capacitance between turns, which is not relevant when operating at high
frequency and with a small number of turns. It can be reduced by changing

the conductor insulation to one with a lower dielectric constant.

e Capacitance between layers, which is the most important contributor to the
overall lumped capacitance. To minimize this capacitance one could: (1)
Divide the primary and secondary windings into sections, and then sandwich
the other winding between them, as in Figure A.3; (2) Use the foldback winding
technique as in Figure A.4b over the normal U type winding technique in
Figure A.4a. This will also reduce the voltage gradient between the ends of

the windings; (3) Increase the amount of insulation between windings.

e Capacitance between windings, related to the common-mode-signal-caused

in-circuit noise. It can be reduced by increasing the amount of insulation
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(a) Traditional U-Type (b) Foldback winding
winding

Figure A.4: Winding types.

between windings as well as adding a Faraday Shield or screen between primary

and secondary windings, which is usually made of copper foil.

e Stray capacitance, whose presence can generate asymmetrical currents and
high common mode noise, similar to winding-to-winding capacitance except
that the capacitance is between the winding next to the core and the outer
winding next to the surrounding circuitry. It can be minimized by using a

balanced winding, or using a copper shield over the entire winding.

On one hand, the overall transformer lumped capacitance is detrimental for the
application in the sense that it could drive the transformer into premature resonance,
produce large current spikes (refer to Chapter 4), and introduce electrostatic coupling

to other circuits.

On the other hand, transformer leakage inductance and capacitance have an
inverse relationship: decreasing the leakage inductance results in an increase of the
winding capacitance [179]. Thereby it seems to be an extra benefit in keeping the
winding capacitance relatively large, as the leakage inductance, in turn, is detrimental
to the application as it causes voltage spikes in the main switch and second order

effects throughout the operation of the circuit.

Comparatively, some criteria for reducing the leakage inductance (i.e. increasing

the winding capacitance) are:
e To wind the primary on long bobbins and to keep the secondary winding as
close as possible, using a minimum of insulation.

e To divide the primary winding into sections, and then to sandwich the secondary
winding between them (Figure A.3), in order to reduce the maximum mm f

values. This is beneficial as well for reducing proximity effects.
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e In order to minimize the leakage inductance as well as to have a balanced DC
resistance, it is recommended to wind bifilar in the secondary. The choice of

Litz wire for the secondary is justified by this concept.

In this application, the minimum level of insulation needed has to be carefully
considered too, since the primary of the transformer must withstand a voltage up
to 1.14kV. The insulation to be used between layers is Tesa ® 51408 (Kapton
® backing with silicone adhesive) adhesive tape, whose datasheet [180] shows to
have a dielectric breakdown voltage of 7500V and a total thickness of 65 pm.

The maximum voltage between layers in the application is roughly: 1.14(—1.14/a)
kV, i.e. 2.28 kV. Therefore, the insulation tape will provide enough insulation
between windings. The PCB tracks will have to consider the appropriate insulation

level as well.

In order to keep the winding capacitance at an adequate value while reducing
the leakage inductance, the transformer design will be implemented based on the

following guidelines:

e Number of turns in the primary maximised, in this case to 248.

e The insulation coating of the conductors is made of Polyurethane, with a
dielectric strength of 24kV/mm. This means that the coating can sustain
2.28kV before breakdown, which is rather sufficient.

e The sandwiched winding topology in Figure A.3 will be used to reduce the

proximity effect and leakage inductance.

e The standard U-type winding technique in Figure A.4a will be used to limit a

further reduction in winding capacitance.

e The insulation between windings/layers will be provided simply by layers of
the adhesive tape Tesa ® 51408. Hence 65 umx6 total layers gives 390 um
of total thickness, which is negligible in the space taken in the bobbin.

e The selection of RM-type core will reduce the stray capacitance as the ferrite

surrounding the windings has this property.

e Litz wire is used in the secondary. In the primary, in order to maximise the

number of turns a reduced diameter is necessary, so a single wire will be used.

Based on this principle the designed winding topology is illustrated in Table A.4
and the schematic of the designed disposition of the winding topology to be used is

shown in Figure A.5.
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Table A.4: Selected conductors specifications.

Winding: Primary Secondary
Type Unifilar Litz
External Diameter (mm) 0.25 1.144
Area(mm?) 0.0491 0.4846
Number of Strands 1 120
Current density at 20°C(£2/m)  0.3628 0.0414
Length needed (m) 10.93 1.04
0.25 0.07
—l L4
(01000000 200000000 000060000000] e
000000006 o
Insulation
Tape OQOOOOOOOOOOO‘DOOOOOOOOOOOOOOOOOOOOOOOOOO
90000008000 L
Spacer [0]0/0]0/0/0/0/0.0/0/0/0000000000000000000060006000060)
0000000006
5O0000CCO0 0000000000000 —y—— Primary Winding
| |
| 14.40 |

Figure A.5: Winding topology design (values in mm).

For the winding topology defined, an estimation of the parasitic winding

capacitance C, will be provided next.

The greatest contributor to the lumped winding capacitance C}, is the layer-to-layer
capacitance. A strategy for the calculation of the layer-to-layer capacitance is
presented in [179]. It is assumed that the layers of the winding are equipotential
surfaces, thus two successive layers of the winding can be approximated by a
parallel-plate capacitor. With the further assumption that the distance between
layers is approximately zero, a rule of thumb for a first guess of the parasitic

capacitance between each pair of successive layers of windings could be given by

(A.24).

Cio = 60NT(Ry eyr + Ro.cy) [PF] (A.24)

where N is the average number of turns between the two successive layers of
windings, and Ry oy, 2.0, are the distances to the centres of conductors as described

in Figure A.6.

Eqn. (A.24) is applied 6 times for the 6 in-series interleaved winding capacitances
that compose the topology in Figure A.5. The resultant equivalent inter-layer
capacitance is 17.7 pF. Accounting for the other lumped effects, the total estimation

for the lumped capacitance will be around C;,=20 pF.
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Two succesive Ry o
layers of
the winding

Figure A.6: Cylindrical capacitor model for layered windings [179].

The design of the peripheral elements of the flyback converter system will be

addressed next.

A.7 Other Circuit Parts

The last part of the design is the specification of other essential elements in the

flyback topology presented in Figure A.1. The elements are specified as follows:

The diode bridge rectifier (DBR), will be again composed of 4 BYG10Y,
1600V-reverse-voltage rated diodes, as specified in Chapter 7.

The DIAC D; is composed of a string of up to 32 SMDB3 LV-DIACs, with
an individual breakover voltage of 36 V [173], to be able to have a tripping
voltage of up to 1.14 kV in practice.

The main switch of the application S; is the C2M1000170D SiC MOSFET [158]
rated for a 1700V breakover voltage.

The series resistance Ry, is in charge of protecting both the DIAC string
and the Zener diode connected to the gate of the MOSFET. Considering the
analysis in Section 5.2.1 of Chapter 5, during the DIAC breakover interval t,
each one of the ) DIACs in the DIAC string of the triggering circuit enters a
region of negative dynamic resistance as soon as the DC bus voltage reaches
the overall breakover voltage of the string. Hence, at the beginning of that
interval the current through the DIACs builds up quickly and, according to the
characteristic curve of this type of device, the voltage across them drops. From
the datasheet of the devices used [173], the forward voltage of each individual
DIAC in the string is

Vi, = Voo, — AV (A.25)
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where AV is the dynamic breakover voltage variation under triggering at 10
mA (min.), with a value of 10V in this DIAC model, and V},, is the individual
breakdown voltage of each DIAC.

The initial value of the current through the DIACs is then approximately

‘/bo - QVFZ

A.26
Rlead ( )

Ljige(mazx) =~

where V;, is the overall breakover voltage, () is the number of DIACs in the

string, and Rj..q is the resistance of the leads in the circuit Rjc.q.

The protection resistor Ry, is added in series with the DIAC string, so its
value replaces the value of w Rj..q. Hence, in (A.26), so that the maximum

current is re-written as

%o - QVFZ

A2
Rdiac ( 7)

Ljige(maz) =~

From the datasheet of this device [173], the maximum repetitive on-state
current that the DIACs accept is 1 A and the forward voltage of each DIAC
is Vi, = Vi, — AV, where AV is the dynamic break over voltage variation
under triggering at 10mA, with a value of 10 V in this DIAC model. V,,, is
the individual LV breakdown of each DIAC.

Applying (A.27) for the maximum rated current of 1 A, the minimum resistance
that guarantees this rating is not exceeded is Rgiqe = (1.14 x 10 — 32 x 26)/1
= 308 2. A safe value of 470 €2 is chosen.

The Zener diode of V; reverse voltage is in charge of preventing the MOSFET
gate voltage to exceed its maximum rating of 25V, and will be selected as an
element of extra-low energy consumption. The 24V MMSZ4709T1G Zener
diode [174] is chosen, as it features a 10 nA leakage current at 18.2V, and as

low as 50 pA test current.

The Gate-Source resistance Ry, connected at the gate of the MOSFET has
to be chosen large enough not to represent any significative power loss at the
gate. At the same time, since this resistor is the mechanism of discharge of
the energy used in the gate to turn the MOSFET on, during the OFF period,
the settling time of this process will depend on the resistors value, so that the

gate voltage is properly discharged before the next switching pulse.

The settling time is defined then as ~5 times the time constant (R,s times the
MOSFET Gate-Source capacitance at a voltage close to the output voltage V).
This value has to be less than the total switching period, i.e. 5Ry5(Cys@QV,) <<
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T,. Replacing the values specified from this application, the condition is then:
5R,s(197pF) << 10ms, hence R,; << 10M€2. The chosen resistance is 500
k(2.

e The output capacitor C, at the secondary side of the converter is designed
based on the equations of the analysis in Chapter 5, from which the output

voltage ripple can be derived as

2k,

AV, ~
Volsec(max)C,

(A.28)

The maximum voltage ripple requirement of 57% is considered to emulate a
realistic requirement for a low-power load [82]. Based on previous design values,
the voltage considered is the maximum of the application (10V), the maximum
secondary current is 1.47A, and the secondary energy from the application is

maximum 900 uJ.

With these values, the minimum requirement is: C, > (2 x 900 x 1076) /(1.47 x
0.57 x 10%) = 21.5 uF.

However, it is recognised in the literature that a higher capacitance has less
equivalent series resistance (ESR) so it is an element that could eventually
lead to extra losses. Therefore, the capacitance chosen is the 25V, 5.6 mF
Panasonic EEUFC1E470, with the feature of 29 m{2 ESR and low leakage
current (3 pA) [181].

e Finally, the low-power output resistive load R, is adjusted to get an output
voltage in the range 5V to 10V. If the predicted available output power P,
is calculated with the theory in Chapter 5, then the output resistance can be
approximated with R, = V2/P,. Using this criterion, the allowed resistances
are approximately in the range of 560 €2 to 2.2 k2. A load of 820 €2 is then

chosen.

A.8 Design Test

The design of the self-triggered flyback switching system presented in this appendix
was implemented on a printed circuit board (PCB) which is described in Chapter 7.

In order to confirm the fulfilment of the design requirements proposed in this

appendix, the following tests were made:
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Figure A.7: Series inductance analysis of the flyback transformer primary coil.

e Voltage measurements were made across the primary and secondary of the
flyback transformer of the design for frequencies in the expected range. They
yielded an average turns-ratio of a=6.08V/1.36V=4.47 which is close to the

requirement of 5.

e The Bode Analyser 100 Suite [182] was used to investigate the magnetising
inductance of the primary coil of the flyback transformer. The results of the

analysis are presented in Figure A.7.

The measured magnetising inductance of the primary coil is L,, =5.485 mH,

for 50Hz and 200 Hz. This is very close to the 5.5 mH requirement.

e The response in Figure A.7 shows a resonance peak at f.=387.615 kHz.
According to theory in [183], the parallel winding capacitance Cy, can be

calculated with this resonance frequency using

1

Cip X —5——
" An 2L,

(A.29)

The expression yields C;,=30.74pF, which is close to the 20 pF predicted in
the design. In addition, the series windings resistance of the transformer is
Rye0q=2.746 2, which is low as expected.

The measurements performed in the last section of this appendix, as well as the
experimental results depicted in Chapter 5 confirm the achievement of the design

requirements.
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