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ABSTRACT

Wireless power transfer (WPT) is a well-established method of energising electrically-
powered devices. Among the different available WPT techniques Resonant Inductive Power
Transfer (RIPT) has been adapted for use in a wide range of applications. The primary
reason is the relatively higher Power Transfer Efficiency (PTE) which RIPT can provide.
RIPT systems operate on the principle of magnetic resonance coupling between a Trans-
mitter (Tx) and a Receiver (Rx) coil. Maximising the PTE is a key driver for improving
the performance of RIPT systems. In a RIPT link the PTE is influenced by three factors:
(1) inductive linkage between the Tx and Rx, (ii) terminating circuitry of Tx and Rx sides
and (ii1) Tx/Rx coil’s geometrical size. In considering these impacting factors, different
techniques to improve PTE have been extensively presented in the literature and are com-
prehensively reviewed in this thesis.

The research work undertaken focuses on the geometrical optimisation of Tx/Rx coils
to help maximise PTE in RIPT systems for operation over low- and mid-frequency bands
(i.e.: between few kHz to several MHz.). Conventional methods for maximising PTE re-
quire defining various design parameters (i.e.: figure-of-merits.) which assist in finding the
optimum Air-Cored Coil (ACC) geometry. However, traditional techniques for working
with Figure-of-Merit (FoM) parameters are very time consuming and process demanding.
In this thesis the number of required FoMs have been reduced to one and incorporated
into a process to accelerate production of the optimum geometry design. A unique FoM
parameter (i.e.: Py.s.) is developed by consolidating the PTE’s impacting factors.

Considering the RIPT application and its physical size constraints, a proper selection
method for identifying the numerical value of P, ; is investigated. A novel iterative al-
gorithm has been developed to assist in selection of the most favourable P,.; value which
provides the optimum ACC geometry. Theoretical design examples of two RIPT systems

operating at 10 kHz (low-frequency band) and 300 kHz (mid-frequency band) are used to



investigate the functionality of the ACC design approach, for which successful results are
achieved. The novel iterative algorithm is also experimentally validated by developing four
prototyped Tx/Rx ACC pairs, with real-world applications, which operate over low- and
mid-frequency bands: 1.06 MHz, 100 kHz, 50 kHz, 15 kHz. For the designed ACC geome-
tries, maximum PTEs of 85.63% at 1.06 MHz, 83.10% at 100 kHz, 72.85% at 50 kHz and
34.57% at 15kHz are practically measured in bench top tests. The measured PTE values
are in close correlation (within 14%) with the calculated PTEs at these frequency ranges,
and thus validate the novel ACC design procedure.

The RIPT system’s maximum achievable PTE can be further increased by adding fer-
rite cores to the Tx/Rx ACC pair. In this thesis an advanced iterative algorithm is also
presented to support the design of geometrically optimised coil pairs employing ferrite
cores. The advanced iterative algorithm is an extension of the initial work on optimising
ACC geometries. Optimum Ferrite-Cored Coil (FCC) geometries, produced using the ad-
vanced iterative algorithm, for RIPT systems operating at 10 kHz and 300 kHz have been
investigated. In comparing the FCC and ACC geometries designed for these frequencies,
it is demonstrated that RIPT systems with ferrite cores reduce the ACC’s geometrical size
and additionally improve PTE. To validate the performance of the advanced FCC design al-
gorithm over low- and mid-frequency bands, two RIPT systems are physically constructed
for operation at 15 kHz (low-frequency) and 50 kHz (mid-frequency). For the prototyped
RIPT systems, maximum PTEs of 45.16% at 50 kHz and 50.74% at 15 kHz are practically
measured. The calculated and physically measured PTE values are within 2% difference;

hence validating the advanced FCC design process.

Index Terms: Wireless power transfer (WPT), inductive power transfer (IPT), power trans-
fer efficiency (PTE), resonant magnetic coupling, optimal coil design, electromagnetic in-

duction, near-field power transfer.



CHAPTER 1
INTRODUCTION

1.1 Background

The conventional method of energising electric-driven devices is through a wired connec-
tion to a power source. In portable devices wired connection to the electrical supply is
not possible and batteries are employed to provide electrical energy. Despite the recent
advancement in battery manufacturing technology, such as development of novel energy
storage elements and materials, operating battery-powered equipment is often very chal-
lenging [1-4]. Batteries do not necessarily have a long operational life and must be reg-
ularly recharged and/or replaced. The charging process of batteries is very slow and time
consuming. Depending on the device, application and environment, battery replacement
can also impose a great difficulty. For example, in a gastrostimulator implant the batteries
must be changed every 3 to 5 years through major invasive surgery that lasts 2 to 4 hours
[4]. In addition to this, batteries have a very limited energy storage capacity (i.e.: energy
density.). For example, a Lithium-ion battery pack, which is commonly used to power up
electric vehicles (EVs), has energy density of 90-100 watt-hour per kilogram (Wh/Kg) and
can run less than 220 kilometres per charge [5]. To extend the electric vehicle’s driving
range per battery charge, the quantity of the batteries installed on the EV must be signif-
icantly increased [1]; which increases weight, size and the associated costs [2]. Wireless
power transfer (WPT) is the promising alternative to address problems that come with tra-
ditional methods of energising stationary and mobile electric equipment.

History of WPT dates back to 1862 when James Clerk Maxwell provided mathemat-
ical equations for electromagnetic (EM) waves and fields following Ampere’s circuit law

and Faraday’s law of induction [6]. Later in 1888, Heirich Rudolf Hertz, by investigat-



ing and confirming Maxwell’s prediction on EM wave propagation (known as Maxwell’s
equations), paved the way for practical use of electromagnetic waves [2]. The initial idea of
transmitting power using EM waves was empirically pursued by inventors including Nikola
Tesla, Hutin and Leblance in 1890s [6, 7]. Among them, Tesla’s experiments on wireless
power transmission made the most profound impact on today’s WPT systems [2, 3, 6-8].
However, Tesla’s innovative efforts could not last longer than 1900s due to lack of financial
support and interest in cordless delivery of electrical energy [7]. Also, the equipment and
technology required for Tesla’s investigations were not developed back in the early 20th
century [6-8].

In the late 1950s, development of advanced semiconductors and modern power supplies
eased the WPT investigations pioneered during Tesla’s era [8]. With technological en-
hancement the demand for cordless delivery of electrical energy also gradually increased.
Over the last few decades, WPT has emerged as an ideal solution for operations in hostile
and inaccessible locations. For example in industrial manufacturing sectors many haz-
ardous operations, due to the environment and safety concerns, must be kept inside sealed
and insulated metallic containers to avoid leakage of internal fluid, gas, substances, etc.
Safe management of tasks inside such metallic enclosures demands the ability to remotely
monitor and control the operations from outside. In addition to this, regular structural
health monitoring of enclosures and housing is necessary to ensure the insulator’s reliabil-
ity and safety. To evaluate both the internal operational process and the armour’s structural
condition in a sealed metallic container different types of inspection equipment, based on
requirements, will often be deployed inside the enclosure [9]. For instance, two typical
sensing applications used for monitoring purposes are shown in Fig. 1.1. A passive radio
frequency identification (RFID) transponder is shown in Fig. 1.1a, which measures the
pressure and temperature inside a sealed metallic whipped cream device [10]. Fig. 1.1b
shows optical sensor arrays installed on pipe inspection robots travelling in an oil and gas

pipeline to monitor the pipe’s structural health and defects [11]. Wired power delivery to
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Figure 1.1: Examples of sensing equipment to monitor inside the metallic enclosures: (a)
RFID transponder, (b) optical sensor array.

such remote sensing/monitoring systems enclosed in metallic containers requires perfora-
tion in the armour. This method can endanger the strength and structural integrity of the
insulator housing and may lead to release of internal material to the surrounding environ-
ment. Using replaceable battery packs to power such systems is not feasible in many cases
due to the need to unseal housings/enclosures, which can be time consuming, costly and
possibly dangerous. The requirement for an effective method of energising such enclosed
electric-driven devices in a manner which maintains the structure’s integrity makes wireless
power transfer a viable solution.

WPT systems operate based on a similar mechanism used for wireless signal commu-
nication; hence, they can be used to transmit information signal to out-of-reach areas as
well as power. Considering these, wireless power transfer can benefit an extremely diverse

range of applications including:

e Energising portable electronic consumers (i.e.: low power charging.) such as smart-
phones [12], cameras, laptops [13] and electric toothbrush as shown in Fig. 1.2a

[14];

e Power and signal delivery to/from sensors and RFID tags located within harsh envi-
ronment, automotive manufacturing industries and clean factories. For example, un-

derwater surveillance sensor networks, underground sensor networks located within



mining tunnels, condition monitoring sensors in food containers [15], seismic ac-
tivity sensors integrated in building walls [16], wireless sensor networks (WSN) in
pipeline environment [17], sensor-based internet of things (IoT) and smart homes

appliances as shown in Fig. 1.2d [14];

Dynamic and/or stationary wireless charging of batteries in transportation vehicles
(i.e.: high power charging.) such as electric cars, as shown in Fig. 1.2b [2, 18, 19]

and public transport buses, as shown in Fig. 1.2c [20-22];

Wireless power and signal transmission to autonomous vehicles such as unmanned

aerial vehicles (UAVs) [23] and autonomous underwater vehicles (AUVSs) [24];

Cordless energy delivery to/from rotating equipment such as well drilling tools [25]

and wind turbines [26];

Wireless power and data transfer to mobile robots such as pipeline inspection robots

[9] and endoscope micro-robots (capsule robots) [27];

Powering and signal transfer to biomedical implants such as gastrostimulator im-
plants [4], retinal prostheses capable of measuring intraocular pressure [28, 29],
cochlear implants [30], brain-computer interfaces and neuroprosthesis [31], drug de-

livery and cardiac pacemakers [32];

Power and data transmission to/from wearables such as smart shoes, wearable elec-
trocardiograms, health monitoring watches and smart orthopaedic patches [33, 34],

etc.

Over the last century different approaches have been adapted to wirelessly transmit elec-

trical energy from a power source (i.e.: transmitter, Tx.) to an electric load (i.e.: receiver,

Rx.). WPT techniques, with respect to the transmission distance between the Tx and Rx,

can be divided into two categories: far-field (FF-WPT) and near-field (NF-WPT) [1, 3, 7,

13, 14]. To transmit power over a long distance, far-field WPT relies on EM wave radiations
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Figure 1.2: Typical WPT applications: (a) powering an electric toothbrush [14], (b) wire-
less power delivery to smart home appliances [14], (c) stationary wireless charging of bat-
teries in an EV [19], (d) dynamic wireless charging of batteries in a bus [22].

which exist in the microwave frequency spectrum and higher (i.e.: mostly > 300 MHz.) [7,
35]. The electromagnetic radiations, especially at high frequency ranges, potentially have
damaging effect on biologically live tissues including human tissues. Based on safety reg-
ulations the transmission power level in the FF-WPT systems must be kept below a few
hundred mW [3, 7, 35], unless the power is being transmitted between human-free zones
such as space and isolated locations [7, 36]. Considering this, far-field WPT is not a suit-
able technique for the majority of wireless power transfer applications [7, 14].

Near-field WPT refers to short- and mid-range (i.e.: power transmission distance < sev-
eral times of the dimension of the transmitter structure [6, 8].) cordless delivery of electrical
energy. In this technique, the system operating frequency is mostly at megahertz or sub-
megahertz range [37]. For short- and mid-range energy delivery, power can be transmitted
through sound vibrations, electric field coupling, magnetic field coupling and magnetic res-

onant coupling between the Tx and Rx [3, 36]. Among the NF-WPT techniques, magnetic



resonant coupling (i.e.: resonant inductive power transfer, RIPT.) can provide the highest
power transfer efficiency (i.e.: the ratio of power received at the electric load to the power
level driving the Tx.) [8, 14, 21, 36]. Hence, RIPT has been extensively adapted as an ideal

solution for diverse short- and mid-range wireless power delivery applications [8, 38].

1.2 Problem Statement

Resonant inductive power transfer is a well-established WPT method. The operation prin-
ciple of this wireless power transfer technique is based on resonant coupling of a magnetic
field between a primary and a secondary coil. The key performance parameter in devel-
opment work on RIPT systems is power transfer efficiency (PTE). PTE in a RIPT system
is affected by transmission medium, terminating circuitry of both receiver and transmitter,
and coil size (i.e.: diameter, length and number of turns.). In the bulk of WPT systems,
the transmission medium and its influence on PTE is an intrinsic feature of the application
which cannot be modified. The Tx and Rx terminating circuitries also are mainly affected
by the application’s required power level. Considering these factors, coil geometry opti-
misation 1is an essential requirement for designing an efficient power transfer link [30-32,
39-44].

The resonant inductive power transfer systems usually operate at low- and mid-frequency
ranges (i.e.:. < a few MHz.) in the EM wave spectrum [8, 12, 21, 35]. The system’s oper-
ating frequency strongly impacts the Tx/Rx coil geometry. Based on the fundamentals of
antenna design theory in an efficient power transmission system the dimensions of Tx/Rx
coils must be comparable with the operating EM wavelength frequency [14, 31, 45]. The

wavelength (\), based on [46], can be calculated as:

A= S 1.1
7 (L.1)

in which c is the speed of light (¢ = 3 x 10® m/s) and f is the frequency of the EM wave



emission. Considering this, having an efficient RIPT system, which is operating at low- and
mid-frequency bands, requires physically large Tx/Rx coils. It should be noted that physi-
cally large coils have higher internal resistance which significantly increases the amount of
power loss (in the form of heat) inside the coil [14, 30-32]. A high level of power loss in Tx
and Rx coils does reduce the power level that can be delivered to the load; thus leading to
low PTE in these systems. Considering the challenges associated with operating resonant
inductive power transfer systems, improving PTE necessitates optimising the Tx/Rx coil
geometry [30-32, 39-42].

In addition to improving PTE, coil geometry optimisation by miniaturising the system’s
overall design can extend the range of existing wireless power transfer applications. Coil
geometrical optimisation lends itself well to WPT applications where the physical size of a
transceiver is limited; such as contact-less power delivery through metallic pipes [3, 9] and
IMDs [30, 31, 42]. In cordless power delivery to IMDs, a miniaturised coil geometry can
also reduce the implant’s harmful impacts on the tissue, which typically includes potential
cell death, inflammation and damage to blood vessels near the implant site [31]. Minia-
turised coil geometries can also pave the way for new WPT applications. For example,
currently wireless power delivery to dynamic vehicles is limited to public transportation
systems such as buses. This is due to high expenses associated with massive road ex-
cavations which are required to bury physically large coils. Employing smaller coils by
reducing the volume of excavations and the associated costs can promote the use of WPT

in dynamic EVs as well.

1.3 Aim and Objectives

The aim of this research work is to develop a comprehensive technique to design the opti-
mum coil geometry which can maximise overall PTE in the RIPT systems operating over
low- and mid-frequency bands. Geometrical optimisation of Tx/Rx inductive coils, with the

purpose of maximising PTE, has been well researched over the last few decades. An exten-



sive review of these methods can be found in this thesis. To improve PTE, the traditional
geometry design techniques focus on increasing the intrinsic quality of the Tx/Rx air-cored
coil (ACC) pair, by modifying the coil’s winding layout. Employing a high quality Tx/Rx
ACC pair can improve the energy transmission between the pair, however maximising the
RIPT system’s source-to-load PTE requires compensating the loading effects of the Tx and
Rx concurrent with configuring the coil’s geometry.

With the motivation to maximise the RIPT system’s source-to-load PTE, different ACC
geometry design algorithms have been reported in the literature. As a common approach in
these techniques, first the system’s overall PTE is formulated as an equation. Then based
on the derived equation, various design parameters (i.e.: figure-of-merit parameters.) are
defined to help improve PTE. In these techniques, designing the optimum ACC geometry
requires determining proper numerical values for the set of figure-of-merit (FoM) param-
eters. It will be shown in this thesis that depending on the number of required FoMs, the
available geometry design algorithms are very time consuming.

Building upon the previous techniques, the motivation for this research study is to ac-
celerate the geometry design procedure by reducing the number of FoM parameters to one.
Determining this unique FoM parameter requires a comprehensive analysis of the RIPT
system and the physical factors which impact PTE. In the present thesis, a unique FoM pa-
rameter (called P;.s) is developed by combining PTE’s impacting factors. Considering the
RIPT application and its physical size constraints, a proper selection method for identify-
ing the numerical value of P, is essential to design the optimum ACC geometry. Finding
the most favourable value for the developed FoM parameter demands investigating the ef-
fect of Ps.; on the coil’s geometrical size. Considering these requirements, in this thesis a
novel iterative algorithm is developed to assist in selecting the most favourable P value.
The established design algorithm, through selecting the proper P value, will provide the
optimum Tx/Rx ACC geometry.

In a RIPT link, maximum achievable PTE is affected by the system application and



its spatial limitations. Ferrite cores have been widely added to the Tx/Rx coil pairs in the
RIPT systems to boost PTE [18, 21, 27, 44, 47-54]. In a RIPT system with the Tx/Rx
ferrite-cored coils (FCC), PTE is affected by ferrite’s magnetisation and demagnetisation
effects [27, 31, 55]. Ferrite’s magnetisation effect improves the inductive link’s PTE [27,
55-58], while its demagnetisation effect reduces PTE [27, 50, 55, 58, 59]. Considering
these effects, the main challenge in utilising ferrite cores is to design a geometry which can
increase the system’s PTE level. With a motivation to further increase PTE in the RIPT
links, this research work aims to design geometrically optimised Tx/Rx FCC pairs.

Designing the optimum FCC geometry demands studying the coil’s analytical model.
Investigating the analytical model indicates that having the optimum FCC geometry re-
quires a geometrically optimised winding (i.e.: air-cored coil.). It will be shown in this
thesis that designing the optimum FCC also necessitates to verify if adding a ferrite core to
the optimum winding geometry can yield an improvement in PTE. A common technique in
the literature to design a geometrically optimised FCC is to initially find the optimum coil
winding (i.e.: ACC geometry.) and fill the winding with a ferrite core. The developed FCC
geometry then must be modified to ensure it can provide the maximised PTE. Following
this approach, in the present research work an advanced iterative algorithm is developed
based on the novel ACC design algorithm, which is established in this thesis. The ad-
vanced iterative design algorithm, through selecting the most proper numerical value for
Py, provides the optimum Tx/Rx FCC geometry which can maximise PTE with respect
to the ferrite’s magnetisation and demagnetisation effects.

Two coil topologies commonly used in RIPT applications are spiral and helical induc-
tors. The available coil design algorithms in the literature mainly focus on optimising spiral
coils or low power (i.e.: < 1W.) mm-sized helicals. However, geometrical optimisation
of regular-size helicals can be equally important. To fulfill this research gap, in the present
thesis the iterative design algorithms (i.e.: for the air-cored and ferrite-cored coils.) are

developed through geometrical optimisation of solenoids (i.e.: a type of helical coils.). The



ACC and FCC design algorithms in this research work can be employed in high-power

(i.e.: > several hundred mW.) RIPT systems as well as low-power applications.

Validating a coil geometry design technique necessitates developing a PTE measure-

ment setup with Tx/Rx coils that are constructed based on the proposed iterative algorithm.

For this purpose, in the present research work various air-cored and ferrite-cored solenoids

have been constructed based on the developed novel ACC geometry design algorithm and

advanced FCC design algorithm, respectively. Close correlations between the experimental

and calculated PTE measurements validate the developed design techniques.

1.4 Contributions

Main novelties and contributions to knowledge in this research work are:

1)

2)

3)

The process of designing the optimum Tx/Rx coil geometry is accelerated by devel-
oping a unique FoM parameter. The previously reported geometry design algorithms
mainly require determining numerous FoM parameters to assist in improving the
RIPT system’s PTE. In this research work a new design parameter (i.e.: Ps.r.) 1S

defined which enables reducing the number of required FoMs to a single factor.

A novel iterative algorithm is developed to design the optimum Tx/Rx air-cored coil
geometry which can maximise PTE for the required RIPT application. The key nov-
elty of this technique is that the provided design algorithm requires determining the
numerical value of a single FoM parameter, which is called as strong coupling fac-
tor (Pscr). A coil geometry design algorithm based on such unique FoM parameter
has not been reported previously in the literature on coil geometry optimisation tech-

niques.

An advanced recursive algorithm is provided to design the optimum Tx/Rx ferrite-
cored coil geometry which can boost PTE. In RIPT systems, that are operating over

low- and mid-frequency bands, achieving maximised PTE requires significantly large
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coil geometries, which are not feasible in many applications. The advanced FCC
design algorithm is developed based on the novel ACC design approach and can

further improve PTE in RIPT systems with restrictive spatial limitations.

4) The developed iterative algorithms in this research work provide the optimum Tx/Rx
solenoid geometries that can increase PTE in high-power RIPT applications as well

as low-power systems.

5) In this thesis to validate the developed iterative algorithms, various design examples
have been selected from real-world RIPT applications. These examples showcase
the ability of the provided geometry design techniques in benefiting industrial RIPT

systems by reducing their physical size and maximising PTE.

1.5 Resulting Publications

Contributions to journal articles

1) M. Heidarian and S. J. Burgess. “A Design Technique for Optimizing Resonant Coils
and the Energy Transfer of Inductive Links”. In: IEEE Transactions on Microwave

Theory and Techniques 69.1 (2021), pp. 399-408.

2) M. Heidarian and S. J. Burgess. “A Design Technique for Optimizing Ferrite-cored
Coils and the Energy Transfer of Resonant Inductive Links”. Under preparation to

submit to IEEE Transactions on Industrial Electronics.

Contributions to conference proceedings

1) M. Heidarian, S. J. Burgess, and R. Prabhu. “Improving the Design Approach to
Developing Through-Metal Communications for Use in Subsea Pipeline Robots™.

In: Global Oceans 2020: Singapore — U.S. Gulf Coast. 2020, pp. 1-5.
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2) M. Heidarian et al. “Maximising Inductive Power Transmission using a Novel Ana-
lytical Coil Design Approach”. In: 2019 IEEE Wireless Power Transfer Conference
(WPTC). IEEE. 2019, pp. 158-161.

3) M. Heidarian et al. “Optimal Coil Design for Maximum Power Transfer Efficiency in
Resonantly Coupled Systems”. In: 2019 USNC-URSI Radio Science Meeting (Joint

with AP-S Symposium). IEEE. 2019, pp. 73-74.

1.6 Thesis Outline

The rest of this thesis is organised as follows:

Chapter 2 provides an extensive overview of WPT techniques from the perspective of
power transfer efficiency and feasibility for implementation in wide range of applications.
Resonant inductive power transfer is shown to provide the highest PTE level for a wider
range of WPT applications. The key performance parameter in development work on RIPT
systems is maximising PTE. In this chapter the available techniques to increase PTE in
resonant inductive links are comprehensively reviewed. Among the available methods,
geometrical optimisation of Tx/Rx coils is presented as the essential requirement to max-
imise PTE. A comprehensive literature survey on coil geometry optimisation methods is
also provided in this chapter.

Chapter 3 discusses the requirements for maximising PTE in the RIPT system. In this
chapter the theoretical model of a resonant inductive link with Tx/Rx air-cored coils is ex-
pressed to assist formulating PTE. Based on the derived PTE equation the physical param-
eters affecting maximised inductive linkage between the Tx and Rx are identified. Through
theoretically analysing the PTE’s impacting factors a new FoM parameter (i.e.: Pys.) is
developed to maximise the RIPT system’s PTE.

Chapter 4 analyses the effects of P;.; parameter on the RIPT system and the Tx/Rx coil’s
geometrical dimension. Based on these investigations a novel recursive algorithm is de-

veloped to design the geometrically optimised Tx/Rx ACC pair which can maximise PTE.
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This chapter also demonstrates functionality of the developed novel iterative ACC design
algorithm by optimising the coil geometries for various real-world RIPT systems operating
over low- and mid-frequency bands. The practical PTE measurements of the exemplified
RIPT systems are also presented to validate the optimum ACC geometry design procedure.
Chapter 5 presents the effects of adding ferrite cores to the Tx/Rx coils on the RIPT
system’s PTE. Considering these effects an advanced iterative algorithm is developed to
design the optimum Tx/Rx FCC geometry which maximises PTE. In this chapter function-
ality of the developed advanced iterative algorithm is demonstrated by optimising the FCC
geometries for various RIPT systems with industrial applications. The FCC geometry de-
sign technique is also validated with practical measurements of PTE in the RIPT systems
operating over low- and mid-frequency bands.

Chapter 6 summarises contributions to knowledge and main findings of this research work.
It also includes suggestions on future work in RITP and promoting further WPT applica-

tions.
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CHAPTER 2
LITERATURE REVIEW

This chapter provides an overview of the available WPT approaches and presents resonant
inductive power transfer as a contact-less energy delivery technique suitable for a wide
range of near-field applications. Maintaining maximum power transfer efficiency is one of
the main challenges in resonant inductive WPT systems. Reviewing the available methods
to improve PTE in RIPT systems highlights the need for designing an optimum coil geome-
try to maximise PTE. This chapter ends with reviewing the available geometry optimisation

techniques which maximises PTE in the RIPT systems.

2.1 Wireless Power Transfer Techniques

Wireless power transfer refers to cordless delivery of electrical energy from a power source
to a target electric load. WPT methods, with respect to the power transmission distance
between the transmitter and receiver, are commonly classified as two cordless power trans-

mission approaches [1-3, 8]: a) near-field, and b) far-field energy delivery techniques.

2.2 Far-field Power Transmission

Far-field power transfer is the long-range power delivery approach where the distance be-
tween the transmitter and receiver is far greater than a wavelength (in meters) [46, 60].
FF-WPT employs electromagnetic fields emitted from a radiating structure (i.e.: transmit-
ting antenna.) to deliver energy to an electric load (i.e.: receiving antenna.) [3, 7, 8, 35,
36]. Hence, far-field WPT is also called radiative power transfer (RPT) [7, 8]. It should be
noted that the underlying mechanism used for RPT is similar to the technique deployed for

transmitting information signals via EM waves [3].
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Figure 2.1: Electromagnetic wave spectrum, adapted from [61].

Radiative WPT can be further classified as two techniques [3]: I) microwave power

transfer, and Il) laser power transfer.

2.2.1 Microwave Power Transfer

Microwave radiations as an energy carrier were initially used by William C. Brown to
propel a model helicopter in 1963 [7]. As can be deduced from Fig. 2.1, the electromagnetic
waves involved in microwave power transfer (MPT) are mainly in GHz frequency range [2,
3,7, 14, 35]; enabling cordless energy transmission to locations up to several kilometers
away from the Tx location. In this far-field WPT technique either omni- or uni-directional
patterns can be employed to radiate the Tx antenna in the microwave frequency band [3].
Omni-directional MPT can benefit simultaneous power delivery to multi-receivers such
as low-power wireless sensor networks (WSNs) [3, 7] and sensor-based IoT applications
[35]. However, this wireless power transfer technique suffers from low PTE [7]. The low
PTE in the omni-directional MPT is due to the isotropic nature of the transmission pattern
which yields the majority of power to be wasted in the antenna’s surrounding environment
[3, 7, 35]. High PTE can be achieved using uni-directional MPT; however, it requires
sophisticated wave tracking techniques [3, 35, 62]. A typical application of uni-directional
MPT is space solar power transfer [3, 7]. In these systems space satellites, carrying massive

solar panels as shown in Fig. 2.2, are used to convert solar energy to microwave radiations

15



Figure 2.2: Solar panels mounted on a space satellite to transmit microwave power to earth.

before transmission to dedicated receivers on earth. Uni-directional MPT has been also
used to energise unmanned aerial vehicles flying above the ground-based transmitter [23].

A major concern in WPT systems is related to human exposure under electromagnetic
fields and specific absorption rate (SAR) [3, 8, 13, 14, 31]. SAR is a ratio to measure the
power level that is absorbed by a biological tissue. High-power electromagnetic waves with
a short wavelength can have adverse effects on biologically live tissues. In compliance with
radio frequency (RF) exposure regulations, such as IEEE guidelines as shown in Fig. 2.3
[63], the required power level in WPT applications must be limited to less than 1 mW/cm?
[3, 63]. A typical example of such systems are MPT to miniature UAVs with mW power
requirements [3]. The applications which require higher power transmission levels must be
kept in human-free zones (e.g.: space, offshore installations, isolated islands, desert areas,
mountains, etc.) [3, 7, 8].

In addition to this, high power MPT systems require physically large antennas to trans-
mit energy over a long distance [14]. Such wireless power transfer systems are highly
expensive and can be afforded only in military and terrestrial projects where cost is not an
issue [3, 7, 14, 35]. One of the earliest high-power MPT demonstrations is NASA JPL (Jet
Propulsion Laboratory) project in which microwave radiations at 2.39 GHz were used to

transmit 32 kW power over a mile range at Raytheon in 1975 [23].
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2.2.2 Laser Power Transfer

Light amplification by stimulated emission of radiation is commonly known as laser [64].
Laser power transfer (LPT) employs radiations of EM waves, which are lying in the visible
or near infrared frequency spectrum, as the energy carrier [3, 64]. This frequency spectrum
starts from several THz to several hundred THz, as can be seen in Fig. 2.1. Similar to
MPT, laser power transfer can be used to deliver electrical energy over a long range. How-
ever, LPT highly relies on uninterrupted line-of-sight (LOS) path between the transmitter
(i.e.: laser beam.) and the receiver [3, 62, 64]. Considering this requirement, the LPT
applications are mainly limited to power delivery to UAV applications which can ensure an
uninterrupted LOS [3, 36]. A typical laser power transmission to UAVs is demonstrated in
Fig. 2.4 [14]. Here two Tx laser beams have been located in two different geographical po-
sitions. Depending on the UAV’s location and battery availability, the aerial vehicle will be
guided to any of the two Tx laser beams which are in a closer location, and an uninterrupted

LOS connection will be made for battery recharge purposes.
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Figure 2.4: Laser power transmission to energise an UAV, adopted from [14].

2.2.3 Discussion

The radiative power transfer is suitable for energy delivery over a long distance. However,
far-field WPT has very limited applications, which is due to the difficulties associated with

adapting this technique. These problems can be briefed as:

e Demanding uninterrupted LOS path.

Having low PTE due to multi-path fading.

Potential damaging effect on biologically live tissues (including human) near the

Tx/Rx system.

e Requiring sophisticated wave tracking techniques at the receiver.

Having a significantly large physical size (especially at the transmitter).

High associated expenses.

In addition to these, the employed frequency spectrum in far-field WPT (i.e.: > 300 MHz.),
based on (1.1), has a very short wavelength; hence, is not suitable for propagation through
highly conductive media (e.g.: seawater, steel, aluminium, etc.) [3, 35]. Considering

these, radiative WPT is not adequate for most cordless power delivery applications [14,
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35], including energising commercial applications (i.e.: everyday consumer electronics.),

IMDs, WPT through metallic housing and concrete structures, EVs, etc.

2.3 Near-field Power Transmission

Near-field WPT relies on non-radiative coupling between a power transmitter and an electric-
driven load, both of which are located within a wavelength from each other (i.e.: the dis-
tance between the Tx and Rx is smaller than one wavelength at the operating frequency
[7, 35, 46].). Hence, NF-WPT is also known as non-radiative power transmission. The
non-radiative nature of near-field wireless power transfer enables this technique to pro-
vide high power transmission levels without requiring uninterrupted LOS or suffering from
multi-path fading. Non-radiative WPT systems typically operate at low- and mid-frequency
ranges, between few kHz to several MHz [7, 8, 12, 21, 35]. Operating in such frequency
bands, reduces the power absorption inside the transmission medium [7, 9, 32]; hence,
making NF-WPT an ideal solution for cordless energy delivery through a variety of obsta-
cles such as building walls, metallic chambers, seawater, etc.

Near-field wireless power transmission can be further classified as four techniques [3]:
1) acoustic power transfer, Il) capacitive power transfer, Ill) inductive power transfer, and

1V) resonant inductive power transfer.

2.3.1 Acoustic Power Transfer

Acoustic power transmission (APT) systems employ sound vibrations, typically in the fre-
quency range 0.5-2.25 MHz, as the energy carrier for near-field cordless power delivery
[65]. In an APT system, as demonstrated in Fig. 2.5, a piezoelectric transducer (PZT)
transforms the electric energy of the power supply into the sound’s vibrational energy to
propagate inside the medium between the Tx and Rx (e.g.: air, human tissue and metal.).
At the receiver side the Rx piezoelectric transducer will be positioned along the path of the

sound wave to convert the received energy back to electricity [36, 65].
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Figure 2.5: A typical acoustic power transfer system.

The power transfer efficiency in APT systems highly depends on the quality of PZT
coupling [7]. Acoustic power transfer demands the pair of piezoelectric transducers to be
coaxially coupled together at either sides of the medium, which is mostly difficult to be
achieved. Considering this requirement, PTE in APT systems is relatively lower than other
NF-WPT techniques [36, 65]. The acoustic power transmission technique has a limited
application. It has been primarily used in low-power (i.e.: < 100 mW.) biomedical ap-
plications with PTE up to 40% [36]. APT can also benefit stationary (i.e.: Tx/Rx fixed
at a location.) WPT through-metal applications [66]. Achieving high PTE levels in APT
through-metal systems necessitates applying a couplant material (e.g.: resin, epoxy, etc.) to
the metal’s contact surface in order to ensure both the PZTs are tightly and coaxially bond
to the medium. Although this wireless power delivery technique can provide high PTE for
WPT through-metal applications, it demands physical contact between the Tx/Rx and the
metallic surface, which is not ideal for a wide range of WPT applications.

In addition to these, the functionality of the PZTs is also limited to a maximum oper-
ating temperature (i.e.: Curie point [66].) determined by the utilised piezoelectric mate-
rial. This limitation makes the APT unsuitable for applications with operating temperature
higher than the PZT’s Curie point, such as WPT through high-temperature chemical cham-

bers.
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2.3.2 Capacitive Power Transfer

Capacitive power transfer (CPT) employs electric field coupling between one or two pairs
of transmitting and receiving capacitive (metallic) plates for cordless energy delivery pur-
poses. In this technique, the electric field at the primary capacitive plate/plates leads to the
charge displacement in the secondary plate/plates, which results in electric flow (i.e.: elec-
trical current.) inside the Rx circuitry and power transfer. The CPT systems usually require
two sets of capacitive plates to form a closed current loop, as shown in Fig. 2.6 [67, 68].
However, it is also possible to achieve CPT using only one set of capacitive plates [67].
This WPT technique has only been recently considered for cordless power delivery appli-
cations. This is mainly because the power transfer efficiency in CPT systems is constrained
by the specific physical requirements for the coupled capacitive pair [1, 69-71].

In CPT systems receiving a measurable power level at the Rx side demands increasing
capacitance of the Tx/Rx plates. Improving the capacity of the coupled pair necessitates
reducing the separation distance between the Tx and Rx plates [67]. This requirement lim-
its the CPT to short-range wireless power transfer systems [1], typically < 300 mm [3,
36]. The efficiency in capacitive power transfer systems can be also improved by signifi-

cantly increasing the surface area (i.e.: coupling area.) of the Tx and Rx capacitive plates
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[67]. This requirement cannot be achieved in many WPT applications (e.g.: power deliv-
ery to IMDs, energy transmission through metallic pipelines [9], etc.) due to their spatial
restrictions.

The capacitive power transfer technique has a lower average efficiency than inductive
WPT [1, 3, 36, 68]. In general, CPT is more suitable for short-range applications that can
adapt the capacitive plate’s spatial requirements and such wireless power transfer applica-

tions typically include energising EVs, UAVs and mobile phones [3, 23, 72].

2.3.3 Inductive Power Transfer

Inductive power transfer (IPT) employs magnetic coupling between a transmitter and a re-
ceiver coil to deliver wireless energy, as schematically depicted in Fig. 2.7. IPT is based
on the principle that a varying magnetic field produced by a primary winding will induce
a magnetic field inside a secondary winding. The primary field, when interacting with sec-
ondary winding, will set up a current flow in a load connected to the secondary and power
is transferred. This induction mechanism can also be used for wireless data transmission
between the transmitting and receiving coils [73].

The inductive power transmission, pioneered in Tesla’s era, resumed its technological

evolution in 1960s after development of a magnetic coupling system for cordless energy
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delivery through chest wall of an animal [8, 74]. Since then, IPT has become a well-
established method of near-field wireless power transfer and has been employed in many
diverse applications. Inductive power transfer is a cost-effective method of energising
electric-driven devices with any level of power demand [38]. It can benefit WPT appli-
cations with any spatial requirements both in size and geometrical shape. For example,
solenoid coils under a 1-mm size have been designed in [31] to support chronic neural
recording implants. Magnetic coupling, due to its non-radiative nature, makes possible
wireless energy delivery through a wide range of transmission media without the require-
ment for physical contact with the medium.

In comparison with APT and CPT, inductive power transfer can provide high PTE levels
when delivering electrical energy over a short-range transmission distance (i.e.: less than
Tx/Rx dimension.) [6, 8, 14, 21]. However, with a distance increase between Tx and Rx the
induced power in the receiver side will quickly degrade due to magnetic flux leakage (i.e.:
leakage inductance.) in the energy transfer link. This results in a significant PTE reduction
in IPT applications with a longer transmission distance. Resonant inductive power transfer

is an alternative magnetic coupling approach which provides higher PTE levels.

2.3.4 Resonant Inductive Power Transfer

Resonant inductive power transfer employs magnetic resonant coupling between a trans-
mitter and a receiver coil for wireless energy delivery purposes. The efficiency in inductive
power transfer is affected by the large leakage inductance in the energy transfer link [6].
Adding resonators (i.e.: compensation capacitors.) to the inductively coupled windings
can effectively cancel out the leakage reactance of the system. The operating principle of
resonant IPT systems is based on the fact (i.e.: resonant coupling concept in physics.) that
two objects resonating at the same frequency will strongly interact with each other [75].
The resonant IPT approach technologically blossomed in 2007 when a group of physicists

from Massachusetts Institute of Technology (MIT) demonstrated a highly efficient WPT
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system based on magnetic coupling between a set of transmitting and receiving resonators
(i.e.: LC resonators.) two meters apart [6, 14, 62].

Enhancing PTE in resonant IPT systems requires both the Tx and Rx resonators to be
tuned to the same operating frequency. The resonant frequency (f,) in these systems is
usually in the range of few kHz to several MHz (i.e.: low- and mid-frequency bands.) [8,
12, 21, 35]. This is because at these bands the safety concerns related to SAR and human
exposure under electromagnetic fields can be largely avoided [8, 32]. It should be noted
that the power processing circuitry (i.e.: transmitter’s terminating circuitry.) used to drive
the WPT systems are mostly switched mode power converter arrangements. Operating
the system at low- and mid-frequency range reduces the switching losses in the driving
circuitry; hence, leading to higher source-to-load PTE levels [8]. Also, for WPT systems
transmitting high power levels, operating at this frequency range is highly cost-effective
since the power processing circuitry at low- and mid-frequency bands are readily available
and more economic [8]. Additionally, many WPT applications require energy delivery
through media with conductivity (o) and/or relative permeability (u,.) higher than air [76].
Typical examples of such media include: skull [31, 42], buffer solutions [76], metallic
chambers [9, 66, 77-79], concrete [16], seawater [24], etc. Operating the resonant IPT
system at low- and mid-frequency ranges, by reducing power absorption inside the medium
[9, 24, 66, 77, 78], offers higher PTE levels [80].

By employing a resonant IPT approach typically maximum PTEs of 80%-95% can
be readily achieved [37]. Resonant inductive coupling, by providing a strong inductive
interaction between the Tx and Rx coil pair, provides the highest level of power transfer
efficiency between all near-field WPT techniques. However, maximising PTE in resonant

inductive power transfer links has always been a challenge [21, 30, 37, 72, 81].
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2.4 Maximising PTE in the RIPT Systems

Power transfer efficiency is a key performance parameter in the development work on any
wireless power transfer system. In resonant inductive power transfer systems, maximising
PTE requires strong magnetic resonant coupling between the transmitter and receiver coils
[62]. In this section, the parameters affecting PTE in the resonant IPT systems are discussed
and the available methods to maximise the efficiency are reviewed.

A generic schematic of the resonant IPT systems is shown in Fig. 2.8, where v, and
Ry, represent the ac voltage source (i.e.: power source.) and the target load, respectively.
For this system, the power transfer efficiency is defined as the power received at the load
divided by the power injected into the IPT link by the ac voltage source. In a resonant IPT

link PTE is influenced by three factors —

I) Magnetic linkage: The energy transfer path between the Tx and Rx influences the
power loss inside the link which, in turn, determines the magnetic flux induced in the

receiver and the system’s overall PTE.

IT) Terminating circuitry of both the Tx and Rx sides: The terminating impedances of
the Tx—Rx pair set the circuitry power losses in the primary and secondary which, in
turn, establishes the system loaded quality factor (), -factor). Here, the quality factor
is defined as the ratio of energy loss to the energy stored in the electrical component

[48].

N

Tx
Circuitry Circuitry

Figure 2.8: A generic schematic of the resonant IPT Systems.
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III) Coil geometry: The coil’s physical geometry (i.e.: diameter, length and number of
turns.) determines the intrinsic quality factor (();-factor) of the Tx—Rx coil pair

which, in turn, affects their power transmission/receiving ability.

Maximising PTE in resonant inductive power transfer systems requires a resonant in-
ductive link (or an inductive link in general) that possesses high magnetic flux coupling
while both ();-factor and () -factor are maximised (i.e.: strong coupling between Tx and
Rx.) [62]. From a practical viewpoint fulfilling these requirements is not always possible.
The bulk of WPT applications have a significantly long transmission medium with high at-
tenuation levels between the transmitter and receiver which limits the link’s magnetic flux
coupling. The application’s required power level also affects both the loaded and intrinsic
quality factor values. The resonantly coupled coils can be used to wirelessly deliver any
volume of power; from few W in RFID tags [46] and implantable microelectronic devices
[30, 39, 42, 43, 82-84] to kW range in electric vehicle (EV) battery chargers [18, 20, 21].
Managing such a range of power levels requires an IPT system with specific source and
load resistance values, which imposes some constrains on the system’s () -factor.

The application requirements such as specific power level and space limitations also
influence the topology and structural geometry of the inductive resonators (i.e.: ();-factor.).
Two coil topologies commonly used in WPT applications are spiral and helical inductors
[37, 85]. Different geometrical shapes can be adapted for both these topologies including
square [20, 30], circle [31, 41] and hexagonal [42]. The planar structure of the spiral coils
makes them more suitable for space-confined applications such as IMDs [30, 42, 83, 84]
and portable electronic devices (e.g.: smart phones, cameras and laptops.) [13, 78]. On
the other hand helical coils, due to their uniform magnetic field [31], can provide a large
inductive coupling in comparison with spiral coils [20, 31, 43, 44, 56, 86]. Examples of
such systems include high-voltage battery charging [21, 87, 88] and WPT through-metal-
walls [9, 48, 49, 66, 79, 89-94]. It should be noted that selecting the coil topology is mainly

influenced by the application’s spatial restriction. For example Wang et al. [18] and Sallan
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et al. [20], have utilised spiral (planar) coils in EV battery charging with high power level
requirements under limited space restrictions.

These limitations and requirements necessitate optimising the physical circuit param-
eters of a resonant IPT system accordingly, which can be highly challenging. Different
methodologies have been utilised to maximise power transfer efficiency with regards to the
mentioned three impacting factors, that are: magnetic linkage, terminating circuitry of both

the Tx and Rx sides and coil geometry.

2.4.1 Maximising Magnetic Resonant Linkage

In a resonant IPT system the magnetic flux linkage between the Tx and Rx strongly impacts
the system’s overall power transfer efficiency. The magnetic resonant linkage is influenced
by transmission medium’s attenuation level, distance between the Tx and Rx coil pair (d;)
and their orientational position with respect to each other (i.e.: axial misalignment.). To
reduce magnetic flux leakage with respect to these impacting factors, different approaches
have been adapted.

To enlarge the power transmission distance, multiple LC-resonators in domino arrange-
ment can be placed between the transmitter and receiver coil pair [37, 95]. Domino inter-
mediate resonators can also benefit the WPT systems with axial misalignment in the Tx/Rx
coil path [37]. However, employing these intermediate resonators yields frequency split-
ting, in which the system operating frequency will be shifted away from f,, by adding each
set of resonators [8]. Ensuring the system operation at the magnetic resonant state neces-
sitates adding adaptive impedance matching networks (e.g.: a matrix of capacitors [96].)
to track the resonance frequency [1, 97]. Domino LC-resonators increase the system com-
plexity, weight and size; hence, cannot be employed in the WPT applications with extreme
spatial limitations.

To reduce power attenuation inside the air-gap between the Tx and Rx (i.e.: transmis-

sion medium.) different types of magnetic shields have been adapted which can suppress

27



energy flow in undesired directions. A method to achieve this is by placing metallic planes
in the close proximity of the Tx or both the Tx and Rx coils [98, 99]. These shielding
plates are mostly heavy and physically large, which makes the applications of this tech-
nique limited to the WPT systems that can accommodate placing magnetic shields in the
air-gap between the transmitter and receiver.

In a resonant IPT system, the magnetic flux coupling can be increased by adopting
ferrite materials (i.e.: high permeability materials.) as the core for the Tx/Rx coils [44].
Adding ferrite cores to the primary/secondary inductors improves the coil self-inductance
which, in turn, boosts the inductive linkage between the transmitter and receiver [18, 21,
44, 47-49]. However, employing ferrite-cored coils in the resonant IPT link will signifi-
cantly increase the system’s overall weight and cost. In these WPT systems, reducing the
coil physical weight concurrent with maintaining maximised inductive linkage, necessitates
designing a geometrically optimised coil pair. An iterative algorithm to find the optimum
geometry for the Tx/Rx ferrite-cored coil pair in a resonant IPT system has been developed

in chapter 5.

2.4.2  Optimising the Terminating Circuitry

The other factor affecting power transfer efficiency in a resonant IPT system is the termi-
nating circuitry at the transmitter and receiver sides (i.e.: source and load impedances.).
The power level dissipated in the source resistance ([75) determines what remaining power
is left for the inductive link [40]. This means with an increase in R value, the system’s
source-to-load power transfer efficiency will decrease. Hence, maximising PTE necessi-
tates reducing the R value to zero [81, 100]. Considering the fact that the source resistance
practically cannot be reduced to zero, it should be selected as low as possible (i.e.: typically
< 50€2.) to ensure maximum PTE level [101]. In a resonant IPT system, the power level
received at the secondary is also influenced by the load resistance (/) value. Considering

these constraints, the system’s maximum PTE occurs at single optimum load resistance
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value () which is influenced by the RIPT application and the power level requirements
[101, 102].

In most empirical RIPT applications the actual load resistance varies and cannot be
kept fixed at its nominal optimum value (i.e.: Ry,.). This, for example, can be due to
the variations in the distance between the Tx and Rx coils. Different methods have been
adopted to adjust and hold the receiver’s rated impedance (i.e.: the actual I?;, value.) at its
nominal optimum value to support maximum energy transmission [24, 72, 81, 102-104].
These techniques typically consist of voltage regulators and/or load modulators.

Voltage regulators, such as switched mode dc-dc converters [72] and buck-boost con-
verters [104], by regulating the receiver’s voltage ensure the load impedance is equivalent
or nearly-equivalent to its nominal optimum value (i.e.: %, .). Adding these units to the
system, by increasing the switching losses, yields a significant drop in the energy efficiency
of the IPT application [81, 102]. Also, considering the time constants associated with the
added converters, the system’s overall dynamic response will be slower.

To alleviate the difficulties using voltage regulators, different load modulation tech-
niques have been adopted as the alternative impedance adjustment approach [24, 72, 81,
102, 103]. Some examples of load modulators are Q-modulation [103], on-off keying
(OOK) [81] and pulse density modulation (PDM) [102]. Table 2.1 shows the maximum
achievable PTEs for the exemplified load modulation methods. From the table it can be
seen that the average overall efficiency in these techniques is low. This necessitates em-
ploying a second PTE maximisation approach (e.g.: enhancing the ();-factors.) to accom-
pany the load modulators [102]. Also, the adopted tuning techniques utilise closed-loop
controllers to track the load variations, and an RF wireless signal path is employed as part
of the control loop between the transmitter and receiver to feed the information on R
changes back to the Tx side. The closed-loop controller for an OOK modulation technique
has been demonstrated in Fig. 2.9, where to maintain the load impedance equivalent to its

optimum value, the information of load voltage (vy), in the form of RF signal (i.e.: RF
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Table 2.1: Maximum Achievable PTE using different load modulation techniques.

Modulation fo d, K Optimal PTE Reference
technique ~ (MHz) (mm) Ry () (%)
Q 2 80 0.05 15 27 [103]

OOK 0.9756 200  0.0689 10 72.6 [81]

PDM 0917 500 0.01 25 70 [102]

radiation.) is used to control switching actions of the power inverter at the primary side
[81]. Such systems with RF control/feedback have limited uses. This is because RF signal
will be significantly attenuated in transmission media with electric conductivity (o) and/or
relative magnetic permeability (y,.) higher than air.

Considering the difficulties and inefficiencies that exist in using the voltage regulators
and modulators, it can be concluded that optimising the Tx/Rx circuitry cannot maximise

PTE in all RIPT applications.
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Figure 2.9: The schematic of an OOK modulator employed to maximise the power transfer
efficiency in the RIPT systems [81]. The closed-loop controller, shown in gray, has been
used to maintain the load resistance equivalent to its optimum value.
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2.4.3 Optimising the Physical Size of Coils

Geometric optimisation of the Tx/Rx coil pairs is the third method of improving the mag-
netic resonant linkage. This approach can additionally reduce the RIPT system’s physical
size. Much work has been devoted to maximising PTE through coil geometry optimisation
over the last few decades [20, 21, 30, 31, 39-43, 56, 85, 101, 105-112].

One of the methods for geometric optimisation of inductive coils is through increasing
Q;-factor of the Tx/Rx coil pairs as considered by many researchers including [105-108].
In the proposed technique, to improve ();-factor, the coil’s winding layout has been mod-
ified in different ways such as varying the winding’s track width [105] and increasing the
coil’s inner radius [107]. Employing a Tx/Rx coil pair with higher ();-factor can improve
the energy transmission of the pair, however maximising source-to-load power transfer ef-
ficiency requires configuring the coil’s geometry while compensating the loading effect of
inductive link’s coupling (i.e.: coupling coefficient K'.) and () -factor as well [113].

To maximise the IPT system’s overall PTE different iterative design algorithms have
been proposed over the last decades [20, 30, 31, 39-43, 56, 85, 101, 109-112]. As a
common approach to cancel out the loading effect of Tx/Rx terminating circuitry, Jow et
al. [30], Ibrahim et al. [39], Sallan et al. [20], Hwang et al. [56], Ko et al. [110], and
Donaldson et al. [111] have found equations for power transfer efficiency based on system
parameters (e.g.: K, R, Ry, etc.). Then, for the derived PTE equation, various figure-of-
merit (FoM) parameters have also been defined to help improve the energy transmission
efficiency for the purpose application. For example, to optimise the geometry of printed
spiral coils in a cortical visual prothesis, as listed in Table 2.2, the coil’s diameter (D),
conductor width (1), winding’s distribution over the spiral disk (¢) and number of turns
(N) for both the Tx and Rx coils have been considered as FoOM parameters by Jow et al.
[30]. In these proposed techniques, in order to determine the proper numerical combination
of FoMs which maximises PTE, the design parameters are swept one by one over a wide

range around their pre-selected initial values. This process is repeated until the considered
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Table 2.2: Figure-of-merit parameters & design values for a resonant IPT application [30].

FoM parameters Symbols  Initial Optimised
values values
Diameter - Tx coil Dy, (mm) 20 70
Diameter - Rx coil Dg, (mm) 8 20
Conductor width - Tx coil ~ Wy, (um) 38 3250
Conductor width - Rx coil ~ W, (um) 38 250
Fill factor - Tx coil OTe 0.43 0.85
Fill factor - Rx coil PRz 0.43 0.43
Number of turns - Tx coil Nrg 71 9
Number of turns - Rx coil Np, 31 15

combination produces a desired PTE level. The selected initial FoMs and their respective
designed optimum values, for the previous example, are shown in Table 2.2. As can be seen,
the optimised FoM values have significant differences from their preliminary values which
indicates the high number of taken iterations. Using this method respective measured PTEs
of 41.2% at f, = 1 MHz and 85.8% at f, = 5MHz are found for a transmission distance
of 10 mm and a 500 {2 resistive load.

Depending on the number of geometrical variables (i.e.: FoMs.) that need to be swept,
the proposed coil optimisation techniques clearly are very time consuming [20, 31]. To
accelerate finding the optimal FoM parameters and make the design process more intuitive,
Ahn and Ghovanloo [43] and Cheng et al. [31] have defined a combination of the design
parameters as the FoM parameter required for maximising PTE. To optimise the Rx coil ge-
ometry, Cheng et al. [31] considered multiplication of three design parameters as the only
required FoM. These design parameters are the receiver’s () -factor, a part of the inductive

link’s coupling coefficient and a ratio of power delivery to the load as the only required
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FoM. Utilising the defined FoM parameter, a 4-turn solenoid using a 0.1270-mm (diam-
eter) copper wire was prototyped for millimetre-sized IMDs. The proposed method only
focuses on optimising Rx coil geometry to improve PTE. Also, there is no indication of
the system’s required power level and achieved PTE. To consider the effect of both Tx and
Rx in maximising the system’s source-to-load PTE, Ahn and Ghovanloo [43] have defined
two independent FoMs (i.e.: Rx-FoM and Tx-FoM.) representing the roles of primary and
secondary sides. The Rx-FoM has been considered such that its value indicates how effi-
ciently the application’s load can receive the power. This is achieved through multiplying
the receiver’s () -factor and the ratio of power delivery to the load. The Tx-FoM is de-
fined as the link’s coupling coefficient squared multiplied by the transmitter ();-factor (i.e.:
K?*@Q);,.). The multiplication of Rx- and Tx-FoMs provides the IPT system’s overall PTE.
Utilising this technique the first step to improve PTE is to maximise the Rx-FoM, then the
Tx coil geometry is optimised with considering the designed receiver. Using the developed
Tx and Rx coils, the overall PTE of 1.02% was measured while the power delivered to the
load was 224 ;W with 12 mm distance between the primary and secondary (i.e.: estimated
K = 0.002.). In the proposed approach the inductive link’s coupling coefficient is consid-
ered as a property of Tx-FoM. Coupling coefficient (i.e.: /K.), based on its definition, is
affected by both the Tx and Rx however [31].

The incompetence of the available geometry design techniques necessitates developing
a new FoM parameter to accelerate the design of optimum coil geometries which max-
imises PTE. The present research work covered in this thesis modifies the approach in-
troduced in [43] by considering a single FoM parameter such that its value indicates how
strongly both the transmitter and receiver sides are linked together. The proposed FoM pa-
rameter, named as ‘Strong Coupling Factor’ (P r), has been defined as: Py ¢ = K 2Q 1, QL.
This thesis also introduces a method to assist selecting the most favourable numerical value
for the strong coupling factor which can maximise PTE for the designed optimum coil ge-

ometry.
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Also, it should be noted that the available coil design algorithms in the literature mainly
focus on spiral coils or low power (i.e.: < 1 W.) mm-size solenoids. However geometrical
optimisation of high-power helical coils can be equally important. This is because for the
coils to be suitable for high power RIPT applications, the coil winding conductor must
be large enough to tolerate the transmitting current level. This requirement yields a bulky
coil geometry which in a physical implementation can encounter spatial difficulties. For
example, in a typical WPT application transmitting 0.5 — 5W power through-metal, a
solenoid with diameter of 84 mm, length of 152 mm and 260 turns is required to operate
at 300 kHz [79], geometrical optimisation of the Tx/Rx coil, besides improving PTE, can
significantly reduce the system’s overall size. Considering this requirement, the proposed
method in this thesis will be developed through geometrical optimisation of a helical coil
(i.e.: solenoid.). It is worth mentioning that the presented geometry optimisation technique
can also advantage low power RIPT applications with sizable Tx/Rx helical coils. One
example of such applications is the capsule endoscopy system presented in [114], where a

120 turns Tx solenoid operating at f, = 750 kHz, delivers 39 mW power to the receiver.

2.5 Summary

This chapter presented a detailed overview of wireless power transfer techniques which are
classified as far-field and near-field WPT. NF-WPT approach is shown to be biologically
safer and more suitable for cordless energy delivery to electric-driven devices which are
located in close proximity of living tissues. Among different methods of near-field WPT,
RIPT can provide the highest level of power transfer efficiency. The RIPT system’s PTE is
influenced by inductive linkage between the primary and secondary, terminating circuitry at
the Tx and Rx sides and the Tx—Rx coil geometry. The available methods to maximise PTE,
with respect to these impacting factors, are comprehensively reviewed. It is shown that ge-
ometrical optimisation of the Tx and Rx coil pair is the key parameter to maximise PTE in a

wide range of applications. This technique can be used either separately or in combination
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with other techniques which are devoted to improving PTE. An overview of the geometry
optimisation methods available in the literature is provided. These approaches mainly re-
quire proper selection of a range of design parameters and are clearly very time-consuming.
To improve the available techniques, a new figure-of-merit parameter is developed in the

next chapter to accelerate finding an optimum coil geometry which maximises PTE.
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CHAPTER 3
POWER TRANSFER EFFICIENCY ANALYSIS

In this chapter, the physical parameters affecting PTE of a resonant inductive WPT sys-
tem are theoretically analysed and the figure-of-merit (i.e.: FoM.) parameter required to

maximise PTE is discussed.

3.1 Analytical Model of Air-cored Coils

The physical coil model for an air-cored, single-layered solenoid (i.e.: circular helical
coil.), is shown in Fig. 3.1. In the figure, the wire diameter is d,, the coil radius is 7,
and the coil length is . (I, > r.). A circular geometry is adopted since it can provide
better coupling between the transmitter and receiver in the majority of WPT applications
[20, 115]. The wire-wound air-cored coil (ACC), according to [28], can be modelled as an
inductance (L) series with a parasitic resistance (R,.) (i.e.: ac ohmic resistance.) and a par-
asitic capacitance (C.) which is parallel with both the L and R,, as shown in Fig. 3.2a. For
a single-layered ACC operating at low- and mid-frequency bands the parasitic capacitance
value is negligible [28]. Hence, the ACC equivalent circuit model in RIPT systems has
been widely considered as an inductance in series with a R, as shown in Fig. 3.2b [1-4, 6,

13, 14, 18, 20, 37, 38, 62, 72, 73, 79-81, 116]. Models for calculation of self-inductance

Figure 3.1: The structure of an air-cored solenoid, where [, is coil length, r. is the coil
radius and d,, is wire diameter.
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Figure 3.2: The equivalent circuit models for a typical wire-wound air-cored coil: (a) RLC
equivalent model, (b) series equivalent model.

and ac ohmic resistance in typical single-layered air-cored solenoids are well established
[41, 62, 73, 117-121]. In this section the models of L and R. have been adopted from
various references and will be utilised to calculate the ACC’s self-inductance and parasitic
resistance in the rest of thesis.

For a tightly-wound air-cored solenoid the self-inductance, according to [73, 117], can

be expressed as:
pomN2r?

in which N is number of turns and f, is free-space permeability (i.e.: p, = 47 x 1077

I— 3.1)

Henrys per meter.).

Calculating the ACC'’s parasitic resistance requires having the knowledge of RIPT sys-
tem’s operating frequency [122]. Due to skin effect, as the operating frequency increases,
the electric current passing through the wire will be more concentrated near outer surface
(i.e.: skin layer.) of the conductor. This results in having larger R, values as frequency
increases. Hence, the coil’s parasitic resistance is frequency dependent. The coil ac ohmic

resistance, according to [62, 118—121], can be expressed as:

R.= Nr.. (3.2)

In (3.2) the skin effect losses inside the winding wire is noted as 9. The parameter 0, based

on [118-121], can be calculated from the following piecewise function:
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where the parameter ¢ (i.e.: skin depth.) is the thickness that the amplitude of current

density reaches e~! of its initial value (i.e.: ~ 36.8% of initial value.) at the outer surface

[ P
6= . 3.5
Thfo G-2)

In (3.5) i and p are the permeability and resistivity of winding wire material, respectively.

of wire and can be stated as:

For a copper wire these values are ;1 = 1, and p = 1.72 x 1078 Q.m [120]. Replacing (3.5)

in (3.3)- (3.4), the parameter ? can be simplified to:

v 2Wo i . 4p
T if fo > ﬂ_,ud2 (36)
0=
384p + wopd?, . 4p
B AR L 37

Based on this, in a typical RIPT system where a copper wire with a diameter equal to

0.8 mm is used for winding the coils, the case changing frequency is 27.29kHz (i.e.:
4p
Tud?,
than 27.29 kHz then equation (3.6) should be used to estimate the ACC’s parasitic resis-

= 27.29kHz.). Hence, in this system if the operating resonance frequency is higher

tance, and if equal or below this frequency (3.7) is used.

3.2 Resonant Inductive Power Transfer Circuit Model

To investigate the basic requirements for resonant coupling of Tx and Rx coils, a generic
lumped circuit diagram of a RIPT system, based upon [1], is shown in Fig. 3.3. In this
circuit model v and R, represent the ac voltage source (in time domain) and its internal

resistance. The primary and secondary coils’ excitation currents (in time domain) are noted
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Figure 3.3: General configuration of a resonant inductive power transfer system.

as 1, and 7 respectively. The self-inductance values of the Tx and Rx windings are rep-
resented by L, and L, while M is the mutual inductance between them. The ac ohmic
resistances of the Tx and Rx windings are noted as R, and R, respectively. The C, and
C are representations of the compensation capacitors added to the Tx/Rx circuitry for ef-
fective cancelation of the leakage reactance in the link [62]. Also, the equivalent ac/dc load
resistance, which power is being delivered to, is indicated by R;.

Following the common approach utilised in [30, 39, 42, 43], the equivalent source
and load resistances (i.e.: Rs; and R;.) have been considered to represent the rest of the
system’s electronics. This is because in a RIPT system, the application’s requirements
and limitations demand different types of power amplifier (e.g.: class-E power amplifier
[123], full-bridge type inverter [21], etc.) and power management units (e.g.: buck-boost
converter [72], rectifier [124], dc-dc converter [116, 125], etc.) to be utilised at the primary
and secondary sides, respectively. Maximising PTE of these units have been extensively

studied in the literature [116, 123—125] and is outwith the scope of this thesis [30].

3.2.1 Selection of Compensation Scheme for Resonant Coupling

In a resonant inductive power transfer system, the primary and secondary compensation
capacitors can be either connected in series or parallel with their respective coils [122].

Depending on the connecting configuration of LC resonators to the Tx and Rx sides there
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Figure 3.4: The possible topologies of resonant inductive power transfer systems: (a)
series-series, (b) series-parallel, (c) parallel-series, (d) parallel-parallel.

can be four compensation topologies for resonant inductive links. As shown in Fig. 3.4
these are: series-series (SS), series-parallel (SP), parallel-series (PS), and parallel-parallel
(PP).

Maximising PTE in a magnetically coupled link demands zero phase angle between the
primary’s voltage (i.e.: phasor V;.) and current (i.e.: phasor I,,.) at f, [15, 126]. This
is to ensure zero reactive power (i.e.: unit power-factor.) in the resonant inductive link.
Maintaining this requirement necessitates compensation of the total system impedance to

make it purely resistive. In a RIPT system, the total impedance is defined as:

Zt:

Sl

where Z; is the phasor of total impedance. For the inductive links shown in Fig. 3.4, the
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Z, can be found from equations (3.8) — (3.11):

w2 M?
Ztss = Rs + ch +

, 1

R+ R | Lsw —
+ L—I—j( w O

WM? (1 — C,Lyw? + jR.Cow)
Rcs + RL - RLCSL8w2 +] (RCSCSRLW + st)

Ztsp - Rs + ch +

1
| Lyw — —— 3.9
+j< P pr) G2
Uk R, L
Zips =R + - — 1 prti e (3.10)
Rcs+RL+j<pr__) p~p J cp~'p
Cpw

WM? (1 — CyLyw? + jR.sCow)
R.s+ Ry, — Ry CyLyw? 4 j (ResCsRpw + Lgw)

thp = Rs +

Rep + jLyw

. 3.11
TG Le? + jRyCyw ©-11)

If the IPT system is operated at resonance, the angular frequency can be replaced with:

1

1
VL,C, VL,

Considering w,, the total system impedance can be restated as:

(rad/s).

w=w,=21f,=

M2
Zioo. =Rs + R, 3.12
s * v * LSOS(RCS + RL) ( )

jRes M?

Zio, =Rs + R, 3.13

tar e e R VInCn + JRaRLC, G-13)
L,— jR.,/L,C M?

Zips =R, + 21TV (3.14)

Re,C, L.C, (Res + Ry)
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LP - chp V LPCP + chsMQ

Z :Rs + .
e RCPCP Ls + Rcs V Lscs + chsRLCS

(3.15)

From equations (3.12) — (3.15) it can be deduced that only the SS compensation topology
can provide an inductive link with unit input-power-factor at f, (i.e.: a reactance-free link.)
[18, 20, 52, 122]. Utilising the other compensation topologies requires tuning the overall
system reactance out of the IPT link to ensure zero phase angle between V; and I,. Com-
pared to other topologies the SS compensation, with its reactance-free link, does receive
more coverage in the literature [18, 20, 52, 81, 122]. For this reason a series-series com-
pensated inductive link (i.e.: Fig. 3.4a.) has been utilised in this work to model the RIPT

system.

3.3 Maximum Power Transfer Efficiency Formulation

For the considered series-series compensated resonant inductive link shown in Fig. 3.4a,

the application of Kirchhoff’s voltage law (KVL) at resonance, w,, can be expressed as:

V; R5+Rc - .MWO I
— » —J P (3.16)

VL jMwo _Rcs Is

where V is the RMS value of sinusoidal ac voltage and V7, is the RMS value of voltage

appearing at the system load. Also, I, and I are the phasors of current in the Tx and
Rx sides, respectively. In many RIPT applications, both the Tx and Rx are located in
confined spaces. To facilitate duplex (i.e.: two-way.) WPT in such systems, the primary

and secondary coils are considered identical. This implies:

Ly=L,=1L
C,=C,=C
R = R, = R.



Considering this, the power transfer efficiency (7)) with respect to (3.16) can be expressed

as:

(3.17)
RLWZMQ
(Rp + R)[(Rs + R)(R + R) + wgM?]

Equation (3.17), based on the system quality factors, can be restated as:

(3.18)

K*QL,Qr. ( QLS>
n 11— .

"1+ K2Q.,Q1, Q;

In (3.18), K is the coupling coefficient between the coils which can be stated as:

(3.19)

In the present research work the Tx/Rx coil windings are coaxially aligned. Therefore,

based on [73, 117], the inductive link’s coupling coefficient can be restated as:

4r2 4 ]2 d
R Vet fp 4 (3.20)
2lc 1/ d% + Tg
where d, is the transmission distance between Tx and Rx.
In (3.18), the ACC’s ();-factor and the Tx and Rx side’s (), -factor are respectively

included as:

Qi = “;%L (3.21)
oL

Qr, = h (3.22)
wolL

Qr, = R+R) (3.23)

From (3.18) a condition which guarantees maximum PTE (i.e.: 7 = 1.) can be expressed
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as:

Qi—Qr, =0Q; (3.24)

K*Qr,Qr, =1+ K*Q,Qr, - (3.25)

These require both the following inequalities to be satisfied:

Qi > Qr, (3.26)
K*QL,Qu, > 1. (3.27)

The inequality (3.27) is an electrical representation for physical concept of strong cou-
pling [62, 127], which expresses that a highly efficient RIPT link requires strongly coupled

Tx and Rx. Meeting conditions (3.26) and (3.27) requires:
a) an inductive link with high level of inductive linkage.
b) Tx/Rx circuitry with high loaded quality factors.
¢) high quality coils.

However, satisfying these requirements is highly challenging. In the following, each of

these requirements are discussed in depth.

3.3.1 Inductive Link with High Coupling Coefficient

Depending on the RIPT system’s application, the power transmission distance between the
coil pair and their mutual orientation set K between 0 and 1 (i.e.: 0 < K < 1.). In practical

applications K is typically < 0.3 [1, 8, 18, 62].

3.3.2 Transceiver System with High Primary and Secondary () -Factors

A high @, value, based on (3.22), can be achieved if the Tx coil has high self-inductance

and small parasitic resistance. Also, the R, value should be as small as possible. This is

44



compatible with the fact that the level of power dissipated in the source internal resistance
sets what power remains for the inductive link.

Based on (3.23), achieving a high (), value also requires a coil with high self-inductance
and small parasitic resistance. In addition to these, it is required to have a small R, value.
However, the load resistance value is highly influenced by the RIPT application and its
power level requirements. Hence, it is not necessarily possible to select a small R, value
for the RIPT systems. For a given RIPT application, there needs to be found an optimum
Ry, value to satisfy the operational requirement and maximise PTE [72, 81, 102, 116]. By
differentiating 7 (i.e.: equation (3.17).) with respect to R, the optimum load value which

maximises PTE can be expressed as:

w2 K2 L2
=Ry[1+ -2~ 3.28
B R\/ T RRTR) 528

It should be noted that in empirical applications the actual R value varies and cannot be

fixed at its nominal Ry, value.

3.3.3 Tx and Rx Coils with High ();-Factor

Increasing a coil’s ();-factor basically improves its power transmitting/receiving ability,
which from (3.21) requires a coil with high self-inductance and small parasitic resistance.
In addition to this, based on section (3.3.2), having a high @);-factor coil improves the
Tx/Rx side’s () -factor.

From equation (3.1), increasing N and 7. clearly improves ACC’s self-inductance.
However increasing these values also has the detrimental effect of raising the coil ac ohmic
resistance, based on (3.2). The challenge in maximising PTE is thus to design a geometri-

cally optimised ACC with maximised L and low R.
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3.4 Optimum ACC Geometry for Maximised Power Transfer Efficiency

Finding an optimal ACC geometry to maximise PTE in a RIPT system requires exploiting
the ACC self-inductance to yield an ohmic resistance that provides maximised inductive
coupling between Tx and Rx ACC pair.

The ACC self-inductance, based on (3.1), is essentially a factor of three variables; NV,

r. and /.. In a tightly wound coil [, = Nd,,. Hence, equation (3.1) can be restated as:

2,..2
[ HmNTre (3.29)

Also, the number of turns in the coil, based on equation (3.2), can expressed as:

R
N = ) (3.30)
or,
Replacing N from (3.30) in (3.29) permits L to be restated, only based on r, as:
2
L HoT R T (3.31)

o/t R

Differentiating (3.31) with respect to r. provides a coil radius which maximises L:

W RA? 1 pint RO
c = w = _C :> Lmax == : 9 . 332
TV e T2 160642 (3.32)

Having obtained the maximum ACC self-inductance value, the next step is to find the

optimum R value that can provide maximised magnetic resonant linkage between the Tx
and Rx with respect to L,,.,. In selecting a suitable coil ac ohmic resistance, a figure-of-
merit parameter (Ps.r) with respect to condition (3.27) is introduced in (3.33). The value

of P,.; indicates how strongly the Tx and Rx coils are linked together:

Pyy = KQQLPQLS . (3.33)
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The parameter Py is called as strong coupling factor and provides a guideline for design-
ing the optimum coil geometry which can maximise PTE.

The FoM parameter P r, based on the circuit elements, can be expressed as:
K*Qr,Qr, = Py = W!K?L? = Poop(R+ R,)(R+ Rp). (3.34)

As the ACC’s self-inductance needs to be maximised, we substitute L with L, in (3.34)

which yields:

((K WolkoT)”

3 P2 o —
1P vd, ) R~ R>— (R,+ R,)R— R,R, =0. (3.35)

Solving (3.35) for R determines the ac ohmic resistance which maximises 7 for a given
RIPT system. The solution to (3.35) can be readily found using computational software
such as MATLAB. With R established it is then possible to calculate r., N and /. from

(3.32) and (3.2).

3.4.1 Discussion

It is worth noting that equation (3.35) indicates the optimal R value is a function of K.
The inductive link’s coupling coefficient, as presented in (3.20), is dependent on the 7. and
d; [86, 111]. Hence, the smallest variations in the value of coupling coefficient can easily
move the system’s PTE out of the maximum 7 ridge.

To determine a unique optimum R value which is robust to K variations in all appli-
cations, (3.35) will be solved for K = 1. This is because, as can be deduced from (3.34),
designing a coil for the highest possible coupling coefficient can ensure the Ps.; value is
large enough to maximise PTE over the range of 0 < K < 1. Considering this, (3.35) can

be restated as:

2
(i_;o;;%% ) R~ R — (R, + Ri)R— R.R = 0. (3-36)
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Figure 3.5: Maximum PTE for different coupling coefficients (K) when P,.; = 35. The
red circles indicate the designed ACC geometry for a typical RIPT system (f, = 6.78 MHz,
R, =10Q and R; = 30012).
To provide an example in this regard, a typical RIPT system similar to Fig. 3.4a, with
R, = 10Q and R;, = 30012 at f, = 6.78 MHz has been considered. For the purpose of
better graphical presentation, an investigative P ¢ value of 35 (P, = 35) was selected
to calculate ac ohmic resistance from (3.36). For this P,.s value R = 392.69m(2, r, =
9.60mm, N = 24 and /. = 19.20mm. For the given RIPT system, the PTE variations
over a range of r, values have been plotted in Fig. 3.5, with the designed geometry shown
by use of red circles. It should be noted that, although the coil geometry was designed for
K = 1, it provides the maximum PTE for the range of coupling coefficient values (i.e.:
0.066 < K < 1.). The value of coupling coefficient X = 0.066 has been selected to avoid
compression of the graph at low PTE values. In Fig. 3.5, the maximum achievable PTE
is seen to drop with a reduction in /. This is expected as coupling reduces. However, the
maximum PTE still stays centred around the designed coil geometry (i.e.: . = 9.60 mm.)
thus validating the design approach using the equation (3.36).

Also, it should be noted that identifying the most favourable numerical value of Pi.¢
(i.e.: FoM parameter.) is essential to achieve the optimal coil geometry design. A novel

method to assist in selection of the P;.; value, which is the focus of this work, is provided
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in the next chapter.

3.5 Summary

Analytical models to calculate ACC self-inductance and ac ohmic resistance have been
presented. The circuit model representing a RIPT system is also shown, which employs
the series-series compensation topology. This capacitive compensation scheme is selected
to facilitate maximum power transfer efficiency in the magnetic resonant link. For the
considered SS inductive link, the equation for PTE is derived and conditions to maximise
the efficiency are discussed. Maximising PTE in RIPT systems necessitates having a strong
magnetic linkage between the Tx and Rx. Achieving this requires a resonant inductive link
with high level of magnetic linkage, Tx/Rx circuitry with high () -factors and a Tx/Rx coil
geometry with high ();-factor. Among these requirements, geometrical optimisation of the
Tx and Rx coil pair is presented as the key parameter to improve PTE. Based on the RIPT
system’s physical parameters (e.g.: R, 7y, etc.) an equation is formulated for PTE. After
analysing the derived PTE equation, a unique FoM parameter (i.e.: Ps..) is defined to
maximise PTE. The parameter P; s is developed by combining the factors which impact
the RIPT system’s source-to-load PTE. Identifying the most favourable numerical value for

P,.s is essential to maximise PTE, which will be discussed further in the next chapter.
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CHAPTER 4
OPTIMUM COIL GEOMETRY DESIGN PROCEDURE

In this chapter the effect of FoM parameter (i.e.: strong coupling factor.) on the physical
size of the air-cored coil (ACC) and system power transfer efficiency is investigated. A
novel iterative design algorithm for proper selection of the FoM’s numerical value and the

subsequent optimisation of ACC geometry is also presented.

4.1 Strong Coupling Factor Effects

Achieving an optimum coil geometry, which maximises power transfer efficiency of a RIPT
system, requires a proper selection method for identifying the numerical value of FoM (i.e.:
Ps.r.) with respect to the RIPT application and its physical size constraints. The design
parameter strong coupling factor in addition to influencing the system power transfer, based
on (3.36), also affects the ac ohmic resistance of the Tx/Rx ACC pair. The value of ac
ohmic resistance directly impacts the coil’s physical size and optimum load value (i.e.:
Ry, .) based on (3.28). Hence, the strong coupling factor’s effect on the physical size of

Tx/Rx ACC pair, optimum load value and PTE needs to be investigated further.

4.1.1 Effects of Strong Coupling Factor on ACC Geometry and PTE

To investigate the strong coupling factor’s effects, a typical resonant inductive power trans-
fer system, used in [41], with R, = 0.1 and R, = 10002 at f, = 13.56 MHz has been
considered. As is common [30, 34, 40, 41], for the given RIPT system the ACC’s geomet-
rical parameters (i.e.: r., N and [..) are calculated for three investigative FoM values (i.e.:
P, = 1550, 2550 and 3550.) and presented in Table 4.1. Considering the calculated ACC
geometries in Table 4.1, the PTE variations of the designed inductive links over a range of

r. values are plotted, using MATLAB, in Fig. 4.1. The RIPT system’s coupling coefficient
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Table 4.1: Designed ACC geometries and power transfer efficiency for three investigative
strong coupling factors.

Pycs R Te N l, n (%) at n(%)at 1 (%) at

() (mm) (mm) K =0.025 K=0512 K=1
1550 0.29 690 17 13.80 49.07 99.47 99.65
2550 036 7.70 19 15.40 61.23 99.49 99.60
3550 0.42 830 21 16.60 68.65 99.48 99.56

values are selected as K = 0.025, 0.512 and 1 in Fig. 4.1a — 4.1c to evenly cover the range
0 < K < 1. The maximum achievable PTEs are marked with black circles on the curves,
while their numerical values are indicated in Table 4.1.

From the graphs and numerical values in the table, it can be deduced that increasing
the strong coupling factor (1.e.: Ps.s.) raises the coil’s physical size while the maximum
achievable PTE of the given RIPT system is centred around the designed geometries. It
should be noted that there is always a trade-off between reducing the physical size of the
coil and increasing PTE for a given K value.

Furthermore, when comparing the figures an observation is that for the inductive link
with X < 1 (i.e.: K = 0.025 in Fig. 4.la.) increasing the design parameter strong
coupling factor increases PTE. However as K gets closer to 1, maximum achievable PTE
does not necessarily increase with raising strong coupling factor value higher. For example,
when K = 0.512 (i.e.: Fig. 4.1b.) the system’s maximum PTE value for P,.; = 2550
is higher than the maximum PTE value for P,.; = 3550, despite the increase in strong
coupling factor value. Similarly, in the inductive link with higher K value (i.e.: K = 1.), as
shown in Fig. 4.1c, maximum PTE will slightly reduce with an increase of strong coupling
factor. From Fig. 4.1 it can be concluded that in an inductive link as K gets closer to
1, increasing the strong coupling factor value (i.e.: using physically larger Tx/Rx ACCs.)

does not ensure achieving higher PTE levels.
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Figure 4.1: Effect of increasing Ps.; on the physical size of ACC and the system’s PTE.
Three investigative FoM values (P, = 1550, 2550, and 3550) have been chosen for: (a)
K = 0.025, (b) K = 0.512, and (c) K = 1. The curves in (b)—(c) are zoomed in around
the points of investigation.

To theoretically analyse this process, equation (3.18) based on P, will be restated as:

P R,
P = K2 = p=_2d . 4.1
f Qr,Qr, =17 Py <R+ RL) 4.1)
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In a highly coupled inductive link (i.e.: K ~ 1.) the P;.s > 11isreadily achievable. Having

P,y > 1, equation (4.1) can be expressed as:

Pscf RL
~1 = ~
1+ Py g

4.2)

From (4.2) it can be seen that in an inductive link with a higher P;.; value, the coil’s ac

ohmic resistance, R, is also increased which leads to reduction of PTE.

4.1.2  Effects of Strong Coupling Factor on Optimum Load and PTE

To analyse the effect of strong coupling factor on the system’s Iy, value and PTE, the
same RIPT system (i.e.: R; = 0.1 and R, = 1002 at f, = 13.56 MHz [41].), which is
employed in section (4.1.1) with the same investigative FoM values and ACC geometries
indicated in Table 4.1 has been considered. For the given system, the optimum load values
are calculated from (3.28) and presented in Table 4.2. The coupling coefficient values,
employed in the calculations, are K = 0.025, 0.5 and 1.

For the given system the PTE variations over a range of load values are plotted in Fig.
4.2. The inductive link’s coupling coefficient values are considered as K = 0.025, 0.5
and 1 in Fig. 4.2a, 4.2b and 4.2c, respectively. The optimum load values and maximum
PTEs achievable at 7, (i.e.: 7,4.) are marked with black circles on the curves, while

Table 4.2: Optimum load values and power transfer efficiency for three investigative strong
coupling factors.

Pscf RLO (Q) at Nmazx (%) at RLO (Q) at Nmaz (%) at RLO (Q) at Nmaz (%) at

K =002 K=002 K=0.5 K =05 K=1 K=1
1550 5.28 89.71 105.54 99.46 211.08 99.73
2550 7.58 90.97 151.38 99.53 302.75 99.76
3550 9.64 91.72 192.60 99.57 385.20 99.78
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their numerical values are indicated both on the graphs and in Table 4.2. From Fig. 4.2 it
can be seen that increasing strong coupling factor, due to raising R (i.e.: ACC’s parasitic
resistance.), increases the RIPT system’s optimal load value as expressed in (3.28). Also,
when comparing the figures, a theme is that with increasing K value, the system’s Ry,

increases in addition to a raise in power transfer efficiency.
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Figure 4.2: Effect of increasing Ps.; on the system optimal [2;, value. Three investigative
strong coupling factor values (P,.; = 1550, 2550, and 3550) have been chosen for: (a)

K =0.025, (b) K =0.5,and (c) K = 1.

54



100 T _

nmax

80 Txx

60

PTE (%)

40

20 A

0 a 4 R, 8 12 B 20
R, (2)

Figure 4.3: Demonstration of the A window on the plot of PTE against load variations for
the given RIPT system (with Py = 1550 and K = 0.025).

In selecting a proper Ps.; value it should be noted that achieving maximum PTE in a
given resonant inductive link requires the system’s load to be equal to its optimal value
from (3.28). However, it is not always possible to keep R; fixed at the optimal load
value to receive maximum PTE. For example, in a stationary EV charging system charg-
ing/discharging of batteries leads to variations in the system’s load value [81].

To make the strong coupling factor robust to load variations, a boundary (A) around
Ry, has been introduced, where the system PTE stays within close proximity of the max-
imum achievable 1 (i.e.: 7q42.), as shown in Fig. 4.3. The proximity range can be any
arbitrary value (e.g.: X %.) dependent on the RIPT system’s application and requirements.
Also, the ranges for the boundary A are marked by parameters « and 3. The parameter
« and (3 can be respectively calculated from equations (A.4) and (A.5), in Appendix A.
As far as the physical size limitations permit, the most adequate P;.; value for designing
an optimum geometry is where the RIPT system’s load value sits within the A range (i.e.:
a < Ry < fB.). To assist depicting the parameters «, 5 and the boundary A, PTE of the
given resonant IPT system for P,.; = 1550 and K = 0.025 over a range of I?;, values is
shown in Fig. 4.3.

Considering the factors impacting optimum ACC geometry design (i.e.: physical size,
required PTE for the given RIPT application and the maximum 7 achievable at Ry ,.),

choosing a proper P,y value requires an iterative selection procedure.
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4.2 Strong Coupling Factor Selection Procedure

In order to find the optimal value for the FoM parameter, a novel iterative algorithm is
depicted in Fig. 4.4. The demonstrated design procedure, through selecting a proper P;.¢
value will provide an optimum ACC geometry which maximises PTE for the required RIPT
application.

The design algorithm, in Fig. 4.4, starts with taking a set of design constraints and
an initial value for the FoM parameter. The design constraints comprise Rs, Ry, fo, duw,
K, the parameter X and the spatial limitations (i.e.: maximum/minimum 7. and/or maxi-
mum/minimum /..) which can be determined from the RIPT application and requirements.
The FoM parameter can initially take any arbitrary value, because the optimisation algo-
rithm provides the designer with a good sense of how to make necessary changes to the
Ps.; value to maximise PTE. With selecting the initial value for the Ps.¢, the Tx/Rx ACC
geometry (i.e.: R, r., [. and N.) can be calculated from equations (3.36), (3.32) and (3.2);
ACC'’s ac ohmic resistance from (3.36), radius and length of the coil from (3.32) and num-
ber of turns from (3.2). It should be noted that the parameter 0 in (3.2), depending on the
RIPT system’s operating frequency (i.e.: f,.), can be determined either from (3.6) or (3.7).
After initially calculating the ACC geometry, the Ps.; value will be modified in an iterative
manner such that the final designed ACC geometry maximises the RIPT system’s PTE,
besides meeting the application’s spatial requirements.

To numerically describe the ACC design algorithm, a mid-frequency RIPT system sim-
ilar to the system which is employed in [79] for WPT through metallic structures, has been
considered where R, = 5.772 and R;, = 102 at f, = 300 kHz. The coil winding conduc-
tor used is 0.511 mm (diameter) copper wire, and the inductive link’s coupling coefficient,
K,1s 0.2. It has been considered that the Tx/Rx coil diameter must be less than 32 mm (i.e.:
r. < 16 mm.). To ensure the designed ACC geometry exhibits a high PTE, the chosen prox-

imity range of 7,4, is 10% (i.e.: X = 10%.). The iterative design process is initiated with
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Figure 4.4: Flowchart of design algorithm for air-cored coils.
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Table 4.3: Algorithm iterations for RIPT system under consideration ( f, = 300 kHz, R, =
5.77Q and R, = 10Q).

State  P.r R Te N l, Rr, « I} n for n for
# (@) (mm) (mm) (Q) (@) (2 Ru,(%) Ri (%)

1 2000 0.98 21.20 83 4240 - - - - -
1000 0.77 18.70 73 3740 - - - - -
100 0.34 1250 49 2500 3.79 2.03 7.09 83.34 77.34
250 047 14770 57 2940 7.05 347 1434 87.44 86.81
400 0.56 16.00 63 3200 9.71 4.55 20.73 89.16 89.15

9, B N SN S N\

considering Ps.; = 2000. Table 4.3 shows some iteration examples for finding the FoM’s

—.) s
dy
used. This is because the application’s operating frequency is greater than 66.89 kHz (i.e.:

Jo > ).

optimal value. It should be noted that to calculate R, equation (3.6) (i.e.: 0 =

Tud?’

As shown in Table 4.3, the calculated Tx/Rx coil radius at state 1 is larger than the
application’s spatial limitation (i.e.: 7. < 16 mm.). Hence, based on the design algorithm,
shown in Fig. 4.4, the selected P,.; value should be reduced. Considering that the first
decision box in the design flowchart is not met in this state, the values for the parameters
R, a, B, nfor Ry, and n for Ry, do not need to be calculated (blank spaces in state 1,
Table 4.3). In state 2, the FoM parameter is reduced to Ps.; = 1000. Again, the values
for the design parameters Ry, o, 3, n for Ry, and n for Ry, do not need to be calculated
(blank spaces in state 2, Table 4.3). The calculated r, for this P,.; value is also larger than
16 mm. To fulfil the RIPT application’s spatial requirement (i.e.: 7. < 16 mm.), the selected
FoM values after two iterations have been reduced to P,y = 100. However the ACC
geometry designed at state 3 does not provide a desired level of PTE. Hence to improve 7,
the FoM value has been slightly increased in states 4 and 5. The maximum strong coupling

factor value that can meet the application’s spatial limitations is Py = 400. For this FoM

58



Table 4.4: Algorithm iterations for RIPT system under consideration (f, = 10kHz, R, =
0.01Q and Ry, = 1k).

State Py R Te N l, R, « 15} n for n for
# (@) (mm) (mm) (Q) () () R, (%) Ry (%)

1 8 2.07 61.80 154 123.60 - - - - -
2 1 073 3680 92 73.60 2442 425 14024 94.16 44.72
3 3 127 4840 121 96.80 - - - - -
4 2 1.04 4370 109 87.40 - - - - -
5 1.5 0.89 40.70 102 81.40 - - - - -
6 1.4 0.87 40.00 100 80.00 31.41 5.17 19094 94.62 53.09

value, the designed ACC geometry is 7. = 16mm, N = 62 and [, = 32mm and the
maximum PTE of 89.15% is theoretically achieved. For a similar RIPT system, a solenoid
with r. = 42mm, N = 260 and /. = 152 mm has been employed, in [79], which can
theoretically provide maximum PTE of 75%. A comparison between the coil geometry
used in [79] and the coil designed by employing the novel recursive algorithm in Fig. 4.4
shows how the work undertaken in this thesis on development of an ACC design algorithm
will benefit future workers, in optimising the physical size and achievable PTE.

As the second example to numerically explore the ACC geometry design procedure,
a low-frequency resonant IPT system with R, = 0.01Q, R, = 1kQ at f, = 10kHz
has been considered, where the Tx/Rx coil length must be less than 80 mm (i.e.: [, <
80 mm.). This low-frequency RIPT system has real-life application in relation to WPT to
recreational people movers [128]. The coil winding conductor used is 0.8 mm (diameter)
copper wire, and the inductive link’s coupling coefficient, K, is 0.9. To ensure the designed
coil geometry exhibits a high PTE the chosen proximity range of 7,4, is 10% (i.e.: X =
10%.). The iterative design process is initiated with considering P,.; = 8. Table 4.4 shows
some iteration examples for finding the FoM’s optimal value (rational for blank spaces are

covered in Table 4.3 discussion). It should be noted that to calculate R, equation (3.7) (i.e.:
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 384p + woud;,

0 1S %) is used. This is because the application’s operating frequency is less
N 4
than 27.20kHz (i.e.: f, < —0—).
mud?,

As can be seen in Table 4.4, to fulfil the resonant IPT application’s spatial requirement
(i.e.: [, < 80mm.), the selected FoM value in the first iteration has been reduced to Py .y =
1. In search for an ACC geometry that can provide high level of PTE, the FoM value
has been increased/decreased successively in states 3 to 6. The maximum strong coupling
factor value that can meet the applications spatial requirement is achieved in state 6 (i.e.:
Py = 1.4.). For this FoM value, the designed ACC geometry is 7. = 40mm, N = 100

and [, = 80 mm and the maximum PTE of 53.09% is theoretically achieved.

4.3 Experimental Results & Validation of ACC Design Procedure

In this section, the novel ACC geometry design methodology, described in Fig. 4.4, is
empirically validated over low- and mid-frequency bands. To facilitate practical, bench-top,
investigations four typical RIPT systems have been considered with resonance frequencies
at: ) 1.06 MHz (i.e.: mid-frequency [119, 120].), /1) 100 kHz (i.e.: mid-frequency [119,
120].), 11I) 50 kHz (i.e.: mid-frequency [119, 120].), and V) 15kHz (i.e.: low-frequency
[119, 120].).

4.3.1 Design Example of ACC Pair Operating at 1.06 MHz

To experimentally verify correct operation of the provided ACC design technique over the
mid-frequency band a resonant inductive power transfer system with R, = 3Q, R;, = 3.5
at f, = 1.06 MHz has been considered, where the Tx/Rx coil length must be less than
19mm (i.e.: [, < 19mm.). This RIPT system has real-world application in transcutaneous
inductive power transmission [30]. The Tx/Rx coupling coefficient, /&, is considered 0.215
and the chosen proximity range of 7,4, is 3% (i.e.: X = 3%.). The coil winding conductor

used is 0.8 mm (diameter) copper wire. The 0.8 mm wire is selected as a suitable diameter
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Table 4.5: Algorithm iterations for RIPT system under consideration (f, = 1.06 MHz,
R, =3Qand R;, = 3.50).

Iteration  Pi.f R Te N l, Rr, o 15} n for n for
i (mQ)  (mm) (mm) (Q) (Q) () Ru,(%) Ry (%)

1 1000 25793 124 31 2438 - - - - -
500 202,55 11.0 27 220 - - - - -
300 169.75 10.1 25 20.2 - - - - -
200 14764 94 23 188 224 1.09 457 87.61 86.59
220 15232 95 24 190 238 1.15 490 87.98 87.24

DR W

value to give a reasonable ohmic resistance and allow ease of practical construction of the

coils in the rest of this chapter. Also, it should be noted that to calculate R, equation (3.6)

V2w, . . o . .
(l.e: 0 = %.) is used. This is because the application’s operating frequency is
N 4
greater than 27.29kHz (i.e.: f, > p2 ).
Tpdz,

Some iteration examples to find the optimal FoM value for the considered RIPT sys-
tem are listed in Table 4.5. Following the design procedure (i.e.: the novel ACC design
algorithm shown in Fig. 4.4.), the optimal FoM value for the given resonant IPT system is
P,y = 220 (i.e.: state 5 in Table 4.5.). Selecting this value results in designing a Tx/Rx
ACC pair with 7. = 9.50mm, N = 24 and [, = 19.00 mm which can provide maximum
PTE of 87.24%. Further specifications of the designed geometry including Tx/Rx air-cored
coil’s self-inductance, parasitic resistance and ();-factors are mentioned in Table 4.6.

Table 4.6: Specifications of the prototyped ACC geometry (r. = 9.50mm, N = 24, [, =
19.00 mm at f, = 1.06 MHz).

L, Rep Qi, L Res Qi,
(uH)  (mf2) (uH)  (mf2)
Calculated value 7.51 152.32 330.02 7.51 152.32 330.02
Measured value 7.26 153.67 312.18 7.14 155.85 300.27
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Figure 4.5: PTE measurement setup: (a) Electrical model of the setup, and (b) Experimen-
tal test setup (length of coil = 19.00 mm, radius of coil = 9.50 mm and width apart, d, is
varied).

To practically investigate the achievable PTE of the designed ACC geometry, a Tx/Rx
ACC pair for P,.; = 220 was physically constructed. The measured L, R and (); values
of the prototyped air-cored solenoid pair are presented in Table 4.6. The measurements are
taken using an electronic LCR meter (Rohde & Schwarz HM8118). The PTE measure-
ments have been carried out on a series-series RIPT system, as shown in Fig. 4.5a (i.e.:
the circuit model developed in section (3.2.1).), where compensation capacitors (i.e.: C,
and Cy.), Rs; and Ry are directly added to the primary and secondary coils. This tech-
nique permits sole PTE evaluation of the designed geometry [30, 41]. For the RIPT system
demonstrated in Fig. 4.5a, the utilised experimental set up is shown in Fig. 4.5b, where
a function generator (Hewlett Packard 33120A) is used to drive the primary air-cored coil
at the resonance frequency (i.e.: 1.06 MHz.). In order to probe the system’s energy trans-

mission efficiency, an oscilloscope (Rigol DS1054Z7) is used to measure the voltage and

62



20| — Calculation -
-9- Measurement

0 a R 3.5 B 6 8 10 12 14 16 18
° R, (©)

Figure 4.6: The calculated and measured PTE variations over a nominal range of load
values. The 7),,..., « and 3 values are indicated in Table 4.5 (state 5).

current waveforms at the Tx/Rx side. As is common, the transmitted power is found by
multiplying the RMS values of the measured voltage and current signals injected into the
primary circuitry [30, 79]. The received power is also calculated by measuring the voltage
across the load [30, 79].

For the designed ACC geometry, the maximum achievable PTE (i.e.: 1,,,45.) is 87.98%
at R;, = 2.38 (2. Based on the physical circuit parameters developed in Table 4.5, for all
load values between o and 3 (i.e.: 1.15Q < Ry < 4.90().) the system’s PTE will be
within 3% of 7,4, (i.e.: > 85.34%.). Fig. 4.6 shows the calculated PTE against increasing
Ry, for the ACC design; set beside this curve are the results taken from practical measure-
ments as Ry is physically increased from 0.9 €2 to 15 ). The measured values show that for
all the load resistances within the a and /3 range, the system’s PTE is higher than 81.72%
(i.e.: within 7.11% of 1),,,4..). The measured results from the physical system show a strong
correlation with the calculated results. The calculated and measured PTE for the RIPT ap-
plication (i.e.: Ry, = 3Q and Ry, = 3.5€).) are 87.24% and 85.63% respectively. The given
RIPT system delivers 1.35 W power to the load when V; = 5.66 v;.,,5.

Although the Tx/Rx ACC pair are designed for K = 0.215, the designed geometry

maximises PTE over the range of 0 < K < 1 as described in section (3.4.1). To practi-

63



— K =0.215 (Calc) — K = 0.1 (Calc) — K =0.05 (Calc)
‘@ K =0.215 (Meas) ‘o K =0.1(Meas) ‘@ K =0.05 (Meas)
100 w T | ‘
“_“‘E. ---- [ TLLTLILEL O-...., © L

80

2 60
Ll
K 40
20 ¥
Reducing
K
0 2 4 6 85 95105 12 13 14

r. (mm)

Figure 4.7: Calculated and measured PTE of six sets of coil over three K values from 0.215
to 0.05.

cally prove the concept, six sets of coil, each with different r. values, have been constructed
and their respective PTEs measured for the RIPT application. The three groups of different
coloured solid and dashed curves plotted in Fig. 4.7 correspond to calculated and measured
PTEs of the designed geometry for three K values between 0.05 to 0.215. The coupling
coefficient range has been chosen again to facilitate practical, bench-top, investigation and
ease of results gathering. As can be seen in Fig. 4.7, with a fall in coupling coefficient,
K, the link becomes more loosely-coupled but the maximum PTE becomes apparent as
being around the designed air-cored coil . value obtained from the novel design algorithm
developed in this research work (i.e.: 9.50 mm.). The experimental PTE value shows close-
ness to the analytical calculations using MATLAB. Practical tests on physical geometries
either side of r. = 9.50 mm show falling PTE over different K values, thus validating the
developed ACC design method.

Furthermore, it is worth mentioning that / is highly dependent on the relative distance
between the Tx/Rx ACC pairs. To evaluate the functionality of the designed geometry with
transmission distance, d;, variations, calculated and measured PTE values over a d; range

from 10 mm to 32 mm (i.e.: 0.0291 < K < 0.1938.) have been compared in Fig. 4.8. From
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Figure 4.8: Comparison of PTE between practical measurements and theoretical results for
the designed ACC pair over a d; range from 10 mm to 32 mm.

Fig. 4.8 it can be deduced that with an increase in transmission distance, the practically

measured PTE values attenuate, as can be predicted from the theoretical equations.

4.3.2 Design Example of ACC Pair Operating at 100 kHz

As the second example to practically validate the ACC design technique over the mid-
frequency band, a RIPT system with Ry, = 3€), Ry, = 20Q at f, = 100 kHz has been con-
sidered, where the Tx/Rx coil diameter must be less than 92 mm (i.e.: . < 46 mm.). The
considered system has application in underwater wireless power transfer industry [129].
The coil winding conductor used in this RIPT system is 0.8 mm (diameter) copper wire.
The Tx/Rx coupling coefficient, K, is 0.05 and the chosen proximity range of 7,4, is 3%
(e X = 3%.).

Some iteration examples to find the optimal FoM value for the given resonant IPT

system are listed in Table 4.7. It should be noted that to calculate R, equation (3.6) (i.e.:

V 2 Wolip

0 = 7 .) is used. This is because the application’s operating frequency is greater
’ 4
than 27.29kHz (i.e.: f, > '22 .). Following the design procedure, the optimal FoM value
Ty,

for the considered RIPT system is Ps.; = 3200 (i.e.: iteration 4 in Table 4.7.). Selecting

this value results in designing an air-cored solenoid with . = 45.70mm, N = 114 and
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Table 4.7: Algorithm iterations for RIPT system under consideration (f, = 100 kHz, R, =
3Qand R;, = 200).

State Py R Te N l, Rr, o 15} n for n for
# () (mm) (mm) () (Q) () Rr,(%) Rp (%)

1 500 0.55 32770 81 6540 380 225 641 74.7 54.07
2500 0.98 43770 109 87.40 11.40 6.02 21.61 84.11 82.16
3500 1.11 46.50 116 93.00 - - - - -

3200 1.08 45.70 114 9140 13.37 693 2579 85.07 84.11

- I VSEE \S]

l. = 91.40 mm which can provide maximum PTE of 84.11%. To practically investigate
the achievable PTE of the designed ACC geometry, a Tx/Rx solenoid pair for P,.; =
3200 has been constructed. The calculated and measured values for the Tx/Rx ACC'’s self-
inductance, parasitic resistance and ();-factors are presented in Table 4.8.

The PTE measurements have been carried out on the series-series RIPT system shown
in Fig. 4.5a. For the RIPT system demonstrated in Fig. 4.5a, the utilised experimental
set up is shown in Fig. 4.9, where a function generator (Hewlett Packard 33120A) is used
to drive the primary coil at the resonance frequency (i.e.: 100kHz.). In order to probe
the system’s energy transmission efficiency, an oscilloscope (Rigol DS10547) is used to
measure the voltage and current waveforms at the Tx/Rx side [30, 79].

The prototyped Tx/Rx air-cored coil pair is designed to provide PTE of 84.11% when
the coupling coefficient between the pair is K = 0.05. However, as described in section

Table 4.8: Specifications of the prototyped ACC geometry (r. = 45.70mm, N = 114,
l. =91.40 mm at f, = 100 kHz).

Lp ch Qip Ls Rcs ng
(mH) () (mH) ()

Calculated value 0.835 1.08 486.22 0.835 1.08 486.22
Measured value 0.794 1.80 280.18 0.802 1.85 270.10
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Figure 4.9: Experimental PTE test setup for the RIPT system with Tx/Rx air-cored coils
(length of coil = 91.40 mm, radius of coil = 45.70 mm and width apart, d;, is varied).

(3.4.1), the designed geometry maximises PTE over the range of 0 < K < 1. To practically
prove the concept, seven sets of coil, each with different r. values, have been constructed
and their respective PTEs measured for the given RIPT application. The four groups of
different coloured solid and dashed curves plotted in Fig. 4.10 correspond to calculated
and measured PTEs of the designed ACC geometry for four K values between 0.0125 to
0.1. The coupling coefficient range has been chosen again to facilitate practical, bench-top,
investigation and ease of results gathering. As can be seen in Fig. 4.10, with a fall in

coupling coefficient, K, the resonant inductive link becomes more loosely-coupled but the

— K =0.1(Calc) — K =0.0494 (Calc) — K = 0.025 (Calc) — K = 0.0125 (Calc)
-0 K =0.1 (Meas) © K = 0.0494 (Meas) -©- K = 0.025 (Meas) -©- K = 0.0125 (Meas)
: , , , . . )

100 |
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Figure 4.10: Calculated and measured PTE of seven sets of coil over four K values from
0.1 to 0.0125.
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Figure 4.11: Comparison of PTE between practical measurements and theoretical results
for the designed ACC pair.

maximum PTE becomes apparent as being around the designed coil 7. value (i.e.: 45.70 mm.).
The experimental PTE value shows closeness to the analytical calculations using MAT-
LAB. Practical tests on physical geometries either side of 7. = 45.70 mm show falling PTE
over different K values, thus again validating the novel design method proposed under this
work.

It is worth mentioning that K is highly dependent on the relative distance between the
Tx/Rx ACC pairs. To evaluate the functionality of the designed geometry with transmission
distance, d;, variations, calculated and measured PTE values over a d; range from 50.1 mm
to 200.7mm (1.e.: 0.0176 < K < 0.1845.) have been compared in Fig. 4.11. From
Fig. 4.11 it can be deduced that with an increase in transmission distance, the practically
measured PTE values attenuate, as can be predicted from the theoretical equations.

Furthermore, for the designed ACC geometry, the maximum achievable PTE (i.e.:
Nmaz-) 18 85.07% at Rr, = 13.37€). Based on the physical circuit parameters devel-
oped in Table 4.7, for all load values between v and 3 (i.e.: 6.93Q2 < Ry < 25.79(2.) the
system’s PTE will be within 3% of 7,4, (i.e.: > 82.52%.). Fig. 4.12 shows the calculated
PTE against increasing R;, for the ACC design; set beside this curve are the results taken

from practical measurements as R, is physically increased from 3 (2 to 33.1 (2. The mea-
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Figure 4.12: The calculated and measured PTE variations over a nominal range of load
values. The 7,2, @ and 3 values are indicated in Table 4.7 (state 4).

sured values show that for all the load resistances within the o and 3 range, the system’s
PTE is higher than 80% (i.e.: within 6% of 7,,4..). The measured results from the physical
system again show a very strong correlation with the calculated results. The calculated
and measured PTE for the RIPT application (i.e.: R, = 3Q and Ry, = 202.) are 84.11%
and 83.10% respectively. The given RIPT system delivers 1.06 W power to the load when
Vs = 3.53 Upis-

4.3.3 Design Example of ACC Pair Operating at 50 kHz

The third mid-frequency example considered to practically verify the correct operation of
the design technique developed in Fig. 4.4 is a RIPT system with R, = 0.158, R, = 1.5Q
at f, = 50kHz, where the Tx/Rx ACC length must be less than 25 mm (i.e.: [, < 25 mm.).
This mid-frequency RIPT system has industrial application in wireless charging of batteries
in sensors which are employed to monitor variables associated with the transport of fruits
[15]. The Tx/Rx coupling coefficient, K, is considered 0.2 and the chosen proximity range

of Npnae 18 10% (i.e.: X = 10%.). The coil winding conductor used is 0.8 mm (diameter)
V2Wolip | .

d—) 1S
used. This is because the application’s operating frequency is greater than 27.29 kHz (i.e.:

copper wire. It should be noted that to calculate R, equation (3.6) (i.e.: 0 =
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Table 4.9: Algorithm iterations for RIPT system under consideration (f, = 50kHz, R, =
0.15Q and R;, = 1.59).

State  Pi.¢ R Te N l, Rr, o 15} n for n for
i (€2)  (mm) (mm) () € (@) Rr,(%) Rp (%)

1 200 0.077 14.60 36 29.20 - - - - -

2 100 0.059 1280 32 2560 - - - - -
3 50 0.046 1120 28 2240 0.38 0.14 1.06 7838  64.68
4 80 0.055 1230 30 24.60 052 0.18 1.55 81.10  73.51
5 887 0.057 1250 31 2500 0.56 0.19 1.69 81.65  75.15
4p
fo>w d%L')'

Some iteration examples to find the optimal Ps.; value for the given RIPT system are
listed in Table 4.9. Following the ACC design procedure, the optimal FoM value for the
considered resonant IPT system is P, = 88.7 (i.e.: state 5 in Table 4.9.). Selecting this
value results in designing an ACC pair with . = 12.50mm, N = 31 and [, = 25.00 mm
which can provide maximum PTE of 81.65%. To practically investigate the achievable
PTE of the coil geometry designed, a Tx/Rx ACC pair for P,.; = 88.7 has been physically
constructed. The calculated and measured values for the Tx/Rx ACC’s L, R and @); are
listed in Table 4.10.

The physically constructed Tx/Rx air-cored solenoid pair is designed to provide PTE of
75.15% when the coupling coefficient between the Tx and Rx coils is K = 0.2. However,

Table 4.10: Specifications of the prototyped ACC geometry (r. = 12.50mm, N = 31,
l. = 25.00mm at f, = 50 kHz).

Lp ch Qz’p Ls Rcs Qis
(pH)  (m) (pH)  (mf2)

Calculated value 17.01 5691 9390 17.01 5691 93.90
Measured value 16.64 63.75 80.57 16.68 64.11 79.21
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Figure 4.13: Calculated and measured PTE of five sets of coil over three K values from 0.2
to 0.08.

the designed geometry maximises PTE over the range of 0 < K < 1. To experimentally
prove the concept for the designed ACC geometry in this section, five sets of solenoid, each
with different . values, have been constructed and their respective PTEs measured for the
RIPT application. The calculated and measured PTEs of the constructed ACC geometries
are plotted in Fig. 4.13. It should be noted that PTE measurements have been carried
out using the similar technique employed in section (4.3.1). In Fig. 4.13 three groups of
different coloured solid and dashed curves correspond to calculated and measured PTEs of
the designed geometry for three K values between 0.08 to 0.2. The coupling coefficient
range has been chosen again to facilitate practical, bench-top, investigation and ease of
results gathering. As can be seen in Fig. 4.13, with a fall in coupling coefficient, i,
the link becomes more loosely-coupled but the maximum PTE becomes apparent as being
around the designed air-cored coil r, value (i.e.: 12.50 mm.). The experimental PTE value
shows closeness to the analytical calculations using MATLAB. Practical tests on physical
ACC geometries either side of 7, = 12.50 mm show falling PTE over different K values,
thus validating the optimum ACC design method over mid-frequency band.

It is worth mentioning that K is highly dependent on the relative distance between the
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Figure 4.14: Comparison of PTE between practical measurements and theoretical results
for the designed ACC pair over a d; range from 12.5 mm to 32.5 mm.

Tx/Rx ACC pair. To evaluate the functionality of the designed geometry with variations of
transmission distance, calculated and measured PTE values over a d; range from 12.5 mm
to 32.0mm (i.e.: 0.0472 < K < 0.2071.) have been compared in Fig. 4.14. From
Fig. 4.14 it can be deduced that with an increase in transmission distance, the practically
measured PTE values attenuate, as can be predicted from the theoretical equations.
Furthermore, for the designed ACC geometry, the maximum achievable PTE (i.e.:
Nimaz-) 18 81.65% at R, = 0.56 mS2. Based on the physical circuit parameters devel-
oped in Table 4.9, for all load values between o and S (i.e.: 0.19Q2 < Ry < 1.69().) the
system’s PTE will be within 10% of 7,4, (i.e.: > 73.48%.). Fig. 4.15 shows the calculated
PTE against increasing R;, for the coil design; set beside this curve are the results taken
from practical measurements as 7, is physically increased from 0.11 €2 to 8.5 (2. The mea-
sured values show that for all the load resistances within the o and (3 range, 7 is higher
than 70.01% (i.e.: within 14.26% of 7),,4...). The measured results from the physical system
show good correlation with the calculated results. The calculated and measured PTE for the
RIPT application (i.e.: R, = 0.15Q and R, = 1.50Q.) are 75.15% and 72.85% respectively.

The given RIPT system delivers 1.03 W power to the load when V; = 1.41 vy.,6.
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Figure 4.15: The calculated and measured PTE variations over a nominal range of load
values. The 7,2, @ and 3 values are indicated in Table 4.9 (state 5).

4.3.4 Design Example of ACC Pair Operating at 15 kHz

To experimentally verify functionality of the developed ACC design technique over the
low-frequency band, a RIPT system with R, = 3€), Ry, = 0.4() at f, = 15kHz has been
considered, where the Tx/Rx coil length must be less than 45 mm (i.e.: [, < 45 mm.). This
low-frequency RIPT system has real-world application in electric vehicle battery chargers
[18, 20]. The coil winding conductor used in the considered RIPT system is 0.8 mm (di-
ameter) copper wire. The Tx/Rx coupling coefficient, /K, is 0.2 and the chosen proximity
range of 7,4, 18 6% (i.e.: X = 6%.).

Some iteration examples to find the optimal FoM value for the given RIPT system
are listed in Table 4.11. It should be noted that to calculate R, equation (3.7) (i.e.: 0 =

384 ofd?
%.) is used. This is because the application’s operating frequency is less than

27.29kHz (ie.: f, <

4p
Tud?,
4.4, the optimal FoM value for the considered resonant IPT system is Py = 39.73 (i.e.:

.). Following the developed ACC design procedure in Fig.

state 5 in Table 4.11.). Selecting this value results in designing an air-cored coil pair with
r. = 22.50mm, N = 56 and /. = 45.00 mm which can provide maximum PTE of 37.72%.

To practically investigate the achievable PTE of the ACC geometry designed, a Tx/Rx ACC
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Table 4.11: Algorithm iterations for RIPT system under consideration (f, = 15kHz, Ry =
3Qand R;, = 0.40Q).

State  Pg.s R Te N l, Rr, o 15} n for n for
i (£2) (mm) (mm) () € (@) Rr,(%) Rp (%)

1 100 040 27.20 68 5440 - - - - -
2 50 030 23.60 59 4720 @ - - - - -
3 25 023 2050 51 41.00 044 026 0.75 31.82 31.74
4 35 026 22.00 55 44.00 0.56 033 095 36.08 35.21
5 3973 028 2250 56 45.00 0.61 036 1.05 37.72 36.31

pair for Ps.; = 39.73 has been physically constructed. The calculated and measured L, 12
and (), values of the prototyped air-cored solenoid pair are listed in Table 4.12.

The PTE measurements have been carried out using the similar technique employed in
section (4.3.1). For the designed ACC geometry, the maximum achievable PTE (i.e.: 7,,4,.)
is 37.72% at Ry, = 0.61 . Based on the physical circuit parameters developed in Table
4.11, for all load values between « and S (i.e.: 0.36 2 < Ry < 1.05¢).) the system’s PTE
will be within 6% of 7,4, (i.e.: > 35.46%.). Fig. 4.16 shows the calculated PTE against
increasing R;, for the air-cored coil design; set beside this curve are the results taken from
practical measurements as R, is physically increased from 0.15 €2 to 4.90 2. The measured
values show that for all the load resistances within the a and /3 range, the system’s PTE is
higher than 32.89% (i.e.: within 12.80% of 7,,4.). The measured results from the physical

Table 4.12: Specifications of the prototyped ACC geometry (r, = 22.50 mm, N = 56,
l. = 45.00mm at f, = 15kHz).

Lp ch Qip Ls Rcs Qis
(pH)  (mf) (pH)  (mf)

Calculated value 99.54 276.20 33.97 99.54 276.20 33.97
Measured value 89.61 286.15 28.23 90.83 289.52 29.07
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Figure 4.16: The calculated and measured PTE variations over a nominal range of load
values. The 7,4, @ and 3 values are indicated in Table 4.11 (state 5).

system again show very strong correlation with the calculated results. The calculated and
measured PTE for the RIPT application (i.e.: R, = 392 and R, = 0.4(2.) are 36.31%
and 34.57% respectively. The given RIPT system delivers 1.15 W power to the load when
Vs = 4.24 Uy

Although the Tx/Rx ACC pair are designed for K = 0.2, the designed geometry max-
imises PTE over the range of 0 < K < 1 as described in section (3.4.1). To practically
prove the concept at low-frequency band, six sets of coil, each with different r. values,
have been constructed and their respective PTEs measured for the RIPT application. The
three groups of different coloured solid and dashed curves plotted in Fig. 4.17 correspond
to calculated and measured PTEs of the designed geometry for three K values between 0.1
to 0.2. The coupling coefficient range has been chosen again to facilitate practical, bench-
top, investigation and ease of results gathering. As can be seen in Fig. 4.17, with a fall
in coupling coefficient, K, the link becomes more loosely-coupled but the maximum PTE
becomes apparent as being around the designed air-cored coil . value obtained from the
novel design algorithm developed in this research work (i.e.: 22.50 mm.). The experimen-
tal PTE value shows remarkable closeness to the analytical calculations using MATLAB.

Practical tests on physical geometries either side of . = 22.50 mm show falling PTE over
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Figure 4.17: Calculated and measured PTE of six sets of coil over three K values from 0.2
to 0.1.

different K values, thus validating correct operation of the ACC design method presented
in Fig. 4.4.

Furthermore, it is worth mentioning that / is highly dependent on the relative distance
between the Tx/Rx coil pairs. To evaluate the functionality of the designed geometry with
transmission distance, d;, variations, calculated and measured PTE values over a d; range
from 22.5mm to 44.5mm (i.e.: 0.076 < K < 0.207.) have been compared in Fig. 4.18.
From Fig. 4.18 it can be deduced that with an increase in transmission distance, the practi-
cally measured PTE values attenuate, as can be predicted from the theoretical equations.

It is worth noting that the maximum achievable PTE for the given RIPT system is less
than 38%. This complies with the fundamentals of antenna design theory, based on which
achieving higher PTE levels at such low operating frequency ranges necessitates employing

physically large Tx/Rx coil pair.

4.3.5 Discussion

Comparing the experimental results in sections (4.3.1)—(4.3.4) shows that for the given

RIPT systems, maximum PTE is achieved at the designed ACC geometries. Hence, it can

76



— Calculation
..... ~ -©- Measurement

22,5 24.5 26.5 28.5 30.5 32.5 34.5 36.5 38.5 40.5 42.5 445
dt (mm)

Figure 4.18: Comparison of PTE between practical measurements and theoretical results
for the designed ACC pair over a d; range from 22.5 mm to 44.5 mm.

be concluded that the optimum ACC geometries, which are designed using the novel iter-
ative algorithm presented in this chapter (i.e.: Fig. 4.4.), demonstrate a consistent WPT
performance over the low- and mid-frequency bands. From the experimental design ex-
amples, it is also observed that as the RIPT application’s operating frequency is decreased,
achieving high PTE levels necessitates employing physically larger Tx/Rx coils. Meeting
this requirement is not feasible in many RIPT applications due to the spatial limitations
often encountered. An alternative method to increase PTE to the desired level is to add

ferrite cores to the Tx/Rx coil pair, which will be further discussed in the next chapter.

4.4 Summary

The effect of strong coupling factor on the RIPT system’s PTE and the ac ohmic resistance
has been analysed. It has been identified that the parameter P, by influencing the R
value, impacts the ACC’s physical size and R;,. A typical RIPT system has been con-
sidered to analyse the effects of three investigative FoM values on the ACC’s geometrical
parameters, 1, and PTE. It is demonstrated that increasing the P; s raises the ACC’s ge-
ometrical size; however, having physically larger Tx/Rx coils does not ensure higher PTE

levels. Increasing strong coupling factor also raises the RIPT system’s R, value and the
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maximum achievable PTE at R, (i.e.: 7),4,.). With respect to the strong coupling factor’s
impact on the coil size, 1 and 7),,,,., a recursive algorithm is introduced to assist in the selec-
tion of the most favourable value for the parameter P;.; and the subsequent coil geometry
optimisation. Also, design examples of two nominal RIPT systems at resonant frequencies
of 300 kHz and 10 kHz are used to theoretically investigate the design algorithm over the
mid- and low-frequency bands, for which successful results were achieved.

The geometry design method was validated by developing four prototype Tx/Rx ACC
pairs, operating over low- and mid-frequency bands (i.e.: 1.06 MHz, 100 kHz, 50 kHz and
15kHz.). Measurements presented from the Tx/Rx ACC pair in the RIPT link operating
at 1.06 MHz show a difference of around 7% between practical and calculated PTE values.
For the ACC geometry which is designed to be employed in the RIPT link operating at
100kHz, the calculated and practically measured PTE values show a difference of 6%.
In the prototyped Tx/Rx ACC geometry which is designed for the RIPT link operating at
50 kHz, the calculated and measured PTE values are within 14% of each other. Also, the
Tx/Rx ACC pair designed for the RIPT link operating at 15 kHz show a difference close
to 12% between practical PTE measurements and the calculated values. The correlation
between the measured and calculated PTE values of all four prototyped RIPT systems

validate the presented design process over the low- and mid-frequency bands.
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CHAPTER §
OPTIMISING FERRITE-CORED COIL GEOMETRY

To design an optimum Tx/Rx coil geometry (i.e.: air-cored coil.) which provides maximum
PTE in the RIPT systems, a novel recursive algorithm is presented in chapter 4. Adding
a ferrite core to the designed air-cored coil, in addition to enabling further enhancement
of PTE, can also result in a miniaturised Tx/Rx coil geometry. This chapter presents an
advanced iterative algorithm based on the earlier air-cored algorithm to design an optimum

ferrite-cored coil geometry that can maximise the PTE of the RIPT system.

5.1 Introduction

Ferrite materials have been widely employed in RIPT systems to boost the system’s PTE
[18, 21, 27, 44, 47-54]. Ferrites are a sub-group of ferrimagnetic materials which feature
high relative magnetic permeability [21, 117, 130]. Considering this, inserting ferrite cores
into the Tx/Rx coil increases coil self-inductance which, in turn, improves the inductive
linkage between the Tx and Rx [52]. A ferrite-cored coil (FCC), in comparison with a sim-
ilar size air-cored coil (ACC), provides a higher self-inductance. Hence, ferrite cores are
utilised to reduce the physical size of Tx/Rx coils in RIPT systems, as well [44]. This fea-
ture is highly beneficial for RIPT applications operating at low- and mid-frequency bands,
where physically large Tx/Rx coils are frequently required to provide high PTE levels [50].

When a ferrite core is inserted into a wire-wound coil (i.e.: air-cored coil.), ferrite
will be strongly magnetised in the presence of the winding’s magnetic field. The ferrite
magnetisation, which is caused by the magnetic field’s induction inside the core, intensifies
the coil inductance [27, 55-58]. However, the induced field, based on the Lenz’s law of
induction, will oppose the incident magnetic field thus reduces the magnetisation level

inside the ferrite core [27, 50, 55, 58, 59]. This effect is called demagnetisation or negative

79



magnetisation [130]. The effectiveness of magnetisation in a material, with respect to the
air, is measured by the parameter relative magnetic permeability (u,.). In ferrite materials,
the relative magnetic permeability is a complex quantity which, based on [44, 58], can be

expressed as:
[ir = f1, = JH,. - (5.1)

In (5.1), p. and 1 are the real and imaginary components of the complex relative perme-
ability, respectively. The real component ;. accounts for the ferrite’s magnetisation ability
which can enhance the magnetic flux. The imaginary component y’ represents demagneti-
sation in the ferrite (i.e.: magnetic field loss.).

In a resonant IPT system, introducing ferrite cores to the Tx/Rx coil pair, by ampli-
fying the coil inductance, can enhance the inductive link’s PTE. Concurrent with this, the
ferrite’s demagnetisation will yield magnetic field loss inside the core, which reduces the
RIPT system’s overall PTE. Thus, in a RIPT system the challenge in adopting ferrite-cored
Tx/Rx coils is to design an optimum geometry that can provide maximised PTE. A better
understating of the effect of adding ferrite core on the power transfer link demands the

analytical model of Tx/Rx ferrite-cored coils, which is presented in the next section.

5.2 Analytical Model of Ferrite-cored Coils

The physical model for a ferrite-cored solenoid is shown in Fig. 5.1a, where a cylindrical
ferrite rod with radius of ¢ and length of [¢, is placed inside a wire-wound solenoid. The
coil winding is identical to the air-cored solenoid modeled in section (3.1). Also, the core
and winding are considered to have the same dimensions (i.e.: ¢ ~ r. and [y = [..). The
equivalent circuit model for ferrite-cored coils has been widely considered as an inductor
(L) series with a parasitic resistance (Ryy), as shown in Fig. 5.1b [44, 53, 58]. It should
be noted that, similar to the model of air-cored solenoid (i.e.: shown in Fig. 3.2b), the

parasitic capacitance of the ferrite-cored coil has been neglected in Fig. 5.1b. Models for
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Figure 5.1: Model of a ferrite-cored solenoid: (a) physical structure, (b) equivalent circuit.

calculation of self-inductance and parasitic resistance in ferrite-cored solenoids, as shown
in Fig. 5.1, are well established in the literature [44, 53, 58, 59]. In this section the models
of Ly¢ and Ry have been adopted from various references and will be utilised to calculate
the FCC’s inductance and parasitic resistance in the rest of this chapter.

For a ferrite-cored solenoid the self-inductance, according to [44, 53, 58, 59], can be
expressed as:

Lug = L (5.2)

in which L is the self-inductance of air-cored solenoid (i.e.: equation (3.1).). With substi-

tuting L from (3.1), Ly can be restated as:

iy pom N?77

Lyt = (5.3)

The parasitic resistance of a ferrite-core coil consists of losses in the core (/?) and winding
(i.e.: R.in equation (3.2).):
Ryt = Ry + R.. (5.4)

Considering the demagnetisation effect in ferrite the core’s magnetic loss, according to [44,
58, 59], can be expressed as:

Re = wo'L (5.5)
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where with replacing L from (3.2), R; can be restated as:

" 2,.2
_ Wolly foT™N =13

The parasitic resistance of FCCs, with substituting 17 and R, from (5.6) and (3.2) respec-

Ry (5.6)

tively, can be expressed as:

<+ Nr.d. (5.7

From (5.2) and (5.5) it is deduced that in a ferrite-cored coil the inductance and parasitic

resistance are highly influenced by the winding’s L and R..

5.3 Optimum Geometry of Ferrite-cored Coils for Maximised PTE

Considering the dependency of L. and I on the winding’s geometry (i.e.: ACC’s L and
R.), finding an optimal geometry for the ferrite-cored coil which can maximise PTE neces-
sitates designing the optimum geometry for the winding (i.e.: air-cored coil.). The FoM
parameter and iterative algorithm to design the winding’s optimum geometry has been ex-
pressed in chapter 4. However, the method presented to find the optimum ACC geometry
does not determine if the designed winding maximises PTE at the presence of ferrite cores
as well. To investigate this requirement further, the air-cored solenoid designed in section
(4.3.1) is considered, where r, = 9.50mm, N = 24 and [, = 19.00 mm. The coil induc-
tance and parasitic resistance of the designed winding, based on Table 4.6, 1s L = 7.51 uH
and R = 0.15€ respectively. Also, the designed air-cored solenoid provides a maximum
PTE of 87.24%. Adding a core, made from a typical ferrite material (i.e.: material 67 from
Fair-Rite Products Crop [131].) with x/ = 2 and p = 0.15, to the winding leads the
coil inductance and parasitic resistance increasing to Ly = 15.07 uH and Ry; = 7.68 )
respectively. However, for the developed RIPT system with employed ferrite cores, PTE

reduces to 24.92%. The RIPT system’s additional design specifications for the air-cored
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Table 5.1: Specifications of the air-cored and ferrite-cored coils (r. = 9.50mm, N = 24,
l. = 19.00mm at f, = 1.06 MHz).

L R Ry « I6] 7 for 7 for

O

wWH) Q) () () R(%) Ry (%)

Air-cored coil 7.51 0.152 238 1.15 490 87.98 87.24

wa wa RLOWf Qlyf Bwf Nwt for Twt for

uH) € (@) ) (@) Ry, (%) Ry (%)

Ferrite-cored coil 15.07 7.68 19.85 13.44 29.30 44.20 24.92

coil (i.e.: Ry, , B and n for Ry, .) and the ferrite-cored coil (i.e.: RLon s Qyfy Bt and ny e
for ., .) have been provided in Table 5.1. In the table, the parameter 7)¢ represents the
RIPT system’s power transfer efficiency when ferrite-cored Tx/Rx coil pair are employed.
The optimum load value for the system with ferrite-cored coils is noted by Ry, . Also, the
parameters ¢ and (¢ are higher and lower boundary ranges around maximum PTE for
the RIPT system with ferrite-cored Tx/Rx coils, respectively. The parameters 7w, Rr,,
ot and By can be calculated from equations (B. 1), (B.2), (B.6) and (B.7) in Appendix
B, respectively.

From Table 5.1 it can be deduced that although the designed ACC geometry maximises
the system’s PTE, adding a ferrite core does not necessarily yield a higher PTE level.
Hence, to design an optimum FCC geometry it is required to firstly verify if adding the
ferrite core to the Tx/Rx coil pair will increase PTE. This is especially important because
employing bulky (i.e.: physically large.) ferrite-cored coils will significantly increase the
RIPT application’s overall cost, in addition to making the system unnecessarily heavy [47].
Considering this requirement much work has been devoted to design an optimum geometry
for the Tx/Rx ferrite-cored coils in the RIPT systems [21, 27, 44, 47, 50-54]. A commonly
employed technique, for finding the optimum FCC geometry [21, 27, 47, 50-53], is to

initially design the optimum ACC geometry which fulfils the RIPT application require-
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ments. Having designed the optimum winding geometry the ferrite core will be added to
the Tx/Rx coil pair. The next step is then to adjust the FCC geometry to achieve the desired
PTE level. Following this approach to provide an optimum geometry which maximises
PTE in the RIPT systems with Tx/Rx ferrite-cored solenoid pair, an advanced iterative
algorithm will be presented in the next section. The advanced FCC design algorithm is
developed by adding additional constraints (i.e.: y and y!’.) and conditions to the novel
iterative algorithm, presented in Fig. 4.4, with respect to the ferrite’s magnetisation and

demagnetisation effects.

5.4 Geometry Design Procedure for the Ferrite-cored Coil

To design an optimum geometry for the ferrite-cored coil which maximises PTE for the
required RIPT application an advanced iterative algorithm, based on the method developed
in chapter 4, is depicted in Fig. 5.2. The demonstrated design procedure, through selecting
a proper Py value will provide an optimum coil geometry which maximises PTE for the
required RIPT application.

The FCC’s design algorithm, as shown in Fig. 5.2, starts with taking a set of design con-
straints and an initial value for the FoM parameter. The design constraints comprise R, Ry,
fos dws K, 1., 11, the parameter X and the spatial limitations (i.e.: maximum/minimum 7,
and/or maximum/minimum [..) which can be determined from the RIPT application and
requirements. Also, the information on the ferrite material’s 1. and 1 is generally supplied
by the manufacturer of the material. Similar to ACC’s design algorithm, the parameter P
can initially take any arbitrary value, because the optimisation algorithm provides the de-
signer with a good sense of how to make necessary changes to the P;.; value to maximise
PTE.

With selecting the initial value for the P.¢, geometrical parameters of the Tx/Rx ACC
pair (i.e.: L, R, r., l. and N.) can be calculated from equations (3.1), (3.36), (3.32) and

(3.2). It should be noted that the parameter 0 in (3.2), depending on the RIPT system’s
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Figure 5.2: Flowchart of design algorithm for ferrite-cored coils.
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operating frequency (i.e.: f,.), can be determined either from (3.6) or (3.7). After calculat-
ing the ACC’s geometrical parameters for the initial Ps.; value, PTE of the RIPT system
can be calculated for the developed air-cored winding, from (3.17). In the next step, the
developed geometrical parameters will be employed to calculate Ly, Rys and 7¢ from
(5.3), (5.7) and (B. 1) respectively. After calculating PTEs for the RIPT application with
ACC and FCC pair, the values of 1 and 7, will be compared together to ensure adding
the ferrite core can benefit the RIPT system. In case adding ferrite core can enhance the
system’s PTE, the P;.s value will be modified in an iterative manner such that the final
designed geometry maximises the RIPT system’s PTE, besides meeting the application’s
spatial requirements.

To numerically describe the design algorithm, a mid-frequency RIPT system similar to
the exemplified application discussed in section (4.2) (i.e.: Table 4.3.) has been considered
where Ry, = 5.77Q and Ry, = 1092 at f, = 300kHz [79]. The coil winding conductor
used is 0.511 mm (diameter) copper wire, and the inductive link’s coupling coefficient,
K, 1s 0.2. It has been considered that the Tx/Rx coil diameter must be less than 32 mm
(i.e.: 7. < 16 mm.). To ensure the designed coil geometry exhibits a high PTE the chosen
proximity range of 7., is 10% (i.e.: X = 10%.). It should be noted that 7)., is the
RIPT system’s PTE when the load is equal to 12, . For the given RIPT application, the
core is considered to be made with the material 78 from Fair-Rite Products Crop (i.e.: the
supplier of the ferrite rods used in this thesis.), where p/. = 3 and i/ = 0.1 [131]. Table 5.2
shows some iteration examples for finding the FoOM’s optimal value which can maximise
PTE for the RIPT application with a Tx/Rx FCC pair. The iterative design process is

initiated with considering P;.; = 1000. It should be noted that to calculate 2, equation

VZoofip

(3.6) (i.e.: 0 = 7 .) is used. This is because the application’s operating frequency is
N 4
greater than 66.89 kHz (i.e.: f, > —'02.).
Tud?,

As can be seen in Table 5.2, adding a ferrite core to the calculated ACC geometry in the

first iteration cannot fulfil the design algorithm’s PTE requirement (i.e.: having 7y > 7.).

86



Table 5.2: Algorithm iterations to design an optimum FCC pair for the RIPT system under
consideration (f, = 300kHz, R, = 5.77Q and R;, = 10Q).

State Py R Te N l, nfor  nys for RLon it Bt Nwt for
# (@) (mm) (mm) Rp(%) Ru(%) () (2 (@) Ry, (%)

—

1000 0.77 18.70 73 3740 90.59 25.56 - - - -
400 0.56 16.00 63 32.00 89.15 3496 - - - -
100 0.34 1250 49 25.00 77.34 49.10 - - - -
10 0.16 &850 33 17.00 2813 5330 8.62 0412 14.01 53.51
34 024 1050 41 21.00 56.29 55.88 - - - -
33 023 1040 40 20.80 5559 5597 18777 0.814 3529 59.66

[©) NN IV, B P VS B (]

Also, the calculated coil geometry does not meet the RIPT system’s spatial requirement
(i.e.: having r. < 16 mm.). Considering that the first and second decision boxes in the
design flowchart are not met in this state, the values for the parameters R Lo, > Qtwts Bwe and
Nwe for RLOWf do not need to be calculated (blank spaces in state 1, Table 5.2). Following
the design algorithm, in state 2 the FoM parameter has been reduced to 400. The calculated
FCC geometry for Ps.; = 400 also does not fulfil the condition 7y > 7, although the coil
dimensions meet the application’s spatial requirement. Again, the values for the parameters
RLon» Qs Byt and 1y¢ for RLon do not need to be calculated (blank spaces in state 2,
Table 5.2). In order to search for a coil geometry which meets the PTE condition, the
FoM parameter has been further reduced in iterations 3 and 4. The selected FoM value
in state 4 (i.e.: P,y = 10.) enables designing a coil geometry that meets the condition
Nwt > 1 and the application’s spatial requirement. To further improve 7, level in state
4, the P,.s value has been slightly modified in iterations 5 and 6. The maximum strong
coupling factor value that can meet both the algorithm (i.e.: 7ys > 7.) and application
(ie.: 7. < 16mm.) requirements is P,.y = 33. For this FoM value, the designed coil
geometry is . = 10.40 mm, N = 40 and [, = 20.80 mm and the maximum PTE of 55.97%
is theoretically achieved. It should be noted that again in states 3 and 5, the values for the

parameters Ry, o> Ot Bwt and 7y for Ry, . do not need to be calculated (blank spaces
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Table 5.3: Algorithm iterations to design an optimum FCC pair for the RIPT system under
consideration (f, = 10kHz, Ry, = 0.01 2 and R; = 1k2).

State P,y R Te N l, nfor  ny¢ for RLowf Qyf Bt Nwt for
# () (mm) (mm) Rp(%) Ri(%) () (Q) Q) R, (%)

1 15 283 7230 180 144.60 92.13 90.70 - - - -

1 073 3680 92 73.60 4472 60.70 73.70 5.54 967.96 91.02

3 127 4840 121 96.80 70.76  78.22 - - - -

1.04 4370 109 87.40 61.77 72.58 - - - -

249 1.16 4620 115 9240 66.78 75.76 - - - -
1.4 0.87 40.00 100 80.00 53.09 66.78 94.74 6.63 133791 91.17

(@) N IR, B VS B\
[\

in states 3 and 5, Table 5.2).

As the second example to numerically explore the FCC geometry design procedure,
a low-frequency RIPT system with R, = 0.01€2, Ry, = 1k at f, = 10kHz has been
considered, where the length of Tx/Rx FCC must be less than 80 mm (i.e.: [, < 80 mm.).
This RIPT system has application in inductive power transfer to industrial monorail pickup
tracks and factory automation [38]. The coil winding conductor used is 0.8 mm (diameter)
copper wire, and the inductive link’s coupling coefficient, K, is 0.9. To ensure the designed
coil geometry exhibits a high PTE the chosen proximity range of 7,,,4.., is 10% (i.e.: X =
10%.). For the given RIPT application, the core is considered to be made with the material
78 from Fair-Rite Products Crop, where u,. = 3 and p/ = 0.1 [131]. Table 5.3 shows
some iteration examples for finding the FoM’s optimal value which can maximise PTE for
the RIPT application with a FCC Tx/Rx coil pair (rational for blank spaces are covered in

Table 5.2). The iterative design process is initiated with considering P,y = 15. It should

. . 384p + wopd?, -
be noted that to calculate R, equation (3.7) (i.e.: 0 = %.) is used. This is
N 4
because the application’s operating frequency is less than 27.29kHz (i.e.: f, < %.).
Ty,

Based on the iteration examples listed in Table 5.3, adding a ferrite core to the calculated

coil geometry in the first iteration cannot fulfill the condition 7,¢ > 7. Also, the calculated
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geometry does not meet the resonant IPT system’s spatial requirement (i.e.: having [, <
80mm.). Hence, the P;.; has been reduced to 1 in the second iteration. The selected FoM
value in state 2 (i.e.: Ps.; = 1.) enables designing a coil geometry that meets the condition
Nwe > 1 and the RIPT application’s spatial requirement. To further improve the PTE level in
state 2, the Ps.; value has been slightly increased/decreased in iterations 3 to 6. The strong
coupling factor value that can meet both the algorithm (i.e.: 7y¢ > 7.) and application (i.e.:
l. < 80mm.) requirements is Py = 1.4. For this FoM value, the designed coil geometry
is r. = 40.00mm, N = 100 and /. = 80.00 mm and the maximum PTE of 7, = 66.78%
is theoretically achieved.

It should be noted that winding geometry of the designed FCC pair (i.e.: state 6 in Table
5.3.) is in fact the optimum ACC pair which was designed, for the same RIPT application,
in Table 4.4. Also, it is worth mentioning that the value of 7 in the state 5 is equal to the
value of 7y in the state 6 (i.e.: 66.78%.). Comparing the coil geometries in these two
states it can be deduced that the optimum FCC pair can provide the same PTE level that
a much larger ACC pair can provide. The coil geometry in the state 6 is 7. = 40.00 mm,
N =100 and [, = 80.00 mm. The coil geometry in the state 5 is . = 46.20 mm, N = 115
and /. = 92.40 mm. This comparison highlights that employing an optimum FCC pair
in a RIPT system can miniaturise the Tx/Rx coil geometry, in addition to enhancing the

system’s PTE.

5.5 Experimental Results & Validation of FCC Design Process

In this section, the advanced FCC geometry design methodology, described in Fig. 5.2, is
empirically validated over low- and mid-frequency bands. To facilitate practical, bench-top,
investigations two typical RIPT systems have been considered with resonance frequencies
at: 1) 50kHz (i.e.: mid-frequency [119, 120].) and II) 15kHz (i.e.: low-frequency [119,

120].).
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5.5.1 Design Example of FCC Pair Operating at 50 kHz

As an example to practically validate the FCC design technique over the mid-frequency
band, an arbitrary chosen resonant inductive power transfer system with Ry, = 3 €2, R, =
1.5 Q at f, = 50 kHz has been considered, where the length of Tx/Rx FCC pair must be
less than 25 mm (i.e.: [. < 25 mm.). The Tx/Rx coupling coefficient, /<, is 0.207 and the
chosen proximity range of 7,4, , 18 3% (i.e.: X = 3%.). The considered RIPT system has
energy transfer applications in electric vehicles [52]. For the given RIPT application, the
core is considered to be made with the material 78 from Fair-Rite Products Crop, where
. = 3 and p’ = 0.1 [131]. The ferrite material 78 is selected with considering the
ferrite bar’s availability, the cost associated with it and its operating frequency range. Based
on the manufacturer’s technical information, the material 78 is the most feasible material
developed to facilitate the RIPT applications operating at the required frequency range
[131]. The coil winding conductor used is 0.8 mm (diameter) copper wire. The 0.8 mm
wire is selected as a suitable diameter value to give a reasonable ohmic resistance and

allow ease of practical construction of the coils in the rest of this chapter. Also, it should

V 2Wolip
oy

the application’s operating frequency is greater than 27.29kHz (i.e.: f, >

.) is used. This is because

4p
Tud?

be noted that to calculate R, equation (3.6) (i.e.: 0 =

).

Some iteration examples to find the optimal P,.; value for the considered RIPT system
are listed in Table 5.4. Following the design procedure (i.e.: the iterative algorithm shown
in Fig. 5.2.), the optimal FoM value for the given resonant IPT system is Py = 6 (i.e.:
state 5 in Table 5.4.). Selecting this FoM value results in designing a Tx/Rx ferrite-cored
coil pair with . = 12.50 mm, N = 31 and [, = 25.00 mm which can provide maximum
PTE of 42.66%. Further specifications of the designed geometry including Tx and Rx
FCC’s self-inductances (i.e.: L, , and L, , respectively.), parasitic resistances (i.e.: R, ;

and R, respectively.) and intrinsic quality factors (i.e.: (;, = and ();, _respectively.) are

Swf

mentioned in Table 5.5. It should be noted that for a ferrite-cored coil the (); , can be
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Table 5.4: Algorithm iterations to design an optimum FCC pair for the RIPT system under
consideration (f, = 50kHz, R, = 3Q and R;, = 1.5().

State Py R Te N l, nfor nyefor R Lo, Ot Bt Nyt fOr
# (€)  (mm) (mm) Rp(%) Ru(%) (@) () (@) Ry, (%)
1 100 0.15 2030 51 40.60 73.72 34.50 - - - -

25 0.09 1590 40 31.80 48.73 44.80 - - - -

25 0.04 1080 27 21.60 9.41 33.02 081 056 1.18 35.79

0.05 11.70 29 2340 14.17 3881 1.12 0.77 1.63 35.53

6 0.06 1250 31 25.00 19.72 42.66 147 1 216  42.66

[V, B SN OS S
o

calculated by substituting L and R with Lt and R respectively in (3.21), as:

wowa

wa

inf -

To practically investigate the achievable PTE of the designed geometry, a Tx/Rx FCC pair
for Py = 6 was physically constructed. It is worth mentioning that a solid ferrite rod that
can occupy the entire space inside the designed windings was not already fabricated by the
available ferrite manufacturers. Hence, following a common technique, the windings are
filled with numbers of cylindrical ferrites with the identical length of /., as shown in Fig.
5.3 [44, 50, 132]. This approach results in a laminated core, which leads to a reduction in
the Tx/Rx FCC’s parasitic resistances (i.e.: R, . and R, ,.) [50, 51]. The measured Ly,
Ry and Q);, values of the prototyped ferrite-cored solenoid pair are listed in Table 5.5.
The measurements are taken using an electronic LCR meter (Rohde & Schwarz HMS8118).
The differences between the calculated and measured values of the Tx/Rx FCC’s parasitic
resistances in Table 5.5 are attributed to employing the laminated ferrite cores, which result
in a reduced R, value [50, 51].

Similar to the technique employed in chapter 4, the PTE measurements have been car-
ried out on a series-series RIPT system, as shown in Fig. 4.5a, where compensation capac-

itors (i.e.: C), and Cj.), source and load resistors (i.e.: R, and [, respectively.) are directly
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Figure 5.3: Physical structure of the employed ferrite-cored coils.

added to the primary and secondary ferrite-cored coils. For the RIPT system demonstrated
in Fig. 4.5a, the utilised experimental set up is shown in Fig. 5.4, where a function genera-
tor (Hewlett Packard 33120A) is used to drive the primary coil at the resonance frequency
(i.e.: b0kHz.). In order to probe the system’s energy transmission efficiency, an oscillo-
scope (Rigol DS10547) is used to measure the voltage and current waveforms at the Tx/Rx
side. The transmitted power is found by multiplying the RMS values of the measured volt-
age and current signals injected into the primary circuitry [30, 79]. The received power is
also calculated by measuring the voltage across the load [30, 79].

For the designed FCC geometry, the maximum achievable PTE (i.e.: ,4z,,.) is 42.66%
at Ry, = 147 (2. Based on the physical circuit parameters developed in Table 5.4, for
all load values between o, and Sy¢ (i.e.: 1Q < R < 2.16¢€).) the system’s PTE will
be within 3% of 744, (i.e.: > 41.38%.). Fig. 5.5 shows the calculated PTE against

Table 5.5: Specifications of the prototyped FCC geometry (r. = 12.50mm, N = 31,
l. = 25.00mm at f, = 50kHz).

prf Rpwf Qipwf L Swi stf Qiswf
(pH)  (m€2) (pH)  (m€2)

Calculated value 51.03 598.28 27.11 51.03 59828 27.11
Measured value 48.81 427.04 35.36 49.72 461.27 33.87
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Figure 5.4: Experimental PTE test setup for the RIPT system with Tx/Rx ferrite-cored coils
(length of coil = 25.00 mm, radius of coil = 12.50 mm and width apart, d;, is varied).

increasing R, for the FCC design; set beside this curve are the results taken from practical
measurements as 7, is physically increased from 0.3 €2 to 15 €2. The measured values show
that for all the load resistances within the aw,s and (¢ range, the system’s PTE is higher
than 42.98% (i.e.: within 0.75% of 7)44.,,.)- The measured results from the physical system
show remarkable correlation with the calculated results. The calculated and measured PTE
for the RIPT application (i.e.. R, = 3 and Ry, = 1.5€0.) are 42.66% and 45.16%
respectively. The given RIPT system delivers 1.1 W power to the load when Vy = 2.12 v,.,.

Although the Tx/Rx FCC pair are designed for X' = 0.207, the designed geometry

maximises PTE over the range of 0 < K < 1 as described in section (3.4.1). To practically

=— Calculation
+© Measurement -

0 %R By 4 6 8 10 12 14 16
Owf R

Figure 5.5: The calculated and measured PTE variations over a nominal range of load
values. The 7,4, awwr and By values are indicated in Table 5.4 (state 5).
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Figure 5.6: Calculated and measured PTE of five sets of coil over three K values from
0.207 to 0.127.

prove the concept, five sets of coil with laminated ferrite cores, each with different r. values,
have been constructed and their respective PTEs measured for the RIPT application. The
three groups of different coloured solid and dashed curves plotted in Fig. 5.6 correspond to
calculated and measured PTEs of the constructed FCC geometries for three /K values be-
tween 0.127 to 0.207. The coupling coefficient range has been chosen to facilitate practical,
bench-top, investigation and ease of results gathering. As can be seen in Fig. 5.6, with a fall
in coupling coefficient, K, the link becomes more loosely-coupled but the maximum PTE
becomes apparent as being around the designed ferrite-cored coil r. value obtained from
the advanced algorithm developed in this research work (i.e.: 12.50 mm.). The experimen-
tal PTE values show closeness to the analytical calculations using MATLAB. Practical tests
on physical FCC geometries either side of . = 12.50 mm show falling PTE over different
K values, thus validating the design method proposed.

Similar to the RIPT systems with air-cored coils, in a RIPT system with a Tx/Rx FCC
pair the coupling coefficient, K, is also highly dependent on the relative distance between
the Tx/Rx ferrite-cored solenoids. To verify the correct operation of the designed geometry

with transmission distance, d;, variations, calculated and measured PTE values over a d;
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Figure 5.7: Comparison of PTE between practical measurements and theoretical results for
the designed FCC pair over a d; range from 12.5 mm to 26.5 mm.

range from 12.5mm to 26.5mm (i.e.: 0.0676 < K < 0.2072.) have been compared in
Fig. 5.7. From Fig. 5.7 it can be deduced that with an increase in transmission distance,
the practically measured PTE values attenuate, as can be predicted from the theoretical
equations.

With comparing the PTE measurements in Fig. 5.5, Fig. 5.6 and Fig. 5.7 a close
correlation between the calculated values and measured results from the practical setup
can be seen. It should be noted that, as listed in Table 5.5, the measured values of 2, ,
and R, , are respectively 0.17€2 and 0.14 €2 smaller than the calculated resistance values.
This mismatch between the calculated and measured resistance values, which is due to
employing the laminated ferrites cores, results in less power loss in the Tx/Rx FCC pair;
hence, the PTE measurements on the constructed RIPT system can result in values higher

than the calculations.

5.5.2 Design Example of FCC Pair Operating at 15 kHz

To practically validate the design technique over the low-frequency band, an arbitrary cho-
sen resonant inductive power transfer system with Ry, = 3, Ry, = 3Q at f, = 15kHz

has been considered, where the length of Tx/Rx FCC pair must be less than 45 mm (i.e.:
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Table 5.6: Algorithm iterations to design an optimum FCC pair for the RIPT system under
consideration (f, = 15kHz, R, = 3 and R;, = 3Q).

State Py R Te N l, nfor  nyr for RLowf Qwt  Pwt Nyt fOr
o (€2)  (mm) (mm) Rp(%) Ri(%) () (@) (@) R, (%)

1 100 0.69 3550 89 71.10 65.08 36.61 - - - -
2 50 053 3120 78 6240 56.65 42.84 - - - -
3 10 030 2330 58 46.70 26.00 46.68 - - - -
4 5 023 2060 52 4140 1547 4141 233 159 343 41.95
5 82 0.28 2250 56 45.00 22.62 4562 326 220 4.82 45.68

l. < 45mm.). The Tx/Rx coupling coefficient, K, is 0.2 and the chosen proximity range
of Nimaa,, 18 3% (i.e.: X = 3%.). The considered RIPT system has applications in WPT to
non-stationary electric buses [21]. For the given RIPT application, the core is considered
to be made with the material 78 from Fair-Rite Products Crop, where u,. = 3 and p = 0.1

[131]. The coil winding conductor used is 0.8 mm (diameter) copper wire. Also, it should

384 ophd>
be noted that to calculate R, equation (3.7) (i.e.: 0 = %.) is used. This is
N 4
because the application’s operating frequency is less than 27.29kHz (i.e.: f, < 22 ).
TGy,

Some iteration examples to find the optimal FoM value for the given RIPT system
are listed in Table 5.6. Following the design procedure, the optimal FoM value for the
considered RIPT system is Py = 8.2 (i.e.: state 5 in Table 5.6.). Selecting this value
results in designing a FCC pair with r, = 22.50mm, N = 56 and [, = 45.00 mm which

Table 5.7: Specifications of the prototyped FCC geometry (r. = 22.50mm, N = 56,
l. = 45.00mm at f, = 15kHz).

Ly, Rpy @i, Ls, Rs, i,

(WH) () (pH) ()
Calculated value 298.63 1.21 23.18 298.63 1.21 23.18
Measured value 283.34 0.845 31.41 289.86 0.891 30.63
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Figure 5.8: Calculated and measured PTE of six sets of coil over three K values from 0.2
to 0.1.

can provide maximum PTE of 45.62%. To practically investigate the achievable PTE of the
designed geometry, a Tx/Rx solenoid pair with ferrite cores has been constructed for P, ¢ =
8.2. Following a common approach the Tx/Rx windings are filled with numbers of semi-
length ferrite bars [44, 50, 132], as shown in Fig. 5.3. For the constructed Tx/Rx ferrite-
cored solenoids the calculated and measured values of self-inductance, parasitic resistance
and intrinsic quality factors are listed in Table 5.7.

The prototyped Tx/Rx FCC pair is designed to provide PTE of 45.62% when the cou-
pling coefficient between the pair is K = 0.2. However, as described in section (3.4.1), the
designed geometry maximises PTE over the range of 0 < K < 1. To practically prove
the concept, six sets of coil with laminated ferrite cores, each with different . values, have
been constructed and their respective PTEs measured for the RIPT application. The cal-
culated and measured PTEs of the constructed FCC geometries are plotted in Fig. 5.8. It
should be noted that the PTE measurements have been carried out using the similar tech-
nique employed in section (5.5.1). In Fig. 5.8 three groups of different coloured solid and
dashed curves correspond to calculated and measured PTEs for three /i values between 0.1

to 0.2. The coupling coefficient range has been chosen again to facilitate practical, bench-
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Figure 5.9: Comparison of PTE between practical measurements and theoretical results for
the designed FCC pair over a d; range from 22.5 mm to 50.5 mm.

top, investigation and ease of results gathering. As can be seen in Fig. 5.8, with a fall
in coupling coefficient, K, the link becomes more loosely-coupled but the maximum PTE
becomes apparent as being around the designed ferrite-cored coil . value obtained from
the novel algorithm developed in the research work (i.e.: 22.50 mm.). The experimental
PTE value shows closeness to the analytical calculations using MATLAB. Practical tests
on physical FCC geometries either side of 7. = 22.50 mm show falling PTE over different
K values, thus validating the design method proposed.

It is worth mentioning that /K is highly dependent on the relative distance between the
Tx/Rx FCC pair. To evaluate the functionality of the designed geometry with variations of
transmission distance, calculated and measured PTE values over a nominal d; range from
22.5mm to 50.5 mm (i.e.: 0.0612 < K < 0.2071.) have been compared in Fig. 5.9. From
Fig. 5.9 it can be deduced that with an increase in transmission distance, the practically
measured PTE values attenuate, as can be predicted from the theoretical equations.

Furthermore, the maximum achievable PTE (i.e.: 7,45,,.) for the designed FCC ge-
ometry is 45.68% at Ry, , = 3.26 2. Based on the physical circuit parameters developed
in Table 5.6, for all load values between «.,¢ and Sy (i.e.: 2.202 < Ry < 4.82().) the

system’s PTE will be within 3% of 7,4, (i.e.: > 44.31%.). Fig. 5.10 shows the calcu-
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Figure 5.10: The calculated and measured PTE variations over a nominal range of load
values. The 7,,,44...» awwr and By values are indicated in Table 5.6 (state 5).

lated PTE against increasing [?;, for the coil design; set beside this curve are the results
taken from practical measurements as R, is physically increased from 0.9 {2 to 16 Q). The
measured values show that for all the load resistances within the o and ¢ range, the
system’s PTE is higher than 46.68% (i.e.: within 2.19% of 9;.44.,.). The measured results
from the physical system show remarkable correlation with the calculated results. The cal-
culated and measured PTE for the RIPT application (i.e.: Rs = 32 and Ry = 3().) are
45.62% and 50.74% respectively. The given RIPT system delivers 1.08 W power to the
load when V, = 2.47 vy ,s.

With comparing the PTE measurements in Fig. 5.10, Fig. 5.8 and Fig. 5.9 a close cor-
relation between the calculated values and measured results from the practical setup can be
seen. It should be noted that employing laminated ferrite cores leads to constructing a FCC
pair with parasitic resistances smaller than the calculated values thus providing higher PTE
levels. As listed in Table 5.7, the measured values of 1z, , and R,_, are respectively 0.36 2
and 0.32 ) smaller than the calculated resistance values. This difference in resistance val-
ues results in less power loss in the Tx/Rx FCC pair; hence, the PTE measurements on the

physically constructed system can be higher than the calculated values.
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5.5.3 Discussion

Comparing the experimental results in sections (5.5.1) and (5.5.2) shows that employing
a FCC geometry designed using the advanced iterative algorithm presented in Fig. 5.2
maximises the RIPT system’s overall PTE to the desired level. Also, it was shown that the
designed FCC geometries demonstrate a consistent WPT performance over the low- and
mid-frequency bands.

It is worth mentioning that manufacturing the FCC pair using ferrite cores that are cus-
tomised for the designed geometry can reduce the slight mismatch between the calculated

and measured PTE values.

5.6 Summary

In a RIPT system that operates in low- and mid-frequency bands, the maximum achievable
PTE is limited to the system application and its spatial requirements. Adding ferrite cores
to the Tx/Rx coil pair is considered as a solution to enable maximising PTE to the desired
level.

In this chapter the analytical model of a ferrite-cored coil (FCC) is presented. With
respect to the FCC’s analytical model, a typical RIPT system operating at 1.06 MHz is
exemplified to theoretically investigate the effects of adding ferrite cores (i.e.: magnetisa-
tion and demagnetisation effects.) on PTE. Considering these effects, an advanced iterative
design algorithm is developed which maximises the PTE for the RIPT application and its
requirements. Design examples of two nominal RIPT systems at resonant frequencies of
300kHz and 10 kHz are used to theoretically investigate functionality of the advanced de-
sign algorithm, with successful results achieved.

The FCC geometry design method was validated by developing two prototype Tx/Rx
FCC pairs with real-world applications, operating over low- and mid-frequency bands (i.e.:

50kHz and 15 kHz.). Measurements presented from the Tx/Rx FCC pair in the RIPT link
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operating at 50 kHz show a difference of 0.75% between practical and calculated PTE val-
ues. Also, in the prototyped Tx/Rx FCC geometry which is designed for the RIPT link
operating at 15 kHz, the calculated and measured PTE values are around 2% of each other.
The remarkable correlation between the measured and calculated PTE values of the pro-
totyped RIPT systems validate the advanced FCC design process over the low- and mid-

frequency bands.
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CHAPTER 6
CONCLUSION & FUTURE SCOPE

In this chapter, the results and scientific contributions of this thesis are summarised. This
chapter also includes suggestions for future research areas which can lead to further devel-
opment of resonant inductive power transmission and promote employment of WPT in a

wider range of applications.

6.1 Conclusion

Wireless power transfer refers to cordless delivery of electrical energy from a power source
to a target electric load. WPT techniques can be classified as near-field and far-field energy
delivery approaches, which are extensively reviewed in chapter 2. In comparing these
two techniques, it is shown that NF-WPT methods are more suitable for cordless energy
delivery to electric-driven devices. Between different near-field WPT techniques, resonant
inductive power transfer can provide the highest PTE level. Over the last two decades RIPT
has been adapted for a wide range of NF-WPT applications [6, 8, 38].

The key challenge in development work on RIPT systems is maximising power transfer

efficiency [1, 30]. In RIPT systems, PTE is influenced by:

e The inductive linkage between the Tx and Rx;
e The terminating circuitry at the primary and the secondary sides;

e The Tx/Rx coil geometry.

The available methods to maximise PTE with respect to these three impacting factors are
comprehensively reviewed in chapter 2.
The RIPT systems usually operate at low- and mid-frequency bands [8, 12, 21, 35]. An

efficient inductive power transmission at these frequency ranges necessitates employing a
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physically large Tx/Rx coil pair. Utilising such coils with the associated energy loss inside
the winding, significantly reduces the system PTE. Hence, geometrically optimising the
Tx and Rx coils is an essential requirement when designing an efficient RIPT link [30-32,
39-43].

This thesis reports on a novel iterative algorithm developed for the geometrical design
of Tx/Rx air-cored coil pairs, which yield maximum PTE in a RIPT system for use in
applications with spatial limitations. Adding a ferrite core to the designed Tx/Rx air-cored
coil pair can assist in increasing the system PTE to a desired level, especially in applications
with highly restrictive spatial limitations. Hence, this thesis also provides an advanced
iterative algorithm to design the geometrically optimum ferrite-cored coil pair which can
further increase PTE to the desired level. The summary and results of these two design

algorithms will be discussed further in sections (6.1.1) and (6.1.2).

6.1.1 The Optimum Air-cored Coil Geometry

Much work has been devoted to design the geometrically optimum Tx/Rx air-cored coil
which can maximise PTE of the resonant inductive link’s PTE [20, 21, 30, 31, 39-43, 56,
85, 101, 105-112]. A comprehensive review of these approaches has been included in
chapter 2. The conventional geometry design techniques consider increasing Tx/Rx coil
Q;-factor as a means of maximising PTE [105-108]. Employing a Tx/Rx ACC pair with
higher ();-factor can improve the energy transmission between the coils, however maximis-
ing the system’s overall PTE requires compensating the loading effects of transmitter and
receiver circuitries as well [113].

To maximise the source-to-load PTE, various iterative design algorithms have been
proposed. In the conventional geometry optimisation algorithms, as a common approach,
the equation for PTE is found based on RIPT system parameters (e.g.: K, R,, R, etc.).
Then, based on the derived PTE equation various design parameters (i.e.: FoOM parameters.)

are defined to help improve PTE. In these techniques, designing the optimum coil geometry,
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which can maximise PTE, requires determining a proper numerical value for the set of FoM
parameters. Depending on the number of FoMs, the available geometry design techniques
are very time consuming [20, 31]. This research work has developed a method which
builds upon previous techniques and accelerates the process of identifying the optimum
Tx/Rx coil geometry. The key advancement in this work is the reduction in the number of
design parameters to one, thus reducing the design complexity.

To determine the unique FoM parameter, which can maximise PTE, an analytical in-
vestigation of the RIPT system is necessary. Chapter 3 presents the physical parameters
affecting PTE of the resonant inductive link. For this purpose, the analytical model to cal-
culate L and R of the Tx/Rx ACC pair has been expressed. It should be noted that the
previously reported geometry design techniques in the literature mainly focus on miniatur-
ising spiral coils or low power (i.e.: < 1 W.) mm-sized solenoids. To fill the knowledge
gap, this thesis focuses on designing the optimum Tx/Rx solenoid, which can be used for
high-power (i.e.: > several hundreds mW.) applications as well as for low-power RIPT
systems.

Based on the equivalent model for the Tx/Rx ACC pair, the circuit model represent-
ing the RIPT system has been developed to investigate the requirements for a maximised
resonant coupling. It is shown that maximising PTE in a resonant inductive link demands
employing a series-series (SS) compensated RIPT system, given that only SS compensa-
tion provides a reactance-free link (i.e.: zero existence of reactive power in the link.) at f,.
For the considered SS-compensated inductive link the PTE equation is derived in chapter 3.
From the derived equations it is concluded that maximising PTE requires a strong magnetic
linkage between the Tx and Rx. In a RIPT system, having a strong magnetic resonant cou-
pling demands an inductive link with high K value, Tx/Rx circuitry with high () -factor
and high quality Tx/Rx coils.

In chapter 3 of this dissertation, a unique figure-of-merit is developed by combining

the PTE’s affecting parameters. The new FoM parameter (F.¢) is called strong coupling
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factor since its value indicates how strongly the Tx and Rx are linked together. The strong
coupling factor is defined as P,.; = K?Qr, @, and provides a guideline for designing the
optimum Tx/Rx ACC geometry which can maximise the RIPT system’s PTE. Designing
the optimum ACC geometry requires identifying the numerical value of P ; with respect
to the RIPT application and its spatial limitations. Finding the most favourable numerical
value for the FoM parameter demands analysing the effect of Ps.; on PTE and the ACC’s
parasitic resistance, K. It should be noted that the value of R impacts the coil’s physical
size and the system’s 1%y .

In chapter 4, a typical RIPT system has been considered to analyse the effects of three
typical investigative Ps.; values on the coil’s geometrical parameters, 121, and PTE. With
respect to the impact of FP,.¢ on the Tx/Rx ACC geometry and the RIPT link, a novel
iterative design algorithm is developed in chapter 4 (i.e.: Fig. 4.4.) to assist in selecting the
most favourable FoM value. The developed design algorithm in Fig. 4.4, through selecting
the proper Py s value, will provide an optimum Tx/Rx ACC geometry which maximises
PTE for the required RIPT application.

Design examples of two nominal RIPT systems, operating at resonant frequencies of
300kHz (i.e.: mid-frequency.) and 10kHz (i.e.: low-frequency.), are used in chapter 4
to theoretically investigate the iterative design algorithm over the low- and mid-frequency
bands. The theoretical results showed successful functionality of the novel design pro-
cedure. The ACC geometry design method is practically validated by developing four
prototype Tx/Rx ACC pairs, operating over low- and mid-frequency bands (i.e.: 1.06 MHz,
100kHz, 50 kHz and 15kHz.). PTE measurements from the practical setups across these
frequencies are presented which closely follow the calculated PTE values. The correla-
tion between the measured and calculated PTE values of all four prototyped RIPT systems

validates the novel ACC geometry design process over these bands.
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6.1.2 The Optimum Ferrite-cored Coil Geometry

In a resonant IPT system maximum achievable PTE is affected by the system application
and its spatial limitations. Adding ferrite cores to the Tx/Rx ACC pair enables further en-
hancement of PTE. In a RIPT system with a Tx/Rx FCC pair, PTE is influenced by ferrite’s
magnetisation and demagnetisation effects. The ferrite’s magnetisation effect enhances the
Tx/Rx coil’s self-inductance; hence, boosts the inductive link’s PTE. On the contrary, fer-
rite’s demagnetisation effect leads to a significant power loss inside the core and as a result
reduces PTE. Thus in a RIPT system the challenge in adopting a Tx/Rx FCC pair is to
design the optimum geometry which can maximise PTE with regards to ferrite’s magneti-
sation and demagnetisation effects.

Designing the optimum FCC geometry demands having the analytical model to calcu-
late FCC'’s self-inductance (L) and parasitic resistance ([2y¢), which has been expressed
in chapter 5. From the FCC’s analytical model, an observation is that Ly and Ry are
highly influenced by the ACC’s L and R. Hence, finding the optimal geometry for the
Tx/Rx ferrite-cored coils requires having the optimum Tx/Rx ACC geometry (i.e.: opti-
mum winding geometry.). As shown by numerical investigations in chapter 5, designing
the optimum FCC pair also necessitates to verify if adding ferrite cores to the optimised
Tx/Rx windings can maximise the RIPT system’s PTE. Considering these requirements,
various methods have been employed, in the literature [21, 27, 44, 47, 50-54], to design
the optimum FCC geometry. A common technique is to initially design the optimum wind-
ing geometry and add ferrite core to the designed ACC pair. In the next step then the FCC
geometry is adjusted to achieve a maximised PTE. Building upon the previous techniques,
chapter 5 of this research work provides an advanced iterative algorithm to design the opti-
mum FCC geometry, which maximises PTE with respect to the ferrite’s magnetisation and
demagnetisation effects. The advanced FCC design algorithm is developed based on the
novel iterative algorithm, which is provided in chapter 4 to design the optimum air-cored

solenoid pair.
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In chapter 5, design examples of two nominal RIPT systems operating at resonant fre-
quencies of 300 kHz and 10 kHz are presented to numerically analyse the advanced FCC
design process over the low- and mid-frequency bands. The FCC geometries designed for
these systems and their achievable maximum PTEs proved successful functionality of the
advanced iterative algorithm. From the theoretical results it is also deduced that the FCC
design process can reduce the system’s physical size in addition to maximising PTE. To
practically validate the advanced FCC design technique, two prototype Tx/Rx ferrite-cored
solenoids are developed, which operate over low- and mid-frequency bands (i.e.: 50 kHz
and 15 kHz.). For both the prototyped RIPT setups, the calculated and practically measured
PTE values are within 3% difference. This remarkable correlation validates the advanced

FCC geometry design technique over the low- and mid-frequency bands.

6.1.3 Discussion

It is worth mentioning that the prototyped systems, which are used to validate function-
ality of the developed coil geometry design techniques (i.e.: design examples in sections
(4.3.1)—(4.3.4) and (5.5.1) — (5.5.2).), are all selected from real-world RIPT applications.
Hence, it can be concluded that the work undertaken in this thesis on development of a
comprehensive method to design the optimum Tx/Rx coil geometry benefits industrial NF-
WPT systems with reducing the application’s physical size and improving its achievable
PTE. It is expected that facilitating the existing WPT applications can encourage more

industries to deliver/employ wire-free products.

6.2 Possible Future Research Directions

There are many research areas for further development of RIPT systems. From the author’s

perspective some of the future research directions in this area may include:

e Maximising PTE is a major challenge in RIPT systems. Recent investigations have

considered employing metamaterials to further improve the RIPT system’s PTE.
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Metamaterials concentrate the Tx magnetic field on the Rx to enhance the magnetic
flux density at the receiver, which yields a PTE improvement. There are works fo-
cusing on placing one-dimensional, 2-D and 3-D metamaterial slabs inside/outside
the RIPT link. However, these studies are in early stages and further analysis and
practical developments are still required. Further research is required to investigate
the possibility of combining metamaterials with other techniques which also focus

on enhancing PTE, such as designing optimum ACC and FCC geometries.

Simultaneous power transmission to multi receivers has recently received much at-
tention. Enhancement of multi-receiver RIPT systems can benefit different appli-
cations including WPT to household appliances in smart homes. Developing and
constructing a physically compact RIPT system is a basic requirement for further
development of the multi-receiver systems. The coil geometry design technique de-

veloped in this thesis could be studied further for RIPT to multi-receiver systems.

With a significant increase in RIPT applications different industrial standards have
been introduced to regulate operation of WPT systems; this can cause confusion
with manufacturers and customers. Further investigations are required to develop a

universal standard that can cover all the requirements in future WPT systems.
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APPENDIX A

Finding the load range where 1 of the resonant IPT system stays within X% of the maxi-

mum achievable PTE requires solving the following inequality:

N> (1= X) Nmaz - (A. 1)

Maximum PTE (i.e.: 7),,4,.) can be achieved by substituting R; with R, in equation

(3.17); hence, (A. 1) can be restated as:

Ri(Rr, + R)[(Rs + R)(Rpr, + R) + w>M?

(A.2)
— (1= X)Rr, (R + R)[(Rs + R)(RL + R) + w2M?] > 0.
Rearranging (A.2) based on 7}, gives:
PR} + PR+ P3 >0 (A.3)

where;

P =—(1-X)(R+ Ry)Ry,
Py =(R+ R,)R]_+ (R+ R,)R* + 2RR;, + (X + 1)wM’RRy,
+2(X = 1)R, R* +2(X — 1)RR,Ry,

P;=(X —1)(R+ R,)R. R+ (X — 1)w:M’RRy,, .

Solving (A. 3) for R, yields:

a<R,<p
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where;

P+ /(R 4P P

2P

(A.4)

g — —Py — /(P,)? — 4P, Ps
N 2P, '

(A.5)

110



APPENDIX B

The circuit model for a series-series compensated RIPT system is shown in Fig. B. 1. The
inductive link presented in Fig. B. 1 is similar to the RIPT system depicted in Fig. 3.4a,
where the model of Tx/Rx air-cored coil pair has been replaced by its equivalent ferrite-
cored coil model.

For the considered RIPT link the power transfer efficiency can be found as:

. RL (CL)OKLWf)2
™ Ry + Rup) [(Rs + Rug)(Rr + Rut) + (oK Lur)?]

B. 1)

The PTE equation presented in (B. 1) is the same as equation (3.17) where L and R have
been substituted with L¢ and Ry, respectively.
By differentiating 7, with respect to R, the optimum load value which maximises PTE

can be expressed as:

(Wo kK Liyt)?
R = Ryey /1 + : B.2
Lwa f\/ wa<wa + RS> ( )

Also, finding the load range where 7, of the resonant IPT system stays within X % of

£

c ' M
RS D [p m iS | |S
VY I |
L L <8
.US® wif wf RL v,
wa wa )

Figure B. 1: Configuration of a series-series compensated resonant IPT system with Tx/Rx
ferrite-cored coils.
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the maximum achievable PTE requires solving the following inequality:

Nwt Z (1 - X) Nmazys - (B 3)

Maximum PTE (i.e.: 7mqs,,.) can be achieved by substituting Ry, with R, —in equation

(B. 1); hence, (B. 3) can be restated as:

Ri(RL, , + Rut)[(Rs + Rur)(Rio 4 Rut) + (Wo K Ly)’]

(B.4)
- (]- - X)RLOWf (RL + wa)[(Rs + wa)(RL + wa) + (wOKLWf)2] Z 0 .
Rearranging (B.4) based on R, gives:
UrRZ +UsRp + Uz >0 (B.5)

where;

U= — (1= X)(Rus + R)Ru,,
Uy = (Rwt + R,)R7,, (B + ROR%: + 2RyRr,  +2(X —1)Ry, Ri
+ (X 4+ 1)(woK Lut)* Rys R, +2(X = 1) Ryt R Ry,

Us = (X = 1)(Rut + Ry)Rro Ry + (X — 1)(woK Lyt)* Rt Ri -

Solving (B.5) for Ry, yields:

Oyt S RL S ﬁwf

where;

Uy + +/(U2)? — 4U,Us

e B.6
Ayt 20, ( )

—Uy — /(Up)? — 4U,Us

Bwt = 20, . (B.7)
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