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Abstract

High frequency inductive power transfer (HE-IPT)) is a technology with the potential of
enabling wireless power to existing and emerging battery powered devices across multi-
ple domains, such as consumer electronics, health-care, electric transport, security and
defence. For over a decade, research groups around the world have managed to demon-
strate [HE-IPT] as a proof of concept; however, the lack of presence of the technology in
medium or high power commercial products highlights the difficulty of integrating it into

real world scenarios.

This thesis is concerned, primarily, with the interaction and trade-offs between the power
conversion stages of [HE-IPT] systems, ranging from the mains to the battery. The system
model is structured so that crucial features for commercial exploitation, such as tolerance
to misalignment and tolerance to load variation, are considered at each individual stage.
Firstly, existing and novel candidate high-frequency power converters are proposed and
prototyped to deal with challenges that emerge depending on the application at hand.
With these prototype converter blocks, experimental work at the system level includes
achieving 88 % efficiency at 6.78 MHz and an air-gap of one coil radius. This,
to the author’s knowledge is the highest end-to-end efficiency achieved in [HE-IPT] under
similar circumstances. Experiments also demonstrate a system architecture, introduced
herein, where Class E and Class EF inverters are fed directly from the mains to eliminate
one power conversion stage at the transmit side when the mains interface is taken into

account.

A technique for [HF-IPT] design is then introduced with the formulation of a probability-
based model which include motion and spatial freedom as design variables, allowing not
only for the system to be designed and assessed for variable coupling, but also to consider

the motion profile of the device being charged in the system optimisation.

Two [HF-IPT] systems powering an application are then demonstrated. The first consists
of wireless power to a drone without a battery while it hovers over a charging-pad, and
the second, wireless charging of an electric scooter. These demonstrations were made

possible by implementing the main contributions of this work.
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Preface

This thesis is organised as follows:

e Chapter 1 introduces fundamental concepts of wireless power transfer and the sys-

tem integration challenges of the technology.
e Chapter 2 formulates the known theoretical principles of inductive power transfer.

e Chapter 3 introduces candidate power converter topologies and demonstrates the

design and construction of the circuits.

e Chapter 4 introduces techniques to characterise and operate a high frequency in-

ductive power transfer link with air-core coils in ideal and non-ideal conditions.

e Chapter 5 proposes an alternative system-level design where the inverter is fed

directly from a low frequency alternating current source, representing the mains.

e Chapter 6 proposes a motion characterisation model using probability to design
dynamic high frequency inductive power transfer systems for the highest energy-

efficiency.

e Chapter 7 showcases the design and construction of two end-to-end high frequency

inductive power transfer systems capable of wirelessly powering two applications.

e Chapter 8 concludes the thesis.
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Chapter 1

Introduction

The content in this chapter comprises an introduction to high frequency inductive power
transfer (HE-IPT]) primarily focusing on the potential for commercial exploitation of the

technology.

1.1 Fundamental Principles that Enable Wireless Power

Transfer

Michael Faraday first demonstrated that an electric current could be generated from a
magnetic source in 1831 [I]. By this time, André-Marie Ampere had already proven that
magnetic force is generated from electric current [2], but at that point no reciprocal effects
were yet directly documented. Faraday’s hypothesis was then that since a magnetic force
was generated from electric current, electric current should be somehow generated from

magnetic action.

In his experiments, Faraday was able to detect electric current in an electric circuit
powered by a variable magnetic source. The circuit under test consisted of solely passive
components, namely a copper-wire coil connected to a current sensing device known

as a galvanometer. The latter, first developed by Johann Schweigger in 1820 [3], was
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the crucial instrument that allowed Faraday to confirm his hypothesis. Two magnetic
power sources were utilised in the experiments: the first was a primary copper-wire coil
connected to a battery, placed closely to the coil of the circuit under test. No effect was
seen initially, but peaks of current were detected by the galvanometer when the battery
in the primary circuit was either switched on or switched off. Small currents were also
detected using a second power source comprised of a magnet in motion in proximity to
the coil of the circuit under test. These experiments, proving magnetic induction, became
the first demonstrations of one of the most important concepts of electrical engineering.
Faraday’s proven concept was soon after used for practical purposes, such as the invention

of the dynamo in 1832 and the transformer in 1836.

The mathematical representation of this phenomenon was not introduced by Faraday in
his published work. This formulation, still used today, is credited to James Clerk Maxwell.
Maxwell’s published work in electromagnetism includes the Faraday-Maxwell equation,
which describes the electromotive force generated in a conductor when a variable magnetic
field is applied to it. He used Faraday’s concept of lines of magnetic force [4], published
in 1852 and proposed a mathematical model [5] in 1855 to describe it. Maxwell expanded
his theory on electromagnetism in [6], introducing the concept of displacement current
and later introduced electromagnetic waves in [7]. This mathematical model, published
in 1865, became the theoretical basis of the study of electricity, magnetism and optics

[3]; and that includes wireless power transfer (WPT]).

1.2 Reproduction of One of Faraday’s Experiments

With the purpose of revisiting one of the experiments with which Faraday first observed
electric current being generated from magnetic action, an experimental rig using the coils
constructed for the following chapters of this thesis was built (Fig. . The equipment
used in these experiments was a direct current (DC|) power supply at the transmit side,

two two-turn printed circuit board (PCB]) coils (later discussed in Chapter {4)), aligned
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(a) Experimental setup using a galvanometer (b) Detail of the coils placement

Figure 1.1: Experimental setup to verify magnetic induction using a galvanometer.

one on top of the other (Fig. [1.1)), and at the receive side a galvanometer and a resistor
connected in series with the receive coil. As in Faraday’s experiment, it was expected
that peaks of current at the receive coil would be measured when the power supply was

switched on or off at the transmit side.

As expected, the experiments results show that when the power supply was switched on
from 0A to a maximum current of 11.55A, a subtle movement in the galvanometer’s
needle, peaking at approximately 50 pA, was observed, and conversely, at approximately

—50 pA when the power supply was switched off.

1.3 Techniques for Wireless Power Transfer

Many power transfer mechanisms fit the broad definition of WPTl However, most of-
ten, the techniques which are associated with the term, are divided into two categories:
far-field and near-field, or radiative and non-radiative wireless power transfer. These
techniques directly employ the scientific breakthroughs of Ampere and Faraday, and the
mathematical models of Maxwell to achieve [WPT] via magnetic induction (near-field),

and alternatively by electromagnetic radiation (far-field).

There are alternative methods to inductive or radiative [WPT], for example capacitive

power transfer (CPT), which is discussed in Section wireless power through acoustic
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waves [8, [9], and systems which use lasers, or light to excite a photovoltaic receptor [10].

1.3.1 Radiative Wireless Power Transfer

Far-field (WPT] or radiative [WPT] consists of transferring power wirelessly using electro-
magnetic radiation. Transfer of power is done by driving a transmitting antenna with
high frequency alternating current to create an electromagnetic beam from which the re-
ceiver can draw power. The receiver in such systems is comprised of a receiving antenna
and a rectifier (the two together are referred to as a rectenna), and the load, which in

itself may also include other power conversion stages for output power regulation.

In omnidirectional propagation [WPT] systems the end-to-end efficiency is a serious prob-
lem [11], due to the losses in the medium, product of the isotropic direction of propagation
of electromagnetic waves. Antenna arrays and electromagnetic reflectors and lenses can
be utilised to guide the electromagnetic waves from the transmitting point to the re-
ceiver, and draw more power from the same source, and thus achieve a higher efficiency.
However, delimiting the propagation of energy to a narrow line of sight thereby increases
the energy density of the electromagnetic waves, which depending on the environment
and application, could be limited by regulations. In addition, an object’s interruption of
the line of sight would interrupt the transfer of power. Interesting solutions have been
proposed with smart antennas, which can significantly improve the overall performance
of radiative WWPT] systems for low power applications [12], as the possibility of creating

a dynamic electromagnetic beam which can be optimised for different scenarios.

Even though radiative [WPT] systems are mostly proposed for low power applications,
there are exceptions. In [I3], for example, a far-field WPT] system was employed to
wirelessly power a 270 W unmanned aerial vehicle (UAV]) while it hovered 15m away
from the transmitting antenna without any other source of power. This was an im-
pressive achievement, especially considering the results were published in 1969; however,

the low efficiency inherent of this (WPT] technique required a power transmission source
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(2.45 GHz magnetron) of 5kW. Also, a complex control system was required to direct

the electromagnetic beam towards the [JAV] rectenna.

1.3.2 Wireless Power Through Capacitive Coupling

Capacitive Power Transfer (CPTJ) is one of the two technologies that are often referred
to as near-field WPT] or non-radiative [WPT. In principle, takes advantage of
the capacitance between two electrodes in air to achieve [WPTl These systems require
two capacitances to create a circuit that separate the transmit and receive sides. The
operation is similar to that of inductive power transfer (IPT]), and similar topologies can
be used in the power conversion circuits. The main difference with [PT] is that instead
of coils, capacitive systems require conductive plates to form the capacitance which links

the transmit and receive sides.

Achievements of the technology were reviewed in [14] and positive results were reported
for air-gaps smaller than 1mm. Also, efficient power transfer at larger air-gaps can be
achieved with additional compensating networks comprised of additional capacitances
and inductances. For example, in [15], the additional network allowed 100 W of power to
be transferred through an air-gap of 180 mm with a[DCUDC efficiency of 66 %, where most
of the losses are stated to be in the compensating networks required by the capacitive
link. This technology has been proposed in high power applications, however the high
intensity of the electric field is a challenge that still needs solving for this technology to
be implemented in applications such as electric vehicles [16]. Achievements in terms of
efficiency, power throughput and power density using are still inferior to those found
in the literature for [PT} but nonetheless, is an interesting alternative to [PT] where
significant improvements have been shown recently [I7, [I§], and in some applications

could be more convenient to integrate.
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1.3.3 Wireless Power Through Magnetic Coupling

The most widely used near-field [WPT] technology is [PTL [Pl can be utilised to transfer
power through air-gaps of tens of centimetres or even a few meters [19]. The range of
power transfer goes from a few milliwatts to several kilowatts, and end-to-end efficiencies

higher than 90 % can been achieved [20].

The work presented in this thesis is concerned with [HE-IPT] systems, which operate at
the first two industrial, scientific and medical ([SM]) bands, 6.78 MHz and 13.56 MHz.
Therefore, a theoretical formulation (Chapter , the practical considerations and the
experimental verification of this technique are further developed in the following chapters

of this thesis.

1.4 Electromagnetic Exposure Guidelines

Wireless power solutions such as the one in [13], where a [TAV] was powered through a
radio frequency (RE) beam, are limited to very specific applications where firstly high
efficiency is not a priority, and secondly, no humans are meant to be close to the electro-
magnetic beam. This is due to possible harmful effects from exposure to high intensity

and high frequency electric and magnetic fields.

In order to determine a margin at which the magnetic and electric field strengths are
considered safe to humans, the International Commission on Non-Ionizing Radiation
Protection ([CNIRP]) has published a widely accepted set of guidelines [21, 22]. At
frequencies higher than 10 MHz, only thermal effects are considered to be of risk, and
therefore the restrictions are only based on the specific absorption rate (SAR]). This is the
case for most of the experimental work presented in this thesis, which is at 13.56 MHz.
Table[L.1]shows the[SARIlimits specified in [21], which also coincide with the regulations in
the Institute of Electrical and Electronics Engineers (IEEE]) C39.1-2005 standard [23].

For frequencies lower than 10 MHz, the electric field exposure caused by the internal
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induced electromotive force also has to be assessed because of the potential for harmful

effects on the nervous system.

Table 1.1: SAR limits for general public and occupational exposure [W kg™!]

General public Occupational
Whole body average SAR 0.08 0.4
Localised SAR (head and trunk) 2 10
Localised SAR (limbs) 4 20

The [CNIRP| and [EEE] regulations for electric and magnetic field exposure, [21] and
[23], respectively, give different incident reference field levels that assure compliance with
the limits specified in Table and the limits of electric fields produced by the
internal induced electromotive force. These reference field levels have been proposed
to guarantee compliance in the worst cases. Nonetheless, since in near-field wireless
power technologies the field intensity distribution is not uniform, it is more precise to
evaluate exposure limits using simulations and specifically evaluate thermal (SAR]) and
non-thermal (internal induced electric fields) effects [24], 25 26]. Examples of exposure

simulations for [HE-IPT] systems integrated on an application are presented in Chapter [7]

1.5 A Brief Review of Commercial Products With

Near-Field Wireless Charging Capabilitiy

Wireless power transfer is a desirable feature in most electronic devices in the market.
It significantly simplifies the battery charging process to the consumer, and eliminates
plugin power connectors which can be expensive and reliability-concerning, especially in

applications such as portable electronic devices and electric vehicles.

IPT has had a successful commercial integration in low power applications, such as passive
[REID [27] and the electric toothbrush [28]. Higher power systems, however, pose a more

difficult technical challenge. Notwithstanding that some experiments proposing large
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amounts of power to be transferred wirelessly date back to the decade of the 1970s, it was
in the late 1990s that a research group from the University of Auckland, including John
Boys, Andrew Green, Fred Nassenstein and later Grant Covic [29], successfully integrated

a relatively high power [PT] system to wirelessly power industrial machines [30].

In the latter half of the decade of the 2000s, a company called Witricity was spun out
from the Massachusetts Institute of Technology (MIT), looking to commercialise [PT] at
high frequencies with self-resonant coils, after publishing promising results in Nature [31],
a prestigious British multidisciplinary scientific journal. However, the self-resonant tech-
nology proposed in [31] was not released commercially, and now the company changed its
focus to commercialising [PT] for electric vehicles [32], a technology which is more mature
and has been successfully demonstrated in real environments [33, [34], by building on the
principles of operation of the first commercialised solutions by the group from the Uni-
versity of Auckland. Witricity, after acquiring Qualcomm Halo (also including wireless
power transfer intellectual property from the University of Auckland) now holds more
than 900 patents (and more than 550 pending) and is a leading entity in the development

of wireless charging to electric vehicles standards [35].

In the portable electronic devices market, the Qi standard, which offers wireless power
solutions for low power devices (<5 W) using [PT] at kilohertz frequencies, has had suc-
cessful commercial exploitation, as there are more than 3500 products [36] with a Qi
compatible wireless charging receiver. At these power levels, an alternative to Qi is the
AirFuel Alliance [37] which proposes [REIIPT] or [HE-IPT] as the core technology. This
standard, which already has a products lined up [38], may become more relevant in years
to come. The advantages of operating at megahertz frequencies and recent improvements
in high frequency power converters could trigger this technology to become a strong

alternative to Qi in the low and mid-power wireless charging applications market.
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1.6 Recent Developments in High Frequency Induc-

tive Power Transfer Systems

Notwithstanding that the physical principles that govern [PT] are the same at kilohertz
and megahertz frequencies, [HE-IPT] is not achieved by solely increasing the frequency
of a system designed to operate in the kilohertz range. The power conversion stages
and the coils employed for [HF-IPT] can be fundamentally different to those designed
for kilohertz [PTl The main reason to increase the frequency of operation of an [PT]
system to the first [SMl bands (6.78 MHz and 13.56 MHz) is allowing for the link to be
constructed with low inductance but high Q coils, and thus eliminate or minimise the
use of magnetically permeable materials. [HE-IPT] coils can be constructed simply by
shaping a wire conductor or [PCB] trace to the required form using one or a few turns.
Because of the difference in the coils and the circuits employed at both ends of the system
(Chapter[3]), improvements in the state of the art of kilohertz[IPT]do not necessarily result

in significant improvements in [HF=IPT] technology and conversely.

The most challenging aspect of [HF-IPT] is driving the transmit coil and rectifying the
high frequency induced voltage on the receiver without significantly increasing the switch-
ing losses of the power converters. This requires opting for alternative power converter

topologies. This topic is expanded in Chapter [3|

Most of the work recently published in the field of [HE-IPT] tackles challenges in one of the
power conversion stages. The technology has significantly improved since the introduction
of wide bandgap devices, namely silicon carbide (SICl) and gallium nitride (GaNI) [39],
into the market. Achieving high efficiency is possible with silicon mosfets, e.g. [40];
however, the high voltage and current ratings, the low conduction losses and the low gate
and output capacitances of [SiC] and devices are beneficial for the development of
HE-IPTL field-effect transistors (FETE), specifically, are very attractive for power
converters that require switching at the first [SM] bands since these can be switched with

low gate voltage and charge.
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The literature that covers demonstrations of existing end-to end [HE-IPT] systems is not
extensive. However, there are examples in which high end-to-end efficiencies are achieved,
most notably and recently in [41], 42, 43]. The work in [43] showcases using single-
turn air-core coils operating in the first three[[SM|bands and a demonstrates an end-to-end
efficiency higher than 85 % with an output power of 500 W at 6.78 MHz, using a Class D
inverter. In addition to good efficiencies with simple air-core coils, notable achievements
in control of [HE-IPT] systems can be found in the literature. For example, the low
power (>5W) battery to battery power transfer demonstrated in [44] was made possible
by using a CMOS monolithic reconfigurable bidirectional transceiver which exchanges its
configuration from a differential Class-D inverter when transmitting power, to a full-wave

rectifier when it’s receiving.

The maturity of [HEZIPT] systems has now improved to the point where it could soon

start being integrated in commercial products.

1.7 Challenges for HF-IPT Systems to be Integrated

in Commercial Products

The process of integrating a new technology into a commercial application can be com-
plicated and time consuming. Electronic commercial products require a number of certi-
fications to ensure safety and to guarantee that the product does not interfere with other
systems; for example, in the case of [HE-IPT] there should be no interference with [RE]
communications. There are various ways of taking a product into the market: a com-
pany can simply deploy a product, if it has the means to do so, and grab the market by
reaching it first; or alternatively, the technology can undertake a standardisation process

to guarantee inseparability.

The work presented in this thesis aims to demonstrate the capabilities of the technology

and showcase how it can operate whilst integrated into an application. In order to do
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this, several techniques are investigated which have then fed into the proof-of-concept

application examples.
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Chapter 2

Theoretical Basis of High Frequency

Inductive Power Transfer

The content in this chapter comprises a review of known theory, summarised and ex-

pressed to support the author’s contributions in the following chapters.

2.1 Introduction

The basic principles of inductive power transfer (IPI]) can be explained and formulated
using linear circuit models which are practical for an application-driven design. A two-coil
[PT system is used to derive the equations; however, the analysis can be extrapolated
if there was a mutual inductance between more than two [PT] coils. The analysis is

presented considering a fixed frequency, and thus expressed in phasor notation.

The model presented does not account for non-linearities in the components, it treats
the self inductance of the coils as constant (since the frequency is fixed and the coils
are proposed to be air-cored) and does not consider parasitic effects such as capacitive

coupling between the coils.

The phasor quantities are marked in bold.
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2.2 Characterisation of the IPT Link

A two-coil [PT] link can be modelled using the circuit diagram in Fig. 2.1 Here, a
primary circuit, comprised of a current source [¢,| and a transmit coil (represented as a
self-inductance[Ly|and an equivalent series resistance[R)) feeds, by the means of magnetic
coupling, a secondary circuit comprised of a receive coil and and an impedance

[Zsed The exchange of power between the coils can be quantified using the Maxwell-

} Zsec

Figure 2.1: General equivalent circuit of an IPT link.

Faraday equation:

00
€= -0 (2.1)

where an induced electromotive force (€)) is generated form a variable magnetic flux (®g)),

and Ampere’s circuital law,

% B - dt = ﬂ(]ienca (22)
C

where a circulating current generates a magnetic field, and henceforth a magnetic flux:

O = //B-ds. (2.3)

The [£] generated in a conductor is the superposition of the [£] generated by its own

circulating current (which defines self-inductance) and thelflgenerated by external sources
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(which defines mutual inductance):

dir, diy din
g = gL ‘I— gMle + e + gML:n = —LE + MLJE —I— R —f- ML:nE. (24)

The [£]in a conductor can therefore be modelled as a set of dependent voltage sources in
series representing the sources of power external to the circuit and a self-inductance of

the conductor. Thus, the inductively coupled circuits in Fig. 2. can be represented as
in Fig. 2.2

o (D) > &, i) . (i) <N D L

(a) IPT transmit side (b) IPT receive side

Figure 2.2: General equivalent circuits of an IPT link with induced electromotive forces
representing the magnetic coupling.

If the frequency of operation is constant, an expression can be derived for the induced
electromotive force on the receive coil (&), produced by the transmit-coil current in
phasor notation, in terms of: the imaginary unit (), the transmit-coil current frequency

(fi,), and the mutual inductance of the transmit and receive coils (M)

Es = j2mfi Mgy, (2.5)

If coupling factor (&) is defined in terms of the self-inductance of the transmit

coil (L) and the self-inductance of the receive coil (L) as:

s (2.6)



then (2.5 can be expressed as:

Es = j2mfi kn/LpLsip. (2.7)

The induced electromotive force on the transmit coil (£y) produced by the receive-coil

current ([zg)):

Es
B Zsec + Rs + j27TfipLs7

is

(2.8)

can be calculated, considering that the frequency of [ is equal to[fi} as:

genfi kL LE, 2.9
P Zgec+ R+ j2rfi L '

This allows EI:' to be calculated in terms of :

472 f2 k2L, Lty
Ep=— i , (2.10)
Zsec + Rs + .727TfipLs
and hence, as a reflected impedance on the transmit side (Zeq):
E
Zoq = 2. (2.11)
tp

The equivalent circuit in Fig. [2.1] can therefore be restructured as shown in Fig. [2.3]

where ([2.7) defines the source of power on the receive side, and the reflected impedance

i (D D Zeq £, (ip) <N D D

(a) IPT transmit side (b) IPT receive side

Figure 2.3: General equivalent circuits of an IPT link with a reflected impedance.
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on the transmit side can be calculated by separating the real and imaginary elements of
the impedances (Zsec = Rscc + J Xsee, ad Zeq = Req + J Xeq):
47r2fi k*L,Ls (Rs + Rgec)

Req = : (2.12)
! (Rs + fisec)2 + (Qﬂ-fip[/s + )(sec)2

and,

47T2fii k?2LpLs (27TfipLs + Xsec)
(RS + Rsec)2 + (QWfipLs + Xsec>2'

Xog = — (2.13)

The [[PT] circuit model in Fig. [2.3|formulated by the equations (2.7)), (2.12) and (2.13)) can

describe an [[PT] system where variables that are relatively easy to measure and optimise

for are expressed for the circuits at both ends of the system.

2.3 Optimising the Link for Maximum Efficiency

The [PT link efficiency (7mm), as modelled in Fig. 2.3] can be calculated as:

?:2RS€C
Mink = 5 7p 5 (2.14)
i2 (R + Req)
from which the expression:
P, 472 f2 k2L, Ly Ryec
Mink = ? = - d 5 2N (215)
LA L L (B + R + Ry (Bae + R+ (Xo 273, L))
is derived.

Once the construction of the coils, the geometry of the link and the frequency of oper-
ation are determined, the impedance [Zg g allows the link to be operated with different
objectives. For example, some low-power systems take priority in maximising the output
power [19, [45]; others, in applications such as biomedical implants, are required to be

designed for minimum heat dissipation on the receive side [26, [46]; and most commonly,
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[Zsod is designed for maximum link efficiency [40, 47, 48] [49].

There are two conditions which need to be satisfied in the design of [Zzcd to achieve the

maximum link efficiency: resonating the receive coil, and achieving the optimal load.

2.3.1 Resonating the Receiver With an External Capacitor

From (2.15)) the maximum link efficiency with respect to X is achieved when:

aT/link (Xsecopt )
a)(sec

=0,

which results in:

Xaeeoy = =27 fi, e (2.16)

This corresponds to resonating the receive coil with a negative reactance. When the
receive-side is at resonance, [ and [¢g are in phase, and the reflected reactance on the
transmit coil is zero. Hence, for a fixed Ry the magnitude of [z and consequently

the output power, are maximised for a given magnitude of [¢f5}, when Ly is resonated out.

This condition is commonly achieved by introducing a capacitance across (or in series
with) the receive coil. The selection between these two options to resonate Ls is dictated
by the type of rectifier, which is expanded in Chapter [3] The circuit diagrams of an [PT]
system with a resonant receiver are shown in Fig. 2.4] with [Zz e expressed as a resonant
capacitance at the receiver (CJ) and an [PT] system [AC] load (R.J). It should be noted

that in parallel-tuned [PTl systems, achieving X,... . depends not only on Cj, but also on

R.d

€Copt

The equivalent series resistance (ESRI) losses of [CJ are not taken into account in this
model, since these tend to be very low in comparison to the losses in the coil, especially
for high frequency inductive power transfer (HE-IPT]) systems, where the capacitors used

are most commonly based on the COG (NPO) dielectric, and these have an “ultra-low”
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(¢) Transmit side (d) Series-tuned receiver (e) Parallel-tuned receiver

Figure 2.4: Equivalent circuits of an IPT system with a resonant receiver.

I50].

2.3.2 Resonating the Receiver With Self-Resonant Coils

Notwithstanding that the principle of resonating the receive coil with a capacitance dates
back to Tesla’s experiments in the 19th century [51], and that the principle was demon-
strated in industrial applications in the early 90s [29, [30]; researchers from the Mas-
sachusetts Institute of Technology, in [31], introduced self-resonant coils. These intrinsi-
cally possess a distributed capacitance in their construction (the distributed capacitance
of an inductor can be calculated as in [52]), which resonates the self-inductance of the
coil at a particular frequency. In their experiments, a link efficiency of 40 % was achieved
over an air-gap of four coil diameters (i.e., a coupling factor lower than 2 %). That system
was built using self-resonant coils with a Q factor of 950 at their resonating frequency,

which was 9.9 MHz.

Self-resonant coils apear to be difficult to implement in commercial applications since

they have a natural resonant frequency which depends on their construction; hence, they
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do not allow for external tuning to change the resonant frequency. Also, practically, it is
convenient to allow for changes in[CJin order to tune out the parasitic residual reactances
of the power converters that drive the coils and possible changes in the self and mutual

inductance caused once the system is integrated into an application.

2.3.3 The Optimal Load

The second criteria for the design of [Zg that maximises the link efficiency is the optimal

value for Rg.., which can be found by solving:

anlink (Rsecopt )

=0
aRsec ,

for Re.. The optimal load can be formulated, generally, as:

42 f2 k2L, LR )
Recop = P = + (Xeeo + 2 fi, Ls)” + R2, (2.17)
P
and as:
A2 f2 k2L, LsRs
Risecop = - + R2, (2.18)
SeCOpt Rp

when the self-inductance of the coil is at resonance with X.

2.3.4 Maximum Link Efficiency

The maximum link efficiency, achieved when [Zgo is designed as specified in (2.16)) and
g, is
Am f2 K2 L, L,
5.
(VR + BB+ 472 2L, L)

(2.19)

nlinkmax =
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From this expression, it can be noted that the parameters that determine the maximum

achievable are [ [fi,} and the self-inductance and the [ESR] of the coils.

2.3.5 Q-factor of the Coils and the Frequency of Operation

In [47], the often quoted expression for maximum iy, which can be derived from (2.19)),

is expressed as a function of [f] and the Q-factor of the coils:

k2 s
nlinkmax = QPQ (2 20)

(1+ /11 82Q,0,)"

where the Q factor of the coils are:

27 fi, L
= - 2.21
and,
27Tfi Ls
g = ———, 2.22
Q R (2.22)

respectively. The Q-factor of the coils depends of the self-inductance and [ESRI (de-
termined by shape, construction and materials), and the frequency of operation. The
dimensionless k*Q,Qs, indicates the Q factor required to achieve good efficiencies for a

particular value of coupling. Maximum is shown as a function of k?Q,Q; in Fig. ﬁ

High efficiency at low [kl is a typically desirable feature in [PT]system design since, funda-
mentally, lower values of [Hl imply a greater separation between the coils, and thus higher

spatial freedom.
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Figure 2.5: Maximum link efficiency as a function of £2Q,Qs.
2.4 Power Conversion Stages Before and After an

IPT Link

The design of an [[PT] system is a bigger task than just the optimisation of the link. The
power electronic circuits required to generate [z, at the transmit side and emulate [Zge
at the receive side (when a rectifier is employed) while delivering the required amount of
power by the load from the power source available are also fundamental challenges in the

design of the system.

2.4.1 The Transmit Coil Driver

The transmit coil driver of an [PT] system, represented as a two port circuit in Fig. [2.0]
is a power inverter fed from an external [DC| input voltage (Vg which outputs a high

frequency sinusoidal current f2,| at the frequency selected to drive the transmit coil .

There are a number of challenges in the design of an inverter for [PT] as for example,
driving not only a resistive load, but the reactance of [L], which in most cases needs to be
tuned out (at least in part) with a capacitive or capacitive-inductive network to reduce

the VA rating on the active components. An inverter for [PT]is also expected to achieve
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Figure 2.6: Two-port representation of the inverter.

high efficiency, low harmonic distortion, and tolerance to variations in the load.

2.4.2 The Receiver Induced Electromotive Force Rectifier

The first order linear approximation of the circuit that is required to transform the [&

into a useful voltage, is shown in Fig. 2.7]

Figure 2.7: Two-port representation of the rectifier.

The design of a rectifier for [PT] poses challenges which are somewhat similar to the ones
of the inverter; for example, achieving good efficiency, providing a[DCloutput voltage with
low variations, and dealing with changes in both [£] and the [PT] system load (Ry)).

2.4.3 Auxiliary Power Conversion Stages

From Figs. and [2.7] it can be observed that there is a relation between [V at the
transmit side and [R,] at the receive side. Once the [PT] link is designed, the power

delivered to the load can be regulated by varying the amplitude of , or the resistance
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of [R] Thus, power throughput control can be performed at either side of the system, or

as a combined effort.

The diagram in Fig. 2.8 exemplifies an [PT] system architecture where power throughput
control can be performed using additional power conversion stages at both ends of the
system. Power throughput control can be done directly on the inverter or the rectifier with
variations on the switching signals; however, in [HE-IPTIit is often preferred to operate the
inverter and the rectifier in open-loop and include the additional power conversion blocks
shown in Fig. 2.8 The reasoning of this preference is further explained in Section [3.2.4]

d

Vmains ‘/dc p Ss ‘/o ‘/reg
e

mains-rectifier / PFC Inverter IPT-link IPT rectifier dc-dc converter —>

Figure 2.8: Typical IPT system configuration.

An end-to-end [[PT] system comprises multiple power conversion stages at both ends of
the system. This not only results in many design variables to allow for optimisation in a
particular application, but also raises challenges especially in achieving high efficiencies,

considering that each individual power conversion stage incorporates losses to the system.

2.5 Summary

This chapter outlines the theoretical principles of [PT] and formulates the interaction be-
tween the transmit and receive side circuits. The fundamental theory of [PT] summarised
in this chapter, is further developed specifically for [HF-IPT] and tested experimentally
in the following chapters of the thesis. Chapter |3 focuses on the design of the power
conversion blocks before and after the [HE-IPT] link and Chapter [4] focuses on the char-

acterisation of the interaction between the coils for different cases.
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Chapter 3

Power Electronic Circuits at Both

Ends of a HF-IPT System

The content in this chapter comprises a review of known and original power electronic
circuit topologies and design techniques, an overview of the design parameters of some of
the prototype circuits building blocks used later in the thesis, and original work involving
resistance compression network (RCN]) Class D rectifiers for inductive power transfer
(IPT)). This has been published in IEEE Transactions on Power Electronics: [53] and in

two IEEE conference proceedings: [54] [55].

3.1 Introduction

This chapter is concerned with the electronic circuit topologies typically employed to
transform to and from megahertz frequencies in high frequency inductive power transfer
(HE-IPT)) systems from to DA Fig. shows the fundamental power conversion
stages of a system. The diagram includes three power conversion blocks: an
inverter, which generates a high frequency transmit-coil current ([zp)), an [PTHink, which
describes the properties of the coils, and an[[PTIrectifier which is in charge of transforming

the induced electromotive force on the receive coil (&) into a [DCl voltage. Here, the
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inputs of the system are the input voltage (V) and coupling factor (&l). The latter is

formulated as an input in order to allow for variable coupling in the design of the system.

|

Ve ip &s Vo

—>| Inverter IPT-link IPT rectifier F——

Figure 3.1: IPT system DC-DC block diagram.

This chapter first describes some of the main topologies for megahertz switching inverters
and rectifiers, and then proposes a set of candidate topologies with different features,
allowing choice in the inverter and the rectifier with the required features for a specific
application. The candidate circuit designs proposed in this chapter are utilised in the

following chapters of the thesis.

3.2 Resonant Inverters for HF-IPT

[HE-IPT] inverters are required to feed loosely coupled inductive links with high frequency
alternating current, where the impedance to be driven is the sum of the impedance of
the coil and the reflected impedance by the receive side, as shown in Fig. [3.2] Therefore,
[HE-IPT] inverters require a tuning network to at least in part, resonate the transmit-coil
inductance and drive the coil more efficiently (with a power factor closer to one) to reduce

the VA rating of the active components.

Figure 3.2: Output impedance of an inverter for HE-IPT], including the reflected
impedance from the receiver.

There are two main families of inverters which are utilised in [HE-IPT] systems: Class D,
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which are comprised of an input half or full-bridge switching network and a resonant
circuit at the output; and alternatively, Class E, which have a single low-side switch
(push-pull variations have two low-side switches) with an inductance at the input, from
the source to the switch (similar to that of a boost converter) and an output resonant

circuit.

Class D inverters are very popular at low frequency (<300kHz) [PT] [56, 57, [34]. The
output resonant tank can be designed in different configurations, achieving different re-
sponses to changes in coupling or load, and the input bridge-type switching network allows
for elaborate control techniques with a broad range of operational benefits [58, [59]. At
high frequencies, notwithstanding that newly developed wide-bandgap devices may allow
for solutions where Class D inverters match or overcome the efficiencies achieved with
Class E, e.g. [43], Class D inverters are less popular due to the difficulty of driving the

high-side transistor efficiently [60, [61].

The three inverter designs proposed in this chapter, and utilised in the other chapters of

the thesis, belong to the Class E family.

3.2.1 Class E Inverters

The Class E inverter (Fig. |3.3) was first introduced in [62]. Its input switching network

Figure 3.3: Class E inverter circuit topology.

is similar to that of the boost converter where a large inductance conducting [DC| current
(ige in Ly in Fig. [3.3)) is switched by a transistor (denoted as the field-effect transistor
(EET) transistor @; in Fig. [3.3) to create an alternating current (AC]) output. Unlike
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a boost converter, where a half-wave rectifier is used to obtain a output voltage,
a Class E inverter uses a resonant tank to drive a load (reflected impedance on the
transmit side in Fig. [3.3) with an [AC] current [gp] In practice, this type of inverter
is preferred at high frequencies because the required size of the reactive components (L; in
particular) decreases with frequency, and most importantly it is at high frequencies where
the advantageous switching properties of this topology are exploited. Class E inverters can
be designed either for zero-current switching (ZCS)) and zero-voltage switching (ZVS) [63].
The Class E circuit topology diverts slightly from the one in Fig. |3.3|in that C is
eliminated; however, especially at high frequencies, the output capacitance of a transistor
(Cis)) has to be accounted for, and since the topology used for Class E (Fig. [3.3)
includes (' across the drain to source of the transistor as a design variable, the inverter can
be designed so that [Cog]is included, or absorbed, in the parameter C;. Thus, Class E

inverters are most often preferred over the [ZCS| alternative at megahertz frequencies.

The circuit components shown in Fig. |3.3, along with the frequency and duty cycle at
which @) is driven, can be utilised to design the inverter, considering the requirements
and ranges of the load and the restrictions of the parameters mentioned. In addition
to [ZVS| Class E inverters are designed to achieve optimum performance (maximum
theoretical efficiency) when the zero-derivative switching (ZDS]) condition (when the slope

of the voltage is zero at turn-on) is also satisfied [63].

The power output capability, a variable that specifies how much power can be extracted
with respect to the voltage and current ratings of a device, is a key parameter to consider
since it restrains to an extent the range of the transistor’s duty cycle: In Class E
inverters the power output capability is highest at a 50 % duty cycle [63]; and thus, this
parameter is often fixed at that value. In case the duty cycle is increased or decreased
from 50 % to suit the requirements of a design, the power output capability decreases,

therefore requiring a higher rated device for a given power demand.

In this topology, the power output capability is more crucial than in Class D topologies

since as shown in the theoretical voltage and current waveforms of the transistor (Fig.|3.4)),
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the voltage across the switching device is much higher (/3.5 times) than the inverter’s

A
a1
S
0 N

- - L L L L L L L _ L L L L L
0 02 04 06 08 1 1.2 0 02 04 06 08 1 1.2 0 02 04 06 08 1 1.2
Time (f - t) Time (f -t) Time (f-t)

(a) Vas (b) ip (c) iq

Figure 3.4: Theoretical waveforms of a ZVS Class E inverter designed for [ZDS and with
a 50 % duty cycle.

input voltage, therefore requiring, in many cases, high-voltage rated devices to achieve a
relatively low output power. This is an important restriction in the device selection part

of designing Class E inverters.

In summary, the optimum operation of a Class E inverter (waveforms in Fig. |3.4))
is achieved by designing the components of the topology (Fig, the duty cycle of the
switching device and frequency of operation, to meet the and conditions. These
variables, however, are often restricted when the inverter is designed to drive a [HEF-IPT]
system. For example, the frequency of operation, in most designs, is fixed at an industrial,
scientific and medical (ISM]) band, the inductance of L, depends of the construction of
the coil, and hence the application’s spatial restrictions, and the load depends on

the link properties and design.

Resistive Load Changes on Class E Inverters

The effects of changing the resistive element of the load have been extensively addressed
in the literature: first, if the load resistance is decreased, the drain voltage increases
drastically (Fig. [3.5| (a)), the output current increases (Fig. [3.5 (b)), and the switch
conducts negative current (Fig. 3.5 (c)). Conversely, when the load resistance increases,
is lost (Fig. |3.5 (d)), the output current decreases (Fig. [3.5 (¢)), and the switch

current decreases (Fig. 3.5 (f)).
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Figure 3.5: Theoretical waveforms of a Class E inverter under suboptimal operation.
The overloaded condition plotted is when R, is exceeded at 150 %. Optimal operation
is plotted as a dashed line.

Load-independent solutions have been formulated for the Class E inverter [64], but
nonetheless, these solutions give constant output voltage amplitude and not, as is re-
quired in [HE-IPT] a constant output current amplitude, to achieve constant magnetic
field amplitude. Moreover, in [65], authors conclude that the mathematical solutions for
constant output current amplitude load independent Class E are unpractical to imple-

ment.

A Load-Tolerant Design for [HF-IPT]

From the suboptimal operation modes of the Class E inverter (Fig. , the case
in which is lost (when the load resistance is higher than its optimum one) involves
a drastic increase in switching losses, and therefore should be avoided. Conversely, the
case in which the load resistance is lower than the optimal one can be in cases tolerated,
suggesting that alternative designs for this inverter without the condition could be

possible.
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Figure 3.6: Theoretical waveforms of the Load-tolerant Class E inverter. The wave-
forms of the traditional Class E inverter are plotted with a dashed line.

Interestingly, if the Class E inverter is designed without the restriction, a
solution with load tolerant properties can be found as follows. The tuning is done so
that the anti-parallel diode of the transistor never conducts at full load, and that it
conducts for a very short amount of time when unloaded. The waveforms in Fig. 3.6, and
specifically the drain voltage at f -t = 1 at full load and unloaded, demonstrates how
the performance of this proposed design, despite not being ideal in that the transistor
conducts negative current at any load, is much less affected by changes in the resistive

load, and hence showcases a more robust solution for [HE-IPT]

Alternative Designs for Class E Inverters

The aim of achieving optimum operation with the Class E inverter has led to design
modifications to the resonant nature of the topology. An interesting approach, with
respect to the ones previously mentioned, is accounting for L; to be a part of the resonant
circuit, as opposed to an infinite choke. This was first proposed in [66]. A finite choke

Class E grants another variable to design with; however, this requires additional filtering
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at the inverter’s input since L; then conducts substantial [AC| currents.

Another alternative design can be proposed by integrating additional reactive components
to the resonant tank with the purpose of making impedance transformations [40, 48|
49, 67, [68]; however, additional components generate additional losses, and complexity,

making the system more difficult to tune, and likely less efficient.

3.2.2 Class EF Inverters

The Class EF (Fig. is a resonant inverter topology from the Class E family. It includes

Cs L, R,

Figure 3.7: Class EF inverter circuit topology.

an LC network comprised of C'y and Ly which helps shape the voltage and current through
the transistor. This LC network grants an additional two degrees of freedom in the circuit

design.

This topology has been extensively analysed in literature [69, [70, [71] and design equations
for different tuning methods have been proposed. The main purpose of integrating the
additional LC branch (when compared to a Class E inverter) is to reduce the peak voltage
from drain to source in the transistor. This is achieved by tuning Cy and L, at the
second or third harmonic of the switching frequency, allowing shaping the voltage across
the transistor, and thus reducing the peak voltage and granting higher power output

capability.

This topology is also known as ®, when the tuning also includes a finite L; to grant a

higher degree of freedom in the design [72].
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Load-Independent Class EF

By formulating the state-space equations of the Class EF inverter, solutions can be found
so that the drain voltage converges to zero at turn-on for a broad range of load resistances.
Interestingly, the solution for load-independent operation in the Class EF inverter [73],
which is similar to that found for a Class E inverter in [64] achieves the load-independent
criteria but in addition produces a constant amplitude output current as opposed to
the constant amplitude output voltage achieved with the Class E. This characteristic
makes the load-independent Class EF inverter more suitable to drive an IPT-coil, without

requiring an impedance matching network.

Load independent operation is achieved, unlike in the tuning variations where the LC
branch is tuned at the second or third harmonic (EFs, EF3), by tuning the Ly Cy branch
not at a particular harmonic of the switching frequency, but between the first and second
harmonic. Infinite mathematical solutions that comply with this condition can be found
by solving the state space equations of this topology; however, not all of these solutions are
practical. Practical solutions are usually found by optimising the duty cycle for maximum
power output capability of the transistor [73] [69] [70], which unlike the ZVS Class E, is

at 30%. Fig. 3.8 shows the theoretical waveforms of a particular solution for load-
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Figure 3.8: Theoretical waveforms of a load independent Class EF inverter at full load.
The theoretical waveforms of the inverter when unloaded are plotted with a dashed line.

independent operation. The load independent feature can be identified by observing
that the drain voltage waveform converges to zero at f -t = 1 independent of the load,

demonstrating that indeed [ZVS] is achieved for the entire load range, and that the anti-
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parallel diode of the transistor never conducts. Additionally, the amplitude and phase of

(Fig. do not change, significantly, with load resistance.

The amplitude of [¢,] is proportional to [V3] and inversely proportional to the reactance
of C1 (X¢,). This feature allows performing high level control on a [HE-IPT] system that
uses this inverter by changing the input voltage. Nonetheless, since the average drain
voltage of the transistor is equal to [V by changing its value, the effective capacitance
C changes due to the voltage-dependence of the non-linear [Cy] Thus, large variations

in [V3J can cause the inverter to become detuned in some designs.

3.2.3 Push-Pull Class E and Class EF Inverters

The Class E and Class EF topologies can be constructed using a push-pull variation
(Fig. [74, [75). The principle consists of operating the two branches of the inverter

with a phase-shift of 180°. This allows for a higher output power, and lower harmonic

distortion.
Vs, ‘ L 7 Vs,
i LAY YL ]
O R— Vae (O —
FQl Qj !
Cy —— (& S—
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Cs R, L, Zeq
| | AN 12228 | TN

Figure 3.9: Push-Pull Class EF inverter circuit topology.

The main challenges of implementing this type of system is maintaining the symmetry
between the two branches once the system starts to operate. Changes in the component
values, due to temperature, for example, or discrepancies between the switching signals

(the phase shift not being exactly 180°, or differences in duty cycle) can overload one of
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the branches, and severely affect the overall performance of the power converter. The
design equations of single-ended topologies can be utilised considering that the transmit

coil and are fed between the two branches of the inverter.

3.2.4 Power Throughput Control of Class E and Class EF In-

verters

Traditional pulse-width modulation (PWM]) power converters use the duty cycle as the
control variable from which the output voltage, and input and output current can be
shaped for specific purposes: output voltage regulation to feed electronic equipment,
output current regulation to feed current driven loads such as light emitting diodes,
and input current shaping in applications requiring active power factor correction (PEC]

circuits.

Controlling such variables in Class E or Class EF inverters is more challenging since the
advantageous switching characteristics of this family of inverters depend on frequency and
duty cycle [76], and thus, switching frequency and duty cycle are not preferred candidate

variables to perform power throughput control.

Most systems that use this type of inverter therefore operate the switch in open loop and
control the power throughput with an additional power converter at the input, which
varies the voltage fed to the inverter and consequently Alternatives such as on-off
control on the switching device can also be integrated but with a limited control capa-
bility [77]. Other alternative solutions are possible. For example, in [68 [7§], a saturable
reactor was included in the resonant output network to achieve variable inductance us-
ing an external source of current. Such solutions, despite being interesting, are not

practical due to the excessive losses generated and the limitations on the range of control.

With respect to the dynamic response of the inverters, from the reactive components,
only the input filter, which includes includes L;, has to be considered [79], since it is the

only reactive component of the inverter that stores a sufficient amount of energy not to
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be discarded in such analysis. It should be noted, however, that the representation of
the reflected impedance on the transmit side may need to be modelled in such way that
it represents the components that store energy at the receive side depending on their

values.

The inverters proposed in this thesis operate with constant frequency and duty cycle and
changes in the output power from the transmit side are performed by changing the input
voltage of the inverter, since changes to[Zeg which is the other variable that determines

output power, are produced by control on the receive side.

3.3 Rectifiers for HF-IPT

At the receive-side of a [HE-IPT system (Fig. [3.1)), the circuit in charge of transforming
the £ into a voltage is the [Pl rectifier. Fig. [3.10]shows an equivalent circuit where

the [EJ is the source of power and the input impedance of the IPT-rectifier (Zgg) is the

. L R,
NV
85 [} ZSCC

Figure 3.10: Equivalent circuit of the receive side of a [HE-IPT] system with [£] as the
source of power and [Zg.d as the load.

load.

[PT] rectifiers can be synchronous (uses controlled switches), or non-synchronous (uses
diodes). Synchronous rectifiers allow for a higher degree of control and can be more
efficient due to the lower conduction losses that can be achieved with transistors as
opposed to diodes. Nonetheless, employing them for [HF-IPT]is not only more complicated
due to the additional circuitry, but difficult to implement [0, 81], as triggering the signals
that drive the switch or switches correctly and tuning is most challenging, practically at

megahertz.
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Similar to resonant inverters, rectifiers are divided into two main categories, Class D
and Class E, and the circuit topologies are equal to those of the inverters. Their main
characteristics are also similar to those of the inverters. A basic comparison of non-

synchronous Class D and Class E rectifiers for [HF-IPT] can be found in [82].

The work presented in this section is concerned exclusively with non-synchronous rec-
tifiers, and the only end-to-end application example with a synchronous rectifier in the
thesis can be found in Section [7.2.12] published in [83] [84], where an alternative solution

to power up a drone without a battery with a synchronous Class E rectifier is mentioned.

3.3.1 Current-Driven Class D Rectifiers for HF-IPT

Current-driven Class D rectifiers (Fig. [3.11]) can be constructed using a half or full diode
bridge (transistors can be used instead of diodes in synchronous solutions), respectively,

for half and full wave rectification. Each solution has different properties and equa-

tions [63], and both can be considered for HE-IPTI

Dy
N
1

(a) Half-bridge (b) Full-bridge

Figure 3.11: Current-driven Class D rectifier circuit topologies.

Since in[HE-IPT]systems, the value of[Zzedis essential to maximise the link efficiency (2.15)),
the equation that describes the input impedance of the rectifier with respect to the

load is fundamental for system design. A first order approximation of [Zg g is given
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by [63] as:

2R,
Zeoe =, (3.1)
HB—Class D TTTNrect
for the half-bridge, and:
S8R,
Zsee == , (3.2)
FB—Class D T Trect

for the full bridge, expressed in terms of the [PT] system load (RJ) and the [PT]
rectifier efficiency (eeg). According to this model, the input impedance of Class D
rectifiers is resistive; however, the parasitic junction capacitance of the diodes can make
a Class D rectifier behave like a Class DE rectifier [85], which has an input reactance

different than zero.

Class D rectifiers, when integrated in an [PT] environment, tend to behave differently
than the theoretical model of [63] since the resonant circuit at the receive side, when
the load or coupling changes, is no longer well represented as an ideal current source.
Therefore, Class D rectifiers for [HE-IPT] can be more accurately described using the
circuits diagrams in Fig. , where the receive-coil current depends on [Ry, and

consequently [Zged

Dy
Z& C gz D
Co —
Vs
R,
¥ D4 D3 ZF
(a) Half-bridge (b) Full-bridge

Figure 3.12: Current-driven Class D rectifier circuit topologies in an IPT receiver.

Voltage-driven Class D rectifiers can also be implemented in [HE-IPT] by parallel-tuning
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the receive coil, incorporating an output inductive filter, and using D, in Fig. (a) as
a freewheeling diode to the inductive filter, not a freewheeling diode for the source. Since
this topology requires a large inductance in the output LC filter, it was not selected in

the work presented in the following chapters of this thesis.

3.3.2 Class E Rectifiers for [ HF-IPT]

The Class E rectifier operates with the same principle as the Class E inverter, but with
opposite power flow. An [AC] current or voltage source (there are voltage-driven and
current-driven variants) is rectified using a diode (or transistor if synchronous) which
with the aid of a resonant tank performs soft-switching. Conveniently, the topologies
include a capacitance in parallel with the diode, allowing the design of the passives so that
the junction capacitance of the diode is absorbed. Interestingly, however, the junction
capacitance losses, which are not often considered, or detailed in the data sheets, can

significantly affect the performance of a rectifier [86].

The circuit diagrams for a theoretical current-driven Class E rectifier, and a hybrid

Class E rectifier in an receiver [87] are shown in Fig. [3.13]

Lg Cr, Lg

7<D Co —— Di/\ Co—— VogRo L, C.="= Gy, == Di/\ Co—= VU§R0

(a) Current-driven Class E rectifier (b) Hybrid Class E rectifier in an [[PT] receiver

Figure 3.13: Selected Class E rectifier circuit topologies.

The duty cycle of Class E rectifiers changes inherently with load, and negative conduction
of the device (see this for Class E inverters in Fig3.5) does not occur if the diode is ideal.

As in Class E inverters, the voltage rating of the device is required to be more than three
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times the[DClvoltage (> 3V,) which narrows to an extent the candidate diode technologies
for mid-power applications. Considering the range of power of the aimed applications of
this thesis, all the Class E solutions are proposed with silicon carbide (SiCl) Schottky

diodes.

Very detailed design guidelines for non-synchronous Class E rectifiers for HF-IPT] can be
found in [87, B8]. In that work, the [Zsed and hence [Zeg (Fig. 2.3), are characterised
in terms of [R), and design guidelines are given to achieve low reflected reactance on the
transmit coil for a broad range of [R]] This feature is essential to avoid detuning
(losing resonance at the receive side) a [HF-IPT] system when required to operate across

a large range of loads.

3.3.3 Push-Pull Class E Rectifiers for HF-IPT|

Similar to Class E or Class EF inverters, Class E rectifiers can be constructed in push-pull
or full-bridge configurations. Fig. |3.14] shows the circuit topology of a push-pull hybrid

Class E rectifier, which can be designed for low reactance deviation, i.e. low [Xe

. CEl
Us | |
|
R, -
Cr, — N
L Zsec C, —— VZ;§ R,
Cp, — _
&
| |

| | =
Ct, =

Figure 3.14: Circuit topology of a push-pull hybrid Class E rectifier.
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3.3.4 Resistance Compression Networks on [HF-IPT| Rectifiers

Employing a[RCN|on a rectifier was first done in [89, [90] to minimise changes in the input
resistance of a rectifier when [Ry] changes. This principle was afterwards implemented in
RF transmission lines for radiative wireless power transfer (WPTJ) systems [91], and was

introduced for [HE-TPT] in the author’s published works [54, [53].

In principle, RCNk allows [R,] to be simultaneously fed from two rectifiers, each containing
an additional reactive impedance connected either in series or in parallel, depending if the

rectifier is current-driven or voltage-driven (Fig. [3.15)). Each rectifier is modelled as an

i G, Lren
R, é «— Rren
Ls Zw(
g Cron

& @ Rpex

Figure 3.15: Resistance compression network conceptual circuit.

equal resistance (Rren = Rieon), and the two supplemental reactive impedances (Lreon
and Creon) should be designed as complex-conjugates at the frequency of operation (the

transmit-coil current frequency ), i.e. with an equal reactance magnitude:

1

—_— 3.3
27TfipCRCN (3:3)

Xron = 27 fi, Lrox =

thus that the self-inductance of the receive coil (LgJ) can be tuned out with the resonant

capacitance at the receiver (CJ), independent of [ at [fi }

L Cron R2 1
Zgeo| = pom (1 + ZBUNRCN RCN) —j ( ) ' (3.4)
fiy  2RrenCren Lren 27 i, Cs

This impedance transformation creates a compressed dependency between the rectifier’s
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input resistance (Rg. = Re(Zgec)) and Rrcn, which should be clear from Fig. [3.17, and
hence between Rge. and [R] R also depends of the magnitude of the reactance of the
supplemental reactive impedances (Xgrcn ), which allows the magnetic link to be operated
with a close to optimal impedance across a wide range of [R] Xgrcn can be treated

as an independent design variable.

The concept of can be extrapolated to higher orders to achieve better compression,
as proposed for transmission-line rectifiers in [91], where four rectifiers were con-
nected to the source via two stages of reactive impedances. This approach, however, is
not practical for [HF-IPT] because of the additional losses and the unpractical challenges

of measuring and tuning for such high order networks.

3.3.5 Current-Driven Class D Rectifiers with Resistance Com-

pression Networks for [HE-IPTI

The principle of RCNk can be employed on [HE-TPT] systems with two half-wave Class D

rectifiers, a capacitance (Cren) and an inductance (Lgren) (Fig. [3.16]). This proposed

RCN
I fll::‘ D, % N
- == V,SR,
Cren Dy 1 §
| | >|
|

-

Figure 3.16: Class D rectifier with a resistance compression network.

topology uses a first order [RCN| and two current-driven Class D rectifiers, which since
they both feed the same load R, simultaneously, the equivalent load for each rectifier is

2R,. Therefore, the input impedance of each rectifier in terms or [R] and in accordance
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to (3.1)) is:

4R,

B .
™ nrect

(3.5)

Rren =

Thus, Rs. can be calculated as proposed in (3.4), where Rrcn is determined by .
There are, however, limitations on the accuracy of this expressions since when Rgrcn is
greater than Xgon, the Class D rectifiers enter a discontinuous mode of operation, i.e.
the diodes do not always conduct, where the cause of such phenomenon is that at low
loaded Q factors, the sinusoidal current waveform at the input of the Class D rectifiers

deteriorates, which is something that a first order model does not account for.

Fig.|3.17| shows a plot of (3.4]) with an Rrcn determined by (3.5)) against a SPICE simu-

lation, with ideal components, demonstrating how the input resistance of this proposed

— Mathematical model
45  — Simulation
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>
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Figure 3.17: Input resistance of the RCN-Class D rectifier.

topology has a compressed dependence on [R] and how it also depends of the design vari-
able Xgron. Therefore, the RCN| Class D rectifier can be designed to inherently present

the optimal load to the [PT]system for a broad range of loads.
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3.3.6 Multiplier Class D Configurations for [HF-TPT]

As demonstrated with the [RCNI Class D rectifiers, more than one Class D rectifier can be
used to simultaneously feed a load, [R,} These, while not necessarily needed to feed
the load in parallel, can also be stacked in series (Fig.[3.18). This concept, introduced as

Zse

2

OL
3
=

Figure 3.18: A 3x voltage-multiplier full-wave Class D rectifier for high output voltage
HE-TPTL

the Cockeroft-Walton Voltage Multiplier [92] can comprise an arbitrary number of stages
in order to multiply the voltage (the IPT-rectifier output voltage (Vg])) by a factor equal

to the number of stages.

When a single [D load is fed with multiple rectifiers, the equivalent load fed by each
rectifier, is a fraction of [R], and also, with respect to the source, all the rectifiers are
fed in parallel. Therefore the voltage multiplier principle can be used as an impedance

transformation from Ry to[Ry which depends of how the individual rectifiers are placed
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in the topology.

Fig. shows a rectifier design example of this principle where a voltage multiplier
rectifier, consisting of six individual Class D rectifiers (or three full bridge rectifiers) is
implemented. Here, each full bridge rectifier feeds a load equal to R,/3, in parallel, and

therefore:

SR, . 1
Zsoc = — ) 3.6
fip 97T277rect J ( 27Tfip CS ) ( )

This candidate topology is utilised for high output voltage systems required in the fol-

lowing chapters of this thesis.

3.4 Inherent Regulation in Resonant Converters for

Variable Loads

The inherent regulation properties of resonant converters can sometimes be used to main-
tain soft switching, for instance, non-synchronous Class E rectifiers inherently change the
duty cycle of the diode when the dc-load changes, and consequently achieve [ZVSl Fur-
thermore, in [87] the hybrid Class E rectifier not only achieves [ZVS] but also can be
designed to inherently regulate the output voltage as the load changes. The inherent
regulation properties of resonant converters have been utilised for multiple purposes, for
example in [93] the resonant nature of a LCC converter was utilised for power factor
correction, and in [94] an inherent over-current protection feature was implemented by
placing an auxiliary circuit in parallel with the resonant capacitor of a LLC resonant
converter which shorts the capacitor and detunes the resonant tank when a fault shorts

out the load.

The mentioned converters exploit some of the inherent regulation properties of resonant

converters to allow for changes in load and on the geometry of the link.
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3.5 Design of the Circuits for Experimental Verifica-

tion

In this work, a set of candidate circuits were designed to perform experiments concerning
system optimisation methods and technology demonstrators that are proposed in the
following chapters of the thesis. The candidate circuits were initially tuned for ideal
transmit and receive coils, as described and characterised in Chapter 4. The candidate

designs are listed in Table 3.1} In addition to these, additional converters were designed

Table 3.1: Candidate inverters and rectifiers for experimental verification

Name Topology and tuning Frequency [MHz] Power [W]
Inverter I Load-tolerant Class E 13.56 150
Inverter II Load-independent Class EF 13.56 150
Inverter III Push-pull load-independent Class EF 13.56 350
Rectifier 1 RCN Class D 13.56 150
Rectifier 1T Voltage multiplier Class D 13.56 350

and tuned for other coils in Chapter |7, where the shape and construction divert from the

ones in Chapter 4] due to the requirements and size restrictions of the application.

3.5.1 Inverter I: Load Tolerant Class E at 13.56 MHz for 150 W

A load-tolerant Class E inverter (Section was designed and tuned at 13.56 MHz
with the component values specified in Table[3.2] and a duty cycle of 50 %, for maximum
power output capability. The inverter was designed to drive the transmit coil proposed in
Chapter 4| with a reflected resistance of 0€2 to 10 2. The switching device for the proposed
inverter is a gallium nitride (GalNJ) with a voltage blocking capability of 650V and
a maximum drain current of 15 A (GS66504B by GaN Systems). The switching signal
was provided by an on-board signal generator, and amplified by a high-speed power{FET]
driver by Intersil (ISL55110).
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Table 3.2: Component values of Inverter I: Load-tolerant Class E

Topology Ly [pH] L2 [nH] C1 [pF] Cs [pF] Cs [pF]
Class E 88 - 81 + [Cosdl - 163

3.5.2 Inverter II: Load Independent Class EF at 13.56 MHz for

150 W

A load-independent Class EF inverter (Section|3.2.2)) was designed and tuned at 13.56 MHz
with a duty cycle of 30 %, for maximum power output capability. The design equations,

obtained from [73], are as follows: the resonant frequency of the Cy-Ly branch is:

1

———=1.67f; , 3.7
27'('\/ LQCQ fp ( )

where a set of practical load-independent design equations are derived considering that
the inverter was designed to drive the transmit coil proposed in Chapter [d] The switching
device for the proposed inverter is a[GaNI[FET with a voltage blocking capability of 650 V
and a maximum drain current of 15 A (GS66504B by GaN Systems). The switching signal
was provided by an on-board signal generator, and amplified by a high-speed power{FET]

driver by Intersil (ISL55110). The other design equations from [73] are:

27 f;, Requa C1 = 0.118614,

C
51 = 1.320341,
2
IR, (3.8)
o] Reanne _ () 555373,
Vdc
Xres
= 0.342106,
Reqmax
where X, 1s residual reactance:
Xy = 27f; L _ (3.9)
res — 4T J; — . .
PP 27Tfip03
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These design equations were found for R, = 62, resulting in the component values

listed in Table. [3.3]

Table 3.3: Component values of Inverter II: Load-independent Class EF

Topology Ly [pH] Lo [nH] C1 [pF] Cy [pF] C3 [pF]
Class EF 88 267 156 + [T 176 130

3.5.3 Inverter III: Push-Pull Load Independent Class EF at

13.56 MHz for 350 W

A push-pull Class EF inverter (Section [3.2.3) was designed using the design equations
proposed for the Inverter II: , , but since the self-inductance of the transmit
coil (Ly) and[Zeg|are distributed between the two branches of the inverter, the component
values differ from the previous design, as shown in Table [3.4] The inverter was designed
to drive the transmit coil proposed in Chapter [d] The switching device for the proposed
inverter is a [GaN|I[FET] with a voltage blocking capability of 650V and a maximum drain
current of 30 A (GS66508B by GaN Systems). The switching signal was provided by an
on-board signal generator, and amplified by a single channel high-speed, low-side gate

driver by Texas Instruments (UCC27512-EP).

Table 3.4: Component values of Inverter I1I: Push-pull load-independent Class EF

Topology Ly & LY [uH] Ly & LY, [nH] C1 & C1 [pF] Cy & C4 [pF] Cs3 [pF]
Push-pull Class EF 88 66 270 + [Cossl 470 128

3.5.4 Rectifier I: RCN Class D at 13.56 MHz for 150 W

A[RCNlcurrent-driven Class D rectifier (Section|3.3.5]) was designed and tuned at 13.56 MHz,
with C designed to tune out the self-inductance of the receive coil, which is specified in

Chapter 4] The [RCNI network was designed by selecting the magnitude of the reactance
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of the reactive components (Cren, Lron): Xren, to be slightly lower than the optimal
load of the link (at a coupling corresponding to a coil separation of 8cm) in order to
achieve the optimal load with an R, slightly higher or lower than %erm, which is when

the minimum value of Ry (equal to X,,) is achieved.

It is worth noticing that according to (3.4]) and the plots in Fig. R can be equal
to the optimal load at two values of R,, however the greater value of the two, achieves a

higher efficiency given that the current in the diodes is lower at higher values of R,.

The component values selected are specified in Table The diodes used are 120 V and
10 A, Schottky diodes by ON Semiconductor (FSV10120V).

Table 3.5: Component values of Rectifier I: [RCNI Class D

Topology Lrcen [nH] Cs [pF] Cren [nF] Co [pF]
RCN Class D 42 112 3.11 1

3.5.5 Rectifier II: 3x Voltage-Multiplier Full-Wave Class D at

13.56 MHz for 350 W

A three-stage voltage-multiplier full-wave Class D rectifier (Section [3.3.6} Fig.|3.18]) was

designed for high output voltage systems. Cs was designed to resonate with the receive
coil in Chapter [4] and C}, is a [DClblocking capacitance to allow each current-driven
Class D rectifier to operate at different voltage offsets. The output capacitance of the
two current-driven Class D rectifiers are connected in series to achieve a higher output

voltage than a full-wave current-driven Class D rectifier.

The component values designed are presented in Table. |3.6] and the diodes used for this

prototype are 100V, 8 A Schottky diodes by STMicroelectronics (STPS8H100).
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Table 3.6: Component values of Rectifier II: 3x voltage-multiplier full-wave Class D

Topology Cs [pF] Chp,_¢ [nF] Coy_g [1F]

3x voltage-multiplier full-wave Class D 112 0.1 1

3.6 Construction of Circuit Prototypes for Experi-

mental Verification

The above proposed inverters and rectifiers were designed and built for the experiments

of the following chapters of the thesis. Fig. shows photographs of the inverters and

(a) Inverter I (b) Inverter IT (c) Inverter III

Figure 3.19: Photographs of the inverter prototypes.

Fig. [3.20 shows photographs of the rectifiers.

(a) Rectifier I (b) Rectifier IT

Figure 3.20: Photographs of the rectifier prototypes.

3.6.1 General Considerations in the Components Selection

The following considerations were taken in the design and construction of the circuits:
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e The coil can be connected to the inverter or the rectifier using two shorted edge-
mount SubMiniature version A (SMA) connectors (one at each terminal of the coil),

visible at the front of the inverters in Fig. |3.19 and in the rectifiers in Fig. |3.20]

e The capacitors of the resonant tanks use the COG (NPO) dielectric. Specifically
the selected models were QUAD HIFREQ Series from Vishay and the C Series by
TDK.

e The cored inductors used are from the WE-PD SMT Power Inductor series by
Wiirth Elektronik. In addition, inductors with in-house winding like the one in

Fig. [3.20(b) use Powder Core Solutions by Micrometals.

e The air-core inductors used are from the 2014VS series by Coilcraft.

3.6.2 General Considerations in the Design of the Printed Cir-

cuit Boards

As discussed in the following chapters, the main tuning of the system is done at the
transmit side, and thus an extended set of considerations were taken in the design of

these boards:

e The inverters were build with two separate input voltage terminals, one for the
inverter’s input voltage and one for the gate driver’s voltage to allow for changes

on the gate voltage.

e The inverter boards have an on-board signal generator at 13.56 MHz and an RF

connector to allow driving it with an external signal if required.

e The inverter boards include a voltage test point at the drain of the transistors.

Inverter I and Inverter IT have the same board layout Fig. (a) and Fig. (b),

allowing these two configurations to be easily compared. Inverter I1I uses a modular board
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design, including an Insulated Metal Substrate (IMS) board in the switching networks
for better thermal conductivity. The inverters printed circuit boards (PCBk) in Fig. [3.19
were designed by Dr. Samer Aldhaher (Inverters I, IT and III), and the author designed
the rectifier in Fig [3.20] (Rectifiers I and II).

3.7 Construction of a Setup for Experimental Veri-

fication of HF-IPT

The experimental work presented in this thesis was performed at the Wireless Power Lab
of Imperial College London. Fig. [3.21] shows a typical experimental setup for the (NPT

experiments presented.

Figure 3.21: Photographs of the experimental setup for [HF=IPTL

3.7.1 Laboratory Equipment

The main laboratory equipment used in the experiments presented in this thesis is listed

as following:

e Power supplies: Two main power supplies were used, a N8741A System Power
Supply by Agilent Technologies (0V to 300V, 0A to 11A), and an AC6802A
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[AC] Power Supply by Keysight (0V to 270V, 0 A to 5 A, ratings specified in root-
mean-square (RMS), with a maximum frequency of 500 Hz). In addition, the voltage

supply used to power the gate drivers of the inverters is an Agilent US032A.

e Signal generators: In cases where the input signals of the gate drivers in the inverter
boards were not generated internally, a 50 MHz Function Generator by Advanced

Test and Measurement Instruments and Power Supplies was utilised.

e Power Meters: A WT332E Digital Power Meter by Yokogawa was used to measure
system input power and a WT310 Digital Power Meter by Yokogawa was used to
measure system output power. In some experiments, a WT210 Digital Power Meter
by Yokogawa was also utilised, and in Chapter [5| some experiments used a PX8000

Precision Power Scope by Yokogawa.

e Oscilloscopes and probes: Most of the waveforms presented in this thesis were
captured using an 8-Channel Tektronix 5 Series MSO, however a Teledyne LeCroy
HDO4104 and a Teledyne LeCroy 4054MS were also utilised. Other than the passive
voltage probes that come with the oscilloscopes, high voltage probes (PHV 1000
100:1 by PMK and 1000:1 PPR 6kV by LeCroy) were used to measure the drain
voltage of the inverters. The system input and output current was measured using
Keysight N2783B current probes, and the coil current was measured using a 6585

Current Monitor by Pearson.

e Impedance analyser: The impedance measurements presented in this thesis were

done using a Keysight E4990A impedance analyser with a 42941 A impedance probe.

e Thermal camera: Thermal images presented in this thesis were captured with a

Fluke Ti400 Thermal Imager.

3.7.2 Laboratory Safety

The experimental work presented in this thesis followed a rigorous safety protocol in-

cluding the general safety rules from Imperial College London and the specific rules from
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the Wireless Power Lab. Risk assessments were generated for every test-rig and a Narda
safety system was used to ensure not exceeding relevant electromagnetic fields exposure
limits. Any experiment involving voltages over 50 V was conducted within a protective

insulating box with minimal openings allowed for probing.

3.7.3 Auxiliary Printed Circuit Boards

A set of auxiliary [PCBk were fabricated for the development of the experiments in this
thesis. A circuit board with a diode bridge (for the [AC] input voltage experiments in
Chapter |5)), a common-mode filter and the test-cable connections necessary to measure
power at the input of the [HE-IPT] system was constructed as an interface between the

power supplies and the inverters (Fig. [3.22). Other boards (e.g. the rectifier evaluation

Figure 3.22: Photograph of the input power measuring board.

board in Fig. (a)) were constructed for the development of intermediate designs,
and a number of evaluations boards (e.g. the [PEC] stage in Fig. [3.23] (b)) for power
factor correction and voltage regulation. Throughout the thesis, when utilised, these are

specified in the respective sections.
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(a) Rectifiers (b) [PEC] evaluation board by Linear Technol-
ogy

Figure 3.23: Photographs of additional boards used in the experiments.

3.7.4 Measurements of the Proposed Prototype Inverters With-

out a Coupled Receiver

Once built, the prototype inverters were fed from a power supply at three input
voltages, as an initial test when unloaded: 100, 120 and 150V for inverters I and II, and
at 80, 100 and 120V for inverter III. The three inverters have a different input-voltage-
to-output-current gain, which is later analysed in Chapter 5l Fig. shows the drain

voltage waveforms of the three candidate inverters. Inverter I and II were measured using

: : :
600 H —— 100V b 400 || —— 100V i — 120V
— 120V — 120V 300 H — 100V B
— 150V — 150V — 80V

Vas [V]
Vas [V]

Il Il Il
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

Time [ns] Time [ns] Time [ns]
(a) Inverter I (b) Inverter II (c) Inverter III

Figure 3.24: Drain voltage of candidate inverters.

the 100:1 voltage probe and the waveforms of Inverter III with two 1000:1 voltage probes.

In these experiments, for inverters I and 2, the power consumption of the gate driver was
measured at 86 mW when driving the transistor at 6.78 MHz and 140 mW when driving

the transistor at 13.56 MHz. For Inverter III the power consumption at the gate roughly
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doubles. The gate and the power consumption of an external fan (used as a precautionary
measure), measured at 715mW, are not included in the efficiency calculations in the

following chapters of the thesis.

3.8 Summary

This chapter covers the theoretical and practical background of the power electronic cir-
cuits which can be used in [HE-IPT] systems, and emphasises the topologies that are most
relevant to the development of the proposed systems architectures and tuning techniques
described in the latter chapters of this thesis. The description of the specific designs
and construction of the experimental prototypes, and an experimental setup are also

described.
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Chapter 4

Practical HF-IPT Link Operation

and Characterisation

The objective of this chapter is to consider the effects of operating a high frequency
inductive power transfer (HE-IPT]) system in which the link is constrained by certain
practical considerations that would be seen in real deployments outside of lab conditions.
This includes operation of the wireless link with alternative dielectric materials between
the coils (e.g. soil or water), operation of system with corroded coils (e.g. due to the
effects of weathering), and understanding the behaviour of non-optimally loaded links
on the inverter behaviour. The author’s original work presented in this chapter involves
the characterisation of an inductive power transfer ([PT]) link with air-core coils, the
construction of a test load, the experimental verification of Class E and Class EF invert-
ers dealing with detuned loads, a study of [HE-IPT] through alternative media wireless
gaps, the introduction of a reflected impedance estimation technique using waveforms (in
collaboration with Mr. Lingxin Lan from the Wireless Power Lab at Imperial College
London), and the investigation of the effects produced by corrosion on a link.
The latter is a collaboration with Mr. Epameinondas Skountzos from the Department
of Materials and Dr. Kyra L. Sedransk Campbell from the Department of Chemical En-

gineering, Imperial College London. Some of the results presented in this chapter have
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been published in three IEEE conference proceedings: [95, 96 07]. The work presented
in this chapter is also relevant to the IEEE conference proceedings [98], where foreign

objects are detected by observing the inverter waveforms.

4.1 Introduction

Air-core coils, advantageously, can be constructed simply and cheaply using a copper pipe
conductor or a printed circuit board (PCBI). These, however, are in most cases required to
be driven at higher frequencies since the absence of a magnetically permeable core results
in lower mutual and self inductance. Since the induced electromotive force (&) from one
coil to another depends of \/m, the coupling factor (&) and the transmit-coil current
frequency (]ED, , an increase in frequency can compensate for low inductances and

coupling.

There are a number of factors that confine the design options for air-core coils. For
example, the Q-factor does not increase indefinitely with frequency, and 7
as IR, and Ry also increase with frequency due to skin and proximity effects. Also, as
the length of the conductor that forms the coil (I.) increases to a significant fraction
of the wavelength of electromagnetic waves at that frequency, the coil starts to radiate,
and thus becomes a parasitic antenna. Therefore, design options such as the shape and

number of turns of the coil are limited by:

C
lcoil << pra (41)

where ¢ is the speed of light. Practically, the length of the conductor should be kept
shorter than a tenth of the wavelength at the frequency of operation. With respect to
the integration of a [HE-IPT] system with air-core coils on an application, there are also
challenges that arise from not confining the magnetic flux to a core. Metal objects close
to the link reflect an impedance on the transmit and receive coils, which might detune

the system. This fundamental aspect of the design of [HE-IPT] systems is addressed in
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the examples presented in Chapter [7]

4.2 Design of a Link with Air-Core Coils

This section describes the designed air-core coils to operate at 13.56 MHz which are then

used throughout this chapter as a basis for the experimental work.

4.2.1 Coil Design Considerations

The self-inductance of planar coils can be estimated as proposed in [99], and the equivalent
series resistance (ESRI]) of the coils can be calculated from simulations, as done in [100],
where the distribution of current in the conductor, along with the resistivity of the ma-
terial determine the [ESRI] as a function of frequency. The shape of the coils should be
selected taking into account the mutual inductance of two coils, which can be calculated

as proposed in [101].

The experimental framework of this thesis proposes a set of [HF-IPT] systems that operate
at megahertz frequencies. For the design of the coils proposed here, a = 13.56 MHz

was considered, and also the condition in (4.1]) was accounted for.

4.2.2 Description of the Designed Coils

Two equal air-core coils were designed and constructed on a with a circular planar
shape. Eleven sets of mounting holes were drilled on the in order to recreate a
particular link configuration in further experiments, using nylon spacers. The coils have
two turns and an external diameter of 210 mm. The width of the conductor is 10 mm and
the separation between the turns is 16 mm. The connection between the coils and the
power converters at both ends was achieved with two shorted coaxial cables (the shield and

the inner conductor are shorted) and shorted edge-mount SubMiniature version A (SMA)
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connectors. This configuration was chosen in order to allow integrating a current probe
to measure the transmit-coil current . The designed coils can be seen in Fig. , and
a photograph of the built prototype can be seen in Fig. The variations of inductance

due to changes in the position of the coaxial cables connecting the coils to the boards is

considered (a), (b)).

(a) Case 1: Ly (b) Case 2:Lyax (c) [PT] Link

Figure 4.1: PCB coils modelled using CST Microwave Studio.

(a) Case 1: Lin (b) Case 2:Lax (c) PT] Link

Figure 4.2: Built prototype of the [PCBI coils.

The design of each coil was done using simulations and once built, the parameters were
verified. Then, the coupling factor between the coils was calculated in function of separa-
tion and misalignment. The properties of the coils and [&l were obtained from electromag-

netic simulations using CST Microwave Studio and measurements were performed using
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the impedance analyser.

4.2.3 Coil Self-Inductance and Equivalent Series Resistance

In the design of the individual power electronic circuits at both ends of the system, it
is necessary to account for the parameters of the link. Fig. [4.3] shows the variables to

be considered. First, the inductance and the [ESRI of a single coil were obtained from

Figure 4.3: General equivalent circuit of an IPT link.

simulations and from measurements using the impedance analyser. The results obtained
from simulations are preferred in the design of the link and the circuits since the
of the coils is difficult to measure accurately when the Q-factor is high [102] 103]. The

results from simulations and measurements are presented in Table [£.1]

Table 4.1: Simulations and measurements of the coils at 13.56 MHz

Description Inductance (nH) Resistance (m2) Q factor
Simulation at case 1: Luyin 1155.7 191.2 515
Simulation at case 2: Lmax 1200.4 189.2 541

Measurement at case 1: Lyin 1181.0 202.7 496
Measurement at case 2: Lpmax 1185.2 227.2 444

4.2.4 Coupling Distribution in Space

Once the coils have been characterised, individually, the coupling between them can
be calculated for different relative positions. Simulations in CST were performed to

determine coupling at coil separations of 10mm to 250 mm, and linear misalignments
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of 0mm to 250mm. [&] can also be verified using an impedance analyser by measuring
the equivalent inductance of the primary coil, coupled to the secondary coil when the

secondary coil is kept in open circuit and shorted:

L S—shor
k= [1— SReoshort (4.2)

Lp,s—open

This technique was used in the proposed [PT]link as shown in the photograph in Fig.
and the results of the measured [ are summarised in the two cases shown in Fig the
coupling distribution with respect to distance, and the coupling distribution with respect

to misalignment.

L

Figure 4.4: Photograph of the coils and setup to measure coupling.

4.3 Design and Construction of an Inductively Cou-

pled Test Load

A circuit comprised of a capacitance and a resistance was designed and built to pro-
vide a well tuned and measurable load for an [[PT] system under test. The circuit dia-
gram describing it is presented in Fig. 4.6] Rg.. is comprised of twelve resistors of 100 €2

(LTO100F15R00JTE3) in parallel, resulting in a total resistance of 8.41 €2, measured with
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(b) Coupling distribution at three coil separa-

tions

Figure 4.5: Coupling measurements.

Figure 4.6: [HE-IPT] test load circuit diagram.

the impedance analyser at 13.56 MHz. Additional measurements were performed at dif-
ferent temperatures (heating up the heatsink via the load resistors to 70°) to verify that
as the load temperature increases once the system is running, no significant variations in
resistance would be present. A photograph of the test load tuned to resonate with the

proposed [PCB] coils at 13.56 MHz is shown in Fig. [4.7]

The test load was designed to have a loaded-Q:

27Tfip LS

@seciondes = R R (4.3)

higher than 10 (a11.7) with the proposed coils at resonance at 13.56 MHz, in order to
load the transmit side at low [f] and therefore allow for high variations in the reflected

reactance on the transmit coil with small changes in the resonant capacitance at

the receiver (CY).
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Figure 4.7: Photographs of the HE-IPT] test load.

4.3.1 Tuning the [HF-TPT] Test Load at 13.56 MHz

The receive coil inductance, in addition to the parasitic inductance of the board and
the inductance of the cables and connectors used to connect the test load [PCBl to the
coil, was tuned out with an external capacitance (Cs. in Fig. [4.6) using the impedance

analyser.

First, the two terminals of the transmit coil which connect to the inverter were used as test
points on the impedance analyser to perform inductance and resistance measurements
with respect to frequency on the transmit coil. For these measurements, the inverter
was disconnected from the coil. Second, the receive coil, connected to the test load,
is placed closely to the transmit coil to reflect an impedance on the transmit coil (see
equations and ) In the experiments [£] was fixed at three arbitrary couplings
(k1, k2, ks in Fig. . In accordance with and , the maximum reflected
resistance is achieved when the receive coil is at resonance, and this also corresponds
to when the reflected reactance is zero. Thus, the resonant frequency of the receiver
(the receive coil connected to the test load) is identifiable at the point of the maximum
equivalent resistance and when the measured inductance is equal to the one measured on
the transmit coil when uncoupled from the receive coil (kq). Finally, [C{is adjusted until
the resonant frequency of the receiver matches the frequency at which the load should be

tuned. Fig. shows how the maximum resistance is measured at exactly 13.56 MHz,

100



Py — ] 1951 s
12—k
— — ks
S 10 --- ko =
< 8l E
+
. 6 +
&~ 4l )
2 -
0 |
0.5 0.5 1.36- 107 2
Frequency [Hz] -107 Frequency [Hz] -107

(a) (b)

Figure 4.8: Experimental tuning of the test load.

and that it also corresponds to where the inductance measurement matches the one of

when the coils are not coupled.

It should be noted that a receiver with an [P T rectifier instead of a test load cannot be
tuned using this technique as a larger signal would be required to activate the diodes and

obtain a representative input impedance of the IPT-rectifier (Zged), for the fundamental
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frequency of the current.

This technique can also be used to obtain [l experimentally using (2.12)):

Req (Ry + Recc)
k= eq S sec 4.4
\/ 47r2finLS ’ (44)

from which every variable is known or can be measured with the impedance analyser.
From this, the arbitrary couplings of Fig. are calculated as: k; = 10.3%, ko = 8.2%
and ks = 3.9%.

4.3.2 Controlled Detuning of the [HF-IPT| Test Load

In order to provide a useful test load for future experiments, the load was purposely
and progressively characterised while it was detuned by modifying C; to not only reflect
a resistance but also a positive and negative reactance to the transmitter. The load
resistance was kept constant as the load was purposely detuned. The test load was

characterised as shown in Table [4.2]

Table 4.2: Test load tuning

Load type Resistive Capacitive (reflects inductance) Inductive (reflects capacitance)
Identifier R RC1 RC2 RC3 RL1 RL2 RL3 RL4
[Cd [pF) 109.8 108.7 107.4 104.8 111.0 112.2 1134 114.6

Different reflected impedance on the transmit side (Zeq)) with the same tuning were
achieved by changing the separation of the coils (120mm, 150 mm and 180mm). A
summary of reflected loads is shown in Table [£.3] The construction of loads tuned at
different frequencies, where the reflected impedance can be calculated, was done to in-
vestigate the effects produced by reflecting positive and negative reactances to candidate
inverters, which is necessary considering the reflected reactance on the transmit coil that

[P rectifiers might produce as the load changes.
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Table 4.3: Inductively coupled load tuning and measured reflected impedance

27rfip Lg

Load Rsec [9] [i9] Coupling Req [Q] Xeq 1§
+XSeC
R2 8.41 0 5.3% 3.32 0
R3 8.41 0 7.9% 7.37 0
RC32 8.41 —5.19 5.3% 2.44 1.46
RC33 8.41 —5.19 7.9% 5.41 3.25
RL42 8.41 4.46 5.3% 2.62 —1.35
RL43 8.41 4.46 7.9% 5.81 —-3.01

4.4 Experiment I: Initial Investigations into the Ef-
fects Produced by Reflected Reactances in Can-

didate 13.56 MHz Inverters

In this experiment, the effects of reflecting different loads on two candidate inverters are
investigated. Namely, Inverter I: Class E and Inverter II: Class EF were compared when
powered from a 120V input voltage (V) while driving the different loads specified

in Table. [.3] The results of these experiments were published in [95].

4.4.1 Introduction

The form in which the input impedance of an [PT] rectifier changes with the [PT] sys-
tem load (R,) and [El depends on the topology and design of the rectifier. Class E
rectifiers can be designed to maintain Class E switching under these sorts of conditions
(broad changes in [E and load demand) by tuning the passives at a frequency different
from the system’s operating frequency, and then tuning out the residual reactance of
the rectifier in the resonant tank of the receiver [87]. Designing rectifiers in this way,
however, relies not only on altering the rectifier’s input resistance to regulate power as [kl
or the load changes, but also on varying the input reactance, which can slightly detune
the receiver and therefore reflect a reactive load to the transmitter. This phenomenon is

not exclusive to loads that use Class E rectifiers. Other sorts of loads, e.g. inductively
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coupled plasma [104], tend to reflect a reactance to the inductive power source. Also,

foreign objects reflect reactances to the transmitter.

4.4.2 Experimental Verification

The [HE-IPT] test load, described in Section [£.3] was tuned as proposed in Table to
determine the effects produced by changes in the reflected impedance on two candidate
inverters: Inverter I: Class E and Inverter II: Class EF; both at power levels lower than

200 W.

The inverters were first tested when feeding a purely resistive load at various couplings,
then a capacitive-resistive load and finally an inductive-resistive load were tried. Mea-
surements were taken for all cases in which the temperature of the transistor did not
exceed 80°C. The input power, measured for each of the previously characterised loads,
is presented in Table f.4. The loads RC33 and RL43 could not be powered with In-
verter II since the temperature of the inverter was exceeding 80 °C shortly after powering

the system.

Table 4.4: Input power at the transmit side with different reflected impedances [W]

Type No load R2 R3 RC32 RC33 RL42 RL43
Inverter I Class E 14.4 63.6 108.0 52.8 109.2 49.2 81.6
Inverter IT Class EF 13.2 84.0 162.0 61.2 - 66.0

The drain voltage (V) and [z, waveforms for both inverters under resistive and resistive-
reactive loads are presented in Fig. for the Class E inverter and in Fig. for the

Class EF. Fig. shows the experimental set-up for the measurements.

The effects of varying the resistive loads in Class E inverters and load-independent
Class EF inverters have been extensively investigated [64, 65, [73], and the effects of
a reflected reactance can be represented as a variation in Cj (see Figs. and 3.7]), ie.
the inverter being detuned. Interestingly, if the receiver has a fixed residual reactance,

the reflected resistance and reactance both change as [f] changes. Therefore, the effects
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Figure 4.9: Measured waveforms of Inverter I: Class E driving different loads.

of a slightly detuned load moving across a charging pad affects both R., and X, at the

transmit side.
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Figure 4.10: Measured waveforms of Inverter II: Class EF driving different loads.

4.4.3 Discussion

Inverter II: Class EF was designed for resistive loads from 0 to 6 {2 and Inverter I: Class E
can tolerate a broader resistive load range (0 to 10Q) but with the disadvantage of

having a short period of time with sub-optimum operation (the transistor’s anti-parallel
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Figure 4.11: Photograph of IPT experimental setup.

diode conducting) when the reflected resistive load is not equal to the maximum load.
When a capacitive load is reflected to the transmitter (loads RL42 and RL43) both
inverters tend to enter sub-optimum operation. Interestingly, the Class E drain voltage
waveform is similar to that of the unloaded condition. When an inductive load was
reflected to the transmitter (RC32 and RC33) the load-independent Class EF loses zero-
voltage switching (ZVS)), while the Class E inverter shows a similar behaviour to that
of driving a purely resistive reflected load. This can be seen in Fig. at turn-on,
f-t=1.

4.5 Experiment II: [HF-TPT| with Alternative Media

Wireless Gaps

In this experiment, the effects of introducing materials other than air between the coils of
a[HE-IPT] system is investigated. The materials introduced between the coils are specific
to a case where a [HE-IPT] transmitter or receiver is designed to be buried under soil in

a park in London.
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4.5.1 Introduction

Wireless power transfer (WPT)) is desirable in applications where the wireless gap is not
just comprised of air, but another material. The challenge of performing [WPT] through
alternative media has been addressed before. In [105], for example, a sensor embedded
in concrete was charged by the means of electromagnetic waves at gigahertz frequencies.
The work in [106], demonstrates [PT] to low power devices in or in proximity to water
in order to propose the technology as an alternative to power sensors in water treatment
environments; and the work in [I07], showcases a low frequency [PT] system operating

inside a tank containing a brine solution.

With the purpose of investigating the viability of employing [HF-IPT] through alternative
media, a test rig (Fig. , consisting of a perspex enclosure with a set of compartments
was built. The compartments have capacity for a [HE-IPT] transmitter, a receiver or
a material under test. Fach compartment has 50 mm in height without including the
perspex sheet, which is 8 mm thick. The width and length are 300 mm and 400 mm

respectively.

The materials employed in this experiment are air, crushed brick, wet soil and fresh water.
These materials were selected to be representative in cases where either the receiver or
the transmitter is buried underground; however, the materials employed are specific to
those found in Princes Gardens park in South Kensington, London, and the conclusions

from this experiment are specific to those conditions.

4.5.2 Inductance and Resistance Measurements

The impedance measurement setup proposed to tune the HE-TPT] test load (Section
was implemented to measure the@ produced by the test load and a layer of the material
under test between the coils. The measurements of equivalent inductance and resistance
of the transmit coil, coupled to the [HF-IPT] test load, with the alternative media between

the coils, are presented in Fig.
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Figure 4.12: Photographs of the test rig developed for the characterisation of an inductive
link with alternative media.

4.5.3 [HF-IPT] End-to-End Experiments at 13.56 MHz

Once the reflected impedance was characterised, the test load was exchanged with a
[HE-TPTreceiver in order to measure output power. The test rig in Fig. shows the
to DOMHEF-TPT] system employing Inverter II: Class EF and Rectifier II: VM Class D.

The load-independent Class EF inverter was selected because, as demonstrated in the
Experiment I (Section, the shape of the drain voltage waveform changes with respect
to the amplitude and angle of [Zz ., and therefore the waveforms could be used to identify
large changes on [Zegl At the receive side, the voltage-multiplier Class D rectifier was
selected because its large [AC] to gain allows achieving high voltages at low [E] thus

making the difference in the induced electromotive force on the receive coil (&) more easily
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Figure 4.13: Measured resistance and reactance of the transmit coil coupled to the re-

ceilvers under test.

identifiable. [Ry] (12492) and [H (5.3 %) were kept constant throughout the experiments.

The results are shown in Table (4.5
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(d) Water

Figure 4.14: to [DCHF-IPT] system performing wireless power transfer through al-
ternative media.

Table 4.5: Experimental results of to [DC[HE-IPT] with alternative media wireless
gaps

Media P [W] Vo [V] io [A] Ps [W] Total losses [W] Nde—o
Air 108.9 100.8 0.813 82.0 26.9 75.2%
Brick 105.7 98.5 0.798 78.7 27.0 74.4%
Soil 101.7 95.6 0.7645 73.1 28.6 71.8%
Water 101.0 95.0 0.752 71.4 29.6 70.7%

The drain voltage waveforms of the inverter are shown in Fig. 4.15

4.5.4 Discussion

Minimal changes can be observed in the measured resistance and inductance (Fig. [4.13)
of the transmit coil, coupled to the test load with the materials under test between the

coils. However, in the [DC] to [DC]| experiments, a decrease in the reflected resistance on
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Figure 4.15: Inverter drain voltage waveforms performing wireless power transfer through
alternative media.

the transmit coil and in the amplitude of [E] can be identified. When the layer
of water was introduced, the output power decreased by 13 % with respect to air, which
demonstrated that [gdecreased. In the case of water, since the input power also decreased
(7.5% with respect to air), it can be concluded that [Re,| was lower in this case. From
the alternative media under test, water was the one with the highest impact on output

power and efficiency.

The performance of the circuits at both ends of the system was not affected by the materi-
als under test between the coils. As can be seen in Fig.[4.15] the switching performance of
the inverter does not change with the different materials. A slightly higher peak-voltage
is reached (Fig. 4.15| (b)), in the case where the link is solely comprised of air, which
suggests that when alternative media were placed between the coils, the inverter became
slightly less loaded, which is congruent with the measurements of Table[£.5 Furthermore,
the measured changes when the materials under test were placed between the coils are
relatively minor and no indication of sub-optimum operation, such as an increase in the

temperature of the transistor, was observed in the experiments.

In summary, the investigated alternative media do not produce major effects on the
operation of the system. These experiments, can therefore be used as an initial validation

study for [HE-IPT] underground devices or to perform WPT] from an underground source.
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4.6 Experiment III: Reflected Impedance Estimation

Using Waveforms

In this section, a technique to estimate[Zcq| was developed by solely observing changes on
the drain voltage waveforms of the inverter. The results of this case study were published
in [96], and a similar approach was implemented to identify foreign objects within reach

of the transmit coil in [98].

4.6.1 Introduction

Modelling a [HF-TPT] system using the equations and equivalent circuits derived in Chap-
ter [2] allows decoupling the transmitter and receiver by representing their respective in-
teraction as [Zeg| at the transmit side and [£J at the receive side. The respective circuits
can therefore be designed considering the range of operation for these variables without

necessarily knowing the specifics of the link or the other end of the system.

Knowledge of the reflected impedance is key in the design of the inverter for systems
that allow for spatial freedom and variable power demand. [Zcg which not always purely
resistive has to be confined to the range of tolerance of the inverter, both with respect to

resistance and reactance.

4.6.2 The Reflected Impedance Estimation Principle

The proposed technique to estimate [Zeg| consists of gathering signals from the inverter,
from simulation or experiments, while power is transferred to known loads, in order to
classify the waveforms in the load domain. A model can then be programmed to identify
the load based on measurements at the transmit side using the previously collected and

classified data.

113



4.6.3 The Reflected Impedance Estimation Technique Using a

Class EF Inverter

The experimental waveforms in Fig. 4.9| (Inverter I: Class E) and Fig. (Inverter II:
Class EF) suggest the possibility of estimating [Zeg| using solely the drain voltage wave-
forms since changes can be identified when the load changes its magnitude and phase.
Most notably, the drain voltage of the Inverter II: Class EF has very distinguishable
variations when @ and @ change. From simulation, the waveforms of this inverter

change with load as shown in Fig. 4.16
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Figure 4.16: Theoretical waveforms of a load independent Class EF inverter with detuned
loads.

These theoretical waveforms showcase a range of @ broader than the one in the practical
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experiments in the Experiment I (Section as this range is greater than the one
tolerated by the inverter without getting damaged. From the waveforms in Fig. [4.16] a
clear difference in the shape of the drain voltage waveform (Vgs) is observed once
changes, and since Vjq is relatively easy to measure (as opposed to for example iq) it is

well suited as the parameter to estimate the reflected impedance by a candidate receiver.

Once a known load is reflected to the transmitter using the inductive link and the [HE-IPT]
test load developed in Section [4.3] the data necessary to create an impedance estimation
model is gathered and classified. Two common machine learning algorithms were con-
sidered to train the model, support vector machine (SVM) and convolutional neural
network (CNN). SVM, described in [108], is commonly used in classification applications
and in regression models, e.g. stock market prediction [109, 110]. SVM can be used
to train a model to estimate [Zeq, however the proposed model should be capable of
achieving this regardless of the phase of the drain waveform. Therefore, an SVM-based
approach would require data pre-processing before training. In order to avoid the data
pre-processing, CNN was selected to train the estimation model, since it can recognise
the patterns without being affected by shifts in position [I11], i.e. phase. CNN has been
used in various classification applications such as medical signal processing [112] and face

recognition [113].

The training data are divided into three subsets: 85% of the training data are used to
train the CNN model, 10 % as the validation data set during the training process, and the
last 5% as the final test to evaluate the performance of the trained model. The network

layers were configured manually based on the performance of the model.

4.6.4 Verification of the Reflected Impedance Estimation Model

The proposed technique was first verified by simulating Inverter II: Class EF using SPICE,
driving different linear loads, and then experimentally. A model was derived to predict

the reflected impedance from both simulation and experimental waveforms.
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Circuit Simulation

Inverter II: Class EF was simulated in SPICE, driving a reflected impedance, from which
the real part (Req) was set from 0 to 10 €2, and the imaginary part (X.q) from —5 to 5 Q,
both with steps of 100 m{2. The drain-voltage waveforms were recorded when the system
reached steady-state for each reflected load, and then were classified with respect to @
These data were then used to train and verify the model. The reflected load prediction
using the simulated drain voltage waveform is shown in Fig. The estimation accuracy
(coefficient of determination) is 09942 for the real part of the impedance, and is 09905

for the imaginary part.
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Figure 4.17: Results of the impedance prediction from simulation.

Experimental Verification

A similar process to gather data was done on the built [HE-IPT] system under test
(Fig. 4.11)). The set of loads described in Table with the addition of ones obtained
from changing the position of the coils from 12 to 20 cm with steps of 1 cm, were used to
train the model. Four loads which reflect a negative reactance and three which reflect a
positive reactance were used (RL1-RL4 & RCI-RC3 from Table at the coil separa-
tions mentioned. The reflected reactance allowed by this setup was roughly from —2 to

2 ), and the reflected resistance from 0 to 8 2. The @ prediction values of the exper-
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iments are shown in Fig. |4.18] The estimation accuracy (coefficient of determination) is
0.9899 for the real part of the impedance, and is 0.9743 for the imaginary part. In the
plots in Fig. [£.18] the model achieves accurate predictions with the exception of the case
when the reflected reactance had a high positive value, suggesting that the model needs

further training for such cases.
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Figure 4.18: Results of the impedance prediction from experiments.

4.6.5 Discussion

These experiments demonstrate an accurate prediction of @ achieved from solely ob-
serving and comparing the transmit side waveforms. This proof of concept was performed
on simulation and with experiments separately. Ideally, a model should be generated from
simulation, where a much larger set of data can be gathered, without requiring training a
built system for all cases which produce changes in [Zeg} This poses a challenge because
in such case, the SPICE model has to represent what is measured by the on-board equip-
ment, and not the signals that would be obtained from ideal measurements. In addition,
the experiments were performed using a LeCroy oscilloscope, while a realistic setup for
live on-board measurements would likely include an analogue to digital converter with a
much lower bandwidth that the one in the oscilloscope, therefore affecting the accuracy
of such prediction. These challenges, however, can be tackled, realistically, to perform

on-board live [Zeg| measurements. For example, since changes [Zeg| are most likely to be
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much slower than the frequency of operation, as these depend of motion or load changes
(which are usually coupled to large reactive components), the inverter waveforms can
be constructed within a number of periods of the inverter switching signal and before a

detectable change in [Z¢g| can be measured.

The proof of concept of this section can be the basis of a live on-board measurement
technique which allows system level decision making in a [HE-IPT] system integrated in
an application, based on the assessment of [Z¢q| which gives information of the electrical

circuit that is coupled to the transmitter.

4.7 Experiment I'V: Characterisation of Corroded HF-

IPT Coils

An additional practical aspect of operating [HF-IPT] systems in the field, is the possi-
bility of system damage and degradation due to water ingress and/or corrosion. This
section describes experiments which investigate the effects of corrosion on air-core coils
for [HE-IPT] The work presented in this section is a collaboration between members of
the Wireless Power Lab and members of the Campbell Group from the Department of

Chemical Engineering of Imperial College London. These results were published in [97].

4.7.1 Introduction

Limited studies detailing atmospheric corrosion on electronic materials can be found in
the literature, e.g. [114], where a review of the effects of corrosion on electronic circuits
and [PCBk was carried out. Additionally, assessment of corrosion in radio frequency
identification (RFID) has also been presented [I15]. Corrosion resistance of materials in
electronics are influenced by a wide range of environmental variables, e.g. temperature,
relative humidity, presence of corrosive gases, as well as fabrication defects and high-

voltages [I16]. The latter poses a notable concern due to the presence of high voltages in
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the coils used in [HF-IPT].

The work presented in this section demonstrates the performance of a [HE-IPT system
after the transmit coil has had exposure to relevant and potentially corrosive conditions.
This work includes analysis of changes to the coil during corrosion (using optical and
electron microscopy, as well as elemental analysis) to establish the impact on performance

metrics.

4.7.2 Association of Power Dissipation on the Coils and Corro-

sion

The possible effect of corrosion on the [ESR] of the coils, and consequently on the Q-factor
was raised in [31I] where a Q-factor of 2500 was expected from calculations, but it was
measured at 950. Authors claim that the unexpected lower value of the Q-factor was
probably due to a less conductive copper-oxide layer on the copper conductor that forms
the coil, and since the skin effect at these frequencies (9.9 MHz) causes a much higher
current density at the edge of the conductor (the skin depth of copper is approximately
21um at 9.9 MHz and 18 ym at 13.56 MHz), this layer of oxide would increase the coil

[ESRl This work aims to corroborate or disprove that hypothesis.

4.7.3 Corrosion of the Immersion Silver Finish of the Coils Un-

der Test

Since air-core coils allow achieving high Q-factors (>500) when operating at the
two first industrial, scientific and medical ([SM)) bands (Table [4.1)), two of the two-turn
circular [PCB] coils described in Section were selected to conduct the experiments.
These coils under test were fabricated on a 1.6 mm thick FR4 substrate PCB with two-

ounce-copper, a silver immersion finish of 0.1 pm to 0.2 pm, and no solder mask.

Copper, due to its good electrical conductivity and relatively low cost, is the most
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widely used metal for PCBk. However, copper corrodes when exposed to oxidising con-
ditions [117], thereby requiring a further protective layer (which also offers ease for sol-
dering). Most commonly, a surface finish (for lead-free electronics), which was employed
in the fabrication of the coils under test, is the immersion silver finish [I17]. It is charac-
terised by both high solderability and wettability at a considerably lower cost than most

surface finish technologies.

Due to this fabrication method, consideration of corrosion must include: silver, the in-
terface between silver and copper, and copper. The exposure of silver to a chloride-rich
atmosphere can form a layer of non-conducting silver chloride (AgCl) on the surface,
thereby limiting the shelf-life and solderability [I17]. Secondly, due to the contact be-
tween silver and copper, galvanic corrosion has been reported to occur. Galvanic corrosion
occurs when two metals are in contact and the more noble metal is protected, whilst the
more active metal dissolves and corrodes [I16]. For PCBs, the active metal is copper
and corrosion leads to the evolution of an oxide layer on the surface of copper [I18]. The
initial phase of the oxide layer is usually cuprite (CupO) or tenorite (CuO). Thirdly, for
copper corrosion in marine environments, the chloride-rich nature results in nantokite

(CuCl) and then transforms to paratacamite (Cuy(OH)3Cl) [11§].

4.7.4 Experimental Work Part I: Corroding the Coils Under

Test

The coils were corroded in order to establish the performance of a [HE-IPT] system as
compared to one which was untainted. A custom built chamber (Fig. , was used
to simulate a relevant marine-like corrosive environment. The coils were placed in slots
and were wetted daily with brine, a 7 wt.% NaCl aqueous solution. This was designed
to mimic a scenario where the coil was unintentionally splashed on occasion over the
course of 30 days. The baseline final Q-factor of an untreated coil, subjected to the
same analyses, was measured at 766.9 at 13.56 MHz. By contrast, the worst performing

treated coil, described in further detail below, had a Q-factor of 614.1 at 13.56 MHz. It
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Figure 4.19: Photograph of the gradually corroded coils in the corrosion chamber.

should be noted that [ESR] of high-Q coils is difficult to measure accurately [103]; however,
these large differences in the measurements indicate that the coils under test (treated and

untreated) have different conduction characteristics at the measured frequency.

4.7.5 Experimental Work Part II: DC-DC HF-IPT Testing

An IPT test rig, consisting of Inverter II: Class EF, an IPT-link with two coils (Sec-
tion 4.2.2)) separated by a 15 cm air-gap, and Rectifier II: VM Class D, was designed and
built. Fig. shows the experimental setup.

Figure 4.20: Photograph of the experimental test rig for inductive power transfer.
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Since Inverter IT was designed to be load independent, the coil under test can be placed
at the transmit side, where it is expected to drive constant amplitude [ip} Therefore,
at the transmit coil, constant losses are expected throughout the load spectrum. The
inverter was set to drive the transmit coil under test with a 13.56 MHz 4.3 A (root mean

square (RMJS)) sinusoidal current, to induce an electromotive force on the receiver, and

perform [PT1

This to [DC [HE-IPT] system allows quantifying the losses across the entire system
accurately, thereby providing a basis to report total losses in the system when alternating

between an untreated and the treated coil at the transmit side.

4.7.6 Experimental Work Part III: Materials Characterisation

of the Coils Under Test

At the conclusion of the experimental study, the conductive materials of the coils can be
analysed to investigate the relationship between a reduced Q-factor (and consequently
system efficiency) and material changes. The characterisation methods utilised to probe
the conductive layer of the coils are X-ray diffraction and Scanning Electron Microscopy

(SEM). Elemental analysis was establish via Energy Dispersive X-ray (EDX) spectroscopy.

X-ray Diffraction

The X-ray diffraction (XRD) technique provides insight to the crystal structure of a ma-
terial by probing with monochromatic X-rays and measuring the diffraction as a function
of angle. Each of the peaks in the resulting diffraction pattern stands for a group of crys-
tal planes. The characteristic interplanar spacing (d) can be calculated using Bragg’s law
A = 2dsin(f), where X is the wavelength of the incident X-rays and 6 the angle between
the incident beam and the scattering plane [I19]. Each material has a characteristic
diffraction pattern dictated by its crystal structure. Therefore, a diffraction pattern can

act as a fingerprint to identify a material. The diffraction spectra presented herein were
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obtained using a PANalytical Empyrean XRD with a wavelength of A=0.154 18 nm. The
patterns were collected using a Cu target at 40kV and 20 mA, while data analysis was

performed using the HighScore Plus software.

Scanning Electron Microscopy - Energy Dispersive X-ray Spectroscopy

Scanning electron microscopy (SEM) provides information about the topography and el-
emental composition of the sample surface. Imaging can be achieved via the interaction
of the surface with a high energy beam of electrons (20keV). The result of such interac-
tions can be inelastic or elastic leading to the generation of secondary or backscattered
electrons, respectively [119]. By collecting and counting the electrons leaving the sam-
ple surface using appropriate detectors, an image is formed and recorded. Additionally,
the elemental composition of the surface can be probed by collecting the X-rays pro-
duced when the inner shell electrons of atoms on the surface are excited. These emitted
X-rays have a characteristic energy for each element, allowing for identification. The lat-
ter technique, termed energy dispersive X-ray spectroscopy (EDX), provides a valuable

qualitative analysis of the surface elemental composition.

Imaging and elemental analysis of the PCB samples was performed using 6400 and
6010LA microscopes, both by JEOL, while the image and spectra collection and analysis
was performed using INCA software. As non-conductive samples cannot be analysed with
the SEM, due to charging, the samples were coated with chromium to enhance electron

transfer and improve resolution.

4.7.7 Experimental Results of a HF-IPT system Operating with
a Corroded Coil

For a 13.56 MHz current of 4.3 A, the losses in the coils were calculated to be 2.71 W
for the untreated coil and 3.24 W for the treated one in accordance to the measurements

of the [ESR] of the coils. Therefore, since the equivalent-series-resistance of the transmit
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coil (]ED is the only variable that changes when the transmit coils are exchanged, the

power losses are expected to be higher for the treated coil across the loading range.

Measurements of the total losses of the system (Table [4.6]), demonstrate that the system
using the treated coil is indeed less efficient than the system using the untreated coil over

a broad range of [RJ]

Table 4.6: Experimental results of DC| to DCIHEF-IPT] with a corroded and an uncorroded
coil

Coil condition R, [Q] P [W] P, [W] Total losses [W] A Losses [W] Nde—o
Untreated 1594 29.3 15.3 14.0 52.2%
Treated 1591 30.1 15.2 14.9 +0.9 50.4 %
Untreated 913 39.5 25.4 14.1 64.4%
Treated 913 39.9 25.1 14.8 +0.7 62.8 %
Untreated 427 65.6 50.1 15.5 76.4 %
Treated 426 66.1 49.5 16.6 +1.1 75.8%
Untreated 182 96.3 73.0 23.3 75.8%
Treated 183 95.7 72.1 23.6 +0.3 75.4 %

In addition, thermal images (Fig. 4.21]) of the treated and untreated coils were used to

highlight discrepancies which may have arisen from the treatment process. The untreated
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(a) Untreated coil (b) Treated coil

Figure 4.21: Thermal images of the coils under test driving 4.3 A at 13.56 MHz.

coil has a temperature maximum of 33.0°C at the point where the two turns cross and
intersect with the inverter, when driving 4.3 A at 13.56 MHz for five minutes. By contrast,

the treated coil has a maximum temperature in the section of the coil marked in Fig. [4.22]
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The maximum temperature on the treated coil was measured to be 35.8 °C, thereby also

confirming that there is an increase in the R of the treated coil.

4.7.8 Investigation of the Corrosion Mechanism of the Coils

Under Test

The coils used in the HF-IPT experiments were imaged with optical microscopy and
SEM. Investigation with XRD was conducted along with elemental analysis using EDX.
Untreated coils were established to be uniform across the entirety of the surface. The
low magnification optical microscope image (Fig. [4.22| (b)) demonstrates an example of
this. However, this is not the case for the treated sample. The most exaggerated exam-
ple of a treated coil is presented herein, where the the thermal imaging (Fig. 4.21] (b))
indicated a maximum temperature inconsistent with the untreated sample. This loca-
tion (Fig. [4.22] (a)), shows significant surface damage in the optical microscope image
(Fig. (c)). Whilst the original edges of the coil are apparent, the uniformity of the
surface material no longer exists. Moreover, the colour changes to the bulk material are
observed across the entirety of the coil. The two distinct regions, each starting at the
edge and moving inwards, showed the most severely discoloured and apparently damaged
surface observed across the entirety of this coil (Although, other instances of this process

commencing could be speculated).

As a baseline, the topography of the untreated coil was obtained using depth profiling (in
the red box regions highlighted in Fig. 4.22| (a,b)). The untreated coil has a thickness of
ca. 65 pm, above the surface of the plastic board (FR4) (Fig. (a,b)). This thickness
is even across all edges, as is evident from a three-dimensional rendering (Fig. [1.23) (c,d)).
Changes to the topography on the damaged coil is evident from both depth profiling
(Fig. (a,b)) and a three-dimensional rendering (Fig. (c,d)). From the original
bulk material down to the region, which shows extraordinary damage, an overall reduction
in height of ca. 30 - 35 pm was recorded. This level of loss implicates not only the removal

of the outer silver finish, but also exposure of the underlying copper.
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(a) Coil diagram with an indication of the lo-
cation under test

(b) Untreated coil, red boxes and black rhom- (c) Treated coil, red boxes and black rhombuses

buses indicate specific location of further op- indicate specific location of further optical and
tical and electron microscopy analysis respec- electron microscopy analysis respectively
tively

Figure 4.22: Images obtained with a digital microscope (100x).

(b) Depth profile of the right edge

(c) 3D model of the left edge (d) 3D model of the right edge

Figure 4.23: Images of the untreated coil taken with a digital microscope at 500x.

A further assessment of this corrosion with electron microscopy images allows a closer

inspection of the removal of the outer layers in the treated coil. For this purpose, the areas
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(c) 3D model of the left edge (d) 3D model of the right edge

Figure 4.24: Images of the treated coil taken with a digital microscope at 500x.

Corroded layer

SEl 20kV_ WD14mmSS41 X500 50um SEI" 20KV, WD14mm SS41 X500 50um

100um AR

(a) Untreated - conductive layer (b) Treated - conductive layer edge (c) Treated - copper trace
edge

Figure 4.25: Electron microscopy images.

indicated with black rombi in Fig. [4.22| (b,c) were selected. Imaging of the untreated coil
shows a distinct edge between the copper trace and the FR4 (Fig. (a)). The edge
between the FR4 substrate and the corroded material was probed (Fig. 4.25((b)). Whilst
the border is still evident, the nature of the corroded layer is dramatically different in
appearance. A closer inspection of the centre of the coil is also considered, where the
smooth layer in the untreated sample is no longer evident. Rather, there is evidence of
poorly adhered flakes (Fig. |4.25| (c)). This change is observed across the coil surface, not

just local to the area with extreme damage.

Using EDX, a semi-quantitative assessment of the superficial elemental composition of
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the coil was made. To ensure the analysis is accurate, multiple measurements were done
on each sample and the average values, including the standard deviation are presented in
Table[4.7] As a basis of comparison, the untreated coil indicates an elemental composition
consistent with the coil fabrication: silver coating on copper is detected (Table .
Whilst the total content of the coil is higher in copper, this is an artefact of the technique.
As such, the detection of some copper is a result of the interaction volume of the electron
beam and the sample surface, thereby probing not only the surface but some material
underneath. Two specific points on the corroded regions were targeted for elemental
analysis. On a poorly adhered flake (site A on Fig.|4.25|(c)), only traces of silver remain.
The composition is primarily copper and oxygen, with traces of chlorine. This suggests
that a copper oxide corrosion product has been formed on the surface. On the underlying
material (site B on Fig. 4.25| (¢)), below the loosely adhered flakes, 36 and 52 at. % of
silver and copper are measured, respectively. Furthermore, oxygen content, at 10 at. %, is
markedly lower than on the flakes. Additionally, there is a continuing presence of chlorine

across this surface as well.

Table 4.7: Average chemical composition (at.%) of the treated and untreated conductive
layer

Treated Untreated

Element Site A Site B
Silver 0.1£+0.0 36.2+4.0 43.3+£1.0
Copper 33.0+5.6 52.4+4.3 56.7+ 1.0
Chloride 0.54+0.0 1.4+£0.0 0.0+ 0.0
Oxygen 66.4+ 5.4 10.0+1.2 0.0+ 0.0

Small distinctions between the treated and untreated samples can be noted from the
diffraction patterns (Fig. Whilst notable peaks for copper, 44, 50 and 74° 20, are
consistent, the less intense peaks at lower 26 values are of specific interest. The small
peaks at 36 and 38° may indicate that Cuy(OH)3Cl or CuyO is formed on the surface [120],
consistent with the previous elemental analysis. Additionally, changes to the nature of the
copper crystallinity are suggested as a function of changing peak ratios amongst the three

most prominent peaks. Notably, whilst the bulk material changes are not immediately
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Figure 4.26: X-ray diffraction patterns of the untreated and treated coils.

responsible for reduced performance of the coil, it likely provides a foundation upon which

more significant, and impactful, corrosion can occur.

4.7.9 Conclusion

Impedance measurements and thermal images indicate that the treated coil, with the
lowest Q-factor, has an additional source of losses at a local region of the copper trace.
This subsequently compromises the overall conduction path of the coil. Observations
of this part of the trace using optical microscopy indicate that the trace was heavily
corroded, thereby significantly reducing the conduction path. As such, the local corrosion
damage is attributed with a 20 % decrease in Q-factor on the treated coil, as compared to
the untreated. Notably, the oxide layer and damage across the surface more widely is not
implicated in these performance losses. As such, this work demonstrates that corrosion
can significantly influence the Q-factor of [PT] coils, and consequently the end to end

efficiency of a [HE-IPT] system.
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4.8 Summary

This chapter presents work in the characterisation of [HE-IPT] systems in scenarios where
practical aspects, such as detuning, and system deterioration are taken into account in
the design of the transmitter and receiver, which can be investigated independently in
accordance to the formulation proposed for the reflected impedance on the transmit side

and the induced electromotive force on the receive coil described in Chapter [2]

The design and construction of a [HE-IPT] test load, and the methodology to tune it
precisely using the impedance analyser was a fundamental element in characterising the
effects of different reflected impedances on the transmit side. The characterisation of
an inductive link with air-core coils allowed performing diverse but related experiments.
First, the inverters were tested against detuned loads; second, the effects of introduc-
ing three alternative media between the coils instead of air were analysed. A reflected
impedance estimation technique using the transmit side waveforms was investigated, and

finally, the effects of corrosion on air-core coils were experimentally verified.

The research presented in this chapter has been exploratory in nature, and opens up
possibilities of future research projects. The experiments help better understand funda-
mental principles of [HE-IPT] concerning different possible situations that may arise as

the systems are integrated into commercial products.
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Chapter 5

Simplified HF-IPT Systems

AC-Mains Interface

The content in this chapter focuses on original work involving feeding a high frequency
inductive power transfer (HE-IPT]) system with low frequency (50 or 60 Hz) alternating
current ([AC]), emulating a mains voltage, instead of the traditional approach of relying
on a direct current (DC) source to feed the system. Part of the work discussed in this
chapter has been published in an IEEE Conference Proceedings, [I121] and the work
involving driving the proposed Class E based inverters from an [AC] source has been filed
as an international patent [122]. The proposed system configuration allows one power

electronic stage to be eliminated, thus increasing the end-to-end system efficiency.

5.1 Introduction

Most of the electronic appliances which require a voltage source but are powered
or charged from the mains, require power factor correction (PEC]) circuitry so that the
nonlinear load comprised of a mains-rectification stage and a load appears to be
resistive. Emulating a resistive load, in principle, is useful because when the power factor

is unity (i.e. the load is purely resistive) the highest output power is achieved for a given
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line total root mean square (RMS) current, minimising the line conduction losses and

maximising the utilisation of the feeding conductor. The power factor can calculated as:

Pay
PF = £

- Y 7
ermslrms

(5.1)

where P,,, is the real power (i.e. the average power over one period of time) and Vips
and I, are the voltage and current respectively. Since the voltage and current
are periodic signals, they can be represented as a Fourier series, thus allowing the real
power to be calculated from the voltages and currents that operate at the same frequency
(otherwise the average power is zero) and at the same phase (if the signals are expressed

as the sum of two signals, one that is in phase and one that is 90° out of phase).

In practical terms, if the voltage is assumed an ideal sine-wave, the power factor is

calculated as:

cos(0)
pr =950 5.2
V1+THD? (5:2)

where 6 is the phase angle between the fundamental voltage and current, and the current’s

total harmonic distortion (THD)) is defined as:

THD = +"=2 (5.3)

where [; is the current at the fundamental frequency in and I, is the current at each
harmonic frequency in [RMSl The that a nonlinear load is allowed to generate is
regulated by standards (e.g. [123]), for which passive and active current shaping circuits
are employed, typically at the front end of the converter connected to the power supply.
Most commonly, switched-mode power supplies using topologies based on the boost con-
verter [124] are used to achieve a resistance emulation given that the boost-converter is a

current-source [DCHDC] converter, which is a convenient feature for input current shaping.

The traditional design theory of high frequency inverters assumes an ideal voltage
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source (e.g. [125]), and proposes the design of the passives, switching frequency and duty
cycle accordingly. A typical [HE-IPT] system, which has a high frequency inverter at the
transmit side, is also commonly designed from an ideal voltage source. Similarly, at
the receive side a output voltage is expected. Therefore, for such type of designs,
a front-end circuit that performs [PEC] and regulates the output voltage which feeds the

inverter is required.

In the following sections of this chapter, an alternative [HE-IPT] system design which
takes advantage of some of the inherent properties of the [HE-IPT] circuits introduced
in Chapter [3] is proposed. In this system the power conversion stage from mains [AC] is
integrated in the design of the inductive power transfer ([PT]) system with the purpose of
simplification and convenience for integration into commercial applications, and since one
power processing stage is removed, the new system configuration can potentially achieve

higher efficiencies.

5.2 Power Factor Correction and Power Throughput
Control at the Receiver
Fig. [5.1] shows a block diagram of the main power conversion stages for HF-IPT], assum-

ing the coupling factor () to be constant. If the transfer function of the three stages

illustrated in the diagram in Fig. [5.1] are accounted as constant gains, the amplitude of

Vdc Z‘p SS ‘/0
Inverter IPT-link IPT rectifier

Figure 5.1: to [DCIHFE=IPT] system diagram with constant [kl

the transmit-coil current (i,) depends strictly on the input voltage (Vg and the
voltage-to-current gain of the inverter, the amplitude of the induced electromotive force
on the receive coil & depends on i, and the current-to-voltage gain of the [PTHink, and

the IPT-rectifier output voltage (V7)) depends on & and the voltage gain of the rectifier.
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The end-to-end [HE-IPT] system could therefore be represented as a single gain, corre-
sponding to the product of the gains of the inverter, the [PTHink and the rectifier, and
as such, the voltage waveform at the output is expected to be a scaled version of the
input voltage. Conversely, the impedance seen at the input of the system can also be
modelled as the product of the load impedance and the inverse of the system’s gain, if

the end-to-end efficiency is assumed unity.

If at the transmit side of a typical [HE-IPT] system, the mains connection is considered
instead of assuming an ideal [DCl source, the mains-todDC] power conversion can be rep-
resented as in Fig. [5.2] where a single stage accounts for the power conversion of the

[HE-TPT] system. Interestingly, in principle, the system diagram shown in Fig. [5.2] can be

V. Vi Ve Ve
— 2 | mains-rectifier rect PFC de HF-IPT System °

Figure 5.2: Mains to simplified typical HF-IPT] system diagram.

reorganised as proposed in Fig. [5.3] where Viey and V;, instead of being purely [DC] are

shaped as the absolute value of a low frequency sine-wave. The functionality of a[HF-IPT]

Voo Vi Ve Vi
e mains-rectifier et HF-IPT System : PFC -~

Figure 5.3: Mains to simplified [HE-IPT system diagram with the [PEC] circuitry on
the receiver.

system employing the system architecture proposed in Fig. and the one in Fig. [5.3
should be equivalent, however the advantage of the latter is that the system’s output
voltage can be regulated by the [PEC| stage allowing combining the [PEC] capabilities of
that stage with an output voltage regulation stage (shown in the system architecture of

Fig. , which is commonly implemented in this type of system.

Vinains v, Ve v i
— | mains-rectifier e PFC de HF-IPT System . DC/DC =

Figure 5.4: Mains to simplified typical [HE-IPT] system diagram with a regulated
output.
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Performing [PFC] at the receive side of an [PT] system was first proposed in [126]. That
system was designed to operate at 20 kHz, and be capable of supplying 1 kW to the load.
The main purpose of feeding the inverter from a rectified mains voltage, as opposed to
a regulated source, was to reduce the size of the input link capacitance of the
inverter, consequently improving the power density and reliability of the system, as it is
well known that large capacitor banks tend to significantly compromise the reliability of
a power converter [127]. One of the challenges addressed in [I126] was therefore to operate
the inverter from a fluctuating input voltage, shaped as the absolute value of a single-
phase [AC] voltage source, and perform [PEC] at the receive side with a boost-like current
shaping circuit. Improvements of the type of system first proposed in [126] can be found
in the development of bidirectional wireless power transfer (WPT]) systems in [58| 128].
As expected of a system that is fed from a rectified [AC] voltage, it is noted in [129] that
feeding an inverter from this type of source results in reaching peak voltages and currents

that are higher than those required for systems that operate in [DCL

Mains to converters are not commonly accounted for in the design of [HF-IPT] systems
since such solutions have mostly been proposed for low power applications. However, with
efficient higher power (>1kW) [HE-IPT] systems demonstrated [130} [131], solutions inte-
grating the mains to power conversion stage become more relevant. An example of
such concern has been addressed for example in [I32], where a 100 W mains-connected
6.78 MHz full-bridge inverter combined with a totem-pole rectifier was proposed. In that
work the two power conversion stages are unified, hence reducing the number of compo-
nents and allowing to drive an[[PT]transmit coil with the inverter connected directly from
the mains, however the system architecture used is a traditional one which requires the

additional power conversion stage for output voltage regulation highlighted in Fig. [5.4}
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5.3 Description of the Proposed System Architec-

ture

The main reason to operate a [HE-IPT] system with the [PEC] stage at the receive side
is different to that mentioned for systems that operate at kilohertz frequencies, mostly
because the current-driven resonant inverters (i.e. Class E and Class EF) proposed for
HE-IPT] have a large input inductance as part of the topology, thus not necessarily re-
quiring a large link capacitance. However, this technique allows the system to be
simplified by reducing the number of power conversion stages, hence reducing size, cost

and losses associated with that power conversion stage.

A typical system architecture with a converter after the rectifier for power reg-
ulation is shown in Fig. [5.5 (a). This system architecture includes a [PFCl stage at the
transmit side which is not always accounted for but is conventionally required to produce
a voltage supply from the mains. The voltage regulation feature of the [PEC] stage is
not fully exploited since the output voltage regulation is done by the converter at
the receive side. The system can be simplified by either eliminating the converter
at the receive side, for which a control loop from the system output voltage to the [PEC]
stage would be required, or by eliminating the [PEC| stage from the transmit side, and
perform [PEC] at the receive side converter. The latter is the proposed system
architecture (Fig. [5.5(b)).

g

‘/mzxins ‘/rcct V;lc p gs V; V;'eg

—>| mains-rectifier ——>| PFC Inverter IPT-link IPT rectifier DC-DC |——

(a) Traditional architecture

|

Vinains Vieet p & Vo Vieg
—_—

mains-rectifier Inverter IPT-link IPT rectifier PFC >

(b) Proposed architecture

Figure 5.5: Mains to [DC| typical and proposed [HE-IPT] system architecture.

The power conversion stages of the system are further illustrated with the transmit side
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waveforms in Fig. 5.6, and the receive side waveforms in Fig.

Vmains . . erect iP .
—— mains-rectifier Inverter IPT-link

(a) Transmit side block diagram
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oF =
~100| 50
—9200 | | | | 0 ! ! | ! ! ! |
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Time [ms] Time [ms] Time [ms]
(b) Vinains at 120V and 50 Hz (€) Vieet (d) ip designed for 8 A peak value

Figure 5.6: Theoretical waveforms at the transmit side of a [HF-IPT] system using the
proposed system architecture.

gs V;) ‘/reg
IPT-link IPT rectifier PFC

(a) Receive side block diagram
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Figure 5.7: Theoretical waveforms at the receive side of a [HEF-IPT] system using the
proposed system architecture.

The proposed system architecture for [HE-IPT] systems operates as follows: a single-
phase mains voltage (Viand) source is rectified by the mains-rectifier in Fig. |5.6| (a),
with theoretical voltage waveforms shown in Fig. [5.6| (b),(c). The output voltage of
this stage, Viect, is shaped as the absolute value of V.5 minus the voltage drop on the
diodes (Fig.|5.6| (c)). This source is then connected to a Class E or a Class EF inverter.
The amplitude of the output current on the inverter depends of V,..; therefore, the
transmit coil is driven by a high frequency (the frequency of operation of the inverter)

output current (i,), with a modulated amplitude determined by Ve (Fig.[5.6|(d)). The
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switching frequency and duty cycle of the inverter are kept constant. The current on
the transmit coil (i,) produces an induced electromotive force (&) on the receive coil, as
specified in (2.7)), and shown in Fig.[5.7 (b). An IPT-rectifier (this block also includes the
capacitance typically used to resonate the receive coil) is then integrated to rectify the
high frequency & and filter out the high frequency component, but not the lower (twice
the mains) frequency. The voltage waveform of V; is therefore with a modulated
amplitude determined by Vi (Fig.|5.7|(c)) and the gain of the rectifier. The final power
conversion stage is a converter, which not only shapes the system’s input current
(imains) to emulate a resistive load, but can also regulate the output voltage (Vieg). A
single closed-loop switch-mode power supply at the receive side of the system is utilised

for output voltage regulation (i.e. power throughput control) and [PECL

Since the [PFC stage emulates a resistive load, with a constant resistance regardless of
the instantaneous changes on[V] a constant resistance is also reflected back to the mains
power source. Fig. 5.8 illustrates the voltage and current waveforms with the same shape

and phase henceforth emulating a constant resistance.

g
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(a) System block diagram
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Figure 5.8: Theoretical waveforms of voltages and currents at key stages of the system.
The current is plotted as a dotted line.

As in any [PECl stage, as the load resistance changes, the input resistance of the converter

also changes. However, since the current shaping control of this type of system relies on
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the shape of its input voltage, the current, regardless of its average value, should follow

the form and phase of the voltage (Fig.[5.9). Similarly, in an [[PT] system with constant

3 3
150 1
150
= z 100 12
= = 100 = = =
oF = 1T 5 1
50 50
B P KN PG RSN SN ERhN PRGN Y P Kt FlN Pt Al SR SN N
W00 30 a0 0 0 10 20 30 40 50 0 10 20 30 40 50
Time [ms] Time [ms] Time [ms]
(a) Vmains and Tmains (b) V}cct and Trect (C) Vvo and 1o

Figure 5.9: Theoretical waveforms of voltages and currents at key stages of the system
driving a lighter load. The current is plotted as a dotted line.

ip, when [£] changes, the amplitude of [V] changes accordingly, and as long as these changes
are within the admissible range of the PEC] stage, it will draw more (or less) current from

[Vi] to maintain the constant [PT]system regulated output voltage (Vieg), as illustrated in

Fig. [5.10]
3 : 3
200 o[ - ]
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100}/ 2 2
_ d = — 100
z = 100 = B =
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(2) Vinains and imains (b) Viect and dyect (c) Vi, and i, with lower [E]

Figure 5.10: Theoretical waveforms of voltages and currents at key stages of the system
with lower [l The current is plotted as a dotted line.

5.4 Experimental Verification

A set of experiments were performed to verify the practicality of the proposed system
architecture. A 150 W 13.56 MHz [HF-IPT] system was built, using the proposed inverters
and rectifiers of Chapter [3] and the printed circuit board (PCB]) coils of Chapter

139



The test setup (Fig. [5.11)) and the equipment used for these experiments are specified in
Section

Figure 5.11: 60 Hz[AC] to regulated [DC|[HF-TPT] systems experimental setup.

The experiments presented herein are organised as follows: first, the three candidate
inverters proposed in Chapter [3| were powered from a rectified 60 Hz voltage source, and
these were tested powering the inductively coupled test load developed in Section A
change in the reflected load was verified. Afterwards, a [HE-IPT] receiver was fed from
the transmitter instead of the test load, first to verify that the [PEC| stage at the receiver
performs [PEC] at the mains source, and afterwards to demonstrate the proposed system

architecture operating from the proposed current-source inverters.

5.4.1 Case Study I: Driving Class E and Class EF Inverters

from a 60 Hz Sinusoidal Input Voltage

The inverters built and described in Chapter |3 were tested at different input voltages
(Fig. in order to verify the correct operation throughout the voltage range, and
the inverters experimental voltage-to-current gain. Inverter I: Class E and Inverter II:
Class EF were tuned considering a maximum voltage of 170 V (= 1201/2 V); however their

voltage-to-current gain is slightly different. Fig. shows the respective measurements
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of the amplitude of 4, in function of Vg.. The gain of Inverter I: Class E is 0.0447 AV~

and the gain of Inverter II: Class EF is 0.0506 A V1.

10 T T T

Inverter I:Class E

—»— Inverter I1:Class EF

9 ! ! ! ! !
60 80 100 120 140 160

Vdc [V]

Figure 5.12: Experimental verification of the output current amplitude as a function of
input voltage of inverters I and II.

It should be noted that in the circuit topologies proposed for this system architecture,
there is a capacitance (Denoted as C in Fig. and in parallel with the transistor,
and since the output capacitance of a transistor (Cqy) is voltage dependent, as the input
voltage changes, the tuning might be compromised. This effect, however, was taken into
account when the inverters were designed (Chapter , by proposing solutions where C' is
much larger than [Cyl and the constant inverters gain (Fig. demonstrates that the
inverters can be fed from a broad range of input voltage, as is the case in the proposed

system architecture.

The inverters were powered from an [AC| power source at 120V and 60 Hz, which is the
nominal single-phase commercial and residential mains voltage in countries like Costa
Rica or the United States. This voltage specification was selected, as opposed to 240V
and 50 Hz, which is the nominal mains voltage in the UK, since the devices voltage ratings
would have been surpassed with these topologies. The circuit topologies of Inverter I:

Class E and Inverter II: Class EF driven from a low-frequency [AC] source are shown in
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Fig.[5.13

‘/;EC‘?

Zeq
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(a) Inverter I: Class E from mains [AC]
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Vmains
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L

(b) Inverter II: Class EF from mains [AC]

Figure 5.13: Circuit topologies of Inverters I and II from mains [AC

Oscilloscope traces verify that the shape of rectified-mains voltage (Vi) and iyt are
illustrated in Fig. [5.14] These traces were captured for an input power of 150 W, and
the power factor in both cases was >0.995. The coils were aligned at a separation of
11 c¢m for Inverter I and 12 cm for Inverter II. This to achieve the same power level using
the test-load developed in Section 4.3 The difference in coupling for the two cases is
due to Inverter I having a lower voltage-to-current gain than Inverter II (Fig. ,
and since both inverters are powered from the same power supply, they require different
reflected loads to reach the same power throughput. The only detectable difference in
the waveforms of the system operating from these two candidate inverters is that the

drain-voltage of Inverter I is higher that the one of Inverter II, which is expected.

These experiments demonstrate that a resistive-tuned reflected impedance on the trans-
mit side in a [HE=IPT] system using the current-source inverters proposed in Chap-

ter [3] achieve unity power factor when powered from a rectified low frequency [AC] voltage.

142



(a) Inverter I: Class E (b) Inverter II: Class EF

Figure 5.14: Oscilloscope Traces of Vieer (Channel 1), 4yt (Channel 2) and Vs (Chan-
nel 3).

5.4.2 Case Study II: Changing the Reflected Load to a Push-
Pull Class EF Inverter When Powered From a 60 Hz Si-

nusoidal Input Voltage

Inverter I1I: Push-Pull Class EF was also configured to be powered from a low frequency

[AC source. The circuit diagram is shown in Fig. .15

V;isl V;'ect / Vcls2
T ’iL Ll T Ll Z'L/ T
— e Y YN . . YY),

ia, id, /
Ly . L
mains

c, —— %

1

L

[ | Ry Ly Zeq
| | NV L

Figure 5.15: Circuit topology of Inverter ITI from mains [ACL

This design has a significantly higher voltage-to-current gain than the one of Inverters I
and II. The gain of this inverter was measured at 0.098 A V! as is shown in Fig.|5.16| The
higher gain feature, which is inherent of the push-pull topology, allows driving the coil
with higher current amplitude, thus making it more suitable for higher power applications.

For this reason, it was also built using higher rated transistors, as specified in Table [3.4]
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Vie [V]

Figure 5.16: Experimental verification of the output current amplitude as a function of
input voltage of Inverter III.

For these experiments, the inverter was powered from a 100V 60 Hz voltage source as
opposed to the typical mains voltage of 120V used in the experiments using Inverters I
and II. Fig. [5.17] shows the experimental setup using Inverter III: Push-Pull Class EF
and the [HE-TPT] test load developed in Section [4.3]

Figure 5.17: Experimental setup using Inverter I1I: Push-Pull Class EF from a low fre-
quency [AC] voltage source.

After demonstrating that this type of inverter is also suitable to be powered from a

low frequency [AC] voltage source, the test load coil position was stepped to change the
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reflected resistance on the transmit coil and verify that as long as it is maintained
resistive, the system should achieve unity power factor. Fig. [5.18|shows the waveforms of
Vieet and i,ect with different @ corresponding to different coupling values with the test
load.
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50 50
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.
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Time [ms] Time [ms] Time [ms]

(a) No load. PF=0.939 (b) Test load at 18 cm. PF=0.991 (c) Test load at 15 cm. PF=0.997

Figure 5.18: Experimental waveforms of Inverter IIT powered from a 60 Hz voltage source.

When the system was unloaded, the standby power consumption was approximately
40 W, and the power factor 0.939. As the transmitter was loaded, first with the load
at 18 cm distance and afterwards at 15cm, the power factor improved to 0.997. At this
point, the system’s input power was measured at 293 W. It should be noted that @ for
these experiments is much lower than in the experiments of the previous case study due
to the higher gain of the inverter. However, unity power factor is also achieved for the

lower [Zeg| of this case study.

5.4.3 Case Study III: Operating the Proposed Architecture Us-
ing a Large DC-Link Capacitor After the IPT-Rectifier

Instead of the PFC Stage

Once it was demonstrated that unity power factor is achieved when the receiver is a
resistive load, a receiver with a rectifier was integrated. The rectifier in these experiments

is Rectifier I: RCN Class D, described in Section [3.5]

Fig. 5.19| (a) shows a photograph of the experimental setup for this experiment and
Fig.[5.19| (b) shows a detail of the PCBlof the rectifier, with the addition of three 100 pH
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electrolytic capacitors in parallel with the output capacitance of the rectifier to filter out
not only the 13.56 MHz signal but also, to an extent, the 120 Hz from [V} In that case,

instead of being resistive, [Zeq| depends of [Vieed, and thus is non-linear.

(a) Experimental setup (b) Rectifier PCBlwith addi-
tional electrolytic capacitors

Figure 5.19: Experimental setup to reflect a non-linear load to the transmitter.

The first experiment consisted of powering the system without modifying Rectifier I,
with the designed output capacitance of 1 pH (Table , which would filter out the high
frequencies of the inverter but not the low frequencies of the mains voltage. After the
rectifier, the [PFC circuit, also specified in Section [3.5] which emulates a resistive load,
hence achieving a constant @ was integrated. The system operated similarly as the one
verified in the first case study. The circuit waveforms are shown in Fig. [5.20](a). A second
experiment was conducted where three electrolytic capacitors of 100 pH (Fig. [5.19| (b))
were included in parallel with the designed output capacitance of the rectifier (of 1 pH) to
verify that once @ is non linear (the added capacitors make it behave as an impedance
that depends of [Vie]), unity power factor is no longer achieved. The waveforms of this

second experiment are shown in Fig. |5.20| (b).

These two experiments were conducted to demonstrate the necessity of having a resistance
emulation circuit after the rectifier in order to achieve unity power factor, similarly as it

is required in a traditional [PEC] circuitry from the mains.
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(a) Receiver with a PFC stage. PF=0.999 (b) Receiver with a large output capacitance
and no [PEC] stage. PF=0.854

Figure 5.20: Oscilloscope traces of Vgs (Channels 1, 2), i, (Channel 3) and iy, (Chan-
nel 4).

5.4.4 Case Study IV: Driving the Inverters from a 60 Hz In-
put Voltage and Feeding the Load with a Regulated

Output Voltage

A 150 W end-to-end system using the proposed system architecture was built. The circuits
which were implemented were Inverter I11: PP Class EF and Rectifier IT: VM Class D. The
additional boards (the PFC stage and the mains-rectifier) are detailed in Section [3.7.3]

The system was tested at different air-gaps from 15c¢m to 12cm corresponding to a
coupling range of 3 to 8% and different loads. At lower coupling (<4 %), the system
could only power up loads lower than 100 W, since as the load was increased, the PFC
stage stopped regulating the output voltage at 400 V. The minimum coupling at which
the system operated for the entire load range was at 5.3 %, when the coil separation was

set at 13cm. The results and waveforms of the system operating at this coil separation

are shown in Fig. [5.21]

The load was stepped from 50 to 150 W in order to assess the system at different loading
conditions. At full load, the system reached an end-to-end efficiency of 73.3% and the

power factor was measured at 0.993.
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Figure 5.21: Experimental waveforms of the input voltage and current of the inverter
when fed from an 60 Hz[AC] source, and loaded with the proposed rectifier followed by a
PFC stage at the receiver and a load.

5.5 Summary

This chapter proposes an alternative [HF-IPT] system architecture feeding the Class E
or Class EF inverter directly from the mains voltage, where in order to achieve unity
power factor, a [PEC| stage was included at the receive side to also regulate the output
voltage, taking the place of the regular converter that is often present on the
receiver. The proposed architecture was tested using the three proposed current source
inverters, taking advantage of the inherently continuous input current of these single
switch resonant inverters, which help filter out high frequencies at the source. A [PECI
stage based on the boost topology at the receive side, after the rectifier, was used to

shape the input current of the system in order to achieve unity power factor.

The operation of an end-to-end prototype using the proposed system architecture was
demonstrated experimentally at 13.56 MHz and 150 W. Results show an end-to-end effi-

ciency of 73.2 % and a power factor of 0.993 when powering a 150 W load.

The system architecture proposed in this chapter was also implemented in Chapter [7]
where the detailed design of a wirelessly charged electric scooter is described from the

mains to the battery.
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Chapter 6

Analysis and Design for Dynamic

HF-IPT Systems

The content in this chapter focuses on original work involving characterisation of high fre-
quency inductive power transfer (HF-IPT]) systems with movement between the transmit
and receive sides using probability theory. Part of the work discussed in this chapter has
been published in IEEE Transactions on Power Electronics: [53] and an IEEE Conference

Proceedings: [133].

6.1 Introduction

Near-field wireless power transfer (WPT]) technology can potentially change how users
interact with electronic devices. In applications as broad as medical implants (charged
at several microwatts up to a few watts [134] [135] [136]) up to electric vehicles and trains
(requiring from a few kilowatts to megawatts [34], [137]) wireless charging is beneficial,

and in applications, such as autonomous vehicles and robots, it becomes truly disruptive.

The size and configuration of the energised zones in which the devices can be charged and

how freely these can move within the boundaries of the energised zones, are fundamental
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design challenges concerning the user experience with the technology, which is essential

for its commercial success.

There are different design approaches for inductive power transfer (IPT]) depending on
the application. For example, solutions for charging electric vehicles [57], where the
system relies on specific and precise link properties, and thus are not designed to allow
for significant tolerance to misalignment or movement, can achieve very high end-to-end
efficiencies. In contrast, systems can be designed for broader ranges in coupling factor (&)
allowing tolerance to misalignment or movement, for example in dynamic electric vehicle
charging [50] [138], where the design slightly compromises operating at the peak efficiency
point all the time to exploit the spatial freedom that the technology provides. Making
the system more robust with respect to misalignment and tuning has been an important

topic of research in [[PT] [139] [140].

In[HE-TPT]with air core coils the technical challenges of allowing for coil misalignment and
movement are different than those found for kilohertz [PTlin applications such as electric
vehicle charging, because not only are the circuits used to drive the coils different, but
also the ability to shape the flux is only dependent on the shape of the electrical conductor

that forms the coil.

In this chapter, the characterisation of a dynamic charging environment is proposed to
allow optimising the system using probability theory, and therefore account for typical
desirable features that a dynamic inductive charger must have. The model not only takes
into account the distribution of [E throughout the charging space, but also represents the
movement of the device being charged as a probability distribution, thus allowing the
formulation to be applicable to systems in which the movement is either predictable or
unpredictable. The model can be useful for two main design considerations. First, to
identify at which range of [l the circuits at both ends can operate and at which [&] they
should achieve the peak efficiency so that the energy-efficiency throughout the charging
time is maximised. And second, the model gives a general expression which can be used to

evaluate the performance of an [PT]system as[El changes, and therefore despite the system
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tolerating a range of [E, it could be suggested, based on the movement characterisation of

the device, to bound it to a more restrictive range of [£l

6.2 HF-IPT Systems with Variable Coupling

As the coils of an [[PT]system move, [E], and the induced voltages on the mutually coupled
inductances, change. As discussed in previous chapters, and notwithstanding that there
are techniques that allow regulating power at the inverter or the rectifier, the [HE-IPT]
systems proposed in this thesis consider the inverter and the rectifier as open loop power
converters with constant gains. The inverter operates with constant duty cycle and
frequency, and the amplitude of transmit-coil current is linearly dependent on the
input voltage (V). Similarly, the amplitude of the non-synchronous IPT-rectifier
output voltage (V) can be formulated as linearly dependent of the induced electromotive
force on the receive coil (&). Fig. illustrates a block diagram that accounts for changes
in [F] where the link is formulated as in (2.7). [£J depends on the product of [tp] and [E

Interestingly, with this block diagram [£] can be conceived as a modulating signal.

IPT link = ====---------====---- ‘

| k+ok| |
L&+ 08, Vo + 06V,
2 fip Ly L X . IPT rectifier

Vdc ip
Inverter

Figure 6.1: Block diagram of a [HF-IPT] system with variable coupling.

The formulation illustrated in Fig.[6.1] allows the inverter and the rectifier to be designed

for a range of [, and considering abrupt disturbances in [El within its range.

As mentioned in Chapter [3 a controller can be included before the inverter or after the
rectifier to regulate the power throughput against changes in [kl However, in addition to
system-level power throughput control, the tolerance to variable [E] needs to be addressed

in the design of the inverter and the rectifier.
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The optimal load as expressed in depends of [l Thus, if the link is designed so that
the input impedance of the rectifier is equal to the optimal load, a power converter after
the rectifier would be required to emulate the [Eldependent optimal load. Since the power
converter after the rectifier is in charge of emulating the optimal load, an additional
converter at the transmit side would be required to change the amplitude of z,,| and
in this way deliver the required output power. This system operation, which was tried
in [I41], requires two power converters, one at each end of the system. Therefore the
additional losses introduced by these stages should be lower than the losses introduced in
the link when the coils are aligned at a point of non-optimal [f, for it to be reasonable to
implement over the simpler solution of using a single power converter at the receive side

for power throughput control and operating the transmitter at constant [¢,| amplitude.

Notwithstanding that solutions as the one in [141] might be reasonable in some cases,
investigating the variability profile of [l for a given link is necessary to assess this option in
comparison to a system that tolerates operating with the input impedance of the rectifier

different than the optimal load.

6.2.1 Formulating the HF-IPT System End-to-End Efficiency,

Input Power and Output Power

In order to account for the effects produced by changing [H on a [HE-IPT] system, the
formulation for the input power, output power and the [PT] system to efficiency
need to be formulated. First, can be calculated as the product of the different

stages of the system, which depends on how the stages are separated:

Nldc—o = TlinvTNinkTrect
(6.1)

= Ndc—ETNE—o-

The [PT] link efficiency considers the losses in the coils, and 7y, and 7 are

the efficiencies of the inverter and the rectifier respectively. Alternatively, losses can
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be distributed with the [PT] transmitter [DC to [AC] efficiency which accounts
for the losses in the inverter and the transmit coil, and the [PT] receiver [AC to [DC

efficiency which considers the losses in the receiving coil and the rectifier.

The output power can be calculated at the output of the rectifier as:

‘/:)2
P, = 7 (6.2)
but also at the transmit side (Fig. [6.2) as:
z:p2Req775—o
P, = — (6.3)

where Req is the real part of the reflected impedance on the transmit side (Zeg])-

i (D D Zug &, ik + 0k) <A D T

(a) IPT transmit side (b) IPT receive side

Figure 6.2: General equivalent circuits of an IPT link with a reflected impedance consid-
ering changes in [kl

Similarly, the input power can be calculated at the input of the inverter as:

P = Viciqc, (6.4)
or at the receive side as:
)
S RSGC RS
P = M7 (6.5)
277dcf£

where Ry is the real part of input impedance of the IPT-rectifier (Zgd), and Ry is

the equivalent series resistance (ESR]) of the receive coil. Many other formulations are
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possible taking into account the circuit model in Fig. and the expressions in ((6.1).

6.2.2 Considering Time in the Formulation of the System Effi-

ciency

When [f is considered variable with respect to time, the system can be optimised cal-
culating not the instantaneous power efficiency but the energy-efficiency in a period of
time. The energy delivered to the load for the charging time of ¢, to ¢, is defined by

integrating power throughout the charging time:

t 123
E| = / Py (Req, i, ne—o) dt, (6.6)

to to

and since Re,, depends on [f and Ry

te

E,

123
- / Po (kyRsemipunE—o) dt. (67)

to to

A similar expression can be found for the energy extracted from the [DC]| source,

te
- / -Pl <k7 Rseca ip’ T/dc—o) dt7 (68)

to to
to calculate the energy-efficiency as:

Eo

ndc—oa‘,g - E (69)

ThelDCHDClenergy-efficiency is equivalent to the weighted-average[DCHDClpower-efficiency

of the system throughout the charging-time.

If the variables that define P, and P, do not change with time, F, and F; are calculated
as the product of power and charging time. However, if [f] changes with time, it will affect
how P, and P; are distributed and E, and E; should be calculated using the general
expressions of and respectively. The variables, other than [f] that define P,
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might also change to compensate for the changes in [E] which would also affect how P,
and P; are distributed in time. For example, the inverter can be designed to achieve
constant amplitude in f2,| or alternatively with a control loop, it can be designed to adapt
the amplitude of [z;] as [fl changes. In the latter case, in the formulation of and
, can be written as a function of [l Similarly, R can be modified with a power
converter after the rectifier which would, for a series-tuned IPT system, decrease the
value of R when [kl decreases, in which case it can also be written as a function of [
The other parameters that define F,, such as the inductance on the coils (L,, Ls) are
considered constants. It should be noted that considers tuned circuits; hence, the
input reactance of the rectifier (Xg) is assumed to be zero at the frequency of operation.
However, the losses produced by changes in X .. can be included in the model, as showed

in the second case study of this chapter.

6.2.3 Characterising the Coupling Distribution in Space

In dynamic environments where [l changes as the relative position of the coils change it
is key to characterise [f] as a function of the geometry of the link considering the possible
relative positions of the coils for a charging environment. Several mathematical models to
characterise [l as a function of distance and misalignment can be found in the literature
for different coil designs, for example [I0T] can be used for circular coils and [142] for

planar coils.

An alternative, introduced in this work, is to describe [£l as a probability density function
or a probability mass function. These distributions can be obtained by curve fitting data

from simulations, measurements or analytical expressions.
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6.2.4 Characterising the Coupling Distribution in Time

The probability distribution of the relative position of the coils, g(z1,...,x,), can be

defined from a motion profile as a general expression for a defined charging time as:

o / g(z1, .., xp)dey .. da, = 1, (6.10)

xT . .
Imin “min

where, x1,...,x, are the variables that determine the relative position of the coils, and
consequently affect [E (e.g. linear misalignment, distance, angular misalignment), n rep-
resents the number of variables taken into account and z,,_, to x,,, represents the range

considered for the variable x,,.

The probability-density-function of , which maps the probability distribution of
the position of the coils throughout the geometry of the link, contains part of the infor-
mation required to obtain the expected value of [E] for a period of charging time. The
expected value of [f is a useful parameter to know because it can help determine the
values or ranges of [£] which are more likely to take place, and thus have a higher effect
on the energy-efficiency. In order to formulate a probability distribution which not only
accounts for the distribution of the position of the coils but also the distribution of [£l in
space, a probability-density-function f(k) is proposed. f(k) is obtained by performing
a probability-density-function transformation of the probability-density-function of the
position of the coils with respect to time (determined by motion) with the probability-
distribution of [l in space. The first case study (Section shows an example of how

f(k) is obtained from the coupling distribution in space, and a known movement profile.

Interestingly, f(k) can be obtained not only for predictable movement patterns, as the one
in the first case study in this chapter (Section , but also for unpredictable movement
patterns, as the one in the second case study (Section . Moreover, if the relative
position and the misalignment are predictable for the entire charging-time, [f can be
described as a function of time, and the energy-efficiency could be calculated directly from

in the time domain. This approach, however, does not consider spatial autonomy,
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where it is often impossible to predict the exact position and misalignment of the coils,
and therefore describe [kl as a function of time. Therefore, treating the motion of the
coils as a probability distribution deals with the unpredictability of [kl by treating it as a

stochastic variable.

The expressions in (6.7) and , assuming that Rgec, ip, Nc—o and 74—, are functions
of [&] (or constant), can be reformulated as the product of charging time and the expected

value of P, and P:

i Fmax

A ::<m-—to>]£ P, (k) f (k) d, (6.11)
1 kmax

E =m4g/ (k) f (k) dk. (6.12)
to kmin

The energy-efficiency can be therefore calculated independent of the charging time:

kmax
/ P, (k) f (k) dk
Moo = . (6.13)

meWﬂH%

kmin

This formulation allows to design and evaluate the system at different values of [kl where

each value is weighted by its probability using the probability-density-function f(k).

6.2.5 Optimising the Link for Variable Coupling Environments

The proposed energy-efficiency formulation using f(k) points out key parameters that
can be optimised for energy-efficiency. First, the range of [l at which the system trans-
fers power can be selected not only based on the capabilities of the system but on the
evaluation of the performance at different values of [fl and considering how probable these
cases are. Second, the coils can be designed to achieve desirable features in f(k) for a

particular motion profile. For example, the shape of the conductors of the coils can be
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optimised for maximum [£] at the most probable position, or a shape can be found where
the change of [l is minimised for the given movement profile. And third, the model can

help determine at which [£l it is best to optimise the inverter, the rectifier and the link.

6.3 Case Study I: Selecting the Alignment Range of
Charging for a System With a Known Motion

Profile and Without Power Throughput Control

A 150 W [HE-IPT] system using Inverter II: Class EF and Rectifier I: RCN Class D was
mounted on a linear slide to change the alignment of the coils and emulate a [HF-IPT]
charger for a load moving across the charging pad at constant velocity, maintaining the
same separation as the coils move. The experiments in this case study were performed
with copper-pipe coils with 178 mm diameter with similar inductance to the printed
circuit board (PCB) coils proposed in Chapter [4] Fig. [6.3] shows a photograph of the
experimental setup and Fig. [6.4]shows photographs of the system with the coils at different

alignments.

Figure 6.3: Experimental setup for variable [fl Coils separation at 17.8 cm.

Two designs are presented: one for a frequency of operation of 6.78 MHz and another

one for 13.56 MHz. Both designs use the same coils, the same PCB layouts and the same
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(a) Misalignment of 18.3 cm (b) Misalignment of 9.0 cm (c) Aligned coils

Figure 6.4: Photograph of the linear slide used to change the alignment of the coils.

switching devices but with different tuning; however, in order to obtain a similar range in
output power, the coil-separation was set at 11 cm for the experiment at 6.78 MHz, and at
17.8 cm for the one at 13.56 MHz. This corresponds to a range of [l of 4 to 10.5 % for the
system at 6.78 MHz and 2 to 4.9 % for the system at 13.56 MHz. The distribution of [Elwith
respect to misalignment is shown in Fig. The components values (Table were

slightly altered from the designs presented in Chapter The peak efficiency achieved

Table 6.1: List of components of the circuits used in the Case Study I

Component Value (6.78 MHz) Value (13.56 MHz) Description
Ly (nH) 980 989
Ry () 0.053 0.054
L (nH) 984 990
R, (Q) 0.051 0.052
C1 (pF) 469+Coss 180+Closs Vishay QUAD HIFREQ
Cs (pF) 418 180 Vishay QUAD HIFREQ
Cs (pF) 1003 190 Vishay QUAD HIFREQ
Ly (pH) 88 88 Wurth Elektronik WE-PD
Lo (nH) 404 270 Coilcraft 2014VS
Req () up to 6.00 up to 5.00 reflected resistance
Cs (pF) 560 147 Vishay QUAD HIFREQ
Cren (nF) 7.06 3.11 Johanson Technology E
Lycn (nH) 78 42 Coilcraft 2014VS
R, (2) 5 to 120 5 to 120 dc-load resistance
Co (uF) 1 1 Murata GRM Series
Q1 GS66504B (650V, 15A) GaN FET
D 10 A, 120 V Schottky diodes (FSV10120V)

in both experiments was 88 % at 6.78 MHz and 83 % at 13.56 MHz. These efficiencies
are to the author’s knowledge, the highest ever achieved at these frequencies and coil

separations. The load in the experiments was a rheostat. The [PT]system [DC|load (Ry))
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was set at 40€2 for the experiments at 13.56 MHz, and at 45€) for the experiments at

6.78 MHz, as these achieved the highest efficiencies.

6.3.1 Characterising Performance with Respect to Coupling

Seven coil positions were chosen to characterise P, and with respect to [l Mea-

surements are shown in Fig. [6.5] The plots show that although the efficiency deteriorates
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Figure 6.5: Power and efficiency measurements with respect to coupling.

as [El decreases, it is fairly maintained due to the properties of the chosen circuit topolo-
gies. For example, in the experiment at 6.78 MHz, when [z,| was set at a 60 % of its

maximum amplitude, ranged from 88-70 % (20 % drop) for a 11-5.5% (50 % drop)
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coupling. The compressed dependence between and [f is consistent throughout the
amplitudes tried at both frequencies. This is expected because the link-efficiency is

independent of the amplitude of .

A slight effect in the tuning of the inverter was perceived at 6.78 MHz when [V ] was
changed. The range of ;] on the 6.78 MHz inverter was not only larger than the one at
13.56 MHz (40 % against 33 %) but also the range of values was set at lower voltage (90-
150 V against 120-180 V). These changes had an effect on C} since the output capacitance
of a transistor (Clyl) of the gallium nitride (GaN)) transistors are higher from 90 to 150V
than from 120 to 180V [143]. At 6.78 MHz however, the values of the passive components
are higher than those at 13.56 MHz and therefore less vulnerable to parasitic capacitances

and inductances, which allows a broader range of [Vl

6.3.2 Obtaining the Probability Density Function Based on a

Known Motion Profile

In order to calculate the output-energy and the energy-efficiency of the proposed case
study, in which the load travels at constant velocity over a charging pad, a probability-
density-function g(z) describes the relative motion of the coils throughout the range of

motion of the system (Zmin 0 Tmax):

/ g(r)da = 1. (6.14)

The constant velocity (v) from Ty, t0 Tmax in the time interval ¢; to ¢y is then,

ax o Lmax — Lmin

_ 9T 6.15
ot te—to (6.15)

()
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and therefore the relative position should be represented as a uniform distribution:

1
oy Tmin ST S Tmax

g(x) = (6.16)
07 Tmin > L > Tmax-

A variable transformation k(z) should then be performed to model the probability-
distribution of k, as opposed to the probability distribution of x, therefore (6.14)) can
be rewritten as:

k

max dx

—g(k —dk =1 6.17
[ otk @) Grar =1, (617

kmin

where ki, corresponds to k(Zmax) and kpax t0 k(Zmin). The probability-density-function

of k is then defined as:

f(k) = =g (k(z)) =7 (6.18)

The distribution of [fl in space, k(x), was found from measurements fitted as a first order

Gaussian function (Fig. [6.6):

_ (z=b)?

k(z) = kmaxe <, (6.19)

where b represents the centre of the position of the peak (expected to be zero in this case

study), and ¢ represents the standard deviation (c? = 20?).

The function z(k) is then calculated considering the mathematical restrictions for the

variables and constants (0 < k < kpax, ¢ # 0, Tymin < T < Tpax):

2(k) =b+cy/In (’“‘z) (6.20)

then by deriving x(k) with respect to k and substituting it in (6.18]), the probability-
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density-function of k is represented as:

1 ¢
fk)= (xmax - $min) 2k+/1n (km%) ' (6.21)

Therefore, the output-energy for this particular case study can be calculated as:

kmax
E, = i/ 1 G (6.22)
20 oy ()
and the energy-efficiency as:
/ Polk)
e ey fIn (S5
Navg = . (623)

/ P 4
bk (B

It should be noted that the proposed model can also be used if P, is regulated against
k. For example, if P, is constant (by controlling the amplitude of [¢,| or Ry.), the input
power would still change with [E as previously defined, and therefore energy-efficiency

would be calculated as:

te —to) P,
Navg = ( ! 0). (624)

Po_constant i /kmax &dk’ |
20 S o fin ()

The distribution of k& for both designs is shown in Fig. . This plot shows k(z) from

experimental verification and the fitted curve described by the Gaussian functions using

the values from Table The measurements of k were done with the impedance analyser.

Table 6.2: Constants values for the probability density function

Data from Switching frequency Kkmax b c
Measurements 6.78 MHz 0.1093 —1.84 x 10—12 0.1214
Measurements 13.56 MHz 0.0491 —4.184 x 10~13 0.1549

163



6 T ‘ ‘ 13 : :
Fitted Curve }» Fitted Curve
S5e¢ o ® Experimental 11“— . ® Experimental [
4l o9 N 9l ] n
— ® N
é 3 o - § (an L ] |
e e
20 i 5 * |
1r . | |
| | | | 1 L ]
| | | |
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Linear misalignment ( T .1) Linear misalignment ( dw_l)
(a) Coil separation of 17.8 cm. (b) Coil separation of 11 cm.

Figure 6.6: [kl against linear misalignment (normalised to a coil diameter distance) for coil
separations of 11 cm and 17.8 cm.

6.3.3 Energy-Efficiency and Output Energy with Respect to

Misalignment Range

The output-energy and the energy-efficiency were calculated using (6.22) and (/6.23)),
leaving the minimum coupling as a variable so that the allowed misalignment at which
power is transferred is different to that which the system is capable of achieving. P, and

P are expressed as functions of [l from measurements.

In order to evaluate how the relative motion of the coils affects the system energy efficiency
and energy throughput, both the energy-efficiency and the output energy were plotted
against the variable range of [f (Fig. . kmin, in this case the variable to design,
represents the minimum [£] at which the system transfers power and k.. corresponds to

[[ when the coils are aligned.

Primarily, in a particular design, the range of motion (or the tolerance to misalignment
kmin) can be selected to deliver the required amount of energy to the load with an associ-
ated energy-efficiency, which decreases as the allowed range of [kl increases. For example,
this model can be used by the device picking up charge from a charging pad at constant
velocity, by selecting when to start and stop receiving power taking into account that it

can choose to narrow down the tolerance to misalignment, therefore receiving less energy
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Figure 6.7: Calculation of output-energy and energy-efficiency with respect to range of

[E

at higher weighted average efficiency, or conversely, receive more energy with a higher
tolerance to misalignment, and thus receiving power for a longer period of time but at
a lower weighted average efficiency. With the proposed circuit design, at 6.78 MHz, an
80 % energy-efficiency is achieved for a tolerance to misalignment of ki = 0.3kmay, and
at 13.56 MHz, a 74 % energy-efficiency is achieved for ky;, = 0.3knax. In both cases the
energy-efficiency at this point is 90 % of the maximum power efficiency. It should be noted
that the tolerance to misalignment of 0.3k, at 6.78 MHz represents a misalignment of
12.5cm and at 13.56 MHz a misalignment of 17.25 cm, which demonstrates the intrinsic
increase in freedom of motion (larger wireless air-gaps and tolerance to misalignment) at

higher frequencies if the coils used are useful at both frequencies.
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6.4 Case Study II: Optimising a HF-IPT System with
Power Throughput Control and Unpredictable

Motion

This case study demonstrates how the proposed probability-based analysis can be used
to increase the end-to-end efficiency of a [HE-IPT] system in which the position, and
therefore [E, cannot be predicted as a function of time. Defining [f] as a stochastic variable
allows to model it as a probability distribution from empirical evidence. Therefore,
notwithstanding that the exact position of the device is not predicted in time, those
values of [f] with a higher probability of occurring can be identified and the tuning of the
inverter and the rectifier can be done accordingly. The system can be tuned to achieve the
highest efficiency at the coupling range with the highest probability, to therefore achieve

the highest charging energy-efficiency.

The experimental work presented consists of comparing a system using two rectifier de-
signs using the hybrid Class E topology. The rectifiers are tuned for the link’s optimal
load at different coupling values in order to verify which version achieves the highest
charging efficiency. The load in the experiments is a inductively powered drone without
a battery hovering randomly over the charging pad, and the range of motion is set by a
nylon string tether. The experiments show lower energy consumption when the rectifier
is tuned to present the optimal load of the link at the coupling value with the highest
probability, as opposed to the first design iteration, which was designed to present the

optimal load of the link at minimum [kl

6.4.1 An Overview of the Wirelessly Powered Drone as an Ex-

perimental Platform

A lightweight 13.56 MHz 15 W [PT] system was designed and built to wirelessly power

a drone without a battery (Fig. , to use it as a demonstrator of the lightweight and
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tolerance to misalignment capabilities of [HE-IPT] technology. In this case study, because
of its unpredictable motion, it is used as an experimental platform. An overview of the
specifications of the system are presented herein, however the design and development of

the system is covered in Chapter [7]

Figure 6.8: Photograph of the wirelessly powered drone.

The system was designed so that the drone could operate from the critical point of
maximum power at minimum [, up to the point of maximum [ and minimum power,
which is when the drone is sitting on top of the charging pad and the propellers are
not spinning. This is achieved by designing the inverter to be load independent using
Inverter II: Class EF, and tuning the rectifier to allow for large changes on the [£ After
the rectifier a converter was integrated to feed the drone with 4.3 V. The system

diagram is shown in Fig. 6.9
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IPT rectifier dc-dc converter
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Figure 6.9: Block diagram of a [HE-IPT] system with variable coupling and an output
voltage regulation stage.

The only control loop of the system is that of the DCHDCI converter which regulates the
output voltage. The output voltage regulation stage changes the real part of [Zg to reg-

ulate power throughput; nonetheless, it can also produce changes on the imaginary part
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which would detune the receiver. The control loop of the [DCHDCI converter compensates
for changes on the load and in [£], which are produced by changes in[H since the amplitude

of 1, was designed to be constant.

The drone can hover at any position within its range of motion, set by a 7.5 cm nylon
string tether connected between the bottom of the drone and the centre of the transmit
coil. The drone is powered from a 13.56 MHz [[PT]system using Inverter II: Class EF, and
a hybrid Class E rectifier at the receive side. The converter used is a LMZ14203
by Texas Instruments. Since at the receive side the battery was removed, the energy
storage system on the drone consists of solely two 100 pH ceramic capacitor in parallel
at the output of the converter. The average power consumption of the drone at

full power was measured at 13 W with a feeding voltage of 4.3 V.

6.4.2 Characterising the Range of Motion of the Wirelessly

Powered Drone

The range of motion of the system was limited by anchoring the drone to the centre of
the charging pad with a nylon string tether. The maximum coupling, k., takes place
when the drone sits on top of the transmitting coil, and the minimum coupling k,,;, when
the drone hovers far from the transmitter at maximum separation. Coupling depends on

the length of the tether, r in Fig. [6.10] and the angle 6, which determines misalignment.

VA=AV A

— — — —

Transmitting coil Transmitting Coil

(a) Maximum coupling (b) Low coupling

Figure 6.10: Cross section of the IPT-link describing the range of motion of the system.

The maximum simulated coupling was 23.7 %; however, the maximum measured coupling
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did not exceed 20% at any point throughout the range of motion. The length of the
tether was set at 7.5c¢m in order to have a minimum coupling higher than 5%. The
minimum coupling was simulated and measured at 5.8 % when r = 7.5cm and 6 = 0°.
The distribution of [f in space is shown as a colour map in Fig. [6.11] obtained from

electromagnetic simulations using CST Microwave Studio.
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Figure 6.11: Wirelessly powered drone coupling distribution in space.

6.4.3 A First Iteration Design of the Rectifier for the Wirelessly

Powered Drone

The receiving-end of the system consists of a hybrid Class E rectifier [87] and a
converter to regulate the output voltage. The hybrid Class E topology is shown
in Fig. [3.13] (b). Class E rectifiers in [HF-IPT] systems can be designed at a resonant
frequency different than the frequency of operation (The specific design of this rectifier
is done in Section , given the possibility of compensating the residual reactance
of the rectifier in the resonant tank of the receiving coil. This feature grants various
degrees of freedom in the design, regarding among other variables, the input impedance

of the rectifier and its deviation with [DCload. These rectifiers can therefore be tuned
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to achieve a certain input impedance for a combination of [f] and output power by solely
designing the passive components of the topology. The hybrid Class E rectifier grants
yet another degree of freedom, which is used in this design to better delimit the output
voltage range against coupling and therefore avoid surpassing the maximum or minimum

voltage at the input of the [DCHDC] converter.

The combination of the Class E rectifier and the converter allows designing the
maximum efficiency point of the system for a particular combination of [kl and P, by
selecting the reflected impedance of the receiving-end to be completely resistive (i.e. the
secondary side being perfectly tuned at the frequency of operation) and at the same
time matching the input resistance of the rectifier to the optimal load at that particular

combination of k£ and P,.

The initial challenges for designing the rectifier are: being able operate efficiently at a
highly variable coupling factor (5 to 20 %) and a broad range in power (from maximum
to zero power at any coupling), without leaving the operational range of input voltage of
the converter that follows the rectifier. In addition, the reflected impedance to
the transmitting-end cannot have a significant reactance because that would detune the

inverter.

These specifications were achieved by selecting, from the possible designs proposed in
[87], a hybrid Class E rectifier with a resonant frequency lower than the frequency of

operation. The resonant frequency of the rectifier relative to the operating frequency:

A, = / reet, (6.25)

fiy

chosen was 0.3, which might vary slightly depending on the available commercial values

for the inductance Lg in Fig. 3.13] (b).

The rectifier was designed so that the highest was met at minimum [& (5 %) and
maximum power, considering as an assumption that the drone would mostly operate at

the furthest distance from the charging pad.
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6.4.4 Obtaining the Probability Distribution of a Wirelessly

Powered Drone from Observation

If no external control over the flight operation of the drone is performed, then its position
in time is unpredictable, and cannot be described analytically. This is the case for the
demo that was built. It is operated at maximum throttle with no external control over
its direction, which tends to vary unpredictably. The drone’s position can however be

analysed as a stochastic variable and characterised using statistical data.

Fig. describes the distribution of k& as a histogram with equal size bins of 0.5%
coupling, when the drone is at maximum throttle and has no external flight control.
Characterising motion as a probability distribution is useful because it allows optimising
for the link and the circuits at both ends of the system for maximum overall energy

efficiency.

Once the initial design is built and operating, statistical data can be gathered on the rel-
ative position of the coils, and the dynamic behaviour of the system can be characterised

to formulate coupling as a probability distribution.

The relative position of the coils was monitored for one minute (3600 samples) using two
video cameras, one at the top and one at the side of the IPT system under test; this
to measure the linear misalignment and separation of the coils. One synchronised frame

from both cameras is shown in Fig. [6.12]

&

(a) Bird’s eye view. (b) Lateral view.

Figure 6.12: Capture of a key frame for position tracking of the drone.
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Figure 6.13: Histogram of coupling obtained from 3600 samples in one minute.

The coupling factor at each position within the range of motion of the system was calcu-
lated from simulation, and several points including the maximum and minimum coupling
were verified experimentally using the impedance analyser. The distribution of k£ was ob-
tained by recording the position of the drone and performing a probability mass function

transformation from linear misalignment and distance to coupling.

The probability distribution is shown as a histogram in Fig. The histogram was
constructed with equal size bins of 0.5 % coupling, which for this case study was deter-
mined to be the minimum step change that affects the optimum rectifier design using

commercial off-the-shelf components.

6.4.5 Optimised Design of the Rectifier for the Wirelessly Pow-

ered Drone

The histogram in Fig. points out that the highest probability of coupling occurs
between 8 and 10 % coupling. Therefore, the initial design that assumes that the most
probable value of k was 5%, operates with an input resistance of the rectifier different
than the optimal load of the IPT link most of the time. Furthermore, most of the

energy dissipated by the load in the one minute experiment was transferred wirelessly in
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suboptimal tuning of the IPT link.

An improved version of the first rectifier, which also includes the same capabilities as the

first, was built with the values of the passives as shown in Table in order to tune the

Table 6.3: Design parameters and components values of the rectifiers

Component Design 1 Design 2 Description

kopt (%) 5 10

Ar 0.3 0.3
Ls (nH) 360 360
Cp (pF) 62 54 Vishay QUAD HIFREQ
Chs (PF) 343 420 Vishay QUAD HIFREQ
Chp (PF) 164+Closs 3434-Coss Vishay QUAD HIFREQ
Ly (uH) 3.3 2.2 Coilcraft XAL40xx Series
Co (uF) 20 20 AVX X7R

D 2x Cree C3D1P7060Q

input resistance of the rectifier to meet the optimal load at the value of coupling with
the highest probability, as opposed to the first design, which was tuned to achieve the

optimal load at minimum coupling.

The two designs were compared by measuring the energy consumption at the direct

current (DC) source of the transmitter. The results are shown in Table 6.4}

Table 6.4: Average power consumption at the source with the different rectifier designs

Inverter input voltage No load Initial Design Optimised Design
74V 6.6 W 26.67 W 21.78 W

A detailed description of the design of this rectifier is presented in Section [7.2.8]

6.5 Summary

A probability based model is introduced to analyse the energy-efficiency and the output-
energy in terms of the range of motion of the dynamic charging system. The basis of the

model is the function f(k), a probability-density-function that models the distribution
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of k throughout the range of motion of the system for a given charging time, which
represents the motion behaviour of the device being charged and the coupling distribution
of the system. The main advantages of calculating the output-energy and the energy-
efficiency using this model is that primarily, for a particular design, the selection of
the range of motion can be determined by considering the throughput energy and the
energy-efficiency associated to the charging process. Also, by analysing the system as
proposed, further optimisation, considering the mobility of the device being charged, can
be achieved by tuning the circuits to a more accurate value of k£ which would improve
the energy-efficiency, or by improving the design of the IPT-link to obtain a probability-
density-function associated to a higher energy-efficiency or a broader range of motion.
This work was used extensively in the following chapter where a detailed design of a

wirelessly powered drone is described.

174



Chapter 7

End-to-End Application

Demonstrations of HF-IPT Systems

The content in this chapter focuses on original work involving design and construction of
high frequency inductive power transfer (HE-IPT]) systems to demonstrate the capabilities
of the technology while integrated into applications. The demonstrators build on work
performed in the previous chapters, in particular Chapter |5 (where a system topology for
[HE-TPT] includes the mains interface), and Chapter [6] (where a probability-based model
is introduced to design dynamic systems). Part of the work discussed in this chapter has
been published in IEEE Transactions on Power Electronics [84] and an IEEE Conference
Proceedings [I44]. Previous versions of one of the demonstrators have been published

in [83] 133], [145], and results of a related project have been published in [146] [147].

7.1 Introduction

This chapter covers the design and construction of two end-to-end [HE-IP'T] systems de-
signed to be integrated into applications. The design examples presented herein take
into account the characterisation and optimisation techniques proposed in the previous

chapters of the thesis. The two [HF-IPT] systems developed are a 13.56 MHz, 15 W system
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to wirelessly power an unmanned aerial vehicle (JAV]) while it hovers close to a transmit
pad; and a 6.78 MHz, 100 W system to wirelessly charge an electric scooter. Both are
ongoing projects. The design solution to wirelessly power a drone without a battery is
now being implemented to charge the on-board battery of a Matrice 100 drone by DJI
at 100 W, and the design principles used to charge the electric scooter are now being

employed to charge a Govecs S2.4 Electric Scooter at 600 W.

7.2 The Wirelessly Powered Drone

This section demonstrates the design and construction of a [HF-IPT] system designed to
power a drone without a battery which can hover freely in proximity to a 13.56 MHz
transmitter. The section covers the complete system level design which provides unin-
terrupted power flow efficiently while allowing for variable power demand and coupling
factor (). Tt includes the design of lightweight air-core coils that can achieve a high-
enough inductance and [ for the required power level at 13.56 MHz, without degrading
the aerodynamics of the drone. The design of the resonant power converters at both
ends of the system is also included. At the transmit side, a load-independent Class EF
inverter based on Inverter II: Class EF was selected, and at the receive side a hybrid

Class E rectifier, which allows tuning for large changes in [kl and power demand was used.

For the demo, and as covered in section [6.4] the range of motion of the drone was limited
by a 7.5cm nylon string tether, connected between the centre of the transmit coil and
the bottom of the drone. The experimental results and specific practical considerations
required for the physical implementation are provided. An average end-to-end efficiency
of 60 % was achieved for a coupling range of 23 % to 5.8%. Relevant simulations con-
cerning human exposure to electromagnetic fields are also included to assure that the

demonstrator is safe according to the relevant guidelines.

The demonstrator has been shown at the Applied Power Electronics Conference (APEC)
2017, Centre for Power Electronics UK Annual Conference 2017, 2018 and 2019, PCIM
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Europe 2017 and IEEE Wireless Power Week 2018 and 2019. A video of the system in

operation can be found in [148].

The work presented in this section is also relevant to a project where a drone is employed
to feed power and obtain data from a sensor at the same time. Some of the results of

that project have been published in [146], 147].

7.2.1 Introduction to Wireless Power for UAVs

Considering the vast range of applications for [UAVE [149], in this work a demonstrator
of a [HE-IPT] system that can wirelessly power a drone without a battery while it hovers
close to a charging pad was developed to showcase features that are beneficial, and in

some cases necessary, to wirelessly power or charge dynamic loads such as a hovering

[TAV]

One of the biggest challenges addressed in the demonstrator of a wirelessly powered drone
by William C. Brown in 1969 [13], also pointed out in more recent wireless power transfer
(WPT)) systems proposed to wirelessly charge [JAVE [150], is dealing with wireless power
transfer and variable position. This considering either dynamic charging or tolerance to
misalignment as the drone lands. There are wireless power solutions which have recently
been introduced into the [JAV] market [I51]; however, the tolerance to misalignment of
such system is very limited, and it is known that precision landing to the degree required

by these systems can be challenging and in cases not possible [152].

7.2.2 Designed System Overview

The [TAV] model implemented is a Hubsan H107L X4 quadcopter. This commercially
available drone comes with a lithium polymer battery that outputs a voltage of 3.7 to
4.2V, depending on the state of charge. At full throttle the motors of the drone draw

approximately 13.0 W from the source. The battery was replaced with an IPT receiver,
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enabling the drone to operate without an energy storage system in proximity to the
charging pad, this to demonstrate the capabilities of the technology handling a variable
load with variable position. Fig. shows a photograph of the demo, including the
Hubsan H107L X4 quadcopter, with an on-board inductive power transfer (IPT)) receiver

instead of a battery.

- o ;“ . -
- T WS

Figure 7.1: Photograph of the wirelessly powered drone hovering over a charging pad.

The selected frequency of operation was 13.56 MHz, this because the design of the coils
(size, shape and weight), especially the one on the drone, is very restrictive. The option of
including magnetically permeable materials was dismissed, since these would add weight
and most likely interfere with the air-flow of the propellers. Also, a planar coil with
multiple turns would produce similar disadvantages at the receive side. The benefit
of operating at 13.56 MHz is that a single-turn air-core coil of roughly 10 cm diameter
produces a sufficiently large reactance to load the transmitter, and therefore supply the

power demand of the drone at minimum [£, which for this experiment was 5.8 %.

7.2.3 The HF-IPT System Architecture and Power Throughput

Control for the UAV

The system architecture implemented is shown in Fig. The inverter was operated in

open loop (constant duty cycle and constant frequency as proposed in Section [3.2.4) and
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the input voltage (ViJd) was set at 74V to output a transmit-coil current with
an amplitude of approximately 3.8 A. The power throughput control was performed by

varying input impedance of the IPT-rectifier (Zgd). To vary Zge, a pulse-width mod-

k+ 5k¢
V. i &+ 0&, V, + 40V, Vieg
LN Inverter P 27 fiyn/LpLs @ 2 ® > IPT rectifier ° ° +| de-de converter ®
- - - ! - w‘ -«— ‘
| | | |
Zeq Zsec R, R

Figure 7.2: Block diagram of a [HE-IPT] system (including reflected impedances) with
variable coupling and an output voltage regulation stage.

ulation (PWM))-based [DCHDC] converter is integrated as the last power conversion stage
in the receiver, as can be seen in the diagram in Fig. to regulate the output voltage
with duty cycle (dgc_qc). As a consequence, the DCHDC] converter’s input resistance (R,)

changes with its input voltage (or the rectifier’s output voltage, V;) and its load resistance

(Rreg):

V 2
Ro = Tldc—dc _— Rre 5 7.1
fde-d (V;eg(édc—dc) ) & ( )

where 7gc—qc is the efficiency of the IDCHDCI converter and Vi, is the regulated output

voltage.

This raises challenges for the rectifier design because it must operate at highly variable
induced electromotive force on the receive coil (&) and at variable load resistances
. In addition, the range of the IPT-rectifier output voltage (Vg]) has to be limited
not only by the capabilities of the components of the rectifier but also by the range of

input voltages supported by the [DCHDCI converter.

Electric Dynamics of the System

The dynamics can be analysed at both ends of the system separately when the inverter is
load independent, given that this feature detaches the design of both ends of the system.

However, at the transmit side, the reflected resistance on the transmit coil and
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the reflected reactance on the transmit coil can reach values beyond the range of
steady-state operation as the system enters a transient, which may temporarily overload
the inverter and produce unwanted changes in the behaviour of or in some cases
surpass the ratings of the devices in the inverter. Since there is no feedback-loop at the
transmit side to regulate power throughput, the dynamics of the transmitter have to be
considered solely for the design of the input filter and the maximum ratings of the devices

for step changes in k and Ry.

At the receive side, the response of V, has to be considered as a consequence of a step
change in [¢p} [H (or [E] representing both) and the load. The behaviour of the DCHDCI
converter and the design of the filters determine whether the system remains stable over

the entire operating range of [fl and load.

7.2.4 Design of an Inductive Link for Wireless Charging of
UAVs

The receive coil in this application is one of the most restrictive elements in the design.
It is required to be light-weight and the electric conductors and magnetic cores (if any)
which comprise the coil should not interfere with the aerodynamics of the drone. The
size and shape of the coils also determine the coupling distribution in space, confining a
range of motion for a given range of [l The design of the transmit coil is less restrictive
since weight and aerodynamics are not as crucial as in the receive coil. Nonetheless, a

system in which the transmitter is mounted on a drone is discussed in Section [7.2.13]

The receiving air-core coil was fabricated by copper-plating a plastic structure with the
shape of the propeller guard of the drone as shown in Fig. [7.3] and Fig. [7.4 This
minimises the effect of the coil on the aerodynamics of the drone, and at the same time
achieves high coupling (k >5%) over a broad range in distance and misalignment, due

to the large loop area of the coil.

It was verified in previous experiments on the unmodified drone that the presence of the
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Figure 7.3: Photograph of the off-the-shelf drone with its battery (left) next to the
modified drone with a plated copper coil, the rectifier board and the [DCHDCI converter
(right).

200.00 mm

(a) Transmit coil (b) Receive coil

Figure 7.4: Coils diagrams for the wirelessly powered drone demonstrator.

magnetic field generated by the proposed [HEZIPT] transmitter had no effect on the flying

controls and also did not produce heating anywhere in the drone.

The transmit coil consists of a two turn circular printed circuit board (PCBI) coil with
an external diameter of 200 mm and no magnetically permeable materials. The specifi-
cations of this coil, described in Chapter , can be seen in Fig. [7.4] (a). Both coils were
simulated using CST and measured with the impedance analyser. It should be noted,

however, that the equivalent series resistance (ESR]) of high-Q coils is very difficult to
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measure accurately [102] 103], and therefore the values from simulations are preferred
over measurements for the design of the inverter and the rectifier. The specifications of

the coils are presented in Table [7.1], and the coils diagrams are shown in Fig.

Table 7.1: Specifications of the coils for the wirelessly powered drone demonstrator at
13.56 MHz

Transmit coil Receive coil
Shape Circular planar Drone’s propeller guard
External Diameter [cm] 20 9-16
Number of turns 2 1

Measured inductance [nH] 1181.0 379.9
Simulated inductance [nH] 1155.7 392.0
Measured resistance [m2] 202.7 103.9
Simulated resistance [m2] 191.2 89.0

Measured unloaded Q 496 312

Simulated unloaded Q 515 375

7.2.5 Range of Motion of the Wirelessly Powered Drone

The range of motion of the drone was limited by anchoring it to the centre of the charging
pad with a 7.5 cm nylon string tether. The coupling distribution in space and the motion

characterisation are presented in Section [6.4]

7.2.6 Simulations of Electromagnetic Exposure

Simulations of the specific absorption rate (SAR]) were performed using 3D electromag-
netic simulation software at the critical points of operation in terms of exposure of the
wirelessly powered drone demonstrator, which was designed to be enclosed in a cubic
Perspex box of 40 cm wide. The simulations results at the two most critical points are
shown in Fig. considering the amplitude of [¢,| equal to 5.5 A, which is the worst case

among the viable solutions to power the drone efficiently with the proposed solution.

The simulations show that the highest localised [SAR] value is 0.001 990 47 W kg, which is

more than a thousand times lower than the [SARIlimit for the head and trunk, for general
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Figure 7.5: [SAR] simulations with an ¢, of 5.5A.

public exposure according to the International Commission on Non-lonizing Radiation

Protection (ICNIRP) [21], 22].

7.2.7 The Inverter Designed to Wirelessly Power a Drone

Inverter II: Class EF (Section was chosen, primarily because achieving high effi-
ciency independent of the reflected load is very convenient when dealing with an IPT
system in which [f varies. Also, it allows the design of the transmitter and receiver to
be done separately. The load-independent feature detaches the effects of the receiver on
the transmitter, simplifying the dynamics of the system and allowing power throughput
control to be implemented only at the receive side. Moreover, ¢,,| can be considered load-
independent, as does &(k,i,). The transmitter’s purpose in this design is to generate
a load-independent alternating magnetic field allowing the receiver to cope with power

throughput control as [f or power demand change.

Fig [7.6| shows experimental drain-voltage waveforms of the switch when the drone was
operating at different throttle values. It can be seen that, as expected, the drain voltage

is zero at turn-on (fi,t = 1) for all cases.
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Figure 7.6: Experimental waveforms of the drain voltage of Inverter II: Class EF while
wirelessly powering the drone at three throttle values.

7.2.8 The Rectifier Designed to Wirelessly Power a Drone

Various topologies were considered when selecting the rectifier for this system. A half-
wave current-driven Class D rectifier was implemented in the first version of the demon-
strator [145]. However, the drone needed to remain fairly distant from the charging pad
not to exceed the maximum input voltage of the converter. In order to allow
operating at broader ranges in [A, a non-synchronous hybrid Class E rectifier that can be
designed for low input reactance deviation as the load changes was built. An alternative
solution based on a synchronous Class E rectifier is also mentioned in Section The
hybrid Class E rectifier topology is shown in Fig. The benefits of this topology in
comparison to other non-synchronous half-wave Class E rectifiers were discussed in [87],
and the equations presented here were derived from that work.

Ls Rs Lh

gs @ G@ :: C’hp :: D cvo :: ‘/og Ro

Figure 7.7: Circuit topology of the implemented hybrid Class E rectifier.
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The major restriction in the design of the rectifier for this application is the range of
the output voltage of the rectifier, dictated by the tolerance of the components and most
importantly by the range of input voltages of the following stage. The converter
chosen for this design, the LMZ14203 by Texas Instruments, allows input voltages from
6V to 42V. Therefore, [] should remain within that range considering the domain of
[€J (which can be calculated from ([2.7))) to assure uninterrupted power flow and avoid

damaging the [DCHDCI converter.

Some of the design principles, and the criteria to select some of the design variables in
presented in Section [6.4] The design process of the rectifier begins by selecting at which
point of [l to optimise the link: (kopt), and calculating the optimal load of the link at that

point. For this parallel-tuned IPT system the optimal load can be calculated as:

1 Qp

Racopt == 1
2mfi,Cs — x- 1+ k2 QpQs

@, and Qs are the Q-factors of the transmit and receive coils respectively and Xj, is the

(7.2)

input reactance (positive if inductive and negative if capacitive) of the rectifier. Equation

(7.2) assumes the circuit in Fig. to be at resonance.

Rs jzﬂfipLs
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Figure 7.8: Equivalent impedances of the receiver of an [PT] system with the proposed
impedance model of the hybrid Class E rectifier.

kopt was selected using the probability distribution presented in Fig. [6.13] in order to
optimise the system in terms of efficiency at the most probable [El At this point it is
important to verify that the range in [Reg] and [Xeg| are within the range tolerated by the

inverter for the entire range of [l and P,. After optimising the link, the amplitude of
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should be defined to provide the power required by the load P,.

The design of the rectifier is relevant to achieve operation at the optimal load since
the rectifier’s gain (M,) can be determined by the passive components of the
topology. The rectifier’s input resistance (R;,), which should be equal to the optimal
load at kopt, can be described as a function of [PT] system load (R]), which is the

DCHDC converter’s input resistance, as:

R,

R —
2My

— Ry = (7.3)

aCopt

M, depends of three parameters. First, the diode’s duty cycle which is strongly related

to the loaded Q-factor of the rectifier,

R

= —0 . 4
Qrect Xrect (7 )

Xreet 18 the reactance of Cy, + Ch,:

1
27, (o + Cn)’

(7.5)

rect —

The diode’s duty cycle can therefore be designed by sizing the inductance Ly and the

capacitance Cy, + CY, in relationship with the range of R,.

Second, the ratio between the resonant frequency of the reactive elements of the rectifier

and the frequency of operation:

Ar _ rect7 76
i (7.6)
where,
1
f rect — (77)

27T\/Lh (Ohs + Chp) .
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Third, the ratio between the two capacitances of the topology:

v (7.8)

The equation that describes M, as a function of these variables can be found in Ap-

pendix A of [87].

In addition to designing the input resistance of the rectifier to be equal to the optimal load,
the input reactance, along with how it changes as coupling or power demand changes,
has to be considered in the design of the rectifier. This can be done by representing the
circuit connected to the receive coil as a single impedance [Zg and can be calculated

from the circuit in Fig as:

1
Rsec = ) : ; o\ (79)
Ro (4 (- %))
1 1 1
Newe = _ , 7.10
(Xin Xcs> 1 ( 1 1 )2 ( )
et (%o~ =0

XCS Xin

considering that Xj, is positive if inductive and negative if capacitive. In order to achieve
the maximum link efficiency at kopi, Xeee has to be equal to —27 f; L. However, since
Ry, and X, change with load demand and [£g, the link becomes slightly detuned when
operating at a different point than the one of optimisation. This feature can have a
negative impact on the end-to-end efficiency as it slightly detunes the receive side when
operating away from kope, but nonetheless it allows operating at maximum coupling
and minimum power without exceeding the voltage ratings of the converter,
significantly broadening the range of operation of the system. The design variables of the

rectifier are presented in Table [7.2] and the values of the components are in Table [7.3]
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Table 7.2: Design variables of the hybrid Class E Rectifier on the wirelessly powered
drone

kopt My dopt Ay B

0.1 0.0519 0.4 0.3 0.95

Table 7.3: Components of the hybrid Class E rectifier for the wirelessly powered drone

Component Value Description
Cp [pF] 54 Vishay QUAD HIFREQ
Chs [PF] 420 Vishay QUAD HIFREQ
Chp [PF] 343+Coss Vishay QUAD HIFREQ
Ly, [pH] 2.2 Coilcraft XAL40xx Series
Co [uF] 20 AVX X7R
D 2x Cree C3D1P7060Q

7.2.9 A SPICE Simulation on Changes in Load and Coupling

In order to provide the required power to the load, the designed amplitude of is
determined for the range of [E]and [El Tt is critical that the design is verified for the entire
range of [l and P,, especially considering that the [P receiver [AC| to efficiency

is also bounded to change with these variables.

The following were considered for the SPICE simulation. The average power consumption
of the drone was measured at full throttle at 13.0 W when fed from a 4.2V source,
and the most probable [f] selected to be ko in the design of the rectifier, is 10 %. This
was obtained from the analysis in Section [6.4] The input voltage of the inverter was set

at 74V resulting in an 7, of approximately 3.8 A.

The behaviour of the system was simulated to verify its operation at the critical cases
(kmax and P, . . and ky;, and P, ) and the dynamic response between those cases
assuming step changes in load and [£ from minimum to maximum and conversely. The
simulated circuit consists of a voltage source representing [£] the passive components of
the rectifier and the off-the-shelf SPICE model of the converter. The load was

modelled as a resistor. The results of this simulation are shown in Fig. [7.9]
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Figure 7.9: SPICE simulation results performing step-changes between critical conditions
in k£ and load resistance.

The range in V;¢g is well within the range of operation considering that the drone without
modification is fed from a battery, the voltage of which ranges from 4.2 to 3.7V depending
on the state of charge. The most critical value in this analysis is the range in |[V| which
was verified to be within the boundaries allowed by the converter: 42 and 6V.
Interestingly, if the converter allowed a broader input voltage range, the system

could operate at a broader range in [E] resulting in higher spatial freedom.
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7.2.10 Measurements on the Wirelessly Powered Drone Demon-

strator

The average power consumption of the drone was measured at 13.0 W and the average
input power of the inverter was measured at 21.8 W, and therefore the average to
regulated{D( efficiency is calculated to be 60 %. The total losses on average calculated

at 8.8 W are distributed, according to simulations, as shown in Fig. [[.I0] The power

transmitting-coil (1.4 W)
inverter (5.2 W)

— |

receiving-coil (0.3 W)

rectifier (0.5 W)
de-de converter (1.4 W)

Figure 7.10: Distribution of losses in the wirelessly powered drone demonstrator from
simulation.

consumption at the transmitter, when the system was driving the transmit coil without
the drone, was measured at 6.6 W; therefore, it can be assumed that the losses in the
transmitter account for approximately 75% of the total losses since the losses in the
load-independent Class EF inverter are fairly constant as the load varies due to its load-
independent switching performance. Also, since i, is load independent, the losses in the

transmit coil do not change with load.

According to the calculations presented in Fig. the average link efficiency is 90 %.

Thermal Considerations at the Transmit Side

The inverter accounts for most of the power losses in the system. Most of the losses in this

topology are in Ly and the transistor [73]. The power losses in the transistor (estimated
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at 2.0 W) are dissipated through the [PCBJ and a small heatsink attached at the bottom
of the PCBl The temperature of the board remained well under 70°C at no load, and
it decreased when the load was operating because of the forced airflow produced by the

drone.

Thermal Considerations at the Receive Side

A small heatsink was added to the rectifier board since the temperature was increasing
above 70°C at low coupling and maximum throttle (i.e. low voltage and high current).
The forward voltage of silicon carbide diodes tends to increase with temperature [153], and
therefore, in order to achieve good efficiencies at low couplings, a maximum temperature
rating of 70°C was determined at the rectifier board. At maximum [k and maximum
throttle the temperature of the diodes was much lower than 70°C as they draw less
current. This point, however, is critical to the [DCHDC| converter as the voltage ratio
between the input and output terminals is at its maximum, resulting in lower efficiency
at this stage. The converter could operate enclosed in the compartment that

typically holds the battery without a heatsink.

7.2.11 Additional Experiments With Wirelessly Powered Drones

An ongoing project related to wireless power to small drones is finding alternative designs
for the transmit coil. Fig. shows a photograph of such example. The coupling
distribution of a system using this coil, comprised of a single-turn larger copper trace
(500 mm by 280 mm), is steadier as the alignment of the coils change. It can also feed
power to multiple drones without batteries, simultaneously. It uses the same inverter
with a slightly different tuning (slightly higher and a different C3), and the additional
load to the inverter caused by the second drone did not require an additional heatsink or
a fan. Coupling distribution and system optimisation, as proposed in Chapter [0 could

be implemented for the design of the coils in order to obtain different specifications, for
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Figure 7.11: Photograph of two wirelessly powered drones fed from a single transmitter.

example a lower variation in coupling in terms of linear misalignment.

7.2.12 An Alternative Rectifier for the Wirelessly Powered Drone:

A Synchronous Class E

A viable alternative to the hybrid Class E rectifier designed as shown in Section [7.2.8] is a
synchronous Class E rectifier operating at constant duty cycle. The benefits of this mode
of operation are: avoiding very low duty cycles (less than 1 %) when the power demand is
at its minimum, which could be the case for any non-synchronous Class E rectifier. Also,
this type of rectifier achieves broader possibilities in shaping the reflected impedance of
the rectifier as the load changes. For the wirelessly powered drone prototype, the rectifier
was designed using the solutions for load independent operation in [73] to have an output

voltage that is independent of the load.

The solution implemented to trigger the operation of the transistor, which is difficult in

this type of system, is detailed in [81].

The demo implementing the synchronous rectification solution draws more power from
the source than the one that uses the hybrid Class E rectifier, mostly because of losses
associated with driving the transistor, which in an application of such low power are not
negligible. The synchronous rectifier can produce a lower @ than the hybrid Class E,

hence avoiding detuning the inverter at higher power demands. This, and the possible
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efficiency benefits of using a GaN transistor instead of a diode as the main switching

device, suggest that this alternative might be more suitable for higher power applications.

7.2.13 Experiments with a HF-IPT Transmitter on a Drone

The lightweight features of [HF-IPT] are not limited to the receive side. Fig. shows a
drone with an on-board [HE-IPT] transmitter, powered by the drone’s battery. Notwith-
standing that Inverter II: Class EF is capable of powering loads of up to 150 W, the power
capability in this application is dictated by the drone’s power supply (the drone uses a
battery model TB47D-4500-22.2-6S from DJI that can output a maximum of 100 W con-
tinuously, including the power needed to operate the drone). A converter was
integrated to boost up the voltage from a 22.2V level of the battery to the voltage re-
quired by the inverter, in this case 74 V. This additional power conversion stage can be
used to regulate the intensity of the magnetic field produced by the on-board transmitter

as input voltage dictates the amplitude of the current in the transmitting-coil.

The load in the experiment is a light-emitting diode (LEDI), representing a sensor po-
sitioned in environments with difficult access by other means, coupled with an receiver
that uses a hybrid Class E rectifier with the same design used in the wirelessly powered

drone, Section [7.2.8

Figure 7.12: Photograph of a DJI Matrice 100 drone with an on-board [HE-IPT] trans-
mitter.

193



7.2.14 Scaled-up Version of the Wirelessly Powered Drone

The development of the wirelessly powered drone demonstrator inspired the development
of a scaled-up version of the [HE-IPT] system to wirelessly charge the on-board battery
of a Matrice 100 [JAV] by DJI. A photograph of the system is shown in Fig. [7.13] The
receive coil is a one-turn 400 mm round copper pipe conductor supported by the structure

of the drone.

Figure 7.13: Photograph of the wirelessly charged drone taking off from the developed
transmitter platform. The photograph was taken in the Maritime Autonomous Systems
Trials and Evaluation Centre located at Turnchapel Wharf, Plymouth, UK, on the 11th
of June 2019.

The system was designed to deliver 100 W to the battery (equivalent to the plug-in
charger that comes with the drone). It operates at 6.78 MHz and the transmitter is based

on Inverter II: Class EF, tuned for the two-turn copper pipe transmit coil.

This is an ongoing project of the Wireless Power Lab at Imperial College London.

7.3 The Wirelessly Charged E-Scooter

An alternative application that benefits from [HE-IPT]is the micro e-mobility market, and
here an electric scooter wireless charging solution is described. This section demonstrates

the design and construction of a 6.78 MHz [[PT] system with air-core coils, integrated in an
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electric scooter, whose on-board battery can be charged at a maximum power of 100 W.
With respect to the magnetics, integration challenges arise due to the proximity of the
receive coil with the steel frame of the scooter, which significantly changes the coil link
parameters from those calculated and observed in air. The design of the power electronic
circuits at both ends of the system are detailed and explained. The battery of the
electric scooter was able to be charged with a mains-to-battery efficiency of 65.6 % with
an air-gap of 17 cm, where most of the losses are found in the battery charger. A losses
distribution diagram of the entire system is included. Simulations of human exposure to
the electromagnetic fields demonstrate that the designed system is well within the general

exposure limits given by [CNIRPl

7.3.1 Introduction to Wireless Power to an E-Scooter

Electric scooters can greatly benefit from wireless charging, as it eliminates direct inter-
action between the user and the charging mechanism, making such solution potentially

more convenient, more reliable and safer.

WPT] systems operating with air-core coils at megahertz frequencies have been demon-
strated in a variety of sources [31, 40} 48, 154]. However, in many real-life applications,
the receive coil is likely to be in proximity to another object: it may be embedded in
a mobile phone or mounted under an electric vehicle. Therefore, the integration of [PT]
system with air-core coils into physical products can lead to design parameters that are
different to those of a system in free space, due to the dielectric and magnetic properties

of the surrounding environment.

This system demonstrates a 100 W application in which the receive coil is situated fairly
close to the steel frame of the electric scooter, and shows how the system design pa-
rameters and coil characteristics in a scooter differ from those in air. The design and
integration of the coils and power electronics in the scooter are described, the compliance

to safety limits on human electromagnetic field exposure are evaluated, and experimental
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results of the wireless charging system operating in situ are presented.

7.3.2 Designed System Overview

The electric scooter used in this work is the E-Rider Model 18 [I55] (Fig.[7.14)), which has
a 48V, 24 A h rechargeable Li-ion battery located inside the seat compartment. It comes
with a 54.6 V, 2 A off-board battery charger, which specifies a universal input voltage:
100V to 240V at 50 or 60 Hz. The[HF-IPT]|system was designed to integrate this charger,

Figure 7.14: E-Rider Model 18 Electric Scooter.

which can also be fed with a[DC|voltage. However, to make the system work, the rectifier

must provide a [V] within the range required by the charger.

7.3.3 HF-IPT System Architecture and Power Throughput Con-

trol for the E-Scooter

The proposed [HE-IPT] charging system block diagram can be seen in Fig. [7.15] The
front-end converter represents the power transformation from the mains to[V3J This can
be a mains-rectifier and a power factor correction (PFC) stage, and it can be simply a

diode brige, in case the system architecture proposed in Chapter [5|is implemented.

196



d

Vmains V;ic ip . Es e ‘/o Vi:)at
—{ Front-end converter Inverter IPT-link IPT rectifier — PFC / battery charger ——

Figure 7.15: E-Rider [HE-IPT] system block diagram.

7.3.4 Design of an Inductive Link for Wireless Charging of an

E-Scooter

The transmit and receive coils consist of standard [PCBk with 1 oz copper on a 1.6 mm
thick FR4 substrate. PCB coils are flat and planar, so they can be incorporated into the
electric scooter and onto the road without reducing the ground clearance of the scooter

significantly.

The receive coil is a 2-turn square PCB coil with an outer dimension of 230 mm, a trace
width of 14mm and a turn spacing of 14 mm, as shown in Fig. (a). The size of the
receiver coil was chosen to fit the flat portion of the underside of the scooter (250 mm

width) and to avoid the side stand mount comprising a solid metal plate.

The transmit coil is a 2-turn square PCB coil with an outer dimension of 320 mm, a trace
width of 20mm and a turn spacing of 20 mm, as shown in Fig. (b). It is greater
in size than the receive coil to allow for better misalignment tolerance by having wider
magnetic flux coverage, but not too large so as to reduce the coupling factor due to size

asymmetry.

The inductance and resistance of the PCB coils were measured using the impedance
analyser. The results are presented in Table For the receive coil, impedance mea-
surements were taken in air and underneath the scooter in order to evaluate the effect
of the metal frame on the coil characteristics. The presence of the frame causes the in-
ductance of the receive coil to decrease by 4.5 %; this is due to the eddy currents in the
metal frame induced by a magnetic field that is in anti-phase to that generated by the
receive coil current. The resistance of the receive coil also increased by 91 % as a result

of eddy currents and magnetic losses in the frame.
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Figure 7.16: Coils diagrams for the wireless charging E-scooter.

Table 7.4: Measurements of coils designed for the wireless charger of an E-scooter

Parameter Measurement
Ly 1.82pH
Rp 189 mQ
Lg air 1.34pH
R air 164 mQ
Ls scooter 1.28 pH
Rs scooter 313 m$2

The clearance between the bottom of the scooter and the ground is 170 mm when the
electric scooter is on its centre stand. At this distance, [Hl was measured as proposed in
Section In air, the mutual inductance is 137nH and [His 8.8 %. With the receiver
coil mounted underneath the scooter, the mutual inductance falls to 119nH and [E drops

to 7.8 %, due to the presence of metal and metallic loops in the frame.

7.3.5 Simulations of Electromagnetic Exposure

The wireless charger for the electric scooter must consider safety limits on human expo-
sure to electromagnetic fields, as it is possible for a person to be situated very close to

the system. Since the frequency of operation is 6.78 MHz, basic restrictions from both

[CNIRP] 1998 [21] (for thermal effects, SAR]) and ICNIRP| 2010 [22] (for non-thermal
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effects, internal E-field) are relevant.

Electromagnetic simulations were performed with CST Microwave Studio’s frequency
domain solver with the Nelly human body model. The primary coil current was set
to 7.45 A, whilst the secondary coil current was 6.00 A; these current amplitudes enable
charging of the battery at 100 W. Due to the use of secondary resonance, the coil currents
are 90° out of phase. Two scenarios were considered for safety evaluation: Nelly standing
with the feet 50 mm from the transmit pad and Nelly lying down 50 mm from the transmit

pad (pad centre aligned with chest).

Fig. |7.17| (a) shows the plot of Nelly in the standing position. In this case, the
maximum localised (averaged over 10g of tissue) was 0.0065 W kg™! at the left
ankle, which is less than the general public exposure limit of 4 W kg~! for the limbs. In
addition, the 99*" percentile internal E-field value is 5.0 V m~! which is below the general

public exposure limit of 915V m™1.

W/kg

0.00645’_'. W/kg
0.01?41

0.001— 0.005 —

0.0005 —

0.001—
0.0005 —

0.0001 —
S5e-5—
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(a) SAR plot — Nelly standing (b) SAR plot — Nelly lying down

Figure 7.17: [SARIsimulations results for the wirelessly charged E-scooter in critical cases.

Fig.[7.17 (b) shows the [SARI plot of Nelly in the lying (supine) position. In this case, the
maximum localised was 0.017 W kg™t at the left lower arm near the elbow, which is
less than the general public exposure limit of 4 W kg~! for the limbs. Moreover, the 99"
percentile internal E-field value is 9.6 Vm~!, which is below the general public exposure

limit of 915V m~!.
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7.3.6 HF-IPT Inverter and Rectifier for the E-Scooter Wireless

Charger
Design of the 6.78 MHz Inverter

The design of the inverter is based on Inverter II: Class EF, which uses load-independent
tuning for Class EF inverters [73]. The design of this single-switch resonant inverter is de-
veloped in Section m The circuit topology of the inverter is presented in Fig.[7.18[(a),
and the components of the inverter, tuned for the proposed transmit coil, are presented

in Table [7.5].

Design of the HF-IPT Rectifier

The rectifier was designed using a two-stage voltage-multiplier current-driven Class D
rectifier, similar to Rectifier II: VM Class D as shown in Fig. [7.18(b), to increase the
output voltage, and provide the required voltage to the battery charger that comes with
the electric scooter, which ranges from 100V to 240V in root mean square (RMS)) at 50
or 60 Hz. The components were selected such that Cs would resonate the receive coil (L
in Fig. |7.18)). Thus, it had to be re-tuned once the coil was positioned at the bottom of
the scooter, as a result of changes in self and mutual inductance once the system was

integrated in the application. The components of the rectifier are presented in Table[7.5]

7.3.7 Measurements on the E-Scooter Demonstrator

Experiments were performed on the prototype electric scooter wireless charger prototype
shown in Fig. [7.19] Three experiments are described: A [DCHDCIHF-IPT] system in air, a
[DCHDHF=IPT] system mounted on the electric scooter, and a [DCHDCI[HE-IPT] system
charging the battery of the electric scooter in situ. The system was also verified using

the system architecture proposed in Chapter 5} The results are summarised in Table[7.6]
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Figure 7.18: Circuit topology of the inverter and rectifier implemented for the wirelessly

charged E-scooter.

Table 7.5: Components of the inverter and rectifier for the wireless charger for the E-
scooter

Component Value Description
C1 (pF) 439+Coss Vishay QUAD HIFREQ
Cs (pF) 418 Vishay QUAD HIFREQ
C3 (pF) 390 Vishay QUAD HIFREQ
Ly (uH) 88 Wurth Elektronik WE-PD
Ly (nH) 404 Coilcraft 2014VS
Ly, & Ls (nH) PCB coils (Table

Q1 GS66504B (650 V, 15 A) GaN FET
Cs (pF) 430 Vishay QUAD HIFREQ
Cp (nF) 100 Vishay QUAD HIFREQ
C, (nF) 500 Vishay QUAD HIFREQ
D1 - Dy C3D02060E-TR (600V, 2 A) SiC diode

IPT System Operating in Air with a Dummy Load

The wireless charging system was initially tested in air with a dummy load at the output
of the rectifier. The receiver coil was tuned with a series capacitance to resonate out its
inductance as measured in air. In summary, a [PT] system [DCl to [DC efficiency

of 80.0 % was achieved; detailed results are shown in Table |7.6| (‘IPT in air’ column).
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Figure 7.19: Photographs of the E-scooter wireless charger prototype.

Table 7.6: Experimental results of the E-scooter wireless charging system

(c¢) Experimental setup

Measurement IPT in air IPT in scooter Charging battery
Ro [ 243 194 -
Vie [V] 121 121 120

Vinains [V, RMS] - - 120
I4c [A] 1.03 1.11 1.21
Py [W] 125 133 145
Vo [V] 156 139 -
Voat [V] - - 45.7
I [A] 0.643 0.717 -
Tpat [A] - - 2.08
Po [W] 100 99.7 -
Phat [W] - - 95.1

Ndc-o 80.0% 75.0 % -
- - 65.6 %

TImains-bat
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IPT System Operating in Scooter with a Dummy Load

The receive coil was mounted underneath the scooter for the second experiment. Due
to the change in coil inductance when placed under the scooter, the series capacitance
at the receiver needed to be re-tuned so that it resonated with the coil inductance when
positioned under the scooter. As the transmit coil current amplitude is constant with
the proposed inverter, the change in [& and @ required a decrease in the dummy-load
resistance to regain 100 W at the output. Table (‘IPT in scooter’ column) shows the

results of the experiment; the in this scenario was measured at 75.0 %.

IPT System in Scooter with Battery Charger and Li-ion Battery

For the final experiment, the dummy load at the output of the rectifier was replaced
by the battery charger which in turn was connected to the Li-ion battery. Table [7.6
(‘Charging battery’ column) shows the results of the experiment; the [PT] system mains
[AC to regulated efficiency (which was congruent to the de-to-battery
efficiency) achieved was 65.6 %. The distribution of the losses in the end-to-end system,
obtained from simulation, is shown in Fig. The battery charger turned out to be

90 % efficient when separately measured without the [HF-IPT] link.

receive-coil transmit-coil

inverter

rectifier

dc-de converter

Figure 7.20: Distribution of losses in the wireless charged E-scooter from simulation.
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7.3.8 IPT System in Scooter with Battery Charger and Li-ion

Battery Powered from Mains AC

An additional experiment was performed using the same system but fed from a 120V
60 Hz voltage source, integrating a diode bridge as the front-end conversion stage in
Fig.[7.15] as opposed to a bench power supply that gives a regulated [DCl voltage. [HE-IPT]
systems can not only be fed from a regulated source, but also from a voltage source
with the shape of the absolute value of a low frequency alternating current ([AC]) source,
as proposed in Chapter 5] Active [PEC] is performed at the receive side in this type of
system configuration. Single switch resonant inverters, such as Class E and Class EF,
conveniently have a large inductance at the input, similar to that of a boost-converter.
This inductance intrinsically filters the input current, thereby making such converters

convenient for placement at the front end of an active [PEC] system.

Since the scooter’s battery charger which was used in the experiments as the output
voltage regulator allows an [AC] input voltage and is also designed to perform active [PFC],
the system did not require any modifications other than the integration of a diode bridge

at the front end of the inverter.

The efficiency recorded for this solution was congruent with that having a [DCHnput
voltage at 120 V. However, the[ACImains fed solution allows for one less power conversion
stage since the end-to-end efficiency is calculated from Vi in Fig. [7.15 and not from
[Vad The power factor at the source was measured to be higher than 0.99 in a set of

experiments performed.

7.3.9 Scaled-up Version of the Wirelessly Charged E-scooter

A scaled-up version of the E-rider scooter was conducted using Inverter I1I: PP Class EF
and Rectifier II: VM Class D. Bigger heatsinks were used for higher power throughput. A

photograph of an experiment can be seen in Fig. [7.21] The Govecs S2.4 Electric Scooter
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is being charged with 712.9 W at the input with a calculated efficiency of 85 %.

Figure 7.21: Photograph of the 600 W wireless charging experiment of the on-board
battery of a Govecs S2.4 Electric Scooter.

This is an ongoing project of the Wireless Power Lab at Imperial College London.

7.4 Summary

With newly-developed resonant power converters and tuning methods, in addition to
the advantageous features of wide-bandgap devices, lightweight and efficient solutions for
WPT] using [HE-IPT] are made possible. This chapter covers two design examples of end-
to-end [HF=IPT] systems which consider coil design, circuit design and compliance with

safety standards with respect to exposure to electromagnetic fields.
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Chapter 8

Conclusion

This chapter discusses the general conclusions of the work presented in this thesis and

summarises the main outcomes of the research.

8.1 Overview and Main Findings

This thesis showcases examples of high frequency inductive power transfer (HE-IPT)) sys-
tems which successfully demonstrate wireless power to real applications. These demon-
strators help validate the technology as an alternative to integrate wireless charging to
low and mid-power commercial products. An overview and the main findings of this

thesis are summarised below.

Some of the main challenges of designing an end-to-end [HF-IPT] system come from the
interaction between the two ends of the system. There are challenges in extracting power
from a voltage source to drive a transmit coil and there are challenges in extracting power
from an induced electromotive force (&]) on a receive coil to feed power to an electronic
device. Formulating the interaction between the two ends of the system, and specifically
between the two coils, is fundamental to design the system and make it work. This thesis

formulates the basic theory of inductive power transfer (IPT)) in a form which aims to
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detach the design of the different stages of the system while considering the effects of
actions that might take place if the system was integrated in an application, for example
relative movement of the coils, load variations, or the interaction of the system with other
objects in proximity to the coils. In the proposed model, the induced electromotive force
on the receive coil (&) is represented as a voltage source dependent of the self-inductance
of the coils, the transmit-coil current , the transmit-coil current frequency and
the coupling factor (&l); and similarly the reflected impedance on the transmit side
is modelled with respect to the self-inductance of the coils, the input impedance of the
IPT-rectifier (Zsed), [fi| and [E If the self-inductance of the coils and [f; | are considered
constant, changes in load or in [l can be represented as changes in @ at the transmit

side, and changes in [z;| and [, can be represented as changes in [£ at the receive side.

The work involving the power electronic circuits at both ends of the system unveils in-
herent properties of a group of resonant power converters which can tackle challenges
of performing [HF-IPT] using loosely coupled inductors. For example, the load-tolerant
Class E and the load-independent Class EF inverters can feed a fairly constant cur-
rent amplitude to the transmit coil throughout the reflected resistance range, and the
resistance compression network (RCN)) Class D rectifier can be designed to emulate the

optimal load of the link with a compressed dependence of the load resistance.

An advantageous feature of utilising resonant converters is that the shape of the voltage
and current waveforms of these circuits contain information about the tuning and loading
conditions. Experiments are shown where the waveforms of an inverter under test allowed
identifying [Zeg} and thus obtaining information of the receiver and the link, without any
sort of communication with the receiver. These differences on the waveforms allowed
implementing a machine learning algorithm to identify the patters on the drain voltage

waveform of the inverter which were used to estimate @ with a high degree of accuracy.

A system architecture is introduced where a Class E or a Class EF inverter, if designed
for a broad input voltage, can be fed from a mains source directly, not requiring a power

factor correction (PEC]) stage at the transmit side between the mains and the inverter. By
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employing this system architecture, the design can take advantage of the inverter’s large
input inductance to more easily shape the current drawn from the mains with a combined

output voltage regulation and [PFC stage at the receive side after the [PT] rectifier.

A system-level analysis using probability theory describes a method of designing [HF-TPT]
systems for variable [&], thus taking into account movement between the coils. The for-
mulation of motion as a probability distribution allows tuning the system taking into
account which values of [f] are more likely to occur. This probability-based formulation

also allows the coils to be designed based on motion and the probability distribution of

[E

Additional experiments allowed the effects of introducing alternative media between the
coils to be assessed and a study on the effects of corrosion on an air-core coil for [HF-IPT]
was undertaken. The presence of three materials under test, representing layers of wireless
power transfer (WPT)) to or from a device buried underground: soil, water and a brick,
were found to have a minimal effect on the high frequency inductive power transmission.
With respect to corrosion of air-core coils, where the hypothesis in [31] describes that a
thin layer of copper oxide on the coils was thought to be causing a large drop in the Q
factors, was challenged. The work presented here demonstrates that in printed circuit
board (PCHJ) coils at 13.56 MHz, corrosion does not significantly affect the Q factor unless

the conduction path of the coil is heavily compromised: it is not a skin-type phenomenon.

The main findings of this thesis fed into the development of two [HE-IPT] systems that

exemplify [WPT] to real-world applications.

8.2 Author’s Contribution

This thesis showcases two examples of end-to-end [HE-IPT] systems to demonstrate (WPT]
into applications, that of a drone and an electric scooter. These demonstrators were

constructed as collaborations among several members of the Wireless Power lab and
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showcase some of the author’s contributions of this thesis. The author’s contributions

are now described.

Some of the most important challenges in the field of [HE-IPT] are the development of the
power electronics circuits at both ends of the system. In this thesis, the first main contri-
bution is the implementation of a [RCNl rectifier topology to achieve an [[PT] system [AC]
load (R,J) that converges to the optimal load formulated in (2.17), with a compressed
dependence of the load resistance. The combination of this rectifier, a load indepen-
dent Class EF inverter and two air-core copper-pipe coils, allowed a peak efficiency of
88 % at 6.78 MHz and 83 % at 13.56 MHz to be achieved at a coil separation higher
than a coil radius. To the author’s knowledge this is the highest efficiency ever
achieved with the corresponding coil separations at such frequencies. The experiments
using these circuits also show, for the first time, a[HE-IPT|system with a power capability
of 150 W operating at variable coupling lower than 12 % at 6.78 MHz and lower than 5%

at 13.56 MHz.

The second main contribution of this work was the introduction of a system architecture
for HEF-IPT] systems where the current-driven Class E and Class EF inverters, commonly
employed for megahertz switching power conversion, are fed directly from a mains voltage
supply, allowing the elimination of a power conversion stage at the front end of the system.
This type of system architecture performs[PEC| at the receive side, therefore a[PEC| stage
at the receiver after the [HF-IPT] rectifier can regulate the output voltage whilst causing

the system input to be of high power factor and low distortion.

Considering that motion is one of the most attractive features of [WPT], addressing the
challenge of designing [HF-IPT] systems for variable [f] is paramount. The third main
contribution of this thesis consists of developing a probability-based model where the
systems are not only designed for variable [E] but the motion pattern between the coils
is taken into account, allowing tuning the system for maximum energy efficiency with
respect to [fl and the distribution of [ throughout the charging time. Furthermore, the

model can help evaluate the system with respect to the relative position of the coils and

210



how motion affects the distribution of [l This allows high-level control to dictate the
range of motion at which the system transfers power, and also the shape of the coils can

be redesigned to optimise the distribution of [l for a given motion profile.

Various other contributions were also made, including an impedance estimation model
using machine learning, a study of the effects produced by alternative media between
two coils performing [HE-IPT] and the evaluation of corrosion on a[PCB] coil designed for
HE-TPTI

The HF-IPT] programme is a collaborative effort involving the members of the Wireless
Power Lab at Imperial College London. The work in this thesis was completed from
October 2015 until September 2019, and is the work of the author and the following
collaborations: The work presented in Section was a collaboration with Dr. Kyra
Sedransk-Campbell from the Department of Chemical Engineering and Mr. Epameinon-
das Skountzos of the Materials Department of Imperial College London. Prof. Paul
D. Mitcheson and Dr. David C. Yates supervised this PhD and lead the programme.
Dr. Samer Aldhaher introduced the load independent Class EF inverter and was in charge
of designing the inverter boards. Dr. George Kkelis introduced the hybrid Class E rec-
tifier and collaborated in the development of some of the rectifiers used in this thesis.
Dr. Christopher H. Kwan generated the electromagnetic exposure simulations, and he
led the magnetic design of the wireless charging solution for the E-scooter. Mr. Lingxin
Lan programmed the machine learning algorithms to estimate [Zeg| using the transmitter

waveforms.

8.3 Patents, Publications, Awards and Outreach

The patent applications, journal and conference papers, awards and outreach activities

of this research are listed in this section.
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8.3.1 Patent Applications

e Juan M. Arteaga, David C. Yates and Paul D. Mitcheson, “Transmitter and Re-
ceiver Circuitry for Power Converter Systems”. Filing Date: 4 July 2018, Inter-
national Application Number: PCT/GB2019/051892. This work is listed as refer-

ence [122].

8.3.2 Journal Publications as Lead Author

e [EEE Transactions on Power Electronics: A paper titled ”Dynamic Capabilities
of Multi-MHz Inductive Power Transfer Systems Demonstrated with Batteryless
Drones” and authored by: Juan M. Arteaga, Samer Aldhaher, George Kkelis,
Christopher H. Kwan, David C. Yates and Paul D. Mitcheson, was accepted in
September 2018 and published in June 2019. This paper includes active content:
a 105s video file which can be found in IEEEXplore. This publication is listed as

reference [84].

e [EEE Transactions on Power Electronics: A paper titled “Multi-MHz IPT systems
for variable coupling” and authored by: Juan M. Arteaga, Samer Aldhaher, George
Kkelis, David C. Yates and Paul D. Mitcheson, was accepted in October 2017 and

published in September 2018. This publication is listed as reference [53].

8.3.3 Conference Presentations and Publications as Lead Au-

thor

e [EEE Applied Power Electronics Conference 2019, Anaheim, California, United
States of America: A paper titled “A Multi-MHz Wireless Power Transfer System

With Mains Power Factor Correction Circuitry on the Receiver”, and authored by:

Juan M. Arteaga, Samer Aldhaher, David C. Yates and Paul D. Mitcheson, was
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presented at the technical lecture session titled “Optimisation of Wireless Power
Transfer Systems”. A travel grant, sponsored by the Power Sources Manufacturers
Association, was awarded to support the presentation of this work. This publication

is listed as reference [121].

IEEE PELS Workshop on Emerging Technologies: Wireless Power (WoW) 2018,
Montréal, Canada: A paper titled “Probability-based optimisation for a multi-MHz
IPT system with variable coupling”, and authored by: Juan M. Arteaga, George
Kkelis, Samer Aldhaher, David C. Yates and Paul D. Mitcheson, was presented at
the technical lecture session titled “Performance Optimisation”. In addition, this
work was presented in the form of a poster for the Student Paper Competition,

where it was awarded the first prize. This publication is listed as reference [133].

IEEE MTT-S Wireless Power Transfer Conference 2018, Montréal, Canada: A
paper titled “A multi-MHz IPT-link developed for load characterisation at highly
variable coupling factor”, and authored by: Juan M. Arteaga, Lingxin Lan, Samer
Aldhaher, George Kkelis, David C. Yates and Paul D. Mitcheson, was presented
at the technical lecture session titled “HF innovative circuits”. This publication is

listed as reference [95].

IEEE Southern Power Electronics Conference 2016, Auckland, New Zealand: A
paper titled “Design of a 13.56 MHz [PT] system optimised for dynamic wireless
charging environments”, and authored by: Juan M. Arteaga, Samer Aldhaher,
George Kkelis, David C. Yates and Paul D. Mitcheson, was presented at the techni-
cal lecture session titled “New Developments in WPT Systems”. This publication

is listed as reference [55].

IEEE MTT-S Wireless Power Transfer Conference 2016, Aveiro, Portugal: A paper
titled “A current driven Class D rectifier with a resistance compression network

for 6.78 MHz [[PT] systems”, and authored by: Juan M. Arteaga, George Kkelis,

213



David C. Yates and Paul D. Mitcheson, was presented in the poster session. This

publication is listed as reference [54].

8.3.4 Conference Publications as Co-Author

e E. Skountzos, J. M. Arteaga, E. Hadjittofis, D. C. Yates, K. L. Sedransk-Campbell
and P. D. Mitcheson, “A 13.56 MHz Inductive Power Transfer System Operating
with Corroded Coils”, IEEE PELS Workshop on Emerging Technologies: Wireless
Power Transfer (WoW), 2019, London, U.K., pp. 1-5. This publication is listed as

reference [97].

e L. Lan, J. M. Arteaga, D. C. Yates and P. D. Mitcheson, “A Reflected Impedance
Estimation Technique for Inductive Power Transfer”, IEEE PELS Workshop on
Emerging Technologies: Wireless Power Transfer (WoW), 2019, London, U.K., pp.

1-4. This publication is listed as reference [96].

e C. H. Kwan, J. M. Arteaga, D. C. Yates and P. D. Mitcheson, “Design and Con-
struction of a 100 W Wireless Charger for an E-Scooter at 6.78 MHz”, IEEE PELS
Workshop on Emerging Technologies: Wireless Power Transfer (WoW), 2019, Lon-

don, U.K., pp. 1-5. This publication is listed as reference [144].

e P. D. Mitcheson, G. Kkelis, S. Aldhaher, J. M. Arteaga, D. C. Yates, D. Boyle,
E. M. Yeatman, “Power Electronics for Wireless Power Delivery in Synthetic Sen-
sor Networks”, Journal of Physics: Conference Series, July, 2018, pp. 1-2. This

publication is listed as reference [147].

e L. Lan, N. M. Ting, S. Aldhaher, G. Kkelis, C. H. Kwan, J. M. Arteaga, D. C. Yates,
P. D. Mitcheson, “Foreign Object Detection for Wireless Power Transfer,” 2018 2nd
URSI Atlantic Radio Science Meeting (AT-RASC), Meloneras, 2018, pp. 1-2. This

publication is listed as reference [98].

214



e P. D. Mitcheson, D. Boyle, G. Kkelis, D. Yates, J. M. Arteaga, S. Aldhaher, E. Yeat-
man “Energy-autonomous sensing systems using drones,” 2017 IEEE SENSORS,

Glasgow, 2017, pp. 1-3. This publication is listed as reference [146].

e G. Kkelis, S. Aldhaher, J. M. Arteaga, D. C. Yates and P. D. Mitcheson, “Hybrid
Class-E synchronous rectifier for wireless powering of quadcopters,” 2017 IEEE
Wireless Power Transfer Conference (WPTC), Taipei, 2017, pp. 1-4. This publica-

tion is listed as reference [83].

e S. Aldhaher, P. D. Mitcheson, J. M. Arteaga, G. Kkelis and D. C. Yates, “Light-
weight wireless power transfer for mid-air charging of drones,” 2017 11th European
Conference on Antennas and Propagation (EUCAP), Paris, 2017, pp. 336-340.

This publication is listed as reference [145].

8.3.5 Awards

e First prize in the Student Hardware Demonstration Competition at the IEEE Wire-
less Power Transfer Conference 2018, Montréal, QC, Canada, “The Wireless Power

Drone”.

e First prize in the Student Paper Competition: J. M. Arteaga, G. Kkelis, S. Ald-
haher, D. C. Yates and P. D. Mitcheson, “Probability-Based Optimisation for a
Multi-MHz IPT System with Variable Coupling,” 2018 TEEE PELS Workshop on
Emerging Technologies: Wireless Power Transfer (Wow), Montréal, QC, 2018, pp.
1-5.

e First prize in the Centre for Power Electronics UK Future Power Challenge 2016,
Nottingham, UK. The project title was: “A 13.56 MHz Load Independent Inductive
Power Transfer System with 73% DC-DC Efficiency” and was authored by Juan M.
Arteaga, Samer Aldhaher, George Kkelis, David C. Yates and Paul D. Mitcheson.
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(a) WPTC 2018 (b) WoW 2018 (c) CPE 2016

Figure 8.1: Photographs of the awards presentations.

8.3.6 Outreach

Industrial Involvement and Commercial Impact

e Founding Member of Imperial College London - Wireless Power Lab spin-out com-

pany Bumblebee Power Ltd.

e Partnership with the French multinational company Thales Group in displaying
the wireless charging capabilities for autonomous drones in maritime surveillance

systems.

e Partnership with the Canadian gallium nitride transistor manufacturer company
GaN Systems in the exhibition of the Wirelessly Powered Drone at the Applied

Power Electronics Conference (APEC) 2017 and Power Conversion and Intelligent
Motion (PCIM) Europe 2017.

Conference Organisation

e Co-chair the Local Organising Committee of the IEEE Wireless Power Week 2019,

London.

e Member of the Local Organising Committee of the Centre for Power Electronics

UK in the New Scientist Live 2016.
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e Member of the Local Organising Committee of the Centre for Power Electronics

UK in the Cheltenham Science Festival 2016.

Peer Reviewing

e [EEE Transactions on Power Electronics: nine manuscript reviews have been sub-

mitted.

e [EEE Transactions on Industrial Electronics: six manuscript reviews have been

submitted.

e [EEE Journal of Emerging and Selected Topics in Power Electronics: five manuscript

reviews have been submitted.

e [EEE Wireless Power Week 2019: Member of the Technical Program Committee,
reviewing over twenty manuscripts, and co-chair of a speaker session on high fre-

quency inductive power transfer.

8.4 Suggestions for Future Work

This thesis has revealed several potential areas of research for further investigation which

are summarised below.

There are properties, inherent of resonant megahertz-switching power electronic circuit
topologies, that have desirable features for [HE-IPT] some of which were employed in
the development of the [WPT] systems in this thesis. The state-space-equations which
describe these circuits allow design for specific solutions. Thus, investigating the pos-
sibilities of including additional features that are crucial for the commercial integration
of this technology, as for example minimising the total harmonic distortion (THDI) on
the transmit-coil current, should be further investigated. Alternative topologies to the

ones presented in this thesis can also be reevaluated as the transistor technologies move
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forward. Most notably, the Class D inverters with gallium nitride (GaN]) transistors
have been recently demonstrated at high efficiencies (>85%) and high power through-
put (500 W) [43]. There is also significant room for improvement in the auxiliary power
converters at both ends of the system, before the inverter and after the high frequency
rectifier as the requirements of these can differ from standard solutions designed to op-
erate from a traditional voltage source. Finally, there are also practical challenges which
need to be addressed in the power electronic circuits design, for these to be feasible
to be integrated in commercial applications, as for example, electrical and mechanical

robustness, packaging, thermal management of the boards and cost.

Most of the experimental work presented in this thesis was conducted using coils,
which were designed and built, not necessarily to achieve the highest efficiency, but mainly
to allow for a precise reproduction of the experiments. A commercial [HE-IPT] solution
would require significant improvement in the design and construction of the coils so that
high [P link efficiency is achieved with low-cost coils embedded in an application.
The latter also poses challenges with respect to shielding the magnetic flux of [PT]systems
with air-core coils. Different shapes and materials in the conductor that conforms the
coils can also be further explored to obtain different coupling distributions, especially

considering the possibility of relative motion of the coils in dynamic applications.

The techniques proposed to tune a receiver using an impedance analyser and therefore
estimate @ using machine learning algorithms, solely by observing and comparing the
waveforms of the inverter unveils many characterisation possibilities that can be further
explored. For example, the experimental characterisation of the[Zeg produced by different
tunings and different topologies of rectifiers, also the effects of integrating other type of
materials between the coils to represent different [PT] environments. The technique can
also be used for foreign object detection if a more cost-effective mechanism of obtaining

the data is achieved.

The proposed energy-efficiency formulation using the probability distribution of [ to

characterise motion points out key parameters that can be optimised for energy-efficiency.

218



First, the range of [l at which the system operates can be selected not only based on the
capabilities of the circuits but depending on the performance at the different values of [El
and accounting for how probable these values of [l are. Second, the coils can be designed
to achieve desirable features in the distribution of [f for a particular motion profile. For
example, the shape of the conductors of the coils can be optimised for maximum [E at the
most probable position, or a shape can be found where the change of [f] is minimised for
the given movement profile. And third, the model can help determine at which [E it is

best to optimise the inverter, the rectifier and the link.
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