ABSTRACT

ETEMADREZAEI, MOHAMMAD . High Quality Factor Resonators for Inductive Power
Transfer SystemgUnder the direction dbr. Srdjan M. Lukig.

In this dissertationthe Inductive Power Transfer (IPT) systems for mMIEz frequencyof
operation are investigated, and new ideas for magnetic link inductive coils are presented. The
main focus of the dissertation is to increase the efficiency of the IPT system by iatvegtig
various high quality factor inductive coils as the influential companeinthe systemThe
challenges and limitations for high quality factor resonators at itz frequenciesare
addressedand severgbotentialcoil conductos are exploredThedissertatio consists of two
general partscomponentevel, and system leveEach level is investigated individualignd

then analyzed togeth&y optimize the whole IPT system.

At multi-MHz frequency of operation, choices of inductive coil conducterliaited to the

basic types, such as solid round, foil, and tubular condudtorsconductoris a potential
choicefrom the manufacturing, thermal behaviond current carrying capability points of
view. However, unlike other typical types of condustoithe characteristics of foil
conductors are barely expressed in analytical formats due to complexity of electromagnetic
field distributions in air core IPT systems. Therefore, in order to optimize the system, link,
and resonator foefficiency purposesa simplefast approach igssential An optimization
approach for foil conductor layoig investigatedo maximizethe coilquality factor andPT

link efficiency. The optimization approachfesst andirequency independerdandsolves the

limitationsassociated with numerical methods

Litz wire is a proper cloice of conductor in the KHz frequency rangs& multi-MHz
frequencies, Litz wire has several drawbacks. One limitasi@ssociated with theniform
current distribution between strandghich increasesproximity losses at such high
frequenciesA modified type of Litz wireis investigatedy adding a coating layer to each
strand to reduce the overall Litz dissipation compareailLitz wire with uncoatedstrandsA
model is developed to simplifthe computation othe coatedstrand Litz wire, andhe

reductiondgn the AC resistancarepresented



Anotherdrawback of Litz wire at mukMHz frequenciess the need for small strand sizes
which poses manufacturing issu&his drawback is addressadng a concentric multlayer
tubular conductor as a potential candidate for IPT link resonaba. multtlayer tubular
conductor can have lower AC resistance compared to a singledagemhis advantage
comes with proper current distribution betweenl#yers. Tlis optimum currentistribution

is performed using capacitive ballast. Anotheneficialrole of capacitive ballast ithe LC

integration and tdring the coil taresonance to reduce the unwanted parasites

Component level optimization cannot guararttezoptimized system level performance at
multi-MHz IPT systemsAll IPT subsystens needto be considered simultaneously for
efficient system operationvVarious systemtopologies that are commonly used at high
frequency IPT systemare investigatedThe magnetic linkandthe system levedlesignsare
unified for the IPT design and optimizatidn.a prototype IPT systenthe techniquesised

for component and system levakasurementare discussed, and the system performance is

characterized.
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CHAPTER 1 - Introduction to Inductive Power Transfer Systems

1.1 Methods of Wireless Power Transfer

Wireless power transfer systems have shown a great potential in the modern industry though
numerous applications such as heatine[1, 2], defense and military, Electric Vehicles (E\[3) 4],
consumer electronid®-8], and etc. Dpending on the power transfer distance, the transfer medium
and the amount of power being transferred, there is a specific wireless power transfer technique
suitable for that application. In this section, we go through various wireless power transfeh&iks
applications and their (dis)advantag@ls

1 Radio Frequency: The radio frequency (RF) links use electromagnetic waves to transmit
data and power from a source to receiver. This igrthet common type of telemetry data
transfer, as the electromagnetic waves can also be transmitted through vacuum. The source
and receiver in RF links are antennas that produce the electromagnetic wave by interaction of
electric and magnetic induction detened by full set of Maxwell equatiorj&0]. Although
RF links are popular for data transfer, they can also be used to transfer power through

radiation, such as microwave ovens and industrial RF hal#trs¢Con].

1 Optical Link: Wireless optical links use light as an electromagnetic wave to transmit
and receive data and power in the frequencies abavé®Odncluding infrared,
visible, and ultraviolet light spectrum. The transmitter in the optioél ik a light
source such sun, lamp, LED, and etc. And the receiver is a light sensitive devices
such as solar cells, or photodiodgsl]. The optical links are mostly used to
transmit/receive data; however, the power can also be transmitted such as sun
powering up a solar cell or photovoltaic converters in optical laser power delivery
applicationg12].

1 Ultrasound Link: Ultrasounds are acoustic waves that propagate in a physical
medium by exchanging in between the kinetic and potential energies in the medium.
The frequency of ultrasound waves are above the hearingdfrhumansp 0 O

The ultrasound links are mostly used to transmit/receive [d&f however, the



power can also be transmitt¢tl4]. The transmitter and receiver transducers are
designed using the concept of converting ultrasound mechanical energy into electrical
energy; such as a piezoelectric cry$id]. According to the recenhdustry trend,

the ultrasound links could have the potential to be used to power the consumer
electronics such as cellphone, laptop, and etc. from a remote location.

1 Capacitive Link: Capacitive links can transmit energy using capacitance connections
betwesn source and receiver. Large values of capacitance are required to achieve a
high energy transfer efficiency, which poses practicality issues. Therefore, capacitive
links are mostly used in applications where the source and receiver are in close
contact © each other, such as in isolation amplifiers.

1 Inductive Link: In the inductive link, the power is transmitted from a transmitting
coil via time varying magnetic field, and is received in the receiver coil according to
Faradayds i nduct ifieldhcarftiea fnrequentyhaaed the drgnanetting c
power level vary significantly depending on the application and the powering
distance. The coupling coefficient between the transmitter and receiver is a key
parameter that influences the power transfer effje For small distances, this
coefficient is mostly above 1t Phowever, for applications with larger distances, this
coefficient falls belowp 1t b Special techniques are required to keep the energy

transfer efficiency high even with quite small couplingfticients.

This thesis goes through the inductive power transfer (IPT) as a means of wireless power
transfer, and investigates all the system components and design strategies to achieve high

energy transfer efficiencies between source and load.

1.2Inductive Power Transfer (IPT) Systems at a Glance

A common method of transferring power is through Inductive Power Transfer (IPT) between two
coupled coild16]. The two magnetically coupled coils caa tightly coupled or loosely coupldd].

Tightly coupled coils have a strong magnetic coupling between them creat#ldebyse of

permeable materials in the path of magnetic flux, or by short enough physical distance



Tablel.1: Classification of inductive power transfer (IPT) systems.

Tightly Coupled Loosely Coupled
Method Magnetic induction Magnetic induction resonanc
Very short
Range Shorti Medium
(or using permeable path
Efficiency Very high High (by means of resonance
KHz (LF-band) and KHz (LF-band) and
Frequency
MHz (HF-band) MHz (HF-band)
Application Transformer IPT systems

between the coils. An example of tightly coupled systems is a transformer. The high coupling
of tightly coupled systems help in having high power transfer efficiencies. In the other hand,
the loosely coupled coils have a quite small magnetic coupling eetthem, mostly due to

large physical distance between them and lack of permeable material in the path of flux. The
low coupling coefficient in loosely coupled systems reduces the power transfer efficiencies.
Therefore, special techniques such as coilmasoe can be used to increase the efficiencies
comparable to tightly coupled systems. Inductive power transfer (IPT) systems contain both
the tightly coupled and loosely coupled sys{ém, [18]. The division of systems into these

two categories can be done by evaluation of the coupling coeffi&efur the coupled coils

in the system. Depending on the definition,hé tcoupling coefficient is smaller thanm b
(k<0.1), the system is considered as loosely coupled; otherwise it is tightly cquip]efL8].

Such naming is only for system classificatmrposeand has no issue on technical behavior.

Tablel.1 shows the different methods of magnetic power transfer with their properties.

1.2.1Components of IPT Systems

In order to transmit the power through a loosely coupled magnetic link, the DC power needs
to be inverted to the AC one operating at the desired frequen€izis can be done through
the DC/AC inverter or Radio Frequency (RF) Power Amplifier (PA). At ticksde of the
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Fig. 1.1: Block diagram of a typical IPT system.

Transmitting power, the received power needslte compensated to increase the magnetic
link efficiency. This can be done using compensating capacitors to resonate the secondary
coil. The received power is transmitted to the load using remote electronics such as
rectification and voltage regulation. Cpensating the transmitted power has different
purposes other than magnetic link efficiency. One objective is to reduce thénipére

(VA) rating of the PA. Another reason comes into play wheredptermined power sharing
needs to be performed when thiexrenore than one receiving efD]. It can also be used for
various optimization goals of the system such as system efficiency or input/output voltage
gain[21]. Fig. 1.1 shows a typical block diagram of a twoil IPT system representing each
major component astdock.

As can be seen iRig. 1.1, the IPT system is composed of several blocks. Each block has a
role in transmitting power to the receiver. Theref@ower is dissipated in each stage. In this
work, two types of efficiencies are investigated namely ascodlilefficiency, and system

efficiency. The coicoll efficiency includes the magnetic link as a whole. This efficiency, as



will be discussed irdetail through the work, depends on the receiver load and secondary
compensationSimilar to most of power electromagnetic applicatidd®;30], eddy current

losses inside the IPT resonators occupy most of the dissipation in the system. Therefore, a
primary goal in the coitoil efficiency ircrease would be the reduction of eddy current losses

in the magnetically coupled coil¥he system efficiency, in the other hand, contains all the
block of the IPT system. Therefore it includes all the blocks starting from the PA to the
receiver end; inveion, magnetic link and rectification. In this work, the system efficiency

includes the inversion and magnetic lifkg. 1.1.

1.2.2Applications and Standards

Applications: There is a fast growing potential for IPT systems in industry applications. All

of them benefit from the elimination of power transfer medisuch as wire, between the
source and load. In general, the IPT applications find the benefits of wireless power transfer
in to the: 1 cordless connection (environmental friendly),f@xible movement (dynamic
charging), 3 limited space for energy stoge devices (direct continuous powering), and 4
hardreaching loads (lifssaving implants). Here are several applications that currently use

wireless power transfer using induction method:

1 Wearable Devices:wearable devices such as smart phones, smachesttablets,
fitness bracelets, and etc, all take the advantage of wireless charging by eliminating
the power cord from directly connecting to the devieg, 12a, andFig. 12b. The
wireless charging transmitter can be as simple as a single pad, or embedded inside a
table, or box that can chargmgle or multiple devices.

1 Health Care: There are several promising applications for the inductive power
transfer in health care indust1], [32]. One application is in the Ventricular Assist
Devices (VAD) that consists of a pump inside the living body to pump the blood flow
to the standard rat¢33], Fig. 12c. In this application, the wireless power can be
transmitted to the load inside the body from a transmitter that is located outside the

body. Depending on technology of the IPT system, thestitter can be adjacent to



the body (with the skin as the separator between source and receiver), or be in a
further distance from the body. Similar to the VAD application, pacemaker devices
can get the power wirelessly. The pacemaker stimulates the dieetrically and
controls the heartbeat.

The other application of IPT for health care would be in the retinal implants which
power a chip implanted in the eye for people with a specific blindaéskig. 12d.

The chip can (partially) restore the vision for patients diagnosed with degenerative
retinal diseass such as Retinis Pigmetosa

Electric Vehicles: As the EVs are increasingly becoming popular for cleaner
environment, a great attention has been paid on their charging method. Inductive
charging can be performed oV g electric busses, electric trains, and generally, any
electric transportation vehicle by removing the pilugord[3], [34], and[35]. The

EVs can get wireless power while they are at the park position (stationary charging)
[36], Fig. 12e, or while they are in motion (dynamic chargifd)), [37], Fig. 12f. In

the stationary charging IPT system, the EV needs to park (partially) aligned over the
transmitter which is buried ithe floor. In the dynamic charging, the EV gets wireless
power as it moves over the transmitter pads. Several of these pads can be placed over
a length of the road to provide power for the moving vehicle. In public transportation
transportation vehicles sh as busses and trains, the inductive charging may seem
more promising as the route the vehicles move is mostly predetermined, or the stop

stations at which the vehicle stops is fixed.

Standards: Currently, there are three main standards for inductivegai@ 1- Qi, which is

supported by Wireless Power Consortium (WPG),PBwermat, which is supported by

Power Matters Alliance (PMA), and Rezence, which is supported by Alliance for Wireless
Power (AAWP). The PMA and A4WP have merged to form a singladostandard. What is

common between these standards is that they have the same goal of defining the

requirements for transmitters, receivers, and the communication protocol between them.

However, the standards developed by these three main bodies arendiff



R N\
DAY

a) Smart plone wireless charging, (Qif]

|

battery pack i\ t]T ~ battery pack
W

HeartMate Il
system
controller

¢) VAD heart pump without IPT[33]

Charging

wwwwwww

Power Source Resonator

e) IPT system for stationary chargirf§8]

Fig. 12: Several industrial applications for IPT systems, including wearable devices, consumer electrc

1 a

i
© 'dA

b) Wireless charging box (PMAJ)6]

Primary coil Secondary coil Stimulator chip

Electrode array

* Flexible cable

d) Epi-retinal implant using IPT[1]

Charge While in Motion

f) IPT system for dynamic chargini®7]

health care devices, biomedical implants, and EV stationary and dynamic charging.

1 Qi (WPC): The WPC Qi standard was developed in 2008 and has the most number
of members as of 2015, compared to other standards. The Qi standard includes a



broad range ofransmitter designs such as ingle coil, coil array, and moving coll
transmitters with the flexibility in the integration of ferrite pad in the coil to shield the
parasitic magnetic field and to increase the inductance. The IPT systems developed
by Qi standrd rely on tightly coupled systems. The operating frequency for this
standard is in the range pfrtzt¢ mw "Ogand the air gap distance between the
primary and secondary coils is the in the range ofgpda &. The Qi standard includes

the specificationgor delivering a typicab w power to the receiver, as well @

for fast charging solution$5].

1 Powermat (PMA): PMA standard Powermat was developed in 2012, andegefire
IPT system specifications for tightly coupled systems. The frequency of operation in
the Powermat standard is in the range af p o p ® "'O4The inclusion of loosely
coupled systems is in developmejd].

1 Rezence (A4WP)A4WP standard Rezense was developed in 2012, and is primarily
focused on the Industrial, Scientific, and Medical (ISM) frequency bapg afd "Oda
andp & @ "OdThis standard relies on the lebg coupled inductive systems using
highly resonant coils to power multiple devices over a wider charging area. The PMA
and A4WP merged in 2015 to provide IPT solutions that include both tightly and

loosely coupled systemerfa broader range of frequengyj.

Depending on the operating frequency range
equations governing the system behavior can have exact or simplified foFitatd3

shows the definition of field regions based [@0]. Any transmitting antenna can fatito

three categories: near, Fresnel, or far field reg[{@0$ This classification depends on the
physical size of the antenna and the wavelength of electromagnetic (EM) wave in the

medium accordingot

e
/=3, (1.1)

in which ais the EM wavelengtH,is the frequency of excitation, atlis the speed of light

in the medium:



Fig. 13: The classification of field regions, typical IPT systems are in the near field reg
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The permittivity and permeability of the medium are represented dryd €, respectively.

C= (1.2)

According to[10], in the near field region, the reactive energy storage is dominant and there
is no radiation pttern determining the antenna. For the Fresnel region, the reactive energy
storage is dominant, while the antenna has radiation pattern. And in the far field region, the
radiation pattern is defined and the power is transferred through radiation resisthac
typical IPT systems at the KHzMHz frequency range, are considered to be operating at the
near field region, providing the size of antenna is much smaller than the wavelength.
Therefore, the power transfer through travelling wave (radiation aesisy is neglected, as it
corresponds to a tiny portion of power transfer to the receiver.

1.3Multi -Coil IPT Systems

Depending on the application the IPT system is used at, the number of coils in the transmitter
(Tx) and receiver (Rx) can be multiple. tlms section, we go through some of these multi



coil IPT systems and discuss the applications they are used at, along with their objectives,

advantages and disadvantages.

1.3.1Single Txi Single Rx Systems

The simplest form of mukcoil IPT systems is ten there is one transmitter and one receiver
[39]. The major applications that inhere such configuration include a fixed position of power
transfer through the system. For example, stationary iclgaog electric vehicles (EVs), that

can be installed in a garage floor or charging station, is the most common example of single

Tx T single Rx IPT systems.

However, this system can contain multiple resonating coils in between the transmitting and
receiing ends. One of the reasons for such systems is to efficiently guide the flux path
(power) to longer distances, or through a curved line of power. An example of such systems
is the use of multiple setesonant (all at the same frequency) dominos to feap®wer to

the Rx located far from the Tx with a curved flux p§i®]. The other reason of using
multiple coils comes into play at muMHz frequency where the power transfer efficiency
(PTE) andthe magnetic link efficiency do not have maximum points at one operating
condition. Using threeoil or fourcoil IPT system can introduce more degrees of freedom to
optimize the system for the desired efficiency without the sacrifice in other objecliiz (P
[32]. There is also another benefit using madil systems in mukMHz frequencies; the
impedance seen from the RF PA terminal can be controlled to be in close vicinity of the PA
output impedanc§20]. This leavescostly matching circuits out to match two -@ifferent

impedances. In the work of this thesis, we go through singleslixgle Rx IPT systems.

1.3.2Multiple Tx T Single Rx Systems

There are two main objectives for multiple transmsitand single receiver IPT systems:
dynamic charging, or misalignment tolerant systems. Dynamic IPT systems can transmit the
power while the receiver is in motion. A wélhown example is an EV that can receive

power while it is in motior{41], [42]. There are several techniques to transfer power to a

10



moving Rx. One method is to put multiple Tx sets along the path of movement; each
transmitter can be sepdely/independently fed by its sourgi?], or a single source can feed

them all[34]. The first method seems the simplest one; howevéiagtpracticality issues

that several inverters are required in addition to sensing techniques to detect the Rx. The
latter method requires only one power inverter; however, it would be inefficient if the Tx
pads send the power simultaneously. This probtesolved in43] by proposing a reflective

field sensing method so that only one of the parallel connected Tx pads, that sense the
receiver, transmits the power. The sensing is performed using irefl@cipedance rather

than electronic sensors.

The other objective of multiple Tx and single receiver systems is where the system needs to
be tolerant to misalignment of the Tx and Rx systems. As the IPT efficiency could drop
sharply with a slight misalignent of the transmitting and receiving coils, inclusion of more
than one Tx coil can increase this tolerance. One of the techniques is to useaithree
structure such as DD{35]. Thisconfiguration is composed of two coils located beside each
other and connected in series, and a third coil on top of them. The vertical and tangential
fields can be captured with single coil receivers, or identical to Tx, with a good misalignment
tolerant.In another application, such as in biomedical labs providing wireless power to a
moving implant, the multi Tx coils are configured in such a way to provide a uniform field.
Therefore the single Rx coil catches the same amount of power in the specifi¢dddre

The Tx coils are fed from a single source and can be selectively switched to transmit the
power[45], or can use redctive impedance as the method of field focu$#8j.

1.3.3Single Txi Multiple Rx Systems

In some applications, multiple receiver systems need to get power from a single source
simultaneously, suchs universal charging pads for smart phones. The first issue with such
systems is that when the load of one receiver changes (as the phone battery gets charged), the
transmitted power to the other loads may be affected. Assume that there is a congant curr

flowing in the transmitter pad coil. Any receiver gets a portion of the transmitted power,

11



linearly related to the resistance it magnetically reflects to the transmitter. Therefore,
changing the reflected resistance can change the transferred powee. dre several
methods to do so: impedance inverter, repeaters and active (dynamic) tuning. Using the
impedance inverter (matching circuit) on the transmitter and/or receivers sides, the
parameters of the matching circuits need to be defined for a spsavfier sharing20]. The
disadvantage of this method is that the power sharing is alreadigfenenined and variation

on that requires change of matching circuit parameters. Similar to impedaverters,
repeaters can be used between the Tx and each of the Rx coils. The number of repeaters and
their positioning determine the reflected resistance of each Rx to tp6[XDisadvatage

of this method is that it poses practicality issues as there are multiple coils involved in the
flux path which need to be adjusted in order to transfer the desired power to each Rx end.
Advantage of this method compared to impedance inverter methbdt the power sharing

is easier by simply adjusting the repeater positions. Using active tuning in each Rx side, the
problems mentioned above can be solved. The active tuning circuit can be a simple boost

converter that can adjust the reflected impedan the Tx coi[47].

There are various types of dynamic tuningClnetwork, standard boost converter, and tri

state boost converter. Discrete L and C matrix can be selectively switched using bi
directioral switches to change the reactive power flow in each Rx[48)eThe addition of

discrete passive L and C components has practical issues. The standard boost can control the
active power flow by changindpé reflected resistance towards the Tx p&#l]. However, it

does not change the reactive power flow in the Rx coil in case of detunirgjaferiboost is

similar to standard boost, but has atr@ degree of freedom by shortening the inductive
energy in the boost technology (freewheelif@jj]. In addition to control the active power

flow as in boost, the reactive power flow can also be contraledmpensate for detuning.

A typical problem that is common between most of rFRki IPT systems is the croess
coupling between the receiver coils. The croggpling can change the amount of power
each Rx is absorbing and poses technical issues espeanidiigh quality factor system

resonators. This problem has been solvefb®} by proposing a mukiesonant IPT system

12



in which each Rx coil is resonant at one of the carrier resonance frequesicigsanti
resonant circuit. This way the cressupling can be diminished to a great extent. Another
problem common to mulRx IPT systems is when the Tx coil does not inhere a fixed current
flowing in it. This way, when one of the Rx coils load changeggflective resistance to the

Tx side varies. This leads to a change in the Tx current which changes the transferred power
to other Rx coils. This problem can be solved using special matching circuits in the Tx side
such as LCL topology. The power simgr methods above are useful in case the Tx coil

current is constant.

1.3.4Multiple Tx i Multiple Rx Systems

In some IPT systems there are multiple transmitters and receivers. Such systems share the
properties of the IPT configurations discussed in thigisn. Therefore, energy localizing

using field focusing, uniform field Tx coils arrangement, power sharing, misalignment
tolerance and crossoupling between Rx coils are the main causes for such sygg¢mg].
Depending on the objective of the IPT system, various topologies in the transmitting and

receiving sides can be used.

In this work the basics of various IPT muibil combinations are briefly introduced. The
applications, advantages, and disadvantages of each type are discussed. However, it is not the
focus of this work to go through each combination in detail, as they depend on the exact

application and objective

1.4 Choice of Magnetic Link Resonator Conductor

The magnetic link resonator is the core part of the IPT system. As will be discussed in
chapter two, the efficiency of the IPT system directly depends on the quality factor of its
resonators. Quality factaf a resonator is the ratio of reactive energy stored in it over the
amount dissipated inside, per resonating cycle. Therefore do&®mesonator has a high
quality factor, assuming fixed inductance. As the inductive energy is mostly determined by

the sze of IPT system, there are typically two ways to increase the inductive energy storage

13



capability of a resonator. One method is to increase the number of turns, which can increase
the dissipation as well; and, the other method is to incorporate higkegelermaterials. The

first method can have a more important role in system design of the IPT system, and is not
the main method to increase the resonator quality factor in this work. The second method
works well for lowloss high permeable materials. Thhees been an extensive use of ferrites

in high power IPT system operating at frequencies below 150[B®{z The use of ferrites

has the other benefit of changing flux path to not only increasedbetive energy, but also
shield the surrounding area from magnetic flux due to safety purp83gsA probable
disadvantage of using ferrites could be the increase in dissipation of ferriteodnd c
conductor, cost, size and weight of the system. At AMiHEz frequency IPT systems, ferrites

such as NZn-Cu can also be used to increase the inductive energy s{®2jgé\ similar
application ofsuch high frequency ferrites is in RFID tags.

Apart from the inductive energy storage as the objective to increase the resonator quality
factor, the power dissipation in the coil can be decreased to achieve the same goal. There are
various choices for thenagnetic link resonator conductor, mostly depending on the IPT
operating frequency. The most common types of conductor choices are solid and foil
conductors, Litz wire, tubular and muléiyer conductors. We go through the applications,

advantages and @didvantages of each of these conductor types.

1.4.1Solid Round and Foil Conductors

The most basic form of a conductor is the solid round one. This type of conductor has been
the focus of much research [H.B.Dwight18], and its corresponding behaviors (impedance in
general) have been wedtudied and determined throughout exact and appedrifiormulas

[53]. Since it is the building block of many other types of conductors, such as Litz wire,
chapter three goes through exact analysis of this conductor. At frequencies above a MHz,
solid mund conductor can even be a choice of the resonator medium, as other types of
conductors can hardly be superior. This is mostly due to easy availability of this conductor. It

will discussed later on this work that at miNtHz frequencies, a Litz wire mafacturing
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would be significantly harder (super fine strands) than a solid one to even have the similar

amount of dissipation.

Another basic and easily available type of conductor is a solid foil one. Foil conductors can
be the choice of conductor in botbw and high frequencies, high and low power,
respectively. At low frequencies, they are a good current carrying conductor due to their high
current flowing area; for example, low voltage winding of high power transforfbéis

Solid foil conductors have the potential to be used at high frequency applications. The reason
is that extremely thin foils are already available and affordable in the ind&SiryDue to

the physical geometry of the foil conductors, they have not been the focus of derivation of
formulas describing their behavior; unless, in applications where the field behaviors let
simplifications of the analysis. For erale, in a transformer where the foil is parallel to the
high permeable material, the magnetic field is mostly parallel to the foil, which suggests
methodology for determining foil parameters, such as impedance. However, this is not the
case in IPT systemsith no high permeable materials involved. Chapter four goes through
IPT system analysis with foil conductor resonators. Since the derivation of foil impedance
requires numerical methods, a simple analytical method is proposed to optimize the foil
shaped boost the resonator quality factor and IPT system efficiency.

1.4.2Uncoated Strand and Coated-Strand Litz Wire

Litz wire is made up of many insulated strands twisted together to form a bib6dle
Twisting is tre key feature of Litz wire that makes it a proper choice of conductor for many
applicationg57]. After a full twist, each strand occupies all the positions in the bundle. This
leads to equal magnetic flux distribution between the strands. In other words, the eddy
current losses of the strands are identical, along with the current distributions if68jem
Based on orthogonallyripciple discussed ifb9], the losses in the Litz wire can be divided
into skin and proximity effects. The strand skin effect is due to the current in that strand, and

its proximity effect is due to the nearby stlann the bundle, in addition to the external field
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of nearby turns. This division of losses simplifies the analysis of Litz wire in analytical and

numerical methodf60].

The twisting feature of the Litz wa forces the current to be uniform across the bundle,
averaged over a full twist. Thus, a great portion of the conductor is carrying current, which
makes it a superior choice to solid and foil conductor. In a solid conductor, the current mostly
flows in the skin depth outer region of the conductor, making the rest of conductor useless if
the conductor size is much bigger than its skin depth. In the other hand, forcing the current to
be uniform across the Litz bundle comes with the cost of internal (dilelddnside Litz)
proximity loss increase at mulilHz frequencies. Therefore, a proper designed Litz wire can

hardly be superior to an equivalent solid one at AMiliz frequencies.

The problem above is discussed in chapter five by using coated straitidsthe Litz bundle.

For the same dimensions of Litz wire strands, a coating is applied to the strands and the Litz
properties are investigated. Various coating types can show different behavior in the Litz AC
resistance. The objective is to decreaserdisestance of the Litz wire by applying a coating

on the strand, so that the internal magnetic field has reduced effect in the strand loss.
Permeable coatings are capable of doing so; however, their conductivity can be
counterproductive in some occasioBepending on whether the skin or proximity effect is
dominant in the Litz wire, a proper coating type can reduce the Litz AC resistance compared

to its identical normal Litz wire.

1.4.3Multi -Layer Tubular Conductor

Another disadvantage of Litz wire high frequencies, besides the internal proximity, is the
required strand size for uniform current distribution. In order to do so, the strand size needs
to be comparable to skin depth. This is barely practical at-Midti frequencies where the

skin depthof copper varies between 64 um to 14 um, at 1 to 20 MHz frequencies. These

problems can be solved using (myltayer tubular conductors.

16



Consider a solid round conductor at high frequencies that the current is flowing in the skin
depth region of the comdtor, the inner part can be eliminated, this is the main idea behind
using tubular conductof§1]. As is discussed if62], a tubular conductor has an optimum

wall thicknes, at which its AC resistance is lower than the same size solid conductor. This
makes them a good choice for IPT resonators medium at high frequencies where the solid
conductor is superior to Litz wire. Another benefit of tubular conductor is the allity f

cooling from the inside, which makes it a good choice for high power applications.

The tubular conductor AC resistance can be further reduced by incorporating multiple
insulated layers inside it. By a proper distribution of current in each layer (oesguity),

the AC resistance of the multiyer concentric tubular conductor can be reduced compared
to equivalent solid or a singlayer tubular conductor. Chapter six goes through the
investigation of multlayer tubular conductors, and the optimizaegelr thicknesses and the
maximum reduction in AC resistance are analyzed. As was mentioned earlier, this reduction
happens with proper distribution of current in each layer. The current distribution in each
layer can be enforced using various current sigamethodd55]. The capacitive current
sharing is investigated as it will be incorporated to make the coiteshant. This leaves

the external connection of resonating capacitors out, reducing the undesiredig@nce in

the connection terminals.

1.5The Scope of the Dissertation

Having the IPT systems introduced along with the challenges and modern trends in the
systems, the work of this dissertation is focused on two general parts, system and component
levds. Introduction to both parts is presented in chapters 2 and 3. In chapter 8, the
component and system level design and optimization come together to unify the IPT system.
The detailed descriptions of chapters are as follows:

1 Chapter 2 focuses on systeavel introduction of multcoil single Txsingle Rx IPT
systems. The analysis methods of such systems, that include exact and approximate
methods, are discussed. The chapter starts with a general analysisodf IRTT

17



system which is the basis for mosthuoon IPT systems. Then;cbi, 3-coil, and 2

coil IPT systems are presented along with the exact and approximate solutions for the
system behavior. The characteristics of the IPT systems presented in chapter 2 are
incorporated in the system level optimipat of the IPT setup that is included in
chapter 8.

Chapter 3 studies the fundamentals of conductor analysis that are included in chapters
4-6. As was mentioned before, the quality factor of an IPT system is one of the most
important parameters in the ssst that can affect the magnetic link and system
efficiencies. The chapter starts with the investigation most basic conductor, solid
round one. Various approaches for conductor internal impedance derivation are
investigated. The chapter then continues tbular conductors by derivation of
electromagnetic field quantities and internal impedance. Such conductors are studied
in another perspective, situated in uniform magnetic field. This brings the
understanding of the conductors to a level to closely mddeh tas part of a more
complex conductors such as Litz, or midiyer tubular conductors.

Chapter 4 is the combination of both system level and component level optimization.
This chapter focuses on the optimization of foil conductor layout to boost the IPT
magnetic link efficiency. Since the foil conductors are seldom studied with elosed
form formulas for internal impedance, quality factor and mutual coupling, their
analysis in IPT systems bring a difficulty in design and optimization purposes.
Chapter 4 itroduces an optimization principle which simplifies the IPT quality factor,
and efficiency optimization without the need for complicated foil conductor
characteristics. This chapter concludes with a prototype experiment verifying the
optimization principleand increase in the IPT resonator quality factor.

Chapter 5 studies a different type of Litz wire as a potential conductor in IPT systems
at multtMHz frequencies. It was mentioned earlier in this chapter that Litz wire has
several drawbacks at such fregegies. One drawback is the significant internal
proximity field in the wire due to uniform current sharing. The chapter analyzes the

effect of various coatings on the Litz wire strand, keeping the same Litz dimensions.
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The two dissipation mechanisms irethitz wire, skin and proximity, are investigated

in detail for isolated coated strands using both analytical, from chapter 3, and
numerical methods. The coated strands are then brought inside the Litz bundle and
the effect of skin/proximity effect dominee on the dissipation portion is
investigated. The chapter concludes by application example verifying the reduction in
power dissipation in Litz wire by proposing a coating material for the strands.

Chapter 6 looks into concentric mdidlyer tubular condttors as a resonator
conductor for multMHz IPT systems. This type of conductor satisfies all the
drawbacks the Litz wire faces at such frequencies. The tubular conductor analysis in
chapter 3 brings the fundamental of mHiatyer tubular conductor. Thishapter starts

by looking into the optimized tubular conductors to achieve the maximum reduction
in power dissipation compared to equivalent solid conductor. Chapter 6 further looks
at current sharing methods to satisfy the assumption for power dissipadiaction

in the multtlayer tubular conductor. As one of the current sharing methods is using
capacitance between layers, this approach brings a benefit in designing the conductor
near its selresonance. The chapter concludes with application exampleuti-

layer conductor and verifies the reduction in power dissipation compared to
equivalent solid conductor.

Chapter 7 goes through the most common measurement techniques a#ldzulti
frequency IPT systems. One of the typical measurements is to detdhmimguality

factor of the resonator coil. Various methods for such measurement are presented
with experimental results. The methods do not rely on the impedance of the inductive
coil for quality factor determination. In another measurement, the impedéaned
resonator is presented to verify the quality factor measurements of the IPT resonator.
Chapter 8 brings all the system and component levels into a unit system optimization.
For the loosely coupled IPT systems, the magnetic link optimization, alanapt
guarantee the efficient system level operation. For example, it is required to optimize
the magnetic link and the power amplifier simultaneously to achieve high system
efficiencies. Chapter 8 investigates the optimization procedure including tireetita
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link and the transmitter power amplifier. A prototype IPT system is prepared and the
system level measurements are performed, with the efficiency calculations and

techniques discussed.
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CHAPTER 2 - Single Txi Single Rx Multi-Coll IPT Link Analysis

In chapter one, different types of multigieil IPT systems were introduced. In this chapter

the single Txsingle Rx multicoil IPT system is investigated. Such system can contain more
than two coils to transfer power to the desired load. There can hehinee, four and even

more coils comprising the systd@il], [3], [20], and[32]. Two-coil IPT system is the most
common and simplest type of mutidil systemg3]. Two-coil IPT systems are typically used

in IPT applications where the impedance matching and power transfer (or voltage gain) are
not the critical design requirements of the system. In applications where system efficiency,
power transfer efficiency (or voltage gain), and frequency bandwidthhar&ey design
parameters, impedance matching networks are the essential components of the IPT system. In
multi-coil IPT systems, the existence of more than two coils to transfer the power is
essentially implementing impedance matching network in the syst@m example, in
consumer electronics and medical IPT applications at +WHiz frequencies, threeand
four-coil IPT systems can bring more degrees of freedom to increase the system efficiency,
voltage gain, and frequency bandwid8?2], [31]. The other benefit such systems have at
multi-MHz frequencies is the closange impedance matching for power amplifi@®], and

the lower dissipation they inhere compared to typical pi or T impedance matching networks
[31]. Another use of muklcoil IPT systems is to use the resonators has repeaters to
transfer power to large distances or curved paths. For example, IPT systems with more than
four coils have been investigated[#0] to transfer power to a load which is far away from

the Tx coil, or is located in the curved power path.

Due to existence of multiple coils in the system, resistive, inductive and capacitive matrixes
help analyzing the system. We explore various methods to studycollltPT systems in

this chapter. Thenost accurate one is the mesh theory, in which the impedance matrix of the
whole IPT system is used to solve for currents and voltages in each loop. The second method
is based on impedance inverter and solves for system efficiencies using simplifiecagormul

The assumption behind this method is that the inductance matrix is simplified by removing
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mutual inductances between radjacent coils. The last method is the most straight forward
and gives the closefdrm formulas for efficiencies of the IPT systeffhe assumption
behind this method, besides the one of the simplified inductance matrix, is that all the coils
are resonant at the same resonance frequency. This method is beneficial in initial design of
the system as it gives quick understanding of tAeldBhavior; however, for more accurate

analysis the first two methods need to be adopted.

2.1 Multi-Coil IPT Link Analysis Methods
2.1.1 System Analysis Using Mesh Theory

Multi-coil IPT systems can have various source, transmitting and receiver coitcArate

and common method for analyzing such systems is mesh theory. In mesh theory the electric
equivalent circuit of the IPT system is represented by the impedance, current and voltage
matrix. Consider the resistance matfixincluding the AC resistancesf the coils in it
diagonal part. TheC matrizs usually diagonal with compensating capacitances on the
diagonal part. In most IPT systems the capacitive coupling between coils is usually neglected
as the inductive couplings take the role for that. Thaatrix is afull symmetric (linear
system) matrix including selfand mutual inductances. The voltage mawixcludes the
source voltage for the source coil, while the current matcentains the values of currents

flowing in each coil loop. The IPT stem is then represented by mesh theory according to

a ) 1 0
R+ juL +—C § w. 2.1)
G W+
And the inductance matrix of L defined as
e L My, - M, My,
e L
é M21 I-2 M 2m- 1 M 2m l‘
L=¢é : : : oL (2.2)
é (
é'\/I m-1,1 M m-1,2 I-m 1 M m 1L;m [
SMm,l I\/Im,2 IVlm,ml Lm {
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Solving for the currents in each coil using equation above can lead to further analysis of the
system. The coitoll efficiency of the IPT systerft.c includes the efficiency of all the coils
starting from the transmitter to the load coils excluding thecgpower source coil. This
efficiency can be calculated having the power delivered to theRpadnd the total power
delivered by the sourderota, Fig. 24. Having the current matrix, the cabil efficiency is

derived as follows:

h :PDL - RLIri

c-C P

Total am R |i2+ R |n2]. (2:3)
i=1

The load resistand®&_is located in the last cam in the equivalent circuit and is added to the

(m,m)component of the resistance matRx

Ref1,2
P ”:m R ”F; @ R

Fig. 24: Efficiency diagrams of the system.

There are two commonly used power gains in IPT systems known as transducer power gain,

Gr, and operating power gai@, according to

_ power deliveredtoload _ R,

Gr max power input P 24
G = power delivered toload _R,, B @9
P power input R °°
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The operating power gain has been previously identified as the systetorcwil efficiency,

Jt, and depends on the load resistance. The transducer power gain, on the other hand, is the
whole-system representative of the power gain as it depends botheoload and source
internal resistancesjg. 24. Using the complexonjugate maximum power transfer method,

the maximum power input to the IPTssgm is defined as

2
Ph- max =£, (2.5)
4R,

in which Vg is the source RMS output voltage aRgds its internal resistance. Therefore the

transducer power gain takes the form of

G, :% i\\;—g% (2.6)
in which VL is the RMS voltage across the load resistance. It can be shown that the power
gain is related to the scattering parameterpgi@meters) of a twport system in Wwich the
Rs andR. are selected (matched) as the reference normalization impedances of the input and
output ports, respective[$3]. The power gains are then reggated by

_ls

G =[S G = o

(2.7)

In (2.7), Si1 and $1 have the meanings of reflection and transmission coefficients,
respectively. The importance of defining thep&ameters is that they can be measured
experimentally using Vector Network Analyzer (VNA). Sometimes it is helpful to assume
the reference impeahces for all the ports to be the same, for example the characteristic
impedance of the systems terminal cablésthen the condition needed f@® SY S to

be valid is thaRs = RL = Zo. In this case & is simply the forward voltage gain. Looking at

the fourcoil IPT as a two port system, during measurement, the input terminals are
connected to sending channel of VNA through a transmission line TL, having characteristic

impedance&y (usually 50 Ohm), and the output port is connected to the recalkarmnel of
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VNA through a TL. It is, therefore, important to match the load and source internal

resistances to the characteristic impedances of th¢6R.63].

In order to find the transducer power gain by means of mesh theory, the source internal
resistance needs to be added to the resistance matrix in (2.1); not tonmeaticuch a
change does not influence the eaill efficiency. The transduce power gain is then

determined according to

I:)DL

4R Rl (2.8)

G = V2

P

in_max

There is another efficiency that correspondstie whole system including the source

amplifier and is calculated according to

2
h = P, — R Iy
s-c P 3 )
Total+source Fi |12 + a R |2 .|_R 2
i m

i=1

(2.9)

2.1.2 System Analysis Using Impedance Inverter

Assuming the magnetic coupling exists only between adjacemd esi the power is

transmitted towards the load, the inductance matrix is simplified to

?Ll \PI 0 0 [
€ l
M, L, - 0 o
L=é: i . Lo (2.10)
e l
é O 0 I‘m—l Mm—l,m |
8 O O Ivlm,ml Lm I

This assumption is true with the nadjacent coils have a negligible mutual inductance.
Looking from filter perspective, an IPT system is a baads filter letting the power to be
transferred at a specific frequency (resonance frequency) and attenuating the rest of
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frequency band. Another way to present the mudti IPT system is through the impedan

inverter which is defined ifig. 25.

In Fig. 25, K is the characteristic impedance of the inverterAand impedance connected to

its terminals. The seen impedance from the other terminals of the inverter is

Fig. 25: Impedance inverter

2 2 2
z _K° K reaIZ(ZL) }K |mag( 4)' (2.11)
Z |ZL| |ZL|

As is shown in the definition of impedance inverter with ieaklue, the seen impedance is
capacitive if the shunt impedance connected to the inverter is inductive. Therefore, after
levels of inversion, the reflected reactive part would have thpe sign behind it. For
example, in a four coil system with an uadive component on the load coil, the reflected
reactive part in the drive coil is capacitive if the coils in between are all resonated. The
impedance inverter is not a physical component but a method to visualize the relationship
between two sides of iterminals. It can be defined between two magnetically coupled coils
or inside one coil. The inclusion of the inverter between the source amplifier and the drive
coil, or between the load coil and the load resistance can be defined in such a way to
optimize the source to load power transfer and efficig@6y. The characteristic impedance

of an inverter between two magnetically coupled dadlisdi+1 is defined as

Kija = WM, 4, (2.12)

i+l
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in which Mii+1 is the mutual inductance between the coils with the coupling coefficient of

Ky = i (2.13)

e I‘| Li+l

Substituting (2.12) into (2.11), the reflected impedance fromi¢dilto its adjacent coil

would be determined according to
Zitiior = Rerij o T Xetii » (214)

Assuming the interim RLC coil$ and i+1 are resonatedtaresonance frequency, the

components of (2.14) would be

R, .. _KiaRQQy

e 1+ Q(2i+l)R (215)
X ... :(_1)iki2,i+1RQQi)_ QlR

ref i,i+1 1+ Q(2i+1)R .

In (2.15), Qi is the quality factor of coil and is defined at (resonance) frequency

according to

L
Q= , 2.16
R (2.16)

in which L; is the selinductance of coil andR is its AC resistancei is the often called

the loaded quality factor of cail and is expressed as

Q. =$ (2.17)

And Qir is the called the reflective loaded quality factor of caeitcording to

Xref i+l

O R Ry

(2.18)
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Going through the reflected resistance and reactance to thie itatarts form the last load
coil musing the recurrence relations (2-5p.18). Since we assume all the interim coils are
resonated, the reflected reactive parts through the coilsdewlae source coil depends on
the compensation of the load coil. For thecail IPT system, the various quality factors of

them™ coil are

Q - M/OLm
R,
_ L,
Qi = R+R Q. 11Q., (2.19)
) L
?QmR: % non -resonate¢
| R, +

tQ,.=0  series - resonated

In (2.19),Qv is the load quality factor that for the ser{esn) resonatedoad coil is

_mL,

) . 2.20
Q R (2.20)

Therefore, if the load coil is series resonated, there is no reactive component reflected
through the coils to the drive coil and the reflected resistive component fromXadd its

adjacent coil would be:

Reijn = kzg RQQ . (2.21)

The coitto-coil efficiency of mcoil IPT system wouldthen, be

/7 _61 h 3L
=2 MR AR
th.c:g-)l Refiis . R (2.22)

2 R+ Ry R *R

Y /7 :8 k|2|+1(2 Qd 1) 3Qm|_-
ORI Qlar %.QQ . Q
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And the power delivered to the load by the source output RMS voltage wbuld be

Vae
(R1+ Refl,z)2 -(WO I'1 Xef 1,92

P = (R Ry 1,2) he . (2.23)

If the m™" coil is series resonated, the reflectedctive component to the drive coil is zero

and the power delivered to the load would be

Ve
(R+ R W L)°

R = (R Ryi12) he . (2.24)

However, the amplifier still sees the inductive part of the drive coil. To improve the power
transferred to the load, one can do the compensation of the total reactive part in the drive coil.
It can be concluded thanagnetic link efficiency doesiot deped on the drive coil
compensation while the power transfer depergitsh of them, however, depend on the

resonance of the load coil.

2.1.3 System Analysis Using Efficiency Equations

So far two different efficiency concepts, cobil and sourceoil efficiencies, and the
transduce power gain were introduced. Using the simplified inductance matrix, by neglecting
the noradjacent mutual inductances between coils, the reflected impedance on each coil was
derived in the previous section using impedance inverierghis section, besides this
assumption, we assume that the reflected reactive part from the load coil towards the source
coils is negligible. This assumption is true for muliil IPT systems where the load coil is
small (in reactive energy storagenapared to resonators between source and redé&jer

Or if the loadcoil inductive reactance is compensated by a resonating capacitor. The closed
form formulas for the efficiencies and the transdusewer gain are then derived; being
explained in detail through the rest of chapter for IPT systems with two, three and four coils
as the most common systems. For IPT systems with more than four coils such formulas can

be derived, but are more complicatedi @re not the focus of this chapter.
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2.2 Four-Coil IPT System Analysis

The fourcoil IPT systems have multiple couplings between the four coils which gives
multiple degrees of freedom to optimize the system for various goals such as maximum
efficiency andpower transfer. A typical equivalent representation of the-¢oursystem
comprises of a driver coil which is fed by the amplifier, two resonator coils, and the load coil
which delivers the power to the load through rectificatkig, 26. The rectification process

is neglected in the analysis here and only the load resistance seen from the rectifier inputs is

used. The input resistance from thd furidge rectifier which is connected to load resistance

Y is'Y —'Y . In this analysis the driver and load coils are not resonated.
M14
e N
Y N
V' M12 m34Y
s L1 L2 L3 L4
Q=—{/—=——Q % RL
Vac
R1 R2 R3 R4

Fig. 26: The equivalent circuit of the fowoil IPT system.

In a practical foucoil IPT system, mutual coupling exists between any two coils introducing

six different mutual inductances in the system. If the adjacent coils mutual couplings are
bigger than the neadjacent coils ones, then the simplifiedluctance matrix can be used.

Among the four coils in the system, only coils two and three are resonated at operating
frequency using capacit@; andCsi n seri es with them. Then us
law and mesh theory, the currents in each coil can be solved and theilc@burcecoil and

transducer power gain can be calculated accordingly.

Assuming the coupling exists between adjacentscoilly, and the reflective reactive part

towards the source coil is zero (the load coil is resonated Gsjnthe equivalent circuit
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M12 ¥ N M34
KXY »"1 a
rs L1 2 3 L4
QL=—{/—=0C3 R
Vac
RL R2 R3 R4

Fig. 2.7: The simplified equivalent circuit of the fogpil IPT system.

would be simplified td=ig. 2.7. And the circuit analysis to calculate the. Rnd efficiency
would be simplified through derivation of seakequations.

As the coitcoil efficiency of the system is represented by (2.22), it is simplified to

h = Reri2 3 Rei 2 3 Ret 5.4 3R1_
“ R*Rsz R*Rizs R WRs R R

_ (k% QQ)(k:Q.Q)( k.2 Q) Qu
1+k5QQ)(1 #.,QQ) %,Q0Q 88 krQQ k1QQ gQ

(2.25)
Q
_ Xi2 X5 X3’4Q4 +L \ Q,
e a Q ) g @ Q QG+ Q
€(1+ X, 2)@ Xaa ; $X,5 el X,; X, - u -
é ,TQ = u Q u
- X1,2 X23 X3,4 3 a
& a o g _e a (pra)
8(1+ Xlz)%l; Koagrg 6Xea 0el Xt Xat o “(u )

In (2.26), Xii+1 is the link potential between the two adjacent coils, @l the load factor
that depends on the load coil internal resistance and the external resistance connected to it:

Xpul K.QQ, . a == B (2.26)

Q R
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The coitcoil efficiency of the fourcoil IPT is a function of 4 parartexs: 3 link potentials
between the 4 coils, and the load paraméieThe whole system efficiency is then

determined according to

h = Rer12 3 Rer2s 3 Rer 34 SR
T R+¥R Ry, B R R Bse R R
X2 X35 Xs4 a b (227)

3 3
b a g _& a (wra) 1+b
+ X, g K 5%, 0l X Xat—
1,214_[7 %’ 3,41 +a & 2,3 He P 5','3 3,1 +au a

8’@8;
|-O:0

oD

And the transducer power gain would be

G = =RA, . R+ Refi’z) .
P max (& +R +Ref1,2) (Wo )
(2.28)
_ 4X,5 X553 X3, a b
= 2 2 2 2"
b & [4] & a) (1+
g"' Xl,zm % X5 47+aa 8 X2s 8 (W0L1)2 el gxia Xsﬁau(lg ) ( @
In (2.28),bis called the source factor according to
b= & (2.29)

2.3 Three-Coil IPT System Analysis

Fig. 28a shows the full equivalent circuit of a thveal IPT including source and load coils

and resistances. The full inductance matrix has 3 mtdatctances. In the simplified
inductance matrix format, the only one ratjacent mutual inductance is negéttfigure

2-5b. Like the fourcoil IPT system, the full equivalent circuit can be analyzed using the
mesh theory. The simplified format can be modeled using impedance inverters. Assuming the
load coil in the equivalent circuit ¢fig. 28b is resonated, the closed form formulas for the
coil-coil, sourcecoil and transducer power gain can be derived accordingly. The first and last

coils are assumed to besonated.
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a) Full equivalent circuit. b) Simplified equivalent circuit.

Fig. 28: The equivalent circuit of the thremil IPT system.

The first coil resonance does not affect the -tmitoil and total system efficiencies but
changes the transducer power gain. In the previous section the equivalent circuit method was
introduced for an ktoil system and can be applied here for the tieo#lesystem. The coil

coil efficiency of the threeoil IPT system ofig. 28b is calculated to be

h — |%efl,z 3 I%ef 2,3 3 RL
" R*Rq, R *Ri; R R

_ Xy 5 Xy . a (2.30)
C a g.,e a (_’gi-a)z.
A+ X, ,—— $S1 X X <
g 23142 B~ £ 2 23] 1a  f

The efficiency of the threeoil system is a function of 3 parameters: 2 link potentials

between the 3 coils, and the load paramétdihe total efficiency of the system would be

/7 = R'efl,z 3 |:ief 2,3 3 RL
" R+*R *Ru, B R R R
X, X, a b (2.31)

3 3
z a @é b aef(1+a)2 1+b6°
1+ X, 2 % x X c
El 2%1+4a Hgl 21 +p "1 +a

cC

And the transducer power gain would be
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G = PPDL ARA, . (R1+ Refl,z) i
- max (R+R +Ru,)
_ 4X, , X, 4 . a ., b (2.32)
é' b a 2g (1+a)2 (1 +©2-
€+ %y p e ia

2.4 Two-Coll IPT System Analysis

Two-coil IPT system is the simplest of the midail IPT systems as it just contains two colls,
the transmitter and the receiver coiidg. 29. Therefore, there is no simplification in the
inductance matrix of the full equivalent circuit of the system.

cl @

| M12 |
] KXY ]

Fig. 29: The equivalent circuit of the tweoil IPT system.

It will be shown that the cotio-coil efficiency of the system does not depend on the

transmitter compensation while it depends on the load coil resistancerapénsation:

hC_C: Rrefl,z 3 RL
R+ R, R +R
X, a (2.33)
>
1+x, 2 (1+a)
“l1+a

The efficiency of the twaoil system is a function of two parameters, link potential and load
factor;Fig. 210 shows the coitoil efficiency vs. these two parameters.
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Fig. 210: The coitcoil efficiency for a twecoil system as a function of link potenti

between them and the load factbr

It can be observed frorRig. 210 that for a fixed load factor, increasing the link potential
boosts the efficiency. It is also concluded that for a specific IPT system design, there is an
optimum load (factor) that results in the maximum efficiency. The total samaite

efficiency of the system is calculated in the clodedn formula as

hs_ . - Refl,Z 3 RL
R+R +Ry, B R
_ X1,2 . a . b (234)
5 )
1+, 2 2 (1+a)’ 1+b
“1+b1 +a

The transducer power gain depends on the transmitter coil compensation. Assuming the

transmitter coil to be compensated, the transdpoeer gain would be

+
G, = PPDL ARA, . (R1 Refl,z) :
(R+R +R..,)
_ 4%, . a . b (2.35)
& b a s (l+a)’ (1+4°
€" % p1 +a
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2.5 Compensation Topologies

So far in the multicoil IPT system it was presumed that the coils are eitheresonated or

series resonated. In this section we will show that general equations for the system
efficiencies and gain can be simply converted using other types of compensation. We focus
on the twecoil IPT and analyze the compensation topologies both on primary and secondary
coils. Not to mention that the interinoits in the multicoil IPT systems are series RLC
resonated. In this section we study 6 types of compensation topologies for tbeiltWrr

system as depicted in table below.

The primary coil can be nemesonated or series or parallel resonated. Theverceoil can

also be either series or parallel compensated. It is also assumed that the IPT operating
frequency is at the secondary coil resonance frequency; therefore, only the real impedance
will be reflected towards the primary coil. The primary cail,resonated, would be

compensated at the same operating frequency.

Table 22 shows the link efficiencycc, reflected resistance to the primary cBik, and

voltage (current) gains of the six various te@l IPT compensation topologies. The voltage
(current) gains are calculated from the source output terminals to the load. This leads to
understanding of the magnetic link performance for a givemceooutput characteristics.

The inclusion of source internal resistance and switching behavior is an essential part of
whole system optimization. The whole system optimization will be discussed in the
application example section. For nand seriegsesonat transmitters, the voltage gain of
interest is the ratio of load resistance voltage amplitude to that of voltage source. For parallel
resonated primary the desired gain is the load resistance voltage amplitude to that of current

source (trarmpedance):

|yload|

Thd

J\/Ioad |

[Vad

e I\/Ioad |

Primary% V, = v alfelrresonar (2.36)

non-resonant,V_.

series-resonan| "
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Table 22: Compensation topologies of tvawil IPT System

Receiver
compensation topology

Resonant frequency

Link Efficiency

Load quality factor
Reflected Resistance
Reflected reactance

Inductance Ratio

Ry
C. M
Iac T — S
w= iy Ly
-11JiE,

h

c-

c

M
o Ve=knQQ

|_

G

R>
it
R
L,

Series resonant secondary
1
= JLC,
k*QQ
@ +KQ +)XQ £)
Q, Q

Q =wRG
Rref:kZW

Q

__ knQQQ
T 1+QQ #QQ

VIG- P = M/OLl VG -s

JREA+Q Q)Y (KQQ ¥ @Q)’

Ve

R>
M
- =—=C, § R,

Lz

Parallel resonargecondary
1 1

Wy = 5z ~2
LZCZ RQ
_ k’QQ
hc-c - Q
1+k*QQ *az)(Q Q)
Q =mR G
_ QQ
Rer = K1 Hm
Xref :O
1J%
n =
L
:k”QQ\iiQf(qwz)z *Qaq @ @

knQQ 1+ G

©:7Q +Q #QQQ

VIG- p = M{)Ll %/G -s
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2.6 Conclusions

In this chapter the single TsingleRx IPT system was analyzed. Such system can contain
multiple coils (resonators) in between to transfer the power to the receiver coil (load). The
general multicoil IPT system was investigated in detail and the exact and approximate
analysis methods werdiscussed. The cedoil and system efficiencies along with the power
gain were derived for muitoil IPT system. Such analyses were performed for four, three
and twaocoil IPT systems in particular. It was concluded that the exact and closed form
formulasfor link and system efficiencies give a general descriptive behavior of the system.
However, for exact IPT system analysis, the more accurate mesh theory is the preferred
method. One of the advantages of the mesh theory is that it includes the unwahted an
parasitic effects nearby the system. This is even more critical afreighency (multiMHz)

IPT systems where, for example, the coil parasitic capacitance can be in the order of the coll
resonating capacitance. This phenomenon is discussed in dethdpter 7, discussing the

effect of parasitic capacitance.
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CHAPTER 3 - Modelling of Solid, SingleLayer and Multi -Layer Round Conductors

Resonating coils are the core part of the Inductive Power Transfer (IPT) systems. It was
shown that the IPT magnetic link and system efficiencies depend on the quality factor of the
inductive coils. Regarding the type of coil conductor, it is typicallytéchto few common

types. The constraints are, but not limited to, ease of manufacturing, cost, power dissipation,
and parameters of the IPT system such as operating frequency. In KHz frequency range, the
choice options are even wider as all the mentiooeaistraints are already fulfilled; an
example would be Litz wire. At low frequencies, there are hundreds of various Litz wires
available in the market with affordable cost and low AC resistance. Litz wire can be the first
option at such low frequencieshat than foil, tubular, or solid conductors. However, as the
frequency increases to the MHz range, the Litz wire can hardly be superior to even a simple
solid conductor. The reason is the necessity for quite small and fine strand manufacturing, in
additionto significant internal loss as such high frequencies. The author discusses about Litz

wire in detail in chapter 5.

To overcome the MHz frequencgnge conductor type limitations, the author looks into
various conductors that can, at least, reduce thaesGtance compared to the conductors
typically used in the MHz frequency IPT systems. To do so, the basic elements of such
conductors are studied stbg-step in this chapter. This chapter starts with a simple solid
conductor, and the internal impedaracel power dissipation are derived using the Magneto
QuastStatic (MQS) models of Maxwell equations. The study then continues for tubular and
two-layer conductors, following the derivation of the internal impedance. The proximity
effect of the mentioned cdaoctors will be investigated as it is one of the major dissipation
components at high frequencies. The chapter ends by discussing the methods for calculation
of the determined impedances under various conductor parameters. The operating frequency
and the onductor properties and dimensions may require approximate solutions for the

derived impedances. The reason is that the conductor impedance, in general, includes
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(modified) Bessel functions that may have convergence issues at high frequencies, or large

corductor dimensions. This effect will be discussed in detail later in this chapter.

3.1 QuastStatic Perspective of Electromagnetic Maxwell Equations

Electromagnetics applications can be classified into static,-qte& and dynamic models

of Maxwell equéions. Static and dynamic models are well introduced in various textbooks
[65]. Understanding quastatics helps in realizing the transition between static and dgnami
models. Since the nature of most of power electromagnetics applications and simulations is
guaststatic, it has been found necessary to discuss this model in this study. Thstafiasi
electromagnetics is investigated in details[66], and main points are mentioned in this
section along with the Maxwell partial differential equations (PDEs) modifications for this

model.

In quasistatic term, the system is smaller than the wavelength, and the electromagnetic fields
propagate spontaneously; therefore, it can be assumed that the propagating speed of light
goes to infinite through the systej@7]. A quasistatic system is time dependent like a
dynamicsystem that moves from one state to another (with time), yet still time independent
at each fixed state (time). In most power electromagnetics applications such as eddy current
problems, the quasitatic models can be used in studying both the transieré-lfiarmonic)

and steady state behavig68]. In numerical analysis tools, quastatic modelling forces the

tool to use time steps in which there is a ouséaiic behavior in the system and this improves

the numerical stability and computational cost.

Maxwell PDEs define the relationship between an electromagnetic function (such as field
intensity) of two or more independent variables (such as space and time variables), and the
partial derivative of thisunction with respect to those variables. The mathematical nature of
PDEs can be classified into three types; namely as hyperbolic, parabolic and elliptic.
Examples of the three types of PDE in Cartesian coordinate system are preséatde 88.
Analysis of a hyperbolic PDE requires a full set of Maxwell equations to be included, which

is generally more difficult compared to simplified parabolic and elliptic Maxwell PDEs.
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Table 33: The three classes of PDEs and tlegimmples

Example Description of Example
2 Wave equation in a lodsss media
Hyperbolic CPPH(X Y, Z 9 M ) )
Mt with propagation speed of ¢
Diffusion equation with constant
Parabolic DDH(x y,z ) X ¥.20 o .
bt diffusion coefficient D
Elliptic P H(x Yy, z) =f(x V2 Poisson equation
Elliptic P*H(x Y,z 1) =0 Laplace equation

Quasistatic modelling can reduce the hyperbolic PDE to either parabolic or elliptic one and
simplifies the PDE analysis and its solut[68].

The three major quastatic types of Maxwell equations are EleeaasiStatic (EQS),
MagneteQuastStatic (MQS), and Darwin modeJg0], [69]. Darwin model considers both

the capacitive and inductive features of the energy; however, the propagation of energy is
instantaneous and the electric energy involves only the Couéectric energy and not the
Faradayodos part of it EQS and MQS are the
involves the capacitivenergywhile MQS involves only the inductivenergy As will be

discussed further on, the BiSavart law is valid irall three quasstatic models; continuity

equation is wvalid only in EQS and Dar win,
Darwin model s. The Ampereds | aw woustalic have
models[66].

For simplicity, the three quastatic models of Maxwell equations are discussed in their
differential forms for a polarizable and magnetizable media assuming to be linear, isotropic,
homogenous and netlispersive. In the analysis of Maxwell etjoas in this chapter, the
MagneteQuasi Static (MQS) model of Maxwell Partial Differential Equations (PDES) is
used for a linear, isotropic, homogenous and-dispersive material. In the 2D analysis, the
(multi-layer) round conductor under study is assdrto have an infinite length along the z

axis with its center positioned at the origin. Therefore, the Maxwell PDEs will be analyzed in

the cylindrical coordinate system.
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Table 34: Formulation of Maxwell quasstatic PDEs.

EQS MQS Darwin Model
A = 1 b djc = b djc =
GaussoOs DO, ~ 5O, o b O, o
Gaussods P6e ¢ PBe & P68 G
Ma x we | D3E. © b3k, ©
Equations Faraday o bs 82
y A D 3E, _uB D 3E, _uB
Ht ut
Amper e&s| DH 5%4 D3H 35 | ®B3H 3%6
Contln_u|ty Yoo 0? PDd oe Vom0l
Equation’ Mt
Constitutive D. = eE. D=e(E. +E) D=e(E. +E.)
Relations B=mH B=nmH B=/mH

L2These two equations are equivalent to

SAmpereds | aw i s n-static[é)l ways valid in qu
41t is called the Amperdaxwell equation.
5l't is called the Ampereds | aw equation

61t is called the Amper®arwin equation

”The current cannot be interpreted as charge transport.

SAmper eds | awmuityegpation.es Cont i

% AmpereDarwin and AmperéMaxwell equations are consistent with continuity equation

3.1.1 MQS Modelling, Solving for H

The MQS model for Maxwell equations can be used to derive tioalkeal elliptic Poisson
eqguation in frequencgomain (steady state) that leads to the field distribution in the material.
For a magnetizable and polarizable material with no net electric charge, the MQS Maxwell
PDEs and constitutive relations are

;eD SE =iwB
1D3H 3
Maxwell PDEs; _ ..
b8 &
PO & (3.1)
éB=nH
Constitutive relation$:D =eE
tl=sE

., Continuity equatio DX 0
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ThePoisson equation for the magnetic field strength is then derived according to

b3 PH) =X]:*
D(P®) ?HD s =Ei (3.2)
- D’H Hws .

Throughout this section, the MQS modeling of Maxwell equations are derived in steady state
frequencydomain and the corresponding magnetic and electric variables are in the phasor

format.
3.1.2 MQS Modeling, Solving for J

In some problems, depending on boundary conditions and electromagnetic field symmetry in
the conductor, it is more straigfdrward tosolve the Poisson equation that gives the current

density distribution in the conductor rather than the magnetic field. Similar to the previous
modelling that yields to the Poisson equation for field strength, Maxwell equations can be
combined in such aay that the solution to the Poisson equation represents the steady state

current density distribution across the conductor. The Poisson equation for current density is

b3 PE) w- BpS3
BD(PY 2D iems H, (3.3)
- P =ws i

3.1.3 MQS Modeing, Solving for A

In problems where the magnetic field intensity or the current density vectors have more than
one direction, the vector Laplacian in the Poission equation would also be in the direction of
field intensity or current density; this make® tRDE complicated to investigate. In such
cases, solving the Poisson equation for a unidirectional parameter (that is related to field
intensity or current density) simplifies the analysis. One such parameter is magnetic vector
potentialA, that is related to magnetic flux dendityand electric field intensit, according

to
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PB® & B =M3
D3E =B im- A
- E= &, i
Pf, =0 -E =i #.

(3.4)

In (3.4),%0 is the electric scalar potential and its variation keeps electric gtedshgthE,
unchanged. A property of the magnetic vector potential is that its divergence has no physical
significance and can simply be selected to be zero. The reason is that

A- A+ B YB:invariant (3.5)

Thus the elliptic Poisson equation for the magnetic vector potential is derived according to

b 3( PA) s,
D(PA AD Mz (3.6)
- P’A =iws &

3.2 Skin Effect Analysis of Solid Round Conductor (Solving for H)

For an infinitdy long solid round conductor with radiascentered at the origin, fed with an
external current, the magnetic field strength has the azimuthal direction and the current
density is along the-axis, Fig. 311. Due to the symmetry, both the magnetic field and
current density change radially and remain unchanged in the azimuthmtagedtions. The
Poisson equation for the magnetic field strengtheisved in (3.2). The vector Laplacian of

field strength in the cylindrical coordinate system is

13

é r 2w—' 0 : H 2H =) 9
D°H = BH, — = /§ %I/Dr—zf-r—zu—w%/E-zH/)k

(3.7)

And the scalar Laplacian of azimuthal magnetic field in the cylindrical coordinate sgstem
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Fig. 311: The solid round conductor skin effect BCs, solving for H.

pry —LMAMY 01 M, M,
P T Rz
(3.8)
- P?H, e, + 7,
Lo W iy

Therefore, the Poisson equation for the magnetic field strength would be simplified to

rZ“_HZ/H% {1 iwmsH 0: (3.9)

ur

Equation (3.9) represents the (modified) Bessel differential equation of order one; and the
solutions to that are functions of (modified) Bessel functions of first kind and second kind
with order one. Representing as the Bessel differential equation, the Poisson eguation

2

H. _
H S +rL 97° H O

Hr H (3.10)

g=1iwms

H, (r) =cJ,(gr) €.Y( 9.

r2

— —’—)(D:

In (3.10),J: andY: are the Bessel functions of first and second kind, respectively, with order
one. If representing (3.10) as the modified Bessel differential equation, the Poisson equation
would be
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2
H. _
A B e o

r o
g =i wms

- H, (r)=cl(gr) €K D.

D:

r

(3.11)

— —f—)

In (3.11),11 andK1 are modified Bessel functions of first and second kind, respectively, with
order one. Both representations of the Poisson differential equations lead to the same solution,
and for the completeness of the analysis, they are introducedlheseme parts of this
chapter, the modified differential equation is used as the preferred equation to avoid the

symbol interference of current density and Bessel function of first kind.

Since the modified Bessel equation of second kind is singular mfitiitésimal argument,
the coefficientc, needs to be set to zero for the solution to be valid at origin. Therefore the

field distribution in the conductor is
H,(r)=cl,(ar), 0 ¢ &t (3.12)

The coefficientt; can be determined using the boundary condition at the outer surface of the

conductor by having the value for the azimuthal magnetic field stredgtRjg. 311

H (r=a) H, =< I—?g;) (3.13)

Therefore, the field strength distribution in the conductor is:
,(gr)
H()=H, == 0 ¢ a 3.14
And the current density distribution can be

J=pH I @ MO
' o (3.15)

by

=My € o
0= g ) a0 re
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Fig. 312 The solid round conductor skin effect BCs, solvingXol

Having the current distribution, the average power loss in the conductor is:
1 ,.él 2
P.) == =] 3,(n ﬁv (W (3.16)
(o 2VrEs| |

3.3 Internal Impedance of Solid RoundConductor (Solving for J)

In order to find the internal impedance of a solid round conductor, the Poisson equation will
be solved to find the current density distribution in the conductor with known applied electric
field strength on its boundar¥ig. 312. Having the current density distribution, the total
current flowing in the conductor can be calculated; the impedance is then derivethasing
voltage along the conductor and the total current in it. The Poisson equation for the current

density distribution is derived in (3.3)he vector Laplacian of current density is

& J 2w, B J, 2p. = 0§ -
P =B < =L DL S 2J
_(? T2 rzw- g é%/ r2 r?2 I-y/ g z) (3.17)
- P B,)E
And the scalar Laplacian of the cant density in the-axis direction would be
o ~ 2
pry, A 02 B &
roeg mor’ ji ooz
(3.18)
- P, LR, +—EUZ.
rw W
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Therefore, the Poisson equation is simplified to modified Bessel differential equation of

order zero:

w.z
g =i wms

- J(n=cl(gr) €Ky B.

2
rzu‘]z+r&-g2rzl-l G
H (3.19)

—=) —/=D:

In (3.19),l0 andKo are the modified Bessel functions of first and second kind, respectively,
with order zero. Sinc&o is singular at infinitesimal argument value, coefficienheeds to
be set to zero for the solutida be valid at the center of the conductor. The current density

distribution inside the solid round conductor is

J,(r)=clygr), 0 ¢ & (3.20)

Having the value of the electric field strength on the outer surface of the conductor as the

boundary condition, the coefficieot can be derived according to

SE,
E,(r=a) |, -¢ ——. (3.22)
lo(g8)
Thus, the current dengitistribution in the conductor would be
I
1(=sE W) oo g (3.22)

lo(g8)’

The total current flowing in the conductor for a given applied voltage is determined using

surface integration of current density:

L= YR —fi;; I(fgrar 2 ";Eol'zigzig. (3.23)

And the pemmeter internal impedance of the conductor is derived using the voltage across the

conductor terminals and the current flowing through it:
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Fig. 313 The twelayer round conductor skin effect BCs, solving Jor

Z

int

Vv I
A A (3.24)

IZ
The real part of the impedance is the skin effect resistance of a solid round conductor and the
imaginary partrepresents its internal reactance. Not to mention that the total inductance of a

conductor is the sum of the internal and external inductances.
3.4 Internal Impedance of TweLayer Round Conductor (Solving for J)

For a twelayer round conductor with inneadius ofa and outer radius db, the Poisson
equation is solved to find the current density in each layer with known applied electric field
strength on the boundary of outer conductbry. 313. Having the current density
distribution, the total current flowing in the conductor is determined; and by having the
electric field strength on the surface of outer layer, the internal impedance of the corgducto
derived. The solution to the Poisson equation for the current density, as was derived in the

previous section, for each layer is

&J,(r)=clq(gr) O¢ a

I (3.25)
iJ,(r=dl,(gr) 4K g) a 1© be

Three boundary conditions are required to find the three unknown coefficients in the current
density equation. One boundary condition is the applied electric field on the surface of the
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outer layer, and the other conditions are based on continuity ofntzaigelectric and

magnetic field strengths on the boundary between the layers:

€1, r=a) =2 0,0 @
BE,(r=a) E,(r & 1 E
THL(r=a) H 0 %“"ﬂﬂr R A (3.26)
{E,(r=b) =, P

1 J,(r=b) =&

| 22

The BCs are all functions of the current density equation in each layer; therefore, (3.26) is
simplified to

écs,l( @ =d, b Ay, K§ 3
iclgzll( #=d, g Agd, K(ga (3.27)
bd 1 (gb)+d,K( ¢ = ,E,

Thus, the three unknown coefficients can be calculated to be

52'0( @) - 150( ?y 0

zl o(s ?) g0 - J( o( @) g
zl 1( 51) 90 J(l( §3] g gzli( g) - 1|.4 ﬁ)g 0
0 lo(gh) &

- L) )
108 gla)s- K | % A Dg-1{ gK{ 3 (3.28)
g8 - g 8g K{(g8

0 L@h) Ko &)

0 'g1|1( 9) 1&1( ﬁ)

_ 1S:E 1( ) K B
S.lo( @) - (2 - K§ 2
gl(g) - g ag K{ga)
0 lo(gD) Ko( #)

0 '51|0( ga) - 1K0( ﬁ%

g

g g 1{d9 -4 3 9K@?

0 (8 Ko P

The total current can be derived using the surface integration of the current density across the
conductor surface according to

b 2p .

Izzﬁ . A .(r)rdrd/
&2 2 3 b 2p .
N, [, (r)rdrd/ t B..(rpjdrd /

a b b
=2pcfylo( gidr 2 dp If3( § pr  2d, K [yt ydrg
_2pGa,

(3.29)

(9a) %{bu o) al( A 5%[ bK{ B g aKkf ,3].
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Fig. 314: The tubular conductor BCs, solving fdr

Having the total current flowing into the conductor for a given applied electric field strength
across the conductor termindds, the permeter internal impedance of the thayer round

conductor is derived to be:

z :IX 5 5 . (3.30)

. ZP;ah(glawz’;l[bll( o -al( B 3%[ OK( D ak( 3],

Similar to the solid round conductor, the real part of the internal impedance corresponds to
the skin effect resistance of the conductor and the imaginary part includes its internal

inductance.
3.5 Skin Effect Analysis of Tubular Conductor (Solving for H)

For the tubular conductor with inner radiusacdnd outer radius df, the Poisson equation is

solved to derive the field distribution inside the conductor with magnetic field boundaries in

the inner and outer surfaces of the conduéitay, 314. Having the field strength, the current
density distribution is calculated using Am
using the current distributioin the conductor. The Poisson equation for the magnetic field in

the cylindrical coordinate system has the general solution, as was previously derived for the
solid round conductor in (3.11). The two unknown coefficiecisand c;, need to be
determinedusing two boundary conditions. Having the magnetic azimuthal field strengths on

the inner and outer surfaces of the tubular conductdd.a@snd Hp, respectively, the two

conditions, the coefficients are derived to be
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= HaKl(Qb)' HbKl( @
1,(g)K,( - 1,( b)K,( a) ’5

(3.31)
C = Hall(Qb)' Hbll( @) .
* Ki(ga)l( - Ky bgy( 8"
Applying the Ampereds |l aw to the magnetic
only thez-axis component according to
=g b +B(roder ZB( 1) gk (p) . B 6. (332
¢ - re -

Finding the current density distrithon, the time average of power loss is determined by
(3.16).

3.6 Proximity Effect Analysis of Solid Round Conductor (Solving for A)

In a general proximity effect analysis problem, the initial step is to define a region where the
external magnetic field igresent. Due to the nature of the problem in 2D cylindrical system,
a circular region with radius & is selected (with its center xly plane origin) as the source
domain with magnetic flux density ddy along its perimeter boundary in tlyedirection.
Satisfying this boundary condition leads to a unifoyrdirectional time varying (fixed

frequency) magnetic field with magnitudeRBfacross the whole regioRjg. 315. This

Proximity Effect BCs

Fig. 315: The solid round conductor proximity effect BCs, solvingAor
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source region can have its own permeability and conductivity. The second step is to put an
infinitely long (along thez-axis) solid round conductor with radiasnside the source region.

The center of the conductor is locatedatplane origin. Due tohte effect of induced eddy
currents in the conductor on the main field, the field just outside the conductor is no longer
uniform and unidirectional. Thus, Maxwell PDEs define the behavior of the field in the two
regions. To simplify the Maxwell PDEs, theoiBson equation for the magnetic vector
potential is solved in the two regions and the magnetic field and current density are derived
accordingly. The Poisson equation for magnetic vector potential was derived in (3.6). The

vector Laplacian of the magnetiector potential, which has only tteaxis component,

would be
By A 2V B & A 2pA =0 o .
DA = - ==L b~ XL E £
_EEEA re r? g %é 2 ore oyt g A) (3.33)
- PPAH B)E
And the scalar Laplacian of tzecomponent magnetic vector potential is
1 1 ?
pA ”A& 1A LA (3.34)

rm r* ja

The z-component of vector potential is both radially and azimuthally dependent. Therefore,

the separation of variable method is used to solve foithe

A(r/) =R F()). (3.35)

Thus, the Poissoaquation is simplified to
P IR L) R0 Ly THD S wamr() pr 3o)
r r? dy

which can be further simplified to
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2O'ZREr)H R) 42 R() 0=, 8 i=w
dr dr

_1 dF()

FG) df

r

(3.37)
+1 0

— =) —s—=> (D:

The first equation is the Bessel equation of first kind with the general solution mentioned in
the previous sections. The general solution for the second equation is a summation of cosine
and sine functions. However, to set the Poisson equation solution in the form of magnetic

vector potential at the boundary of outer layer as
A = Bjrcosf ). (3.38)

only the cosine term is used for the second equation solution and the general solution for the

magnetic vector potential would be

A(rj)=[cd(g) €Y nfcos( ) (3.39)

Themagnetic flux density is then derived having the magnetic vector potential according to

1 -1 .
$8.(r/)=12 26 (g) an( afsing )/
B=D#A % Sf,& (3.40)
18/)= 2 Ja i e H@n]s( )
Therefore, the forms of magnetic vector potential in the two regions would be
.. _gcdi(gincos()) 0¢r da
Az(lr,/)‘lacl - (3.41)

_Jf[dl‘]l(gzr)'l'szl( g)]COS( )/ a ¢r R

Three boundary conditions are required to solve for the three unknowns in the solution for
the two regions. One boundary condition is the magnetic vector potential value at the source
region boundary. The other two BCs are the contindith® tangential (azimuthal) magnetic

field strength and the normal (radial) magnetic flux density at the boundary of the round

conductor. The three BCs are expressed according to
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;e'Brl(r =a) B,(r & fcl‘]l(gla) = dl\:;( g9 +d, Y dzg
Hur=a) H 0 & 20ga) Y@ =Y @ (3.42)
! - - “

LA (r=R) = N
[ Ax(r=R) =A, td,J(g,R)+dY( gR = B R

Using the Cr dmeeuniknewnsr aveldetermined Blaving the magnetic vector
potential in the twaconcentricregions, the magnetic flux density atite induced current
density can be determined as well. For example, the indeddycurrent density in the

conductor would be

Ju(rj)= v wh,(r, )/ 3 - w3, 1)ces( ) (3.43)
And the time average power dissipation per unit of length in the conductor would be

20

<Pm1>:25ir?j :Iﬁﬂ(r,/ ) rdrd *0——2/?9 I (3.44)

By using the following relationship for the Beshgictions integrals according to

Fri@gd( M e " 4 B X faxk )k b *
(3.45)

— — ——— o:

@Y 0y de—=— & rX o da)de kb

in which the first integral equation is also valid for Bessel function of second kind and order

one, the variable 0 is then determined to
F g"li‘%g@gul( P I -,30.3 3 2 (3.46)

The induced current density atite permeterpowerdissipationin the outer layer can also

be derived similarly.
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3.7 Proximity Effect Analysis of TwoLayer Round Conductor (Solving for A)

To analyze the proximity effect of a twayer round onductor placed in a uniform time
varying magnetic field with properties similar to the previous section, the problem domain is
composed of three circular concentric regions. The first region for the conductor is a circle
with radiusa; the second layer isound with a circle of radiuls (b>a), and the last layer is
the source region bound with circle of radRs Fig. 316. Similar to the proximity effect
analysis of single solid round conductor, the general solution for the magnetic vector

potential is used for the three regions according to

€c,J,(g,r) cos( ) 0¢r Ga
A ) =1[d 3, gn) Y ,9]cos( )ja € I (3.47)
i[ed(@n+eY( gcos( y ber &

Having the magnetic field strength and magnetic flux density expression for the three regions,

the 5 boundary conditions for the five unknowns are derived according to

£6.3,09= 43 3 Y .
éB,(r=a) B,(r 3 7 G . _dg... d, 29
Py —Ji(g@a) =——=J, o2
=) 0 @ 1y DT MA TR
1Byr=b) B, B 1d3@.0 &Y gd eI B e¥ Wy (3.48)
1 _
TH,,(r=b) H ,(r b) %Jli(gzb)+d2—g‘79\(l( 7 =el—g3jnal( iy EZ—f’n)( b

fA(r=R) =A
'el‘]l(gslg)-i_ %X( QB = '5 B

—_— —>

—_ =) —) —)

Using the Cramerés | aw, the five unknowns
current density can be determined in order to find the losses in each layer. The induced
current density in the inner layer has the same format as thdesived in the previous
section; for the second layer, the induced current density would be

gla(r/)= + wg, Jy( ryeos( ) / 0 a

(/)= 4+ wa,(r, )/ -

10u(0)= § wddd( o @yl dppos() g ren &)

56



Proximity Effect BCs

Fig. 316: The twelayer round conductor proximity effect BCs, solving for

The power dissipation for the inner layer was derived in (2.44), and for the second layer it
would be

2

:i"p b N . P 'ﬁ/zg
(P) 25, 1 Bo(r/ ) rdrd j =2 (3.50)

Utilizing the integral poperties of Bessel functions of first and second kind and order one
presented in the previous section, the vari@bie determined to be

Y=Y +,Y 3 Y +Y Y

Vo=t b BN - bd DY b gad gRY da 80 JA I

VL= S0 9y A DA P 6l G G el Jad )b

i 2

T dd . o . .

in _ﬂwJ)Yl( 93\6( 2b sz zbv z)b 9, a{Y g)agY ga 3 %Y 2) a@za) 8.‘(3.51)
e A MU QUM BV IS G SR UBLT L

i

i

|

Therefore, using 344) and (3.50), the power dissipation the twelayer conductor is

derived due to a uniform magnetic field exposed to the conductor.
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3.8 Principle of Independent Variables for Skin Effect Factor

From the perspective of electromagnetic design of a conductor, in order to have a fair
compariso view between different designs, independent variables need to be defined
between them. For example, the common comparison factors are the so called skin and
proximity effect resistance ratios that will be shown are functions of several variables. The
conmparison gets simpler if these variables unite and form a more general variable(s).
However, for complex conductor designs, the closed form formulas for comparison factors
(such as skin and proximity resistance ratios) may not exist, and the existenegenhdhnal
independent variables might not be observed in the first glance. Therefore it is necessary to
introduce general independent variables that are used in comparison of AC resistance ratios

of arbitrary shaped conductors.

The mathematical proof givemere is based on the work of J. Slepian that was part of the

di scussion about [6B0Owhaght &2 apeisnciiAl ecoinmuct or
conductors, of a certain proportionate shape and a céffairwill have a definite value of

RadRdc. This is true for isolated conductors and sifgf@se and polp hase circui ts
two assumptions in this principle are 1) the distance of conductor from the return one is much
bigger than the maximum dimensiontb& conductor itself; therefore, this principle is valid

for skin effect resistance ratios. Later in the same paper the principle was adopted for a
particular case of proximity effect of two tubular conductors forming a return circuit. 2) The
conductors ar electric with relative permeability of one, and are positioned in free space. In

this study, the mathematical proof[Bil] is generalized for an arbitrary shape of conductors
(including the return one) in 2D Cartasiinfinite space with inhomogeneous conductivity

and permeability.

Using the Greent6és function idea for Poi ssoc

coordinate system, the general solution of Poisson equation of

Pu(x v, f) =f(x w9, (3.52)
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that satisfies its domain boundary conditions, would be

u(x,y,t):ﬁun _ﬁ%logd(x XY @&y A dad. (3.53)

Now assuming a new problem domain whose dimensions are obtained by linear expansion of
old domain dimensionBy a factork to 1, and the excitation frequency is changed by a ratio

of 1 tol, the solution to the Poisson equation in the new domain would be

Ui B 9=A, (xxF ¢y Hda.n
(x=k'x ) hY (3.54)

ﬁ%'og ke d7r+K ,t%'iﬂl"’gx/(x’ k=¥ (o k7ynd o

£ ilx, #)
a7
o 2p 09

Ui, v 0= KA, B
Assuming the first term of the solution (3.54) to be zero, and

filx, y, )= f(x/ k yl k t/)), (3.55)

The solution to the Poisson equation in the new domain, and its time derivative would be

Bui(x % 9= K UX k y k)
Tui(x ) _ K (X k o Kt ) (3.56)
|l pt I u

This proof can be relatetd the Poisson equation in MQS domain of Maxwell equations by

having

?wamﬂ=ﬂxy0 2 BDAXxYy) ImkxyIxy) 357
{axyozuxmﬁ HACX % 9 '
| S (X1 Y, t) Ut

The assumption of first term (3.54) to be zero is a must for magnetic vector potential to be
finite. It can be concluded that in the new problem domain with linearly expanded

dimensions with rati&to 1, that satisfies
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em(x,y)= Axik yl K
{si(xy)= x/k yl R

(3.58)

and linearly changed excitation frequency with ratio I, smd satisfying the condition

Jilx v )=Jx k y k),

the induced EMF would have the format

Eilx y)=EX k y k1),

if —

p. In other words, according {61]:

Al n t

he new

(3.59)

(3.60)

configuratic

impressed EMFs will produce a similar system of current distribution if the frequency is

var.i

ed inver s

el as t he

y

squar e

of t he Il i n

mathematical proof, this statemens true even for the magnetic conductors with

inhomogeneous permeability.

Table 35: Independent variables for skin effect analysis of common round conductors.

Conductor Type In\?Zfi):tr;l?a Znt Description
Solid Round r .
— r: conductor radius
Conductor a
. t: tube thickness
Tubular Conductor -- b: outer radius
ab U: skin dge
a: inner radius
Two-layer Round a t t b: outer radius
Conductor (with fixed 2 _g’ b t: outer layer thickness
permeabilities) * i1l: inner | a
0l: outer | a

Because skin depth changes with square root of inverse of frequency, one type of

independent variable for linear expansion for round conductors would be conductor radius

(or tube thickness) over the skin depth; another independent variable feliinean

expansion would be the ratio of conductor radii for tubular andldyer conductors. So the
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independent variables for solid round, tubular and-layer round conductors fakin effect
analysis are shown in ti&able 35. For the twelayer conductor, there are three independent

variables; however, this is valid forspecific permeability of layers.
3.9 Expansions of (Modified) Bessel functions for Small and Large Arguments

(Modified) Bessel equations are linear seconder Ordinary Differential Equations (ODES)

with solutions known as (modified) Bessel functions. These Bessel equations and
combinations of them are often used to represent many physical problems with iapglicat
such as in electromagnetics. As an example, it was shown that the field distribution in a solid
round conductor as well as a two layer round conductor far from its return one and fed with
an external current or voltage is governed by (modified) B&S&s. The (modified) Bessel
functions can be generally defined for both complex order and argument values; however, in
the analysis of this study only the functions with integral orders and complex arguments will

be investigated.

As was shown in the preawus sections, the electromagnetic field distribution as well as
current density inside the (twayer) round conductor is function of (modified) Bessel
functions. The argument values of these functions are complex and their magnitudes vary
depending on # conductor properties such as geometrical size, conductivity, permeability,
and the frequency of excitation. Depending on these properties, the solution to the EM field
problem may include (modified) Bessel functions with very small and very large antgume
Therefore it is necessary to determine the accurate behavior of these functions for different

values of argument ranging from very small to very large magnitudes.

(Modified) Bessel functions, defined by infinite power series expansions, are fastgemy

for small arguments. However, under large arguments, the power series expansion converges
slowly and leads to erroneous and unreliable results. There is extensive study on (modified)

Bessel functions behaviors for small and large argument vialligg72], [73], and[74]. For

small aguments, the function can be represented by power series expansion; and for large

argument values, the functions can be approximated with asymptotic expressions.
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Power Series ExpansionUnder normal computation with small argument values, the finite
termsof power expansion series can be used to calculate the (modified) Bessel functions
since the series are all convergent. The (modified) Bessel functions of first kind and an
integral order ofh and complex argumemtcan be represented by an infinite poweries

expansion as follows [M.Abramowitz64]:

o ( 1) éZ (gzm)

J. (9= o
m—OmI(n+ n)'g
! C () (3.61)
L,@=4 c 3
m0m|(n+ ”)'a%_ O

And the (modified) Bessel functions of second kind and integral ordiex determineds

‘Jn(z) COS(ZU )_ ‘-]n (Z)

I
pl.@)- 12 (3.62)
K.(2) = 2—.
sin@p )

The power series expansion has numerical computational limit when the argument value (|z])
is large, in that case the series converges slpidy; Therefore, it is essential to accurately
know the behavior of (modified) Bessel functions for large argument values which leads to

asymptotic analysis of the functions.

Asymptotic Expansion: For large values of argument z (|z]), the power series expansion
converges slowly and has computational aeliability limits. Asymptotic expansion of
(modified) Bessel functions represents the limiting behavior of the functions when argument

value is large and has been the subject of extensive re$éhalydi72], [73], and[74]:
_|2¢ np P : np
J.(9=,/—zP(3cos(z— —= sin(z—"—)-y | ar
(2 «/wgn(z) (277 ) QUasin(zF V| ara(h p

ﬂé’

(3.63)

= [280 a2 P np.
Yn(z)-EgF3(asun(z 2B ayos(22
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In which the functions P ang@ are defined according to

an*- (4k -3F)(4n* 4k 1
P(z)la(l)mo(n( ) e 5)

e o1 2k(2k- 1)(8zf ’
.64
_18 s "’O & (4n°- (ak -17)( 4 ¢4k 1F) (3.64)
= L
R A T
The asymptotic expansion of the modified Bessel function is defined as
e’ gl o 4n2 (2k -1y ﬂ| ¢) 13
«/2,0 Z@ ml k-l k(8x) 2 (3.65)
p 5 R 4n*- (2k -1Y '

X 3
@‘é‘lmlg K8 ”'rg(z} 5

Approximation of (Modified) Bessel functions under large amgats does not necessarily

Kq(2) =

lead to accurate reliable results when calculating for different system parameters such as
internal impedance or skin effect resistance ratio. The reason is that these parameters inhere
arithmetic operations of (modified) Besdeinctions of quite small or large values. For
example, a computing software fails when calculating a ratio with denominator of two
subtracted Bessel functions which are the same up to a decimal point the software can
compute[75]. Therefore, the system parameter, itself, needs to be approximated under large
arguments. A welknown example is the skin effect internal impedance (ratio) of solid and
tubular conductors developed [B1], [76] under large arguments which has been the focus

of many researcherd,77], [78], [53], and [75]. Reference[77] adopted polynomial
approximations of Bessel functions under large arguments for calculating internal impedance
of tubular conductors after spotting inaccuracy in them for large arguments. Ref@@nce
developedclosedform formulas for skin effect resistance (ratio) of solid and tubular
conductors based ofY7]. Referenceg53] proposed asymptotic approximate rfarla for

internal impedances of solid and tubular conductors based on Henkel functions, and later on

in [75] improved the formulas for modified Bessel functions and solved the problem of
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overflow/uncerflow. Modified Bessel functions formulas were chosen78] instead of

Bessel ones, because they are numerically more stable than Bessel functions under large

arguments.

Determiningumbat ivatgeoafagr

i nternal

i mpeda

resistance of single or twlayer conductors depends on the type of Bessel function used,

technical properties of numerical computation tool, and the desired level of accuracy. A

modern digithcomputing tool such as MATLAB uses a doublecision number format in

arithmetic operations, according to IEEE 754 standard for floating p@htthat occupies a

64-bit storage in the memprKnowing that MATLAB uses the power expansion series as a

default method for evaluating (modified) Bessel functions, the skin effect resistance ratio of a

solid round conductor was calculated using binilfmodified) Bessel functions in MATLAB

and was ompared to FEM results. The frequency domain FE simulation problem domain

properties are given in thieable 36.

Table 36: Thesolid round conductor used in FEM frequency domain simulation.

Mesh elements 10 Relative 1
per skin-depth permeability
Frequency 13.56 [MHZz] Conductivity 5.998e7 [S/m]

Fig. 317 shows the power series expansion and FEM results for the skin effect resistance

ratio of the solid round conductor, with properties given in table above, versus conductor

radius over its skimepth. For the better resolution of the results, the remrasskin depth

axis data are zoomed in and are shown in separate graphs. As can be observed, for small

values ofr / thhe series expansion method has a very small error compared to FE results.

This error increases as the/ ificreases and goes up kor@t p ofar i 1

o T f{this

corresponds to Bessel function argument valuéef T C@®). It can be concluded that

using built-in MATLAB functions for (modified) Bessel functions have negligible error at

argument values applicable in this study and in the bounBgoB17. It is also concluded
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that the large values of /iniFig. 317ar e

not i

ncluded i n @l

the asymptotic expansida be preferred over MATLAB buiin power series functions.

To the best of knowledge of author, there is no approximate formula for skin effect resistance

(ratio) of an isolated twdayer round conductor under large arguments. Using the formula for

intemal impedance of a straight tWwayer round conductor, as was derived earlier in the

chapter, the skin effect resistance ratio for a-laye@r electric round conductor (both layers

have relative permeability of one) are calculated using the-lhuMATLAB power series

expansion (modified) Bessel functions, and are compared to FEM results shiengn3a.7.

As can be observed, the relative error comppémethe FEM results is negligible.
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Fig. 317: The skin effect ratio for a solid round conductor vs. conductor radius over its skin depth using
and PSE.
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Throughout this work, the skin and proximity effect resistances (ratios) for single and two

layer conductors would be studied as basics of coil element to inductively transfer power. It

was shown that for single layer and tubular conductors, approximatess already exist

in the literature; however, they do not exist for #hager conductors. It was shown fig.

3.18that using PSE for the skin effect ratio of the #ager conductor is accurate enough for

the specified search space. However, as it will be shown in the next chapter, the computing

software fails when calculating for the proximity effect resistancevoflayer conductor for

large arguments. Therefore, the exact/approximate (modified) Bessel functions would be

implemented to determine the skin and proximity resistance ratios for thdayem

conductor. And in case the computing software fails, the FEléd for that purpose.
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Fig. 318: The skin effect ratio for a twlayer electric round conductor vs. the three independent variabl
using FEM and PSE.
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3.10Conclusions

In this chapter the solid, tubular, and tlayer round conductors were investigated with
detailed analysis of the internal impedance and eddy current losses. The analysis brought in
this chapter is the fundamental to the understanding of more complexctorsdthat will be
discussed later on in this dissertation. The MQS modeling of the Maxwell equations was
used in determination of conductor power dissipation. The power dissipation was divided
into the most common types, namely as skin and proximitytsffén the skin effect, the
conductor is assumed to be isolated while carrying a-w@nging current. In the proximity
effect analysis, the isolated conductor is placed in uniform field. The proximity effect was
studied for two different external fieldientations to accommodate the practical situations.

In the first case, the conductor was placed in the uniform field perpendicular to the axis of
symmetry of the conductor. This type of external field, to some approximations, is the
proximity effect wherthe solid or twelayer conductor is the Litz wire strand. Chapter 5 goes
through this implementation in detail. In the second proximity analysis, the external field is
parallel to the boundary of the tubular conductor. This is the building block of thielayer
tubular conductor which will be covered in chapter 6.

I n the | ast part of this chapter, effects
impedance, and AC resistance of all thtgees of conductors were discussed. It was
concluded thatat high frequencies, and large conductor dimensions, depending on the
conductor electromagnetic properties, the internal impedance and AC resistance have
convergence issues. The reason originates from the (modified) Bessel functions forming the
impedanceand conductor AC resistance. This was shown to be more critical for the two
layer round conductors, as there was no approximate solutions representing the conductor
skin effect impedance and proximity effect power dissipation. Therefore, numerical methods
such as FEM are implemented as a stable calculation method in case of analytical

expressions instability.
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CHAPTER 4 - Optimization of Foil Conductor Layout in IPT System Resonators

As the major source of loss in most inductive application coils is duegto frequency
induced eddy currents, proper design of the coil winding can mitigate the losses and boost the
efficiency[80], [58]. Litz wire, for example, has bee&videly accepted as a proper conductor
type, that reduces the skin and proximity effect losses, for IPT systems operating up to a
MHz frequency[81]. For MHz frequency range, complex manufacturing of/¥me strands
makes Litz wire a less popular choice than solid, tubular and foil cond(6&jr$82]. Litz,

solid, and tubular conductors have all bestensively analyzed with closed form formulas

for coil inductance, resistance and quality fa¢&®], [60]. However, due to the difficulties
associated w the prediction of high frequency electromagnetic field distribution in IPT foil
conductorsFig. 419, derivation of such closed form formulas is@nplicated task and the
analysis and optimization is feasible via numerical methods such as Finite Element (FE)
analysis tools. FE method, stably converged, is a reliable means of analysis; however, it is
computationally extensive for optimization purpesof foil conductors at very high

frequencies due to fine mesh requirements for accurately modeling coil behavior.

Compensating || pecifier Load e
Elements o B
—_ I w=12.7 mm Secondary
-4 e AT
« t=17.65 um
p o
< i D=100 mm R
L e T Yoo .
) L I Primary
Power | Inverter/ N Compensating X-axis
Source | Amplifier Elements e
a) Block diagram of a twecoil IPT system b) Schematic of twecoil IPT foil resonators

Fig. 419: The block diagram (a), and schematic (b) of the-teib IPT system using foil conductors
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Fig. 420: Two-coil IPT seriesseries resonating IPT system a) equivalent circuit, and b) maxim

link efficiency vs. link potential

To overcome the complications regarding the optimization of high frequency foil conductors
in IPT systems, a simple, adaptable atiedy method is introduced that can be implemented

on variety of coil layout optimization problems. The method is frequency independent and
eliminates the need for prediction of high frequency field distributions. In the suggested
method, namely filamentpproach, the conductor is comprised of paraltminected unit

cells called filaments with dimensions comparable to skin depth. Using magagtomodel

with an externally fed current among the filaments, the more the fluxes each of the filaments
link are closer to each other (by proper positioning of the filaments), the less the current
redistributes between them at higher frequencies. Thus, the high frequency losses would be
close to low frequency ones. The method was first introducd@2infor optimizing go

return foil conductors resistance. However, in this paper the method is expanded to circular

coil IPT systems with the addition of optimizing for coil quality factor and link efficiency.

Fig. 420a shows the equivalent circuit of a typical teml seriesseries resonated IPT

system, excluding the inversion and rectification. The-cail efficiency was derived in
chapter 2 and is

hc-c = : 2! (41)
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in which U =§—f is the ratio of secondary coil to the load resistances (load factor), and

X, 7K £,Q, is the link potential betweerthe two coils compromising the coupling
coefficientki2 and coils quality factor®. By finding the maximum efficiency with respect to

link potential, Fig. 420b, it is concluded that increasing link potential (@rfor a fixed
coupling coefficient) boosts the IPT efficiency. Quality factor and link potential of a circular
foil conductor operating @t & @ "Ocas part of the IPT system fig. 419 are optimized in

this chapter using the filament approach. The-bieptep derivation of objeate functions

for quality factor and link potential in order to be implemented in an optimization algorithm
are investigated. The optimum layout of foil conductor is presented, with FE analysis
supporting the results. The effects of foil thickness, frequeand number of filaments on

the optimization results are discussed. And, the chapter ends with experimental results for

normal and optimized foil quality factor analysis.

4.1 Filament Approach, Objective Function derivation

The problem with high frequegcacoil design originates from the induced eddy currents in
conductive materials; it is assumed that eddy current loss is the only source of dissipation in
this study. Eddy currents influence the amount of magnetic energy stored in the resonator and
the rae of energy dissipatierthe ratio of which is known as quality factor at a specific
angular frequencyin such a way that it reduces the quality factor of the resonator. Thus,

preventing eddy currents from being induced is the initial design step.

Looking iteratively at the process of eddy currents being induced in a conductive material, it
starts from magnetstatic field distribution. At areas where the magnetic vector potential
lines (flux lines) pass through the conductor, a back EMF will be induoa@ tat high
frequencies. This EMF will then produce eddy current which redistributes the uniform
current flow. This process of redistribution continues across the whole conductor until the
system reaches the minimum potential energy level. At this miniranengy level, the

current flows mostly through the skin depth region of the cond{&3r
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Ideally, if the conductor coincides with the DC flux lines, there will be no flux line cutting
and no inducg eddy current across the conductor region, and the current would be
distributed uniformly at high frequencies making the AC losses as minimum as the uniform
current DC losses. Shaping the conductor to coincide with the DC flux line is a general
iterative process which lacks a quantitative means of optimization. To derive an objective
function that yields to optimum layout of the conductor, assume that the conductor is made
up of N number of identical unit cells, called filaments, all connected in patalerm the
original conductor. If the flux that is linked by any of these filaments is the same at magneto
static, then the current distribution would be uniform between the cells at higher frequencies
(MagneteQuastStatic). To have a uniform current glibution inside each cell, it requires

the cell dimensions to be small compared to skin depth.

Since having the flux linkage of all flaments exactly the same might lead to unpractical
conductor shapes, having them as close to each other as possible theildnain
optimization objective function (OF). This is achieved by minimizing the standard deviation,

G, of the flux linkages:

! mi LA e fp
OF mln{s(/fl, o, ,fN)} :rnln%\/l\lia:l(fi /-, ¥ /5 (4.2)

in which_ is the total flux that is linked by filament This objective function is a general
guantitative means for optimizing the shape of any arbitrary conductor to minimize high
frequency eddy current losses. Depending on the application the conductor is used in, such as
IPT system, additional terms can be addedhe objective function to optimize the coil
layout in order to achieve more comprehensive goals including high quality factor of

resonator coil or high link potential between any two magnetically coupled coils.

4.2 Optimizing a Go-Return Conductor Shape

In a simple gereturn conductor, the current flows in one direction in the go conductor and

flows back in opposite direction in the return one. Representing thetgm conductor in a
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2D x-y Cartesian plane, the electromagnetic field distribution wbelthdependent tpaxis.
Fig. 421 shows the schematic of the conductor made ul pérallel connected filaments

symmetric aroung-z plane. For such a configuration, the flux that is linked by filara&mné

/,=0.2 ?’InGNIDal
GM

(uwb/m), (4.3)

on whichl is the total current flowing in the conductor. Since the filaments are connected in
parallel haing equal length, the current will be uniformly divided between the filaments in
magnetestatic model of the system. Geometric Mean Distance (GMD) and Geometric Mean
Radius (GMR) of filamenal are defined according to

FGMDal = Q‘/’dalail dalaa"' dalaNi

| (4.4)
TGMRdl:V%l %az'“ da_’LaN’
in whichRalis the seHGMR of filamental, and for a round conductof radiusr it is
R, =re+. (4.5)

In order to achieve an optimum layout of the filaments so that the high frequency resistance
of the total conductor is minimum, the flux that is linked by each filament in both go and
return conductors should be as close to each other as possible. Inwottts; the

optimization objective function would be according to (4.2).

Ay
-1 a2 s,
alajl
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©
aiN N

Fig. 421: The goreturnN-paralletfilament conductor.
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One ideal but impractical solution is that all the filaments areé far from one another

so that their effect on each other would be neglected, and each filament links its own flux
only. However, for practical conductor layouts of limited size, the actual optimization
problem needs to be solved to derive the optinpasition of the filaments. Assuming the
distance between the go and return conductors is much bigger than the inner distances
between the filaments in either of them, the GMD of all the filaments can be assumed to be

the same and the objective functionuibbe simplified to
OF * min{s (GMR,, GMR,,--, GMR,)} . (4.6)

A solution for the layout of the filaments that have equal GMRs would be a regular convex
polygon with filaments placed on its vertices. A regular polygon is a polyganightboth
equilateral (its sides have the same length), and equiangular (its vertices have the same
internal and external angles). A regular polygon is both cyclic and tangential; it is cyclic as it
has a circumscribed circle that passes through alldlyg@n vertices, and it is tangential as

it has an inscribed circle that is tangential to all its sides. The optimization search space limit

determines the radius of the regular polygon.

This optimization solution can be used to determine the optimunutlaya foil conductor

far from its return one. Representing the foil conductor Wtequal segmentdN(equally

spaced filaments with distance d between any two adjacent ones excluding the first and last
one), the optimum layout would be a reguNgone (N-sided polygon) with circumradius

(circumscribed circle radius) of

d
r.=

Zsinﬁ
N

4.7)

Fig. 422 shows the foil conductor with 8 equally spaced filaments and its optimum regular
octagon. In a regular polygon with a fixed circumraditsas the number of segments

increase, in the limitthe sequence becomes a circle with radiusn a similar way in the
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limit for a regular polygon with a fixed perimetet the sequence becomes a circle with the
same perimetew, Fig. 422. It can be concluded that the optimum shape of foil conductor far

from its return one, is a tubular conductor with the perimeter equal to the foil width.

\

Fig. 422. The optimized foil shape as a regular polygon.

4.3 Optimization of Circular Conductor Shape

In order to optimize the layout of a circular coil, the magistédic seHinductance of each

filament loop as well as the mutual inductance between any two (coaxial) filament loops are
required to find the total flux linked by each filament. Assuminghddament is a square
non-magnetic conductor with side length éf forming a circular loop with centdo-center

diameter ofDs (Ds/ d;), the low frequency selhductance of the filament loop in free
space according to We,waudbei nés formula [ E. RO
!
L

L, =0.5mD, (4.8)

@ - (D

44D, o
Ingd— 8—1.1949

¢dr = l
The low frequency mutual inductance of two coaxial square cross section circular filament
loops can be calculated using the Neumann fornj@#d. According to [85], if the
dimensions of the filaments square cross sections are much smaller than the loops radii and
their relative distance, the low frequency mutual inductance between the concentric filament
loops separated by distanten free space is
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thatK andE are the complete elliptical integrals of first and second kind, respectiriedyd
R> are the loops radii, and

RR
\/(R TRY (4.10)

For the filament loops with cross section dimensions comparable to the loops radii and their
relative distance, the filaments can be replaced by equivalent infinitesimal strands placed
according to the GMD of the filament loops, having the mutual it@hee unchanged and
utilizing (4.8) to find it. The total flux linkage of a filament loop is then calculated by finding

the flux linkage due to the loop itself and all other filaments loops:

= | +3 Y (4.12)

=L

4.3.1 Optimization of Coil Quality Factor

In IPT systems, the resonator coil minimization of AC resistance is inclusive in a broader,
lessdependent objective of maximum quality factor to increase the system efficiency. By
minimizing the standard deviation of the flux linkages of the filaments in the conductor, they
would link nearly an equal amount of flux, resulting in a more uniform current distribution at
higher frequencies. Although it ensures minimum redistributiorcwofent between the
filaments at higher frequencies, it does not guarantee the minimum AC resistance. Therefore,
it is essential to include the effect of conductor DC resistance; as in circular coils, the
filament length depends on its position in the dimrtor which can influence the DC
resistance. Furthermore, the effect of the total inductance needs to be considered as the
position of filaments affect the total inductance. Thus, the objective function for the
optimization of coil layout in order to a@ve a high quality factor coil would be
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4.3.2 Optimization of Link Potential

In a typical twecoil IPT system, the maximum caibil efficiency increases as the link
potential between the two magneticatlgupled resonators increas€sy. 420b. The link
potential between two identical inductive coils Xsk*Q?, in which k is the coupling
coefficient between the coils a@lis the coil quality factor for each coil. So, optimizing the
coil for maximum quality factor does not necessarily increase the link potential (or maximum
link efficiency), as the mutual coupling betwetne two coils has an influence on the link
potential. Therefore, both the effects of coil quality factor and mutual coupling need to be
considered to boost the link potential. For linear inductors, the link potential can be rewritten

at operating frequency as

% ?
(4.13)
-

that depends on the coils AC resistanResind mutual inductance between thEmThus,

IOOZ

X:$—

am L o
¢cL R

the mutual inductance is needed in order to optimize for the maximum link potemtcd. S

the mutual inductance depends on the geometric mean distance between the coils, the relative
distance between them is required (assuming the two coils are identical) for the optimization,
which makes the optimum layout valid for a specific distartcis. then vital to consider the

effect of the coils simultaneously to optimize for the maximum link efficiency. Having the
magnetic field strength per unit of current profile of each coil across the other coupled coil is
necessary to find the mutual indacte between them. The mutual inductance would be the
average of the external flux each of the filaments links per unit of the external coupled coll
current. Having the mutual inductance, the objective function for maximizing the link

potential would be th square of the mutual quality factor according to
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in whichay xft is the total external flux filamentf in the resonator under optimizatidimks

due to the currertx flowing in the external coupled coil.

4.4 Optimization Implementation of Circular Foil Resonator

The optimum conductor layout would efficiently use the coil cross sectional area to give the
minimum objective function value for a given dimensions. The gse@ optimization
procedure does not necessarily lead to the global optimum shape of the foil, as other layouts
might show better performances. It is idealistic and unpractical to simulate all possible
shapes and choose the best fitted ones. The prodeeherés rather a general explanation that
guides the qualitative optimization setup to look up the search space for optimum shapes with
specified boundary constraints. The optimization process, in order to find the optimum layout
of a coil conductor, is iplemented in three different steps: first the problem is designed and
the objective function is determined, then by adopting an optimization algorithm the
optimum layout of coil is ascertained, and lastly the optimum layout is verified using the
FEA tool.

In the proposed problem design, the magistatic model is used to find the optimum layout

of conductor at high frequencies. This overcomes the difficulties associated with the
prediction of high frequency field distribution in IPT systems. The suggesigsttive
functions are straightforward, simple to use and can be implemented on variety of coil layout
optimization problems. In this section, the method is applied to optimize the conductor layout
of a circular resonator that has one turn of copperwah cross sectional dimensions of
PR WA p &d&aandinner diameter @  p T ¢ Fig. 419%; foil thickness is equal

to copper skin depth at@ @ "Odln a foil winding with a thickness equal to the skin depth
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Xisymmetric z-axis

R

Fig. 423: The filaments positions of a oftern circular conductor in a 2D axisymmetiz

plane.

U, the unit cell is selected to be a square with each sideTdfis way it is assured that the
current distribution is uniform across each filament at the degieguency. A total oN unit

cells are selected along the foil width to represent the overall layout of the foil. As the total
number of unit cells (filaments) increases, the optimum layout would be more precise;
however, the optimization parameters egéa needing the algorithm to probe a larger search
space.Fig. 423 shows the filaments positions of a emen circular conductor in a 2D
axisymmetricx-z plane, € a ™0 ). Having a fixed equal distant®etween any two
adjacent filaments, the relation between two subsequent filament positionscin plene is

expressed as:

‘Iex+l X Sln( i ) fi . q: if ¢i f, (415)
{Za =7 Hcos() ™ ™
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in which the polar angle (in spherical coordinate) for each foil segitéatthe optimization
parameter; havingl number of filaments in the coil (excluding the fixed midg@nt at

X=5 (Q hleads to a total oN optimization @rameters. Each segment angle can have
specific minimum and maximum values to guide the foil shape in a set of boundaries;
however, in the optimization implementation of this study all segment angles are set to

change by same symmetric upper and lowertdiygil ,, 5 $in Fig. 423.

The optimization is performed using two different objective functions: quality factag)(OF
and link potential (Ok) includingthe effect of secondary identically mirrored coupled coil
(keeping the surface to surface clearancd)oh the objective function. Any multrariable
optimization algorithm can be used to find the optimum angle of foil segments. Using
MATLAB ® GeneticAlgorithm Toolboxwith properties given ifTable 47, the optimization

is performed for a maximum number of 7000 generations unless the objectiv®rfunc

tolerance remains below -Befor 500 consecutive generations.

Table 47: MATLAB® Genetic Algorithm toolbox setug

Parameter VALUE
Number of variables (N 60
Population size 50 (double vector)
Fitness scaling Rank
Selection Remainder
Elite Count 2
Crossover function Scattered
Crossover fraction 0.6
Mutation Constraint dependen

Fig. 424 shows the optimum layout of the foil for the two different objective functions and
different allowable angle boundaries. A general trend that can be observed in all ¢ages in
424 is that the foil bends more outward as the angle limit increases. Due to practical
implementation issues of the foil, the maximum allowable angle limit ad @®9s used for

the optimizations. By letting the optimum layouts bend more outward, the inductance

increases since the average flux captured by the filament loops increases. It can also be
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observed that for the @Fthe optimum coil layout is symmetric around #g plane as the
objective function does not depend on the coupled secondaryigpi¥} 24a. Howeer, the
optimum layout of Ok optimization is not symmetric around tlxey plane, and as the
maximum angle limit for foil segments increases, the foil is rotated more around the fixed
point xo, Fig. 424b. The reason is to catch more flux from the secondary coupled coil while
maintaining the minimum AC resistance of the resonator. Keeping the maximum angle limit
to 60° the OFx optimization is performedor different distances between the identically
mirrored coils,Fig. 425. It shows that the optimum layout of the foil rotates inward around
the fixedpoint xo as the air gap between resonators decreasesDrton0.25D, to increase

the mutual inductance while minimizing the AC resistance.

The performance of the resonator foil winding is evaluated using a commercial FEA tool,
COMSOL Multiphysic€ 4.3b. The foil thickness is chosen to be the copper skin depth at
resonating frequency @f & @ "Ocdo have a uniform current distribution across the foil
thickness. The minimum of 4 meshing elements per skin depth is satisfied through the
various regdns in the problem domain of FE simulations. However, since to the best
knowledge of author, there is no validated closed form analytical solution for the AC
resistance and inductance of the circular foil winding and its optimum layout to prove the
FEA regllts, it is essential to investigate the convergence of the FEA solutions. The validity
of the FE analysis and its accuracy has been well established in published li{8&iy&¥]

and the solution convergence has been thoroughly discusggd,ifor a general COMSOL
modeling, when the analytical solution either exists or not. In the absence of analytical
solution,[87] proposes that by selecting the finpstsible mesh solution as the best known
solution, if by coarsening the mesh (thus reducing the degrees of freedom) the relative error
with respect to the best kwa solution increases consistently, then the best known solution

is the correct solution and the FE convergence to that solution is stable.

Fig. 426 shows the AC resistance (factor), quality factor and link potential of the two

optimization OFs for different maximum allowable angle limits, the layouts of which are
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Fig. 425: Effect of airgap on foil layout (Okandgl ., 6 D A

illustrated in figure 46, with the zero anglémit representing the normal foil. In all the FEA
simulations in this section the effect of existing secondary coupled resonator, identically
mirrored at® Gabove the coilinderstudy, is included. A comnmotrend that can be seen in

Fig. 426 is that the O starts with higher values of AC resistance (factor) and lower values
of quality factor and link potential compared to YO&s the maximum allowable angle
reaches about 35° Beynd this point the QOf optimum layouts improve the system

performance further than QFlayouts. This can be explained by referring to the
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determination method of objective functions: none of the OFs reach their global minimum
with the optimum layouts givem figure 46, and the boundary constraints set to them.
Besides that, the OFs are derived at magsttic model of the coils, neglecting the effect

of high frequency eddy currents which is true only at uniform current distribution across the
foil crosssection. Therefore, the induced eddy currents at locally optimum foil layouts field
distribution affect the optimization results. However, for all optimum layouts quality factor
and link potential improve as the maximum angle constraint increases. Wjtat @6angle

limit, the quality factor and link potential increasedyt Pandw & P, respectively, leading

to increase 0p& o Pin maximum link efficiency compared to normal foil. At the same OF,
the AC resistance decreasespby PFor Ok optimizatian at 60%ngle limit, the increase in
quality factor, link potential, and maximum link efficiency &rep Py & Pandp® 1T B

respectively. The AC resistance decreaseggyycompared to normal foil.
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450 2500
S K
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Fig. 426. FEM simulated ACesistance (factor), quality factor and link potential ob@Rd Ok

optimization methods vs maximum angle limitsla8 . 5 6 frejudncyd =5 ). ¢ m
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It can be observed that the optimum coil layouts tend to bend outward which increases the
average flux that they link, leading to increase in-selfictanceFig. 427 shows the self
inductance, mutual inductance, coupling coefficient and DC resistance of the optimum
layouts for the two OFs versus different maximum angle limits. The increase in mutual
indudance is due to the decrease in suHi@esurface distance between the coils as the foil
bends. The coupling coefficient rises as the foil bends more outward, meaning that the rate of
increase in mutual inductance is higher than-iselfictance. The othezffect as the foils

bend outward is that the DC resistance values increase as their lengths intiheasess
sectional area is fixed for all the normal and optimum layout foildthough the AC

resistance (factor) decreases for most of the maximughe &mits.

Fig. 428 shows the magnetic vector potential (flux lines) contour of the normal and optimum

(OFRq with 91, & 4 Bfdils. According toFig. 428, the high frequency flux lines in
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Fig. 428: Magnetic vectopotential contour (flux lines) of normal and optimized ¢2hd
D ma$s 4 bfdil layoutsata) DCandd) 3. 56. MHz

optimized foil are more similar to low frequency ones, unlike the normal foil, resulting in a
more uniform high frequency current distribution and lower losses. In spite of that, there are
flux lines crossing the optimum foil cross section at low frequem®aning that the

optimized foil is not the global optimum.
4.5 Discussion of Fixed Optimization Parameters
4.5.1 Effect of Frequency and Foil Thickness

Keeping the foil thickness fixed at copper skin depth @ @ "‘Odrequency f ® w d),
the optmized foil layout (O with Si,,& 4 3 & simulated by FEA for a range of

frequencies and is compared to normal Bif. 429 shows the AC resistan@nd quality
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factor of the optimum and normal foils for a frequency range afot ‘Odap tog 11 @t 'Od

FE simulations above 1t ot "‘O¢are neglected due to the intensive meshing requirements
inside the foil. As can be seenhig. 429, the AC resistance of the optimum foil is smaller
than that of the normal foil for frequencies up to almwub "“Oat which the ratio ofoil
thickness to its skin depth is about 1.6); beyond this frequency the normal foil has a lower
AC resistance. This explains the significance of the assumption behind the OF derivation: the
minimum standard deviation between filament loops flux linkagdsw frequencies ensures
minimum current deformation between them at higher frequencies; however, the filament
dimensions should be small compared to skin depth to have a uniform current across it. The
point at which the normal foil AC resistance fallsldw that of the optimum foil is not the

point where this happens to their quality factors. The reason is that the optimum foil has a
higher selinductance compared to normal fd#ig. 427. The quality factors of the normal

and optimized coils versus frequency are showFign 42%. It can be oberved that the
optimum foil has a higher quality factor for most of the simulated frequency range; however,
the quality factors get close to each other as the frequency increases pward3g(at

which the ratio of foil thickness to its skin depth is about 2.45). Beyond this point the normal

foil coil has a higher quality factor compared to the optimum one.

120 : 2500 -
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Fig. 429: AC resistance and quality factor vs. frequency for normal and optimizegld@Ri ,, & 4 bidil
layouts (foil thicknesst 7 . { &b
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In order to better illustrate the effect of frequency on the coil AC resistance and quality
factors, the ratio of foil thickness to the skin depth @ @ "Odrequency is selected as the
sweep parameteFig. 430 shows the AC resistance and quality factor of the normal and
optimum (OFQ withgl ,,, & 4 b féil layouts for a range of foil thickness over skin depth
ratio of 0.5 to 4. It can be observedFig. 430 that the AC resistance of the optimum foil is
smaller than that of the normal foil for thicknemsserskin-depth ratios below 1.6 which
equals to the point iRig. 429 where the normal foil resistance falls below the optimum one
at abouioc W "Od Looking at the quality factors of normal and optimum foil layouts for
different values of foil thicknessverskin-depth ratios it can be concluded that dpéimum

foil quality factor is higher than that of the normal foil for ratios below 2.45 which represents

they 0 "Odfrequency point irFig. 429.
4 5.2 Effect of Number of Filaments

As was discussed in the objective function derivation, the conductor is mad&uuotber
of identical paralleconnected filaments that form its layout. The choicél glays a role in
size (complication) of optimation algorithm search space, and the accuracy (resolution) of
the optimum foil objective function value (optimum layout). Therefore, it is important to

investigate the effect & on the optimization resultgig. 431

90 ; : ; ; 700

________
-----
-

600 :
OF
70" Q
= 5500 | ‘
[$] 'a'

G 60 B S L
s 5,400 . o
8 50 = “=:[9,0,d=0

14 3
& 300

Frequency= 13.56 MHz |

85 4 15 2 25 3 35 4 s 1 45 2 25 3 35 4
/5 /5

a) AC resistance b) Quality factor
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Fig. 431: Effect of number of filaments (excluding the fixed poinkgt 5 )o©mthe optimum foil layout (Qf
anddin.& 4 b A

shows the optimum layout of foil conductor using fethod for different number of
filaments where the maximum angle limit of 459s selected. Accordinitp 431, as the
number of filaments increas, the resolution of the optimum foil layout increases around the
fixed point in the center and on the foil end edges. Keeping the same optimization properties,
Fig. 432 shows the quality factor values of the optimum layouts with respect to different
number of filaments N). According to Fig. 432, for small number of filaments the
optimization accuracy is volatile; however, Bsincreases (in this case beyond 40), the
accuracy improves and the optimum foil layout has a more stabliydfaator objective

function value.
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4.6 Experimental Verification of Optimized Foil Quality Factor

The analytical optimization objective function discussed in this paper was to determine the
optimum layout of foil conductor that increases coil quality factor and IPT link efficiency.
The verification of this analytical method was done through idfmdAC resistance,
inductance and link potential of normal and optimum foil layouts using FE analysis. Thus to
verify the FE method simulations accuracy, a simple circular foil with properties given in
Table 48 is selected and its properties are tested using A§ik284A precision frequency
response analyzdgB8], Fig. 433. The equivalent series resistance and inductance, and
subsequently the quality factor, of the dnen foil coil are measured directly usinfe
frequency analyzer for different frequencies and are compared by the AC resistance-and self
inductance of the coil simulated by FEMig. 433. As can be seen ifig. 433, there is a

good match between the simulated and measurement results with a small error between them.
We attribute one sourcef discrepancy to the coil terminal connections which are not
included in the FEM model. The other source is the effect of foil frame (HDPE) parasitic

capacitance and its high frequency losses. These effects are included in the measured
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equivalent seriegesistance and inductance while are not considered in the AC resistance and

inductance derived by FE analysis.

Based on the results in this chapter, one might conclude that the increase in quality factor or
link potential requires the exact fabrication thie optimized foil layout. And since the
optimized layout has very fine edges and shape, fabrication would be only possible using
special techniques such as additive manufacturing. It is of importance to point out that the
foil layout optimization outputsre the result of a multiariable algorithm that tries to

minimize the objective function for any layout which might not be practical to fabricate.
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a) Measurement setup of normal foil

b) Measuremensetup of 90%ptimized foil
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c) Sx; measurement of normal Foil d) $Si1measurement of 90%ptimized foil

Fig. 434: The measurement setup and {e@l Q-factor measurement using transmission coefficgnt

However, slight changes in the optimized layout, that makes the fabrication quite easier,
could still lead to significant increase in the quality factor or link potential. Therefore, using
the principle of conductor filaments having similar GMR, a squawe bf foil conductor is
fabricated by bending a foil outward on a PCB board. The square loop is selected since the
bending gets simpler. The foil properties are the same as the one presehadudieid3,

except the inner loop square sideig® & The thickness of PCB boarddsx &. Fig. 434

shows the two fabricated coils: $quare loop foil without bending (normal foil); &quare

loop foil with 90bending over the PCB. The two coils have the same inner diameter, foil
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Fig. 435 The FEM simulated magnetic flux lines at low frequency (DC), and the coil resonance freqi
for both the normal and 90%ptimized foils.

thickness and surface area. The il magnetic coupling transmission type is used to
measure the quality factor of the coils. The detail measurement procedure is explained in

chapter 7.

The equivalentirea circular loops are simulated in FEM to compare the quality factor with
measurement results,

Fig. 4.35. As the measurement methagtjuires the coils to be resonant at the frequency of

interest, highQ ceramic capacitors are soldered to the coils to resonate them. The frequency
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of resonance for the normal foil, and 90°0ptimized foil ar& Y 'O andt 8t Y Oq
respectively. Asuch frequencies, the skin depth of copper is abagit awhich is less than
the foil thickness 0b ¢ & This is necessary as one of the conditions for the optimization in

this chapter is that the foil thickness to be comparable to its skin depth.

Table 49 shows the simulated and measured results for the quality factor for both the normal
and 90%ptimized coils. The measured quality factor ledé hormal foil is 220, while that of

the optimized one is 257. It can be observed that the quality factor of the optimized foil is

p X Migher than the normal foil of the same size. This can also be observed in the FEM
simulation results. The difference between FEM and measurement results could be from
various reasons. One factor that is not considered in the FEM simulations idaber®f

the ceramic capacitors. The other reason is due to parasitic of the coil former and its
associated dielectric losses. Same ceramic capacitors are used to resonate both the normal

and optimized coils to minimize the effect of parasitic differencevdxen them.

Table 49: Q-factor measurement results for the three fabricated coils

NORMAL FOIL 90°OPTIMIZED FOIL
@4.27TMHz @ 4.08MHz
Loaded Q 213 249
Coupling 0.0308 0.0326
Coil Qo 220 257
FEM Simulation Q 304 345

4.7 Conclusions

In this chapter an optimization procedure is introduced and implemented on foil conductor
layout to boost the IPT resonator quality factor and magnetic link efficiency. An important
benefit for such optimization principle is that it can be applied on ataduwith complex,

if available, expressions for impedance and/or quality factor. Foil conductor is a potential

conductor for IPT link resonators due to ease of manufacturing fotthitrgéhicknesses, and
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high current carrying capabilities. However, tealytical expressions in IPT link for such
conductor is so complicated, if available. The proposed method uses a simple frequency
independent objective function to increase the foil resonator quality factor and magnetic link
potential. The method useseticonductor filaments and optimizes their positions in such a
way so that they see a similar amount of magnetic flux. This leads to lower current

redistribution at high frequencies inside the conductor.

This chapter investigated various objective functiftmrsthe foil layout optimization. It was
shown that the optimized foil layout tends to bend outward so that foil flaments see quite
similar amount of flux. It was also shown that for the link potential objective function, the
optimized foil layout tendsiot only to bend outward, but also rotates around fixed point to
increase the mutual inductance to the identical receiver coil. In all the optimized layouts, the
foil quality factor, and magnetic link potential increased, and the foil AC resistance was
reduced. The overall effect was to boost the magnetic link efficiency. The chapter concluded
with a prototype optimized foil with its quality factor measured to be higher than normal foil,

verified by FEM.
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CHAPTER 5 - Coated-Strand Litz Wire Design and Anaysis

Induced eddy current losses are one of the major sources of losses iivendpptications

[89], [24], [56], and[57]. A known solution is to use Litz wire, in which insulated strands are
twisted around each other to from the Litz bundle such that each strand occupies all the
positions inside. This key featuferces a current to be uniformly distributed among the
strands. At high frequencies Litz wire can help utilize most of wire area, which might not be
possible through solid, tubular, or foil conduct@®d], and[90]. This leads to lower AC
resistance that is done by proper design of the Litz. A key design element is the strand radius
relative to its skin depth. The closer this ratio is to unity, the more unifarrent distributes

in the strand. At mukMHz frequencies, however, keeping the current uniform between
strands causes significant losses due to internal field and Litz wire could barely be superior to
solid, tubular or foil conductors. Therefore, itassential to mitigate the loss inside the Litz
wire by keeping its dimensions fixed while changing its electromagnetic properties;-coated
strand Litz wirg[89].

In coatedstrand Litz wirein this paper, the strands habe same outer radius as thgands

in uncoateebtrandLitz wirei , Fig. 536. It means that for Litz wires with déa of i , and fill
factorsoff , both types of Litz wires have the same number of stiand§o have a fair
analysis, the inner conductor with radius ofh coatedstrand has the same material as the
strand inuncoateestrandLitz wire. We repreent the Litz fill factor as the total nénsulated

area over the whole Litz wire area.

The initial step in analysis of a coatstiand Litz wire is to identify the origins of losses and

to, possibly, separate them. In Litz wire, the induced eddy current loss in a strand is due to
the current in it (skin effect) and the fields from nearbgrgils and turns (proximity effect).

The orthogonality between skin and proximity losses was discusgé@]imand is applied

here. The MagnetQuasitStatic model (MQS) of Maxwell equations is used to analyze the

isolated (un) coatedtrand. The solutions to skin and proximity resistances are derived and
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Fig. 536. Coatedstrand and its identical normsirand Litz wires.

their dependence on different geometrical and electromagnetic properties of the coating layer
is studied. For example, a magnetic coating on copper, which is less conductive than copper,
does not necessarily reduce the proximity loss compared to iderdpgar strand, as will be
shown in the chapter. It is in contrast with a general conclusion that is m@®$¢ about the
proximity loss in magnetoplated Litz wire. We perform a compreiliersudy on the effect

of various industrial coatings on the skin and proximity resistances, and we will see that even
norrmagnetic coatings such as silver can have advantage in reduction of both skin and

proximity losses.

The solution to the skin and piimity resistances of a solid round conductor has been the
focus of many researchelg6], and[59]. For an isolated twdayer conductor, closed form
formulas for the skin and pximity resistances have been achieved[9a], and [46].
However, these solutions contain (maelf) Bessel functions that show convergence
instability under large conductor size, conductivity, permeability or frequency of excitation
(also known as large argument parameters). Although the behavior of these functions have
been studied under such lagegumentg71], [72], and[74], a computing software yet still

can fail to calculate the resistascas they contain arithmetic operation of these functions

[75]. This problem was noticed Ky 7] for solid and tubular conductor and the approximate
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soluions have been given for them[if8] and[53]. As there is no approximate solution, to
the best of knowledge of the author, for skin and proximity resistaof coatedgtrand under

large arguments, we use Finite Element Method (FEM) when analytical metho[B@jls

[87], and[92]. FEM, if converged stably, is a reliable means of analysis. The convergence
stability of FEM solution has been discussed thoroughly in literature when analytical solution
exists or ot [86] and[87]. We follow the FE convergence stability principle suggested by
[87] when the analytical solution doget exist.

Isolated strand analysis of skin and proximity effects does not precisely represent those
effects when the strand is located inside the Litz wire with plenty of strands nearby it. It is
necessary to solve for Maxwell equations representing ¢ch&lalLitz wire; however, it is
possible only in Litz wires with few stran{9]. And it gets quite complicated for Litz wires
with hundreds or even thousands of strands. Therefore, thealinconcept in a periodic
arrangement of strands is used to analyze the strand eddy currenf8&sg34], [95], [96],

and [97]. Reference[93] used elementary cellotated in a squaifeacked periodic
arrangement of (Litz) wirg94] used the similar concept for a rectangular packed strands of
Litz wire, [96] applied this oncept for an arbitrary conductor cross section and pad@np,
chose the foil elementary cell to represent hexagonally packed wires, and @&}, ithe
elementay cell was explicitly selected for a hexagonally packed wires d99h In this

work, we study the Litz wire coatestrand in a squafeacked periodic arrangement, and
perform a comprehensive analysis of the effasftsvarious conductor size and coating
properties on the skin and proximity losses inside Litz wire.

Strand unit cell concept analysis requires boundary conditions (BCs) that resemble any strand
in actual Litz wire. For proximity effect, the BCs for magnetield not only forms the
derivation method of proximity resistance, it also contributes to the loss expression. In
uncoateestrand Litz wire, internal field expression can be determined analytically, and is the
idea behind many researchers to define fheximity resistance derivation method
accordingly[93], [94], and[100]. In coateestrand Litz wire, such expression for internal

field, if exists, barely has a simple general format. The strandsiform electromagnetic
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properties leave a general expression for internal field out of simplicity. Therefore, we
propose a new method of calculation for proximity effect resistance of a coated strand in Litz
wire that accommodates simple systematic analytical calculation of proximity loss. Proximity
resistance being determined, the internal field inside cesttadd Liz wire is studied and an

expression for field that contributes to the proximity losses is derived.

The proximity loss is due to the field from nearby strands (internal proximity) and field from
nearby turns (external proximity). The orthogonality betweaaternal and external
proximities simplifies the analysis of eddy current losses in the Litz wire. For uncoated
strand Litz wire, the orthogonality between these losses is discusfed explaining the
requiring conditions. In this chapter we also show that, by satisfying some conditions, the
orthogonality between internal and external proximities holds in caitedd Litz wire as

well.

We continue the discussion of skin and»mity effects for an isolated coatsttand in the

next section. The full analysis of various coting material properties such as size, permeability
and conductivity on the skin and proximity resistances are investigated. The-stvatetis

then broughinto Litz wire by considering the effect of nearby strands on the eddy current
losses. A new method is proposed for the proximity resistance calculation of-stratel
followed by Litz internal field discussion. Several coaséréind Litz wires are conaped and
investigated for different values of frequency and Litz fill factor in an application example.
In an additional application example, we perform three types of (un) esitad Litz wires
design, analysis, fabrication and characterization. Ufiirgexperimental measurement, we

verify the accuracy of the proposed method in this chapter.

5.1 Skin and Proximity Analysis of Isolated Coatedstrand

In general, a conductor carrying a time varying current or being exposed to a time varying
magnetic fiel will have eddy currents induced in it, governed by Maxwell Partial
Differential Equations (PDESs). Division of the losses due to the conductor current (skin

effect) and the exposed magnetic field (proximity effect) can simplify the analysis of total
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eddy current losses, especially for Litz wires with large number of strands. For a current
carrying conductor having an axis of symmetry, exposed to a time varying external magnetic
field perpendicular to this axis, the skin and proximity effect current desistiow relative
reciprocal even and odd symmetries, respectively, and their associated losses are orthogonal
[59]. We use this orthogonality principle to analyze the skin and proximity effect losses of

isolated coatd strand.

5.1.1 Isolated Strand Skin Effect Analysis

The MQS model of Maxwell PDEs is used for a linear, isotropic, homogenous and non
dispersive material to calculate the associated skin effect loss in an isolated conductor. The

infinite long conductor arries a sinusoidal

- Skin Effect BCs

Coating

,,,,,

Coating

Proximity Effect BCs

Fig. 537: Skin and proximity effects problem domains for isolated-layer conductor.

time varying current with angular frequencyxf The conductor is centered at the origin of
2D cylindrical coordinate systerijg. 537. The elliptic Poisson equation for current density
J in the nagnetizable and polarizable conductor with conductivignd permeability of
was derived in chapter 3. Having the total current in the condyciod the applied electric
field in the conductoEy, the permeter internal impedance of the thayer round conductor

is derived according t@o o o)
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Fig. 538 Skin effect resistance of coatsttand compared to identical copper one &8 90

We investigate the behavior of internal resistance of isolated coated and uncoated conductors.
The main conductor is copper and the coating geometrical and electromagnetic properties
effects on the internal resistance are investigated. The frequencyitatierds selected to

be atp & @ "Oqwith parameters variations to be in the stt¢he-art industrial rangeFig.

5.38 shows the ratio of skieffect resistance for the two types of strands. It can be observed
that a more conductive and not magnetic coating can reduce the skin effect resistance of
coated strand compared to solid copper of same radius. The reason is that the induced eddy
currentsare slightly shifted towards the more conductive coating and leave the total loss

lower. However, for the same coating material but with p 11,1the eddy currents inside
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the coating layer are quite high and the total skin effect loss is couple of times bigger than the
nontcoated strand. For lower conductive and -nmegnetic coating materials, the induced
eddy currents are shifted inwards, leaving the total resistance higher compared to solid
copper strand. Eddy currents are hugely distributed at the outer edge of ¢oatiower

conductive but magnetic coatings, which makes the skin effect resistance increase.

The goal of this paper is not to give general conclusions over the entire effects of coating size
and properties on the conductor losses for optimization psassi can be done having the
proposed method. The goal is to lay a fundamental understanding of-stratedt Litz wire

and a proper design method. For the range of properties investigated in this chapter, it can be
concluded that the nemagnetic coatig can reduce the skin effect resistance when it is more
conductive than the identical solid copper strand. For magnetic coating, the skin effect
resistance is higher than the solid copper conductor; however, it is small for less conductive

thin coatings.

FEM simulated distribution of eddy current loss over the coated strand for different values of
coating conductivity and permeability is visualized Rig. 539. It can be observed that
magnetic coating steeply distributes the eddy current loss towards the coating edge while for
norrmagnetic coating the distribution is more uniform. It can also kerebd that the more
conductive the coating, the less loss inside the inner conductor and the more loss inside the
coating layerFig. 540 shows the @dy current density distribution in the conductor for two
various coating properties: the more conductive and nomagnetic coating, and 2he less
conductive and magnetic coating layer. For a fair visual comparison, the current density color

legend isnormalized for both figures with the same range of values.
5.1.2 Isolated Strand Proximity Effect Analysis

In proximity effect analysis, the problem domain is composed of three regign$37. The
two conductor layers bound with concentric surrounding layer having Dirichlet boundary
conditionO wset at its outer edge. The surrounding layer is assumed to be air although the

analytical solution cabe modified for other materials. Magnetic vector potertiel used as
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the main PDE parameter due to its-ditectionality in cylindrical coordinate system,okU

The Poisson equation for magnetic vector potential was derived and solved in chapter 3.
Having® in all regions, the induced current density is calculated to determine thmiper

of length dissipation in the two layers:

P =

prox ZSL “:ﬁ‘ ds +_ ‘J h qg (5.1)

2@52

sz

The proximity effect resistancepfsx for an isolated conductor is then defined as

Pros = 5 G- (5.2)
As was discussed in chapter 3, the solution to the current density and magnetic vector
potential in skin and proximity effectanalysis contains (modified) Bessel functions.
Depending on the conductor properties and frequency of excitation, the (complex) argument
of these functions might vary from small to very large values. The behavior of the (modified)
Bessel functions undehése ranges of values were discussed in chapter 3, and it was
concluded that the approximation of these functions at large values is not necessarily enough
to stably find the solution for the skin and proximity resistances. For datweo round
conductorto the best of knowledge of author, there is no approximate solution for skin and
proximity resistances. For the range of coating properties, frequency of excitation, and strand
size in this work, the skin effect resistance analysis results in stables resing (modified)
Bessel functions. However, the proximity ef
portion of (modified) Bessel functions and the field solution is not convergent. Therefore, we
use FE method, though not faster, to analyzedbnductor proximity effect. FE analysis,
converged stably, is a reliable means of analysis. The validity of the FE method and its
accuracy has been well investigated in literaf86, [87] and the solution convergence has
been analyzed if87] for a general COMSOL problem when the analytical solution either
exists or not. The minimum of five meshing elements per sépihdis satisfied through the

various regions in the FE analysis.
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Fig. 541: Proximity effect resistance of coatsttandcompared to identical copper one a8 3

Fig. 541 shows the proximity resistance ratio of coated strand compared to solid copper one
of same outer radius. The frequency of excitation and ranges of coating geometrical and
electromagnetic pragties are identical to those for skin effect analysis. An obvious change
compared to skin effect resistance is that themagnetic but more conductive coating does

not necessarily reduce the proximity loss compared to identical solid copper conductor; i
does so for large conductor sizes. The opposite behavior holds fenagmetic but less
conductive coatings. The reason is that the more conductive coating can be helpful in
reducing proximity losses when it can shield the EM field from penetrating tihet main

conductor. This happens through the skin depth region of the coating when the conductor is
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couple of times larger than its skin depth. When the conductor size is about its skin depth, the
loss inside the coating layers determines the dissipation in total: the more conductive coating,

the more induced eddy current and loss in it, and vice versess conductive coating.

The effect of magnetic coating layer on the strand proximity effect is also obserk&g in

541 The less conductiveoating layers have the potential to reduce the proximity resistance
of the conductor. It is also observed that for small conductor sizes, the magnetic coating
reduces the proximity loss, even for the mooaductive coating layer. The less conductive
thecoating, the more reduction in proximity loss. The reason is that the coating layer absorbs
the field flux and blocks it from penetrating the inner conductor. But, for large conductor
sizes, the magnetic coating no longer reduces the proximity loss dafegsite small
coating thicknesdgrig. 542 shows the distribution of the induced eddy current loss across the
conductor radius over horizontal axisg. 543 shows the current density distribution for two
coating properties: -1the less conductive and nomagnetic coating, and-2the less
conducive but magnetic coating layer. For the purpose of fair comparison, the color legend
in the current distribution is normalized to the same range of values for the both types of
coated strands. The effect of magnetic coating layer absorbing the fieldstgaiiéd inFig.

543

5.2 Skin and Proximity Analysis of Coated Strand inside Litz Wire

In Litz wire, each strand occupies all the positions insidewire over a full twist. This
twisting phenomenon makes each strand carry the same amount of current and have same
amount of eddy current loss induced in it. Having orthogonality principle [&8id the loss

in eaxh strand is divided into skin and proximity effect ones. The proximity loss is due to the
magnetic field of nearby strands (internal field) vector summed with field of nearby turns
(external field). In this section we study the proximity loss due to argéfield and discuss

the conditions for orthogonality between internal and external proximity losses in the next
section. We also study skin and proximity losses in the strand level and neglect the bundle

level ones as they can be mitigated by the metimoehtioned if56].
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The previously derived skin and proximity effect resistances of caatedd are based on

the isolation of the conductor. If there is another conductor nearby, even without any net
current insdle it, the Maxwell equations need to be solved considering the effect of that
nearby object. The nearby object, depending on its size, electrical and magnetic properties
can induce eddy currents which change the magnetic field and leads to variatioveiamdt
reactive energy components of the main conductor. This phenomenon exists in Litz wire as
there are plenty of nearby strands inside it to influence the skin and proximity effect
resistances of individual strands. Therefore, it is essential to eortbie effect of nearby

strands on both the skin and proximity effects of each individual strand.

To accurately understand the effect of nearby strands on each specific strand, it is necessary
to solve for the Maxwell equations representing the actual Wte. However, since the

actual analysis of Litz wire with large number of strands is complicated, the repeat unit cell

in a periodic arrangement concept is used to analyze the skin and proximity effect losses of
each strand93], [94], [95], [96], and[97]. In this work, we study the Litz wire strand in a
squarepacked periodic arrangement, and the elementary cell is a square with the strand in its
center filled the cell area by the Lit fill factor. We also study the strands in one laye
assuming identical variations over each |g9&i.

5.2.1 Litz Wire Strand Skin Effect Analysis

Fig. 544a shows the quadrant of unit cell simulation domain of Litz wire strand along with
its BCs for the skin effect analysis. The Neumann even symmetry is selected on top and
bottom boundaries to represent identical variations between layers. The Diricdlet od
symmetry is imposed at the cell side boundary by setiintp zero. These boundary
conditions can be implicitly achieved by infinite array of strands having identical but
alternating current direction over each column of strg@8k Due to symmetries of current
density and magnetic field in the elementary cell, only a quadrant of the unit cell is simulated.

The Litz fill factor determines the square unit cell side length for a given specific strand.
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Fig. 544: Coatedstrand unit cell boundary conditions.

The Poisson equation for is the governing equation in the unit cell. Having the boundary
conditions, magnetic vector potential can be found via various methods such as Finite
Volume [93], or FEM[95]. In this study, we apply FEM to solve for the magnetic vector
potential, magnetic field and current density in the unit cell. Having the current density in
each layer for a given external currénthe total sk effect loss and resistance are calculated
according to:

gkin:%iwg\ﬁf dsig‘%ﬁoﬁ% R.(b) 1. (5.3)
As an example, by having the strand outer radius the same as copper skin depth at
P& @ Oq(p U &) and the coating thickness p& X a(mi ), the skin effect
resistance for three types of strands inside Litz wire are anallfgpds45 shows the skin

effect resistance of noval copper (Cu), silvecoated copper (Ag/Cu) and irmoated copper
(Fe/Cu) strands versus Litz fill factdr The silver is assumed to be nmragnetic with
conductivity ofe®y 0 "Ya (p8ty ), and the permeability of iron is set to be 100 based on

the measurements done [@6] using vibrating sample magnetometer (VSM). It can be seen
that the resistance of Fe/Cu strand is higher than Cu one, and the Cu strand resistance is

higher than the Ag/Cu one; this behavior can be traced backimt638. The Ag/Cu strand
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resistance, unlike the Fe/Cu one, is quite close to the normal pure copper one. Effect of Litz
fill factor on the skin effect resistances of the three strandsassaown inFig. 545. It can
be seen that the resistances all increase but with quite fixed trends versus fill factor, with the

Fe/Cu one having thHeast change.
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Fig. 545: Skin effect resistance of three Cu, Ag/Cu and Fe/Cu strands vs. fill facto8at 4 3

5.2.2 Proximity Effect Analysis

To address the effect of nearby strands on the proximity logd<#¥, and[81] studied the

effect of reduction in proximity loss for a normal Litz wire by including a fill (porosity)
factor to the solated strand proximity loss expression to approximately account for the
packing of strands and namiformity of magnetic field in a porous material. This method
cannot be used in coatstrand Litz wire because of two reasons: first, the effect of gearb
strands does not necessarily reduce the proximity loss, and second, the exact effect of nearby
strands on the proximity resistance is not explicitly known. The latter reason was the
motivation for[93], [95], [97] and[99] to study the effect of nearby strands on the proximity
resistance using the conteyf strand unit cell instead of analyzing the actual Litz with all

strands inside it, which is accurate but more complex.
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Similar to skin effect analysis, the unit cell concept is applied for an infinite spaaked
periodic arrangement of strands. Dbtain proximity effect results, Dirichlet boundary
condition for magnetic vector potential is selected over the lines in the middle of gaps
between columns of strand93]. This enfoces even symmetry for the magnetic field
between columns of strands and makes sure the net current in each strand98]zErg.

5.44b shows the quadrant of strand unit cell with its BCs accounting for proximity effect
analysis. The Neumann boundary condition for magnetic vector potential is set for the top
and bottom bouraties to represent identical variation between layers, and Dirichlet one for
the side boundaries. Odd symmetry exists over a line in the middle of conductor and parallel
to the cell Dirichlet BC.

The solution for Poisson equation®f, defines the maggtic vector potential in the unit cell.
Having the boundary conditions, the field solution can be determined using exact analytical
solution, approximate analytical solutidB0], analytical approximation fitted by FEM
simulation[94], or solely numerical methods such as Finite Elerf@8ijt and Finite Volume

[93] methods. Referenci80] used equivalent foil 1D analytical solution for the round
conductors in one column. The first approach was to replace round conductors with square
ones of same cross sectional areddtermine the foil thickness, and then matching the DC
losses of the winding with equivalent foil using porosity factor. Referf¥jemodified the
proximity loss method ifi80] by curve fitting of unit cell FEM results and determined a look

up table for the losses followed by closed formul§oBi. In this study we use the FEA as an
accurate reliable method to derive thduned eddy current and power loss inside the strand
for a given Dirichlet boundary conditiofy. Having the proximity loss calculated by (5.1),

we revise the definition of proximity resistance for coated strands according to

p =lc _(mr, (5.4)

prox 2 prox

in which™O is the line average &® over the unit cell side lengthat  ‘QI¢. It has only a

real component provided by phase adjustment of comiiedA;o. It can also be realized

that for bw filling factors, the revised definition of proximity resistance is quite close to its
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definition presented for isolated strands (5RYy. 546 shaws the proximity resistances of

the three types of strands versus Litz filling factor. An obvious trend is that the proximity
resistance of Fe/Cu strand increases versus fill factor while those of Ag/Cu and Cu strands
decrease. The reduction of resistafmenormal strands has been shown in several papers
such ag94] and[100] as the decrease of proximity loss due to field-notiormity. For
moderate filling factors, there is a high percentage of reduction in proximity resistance when

using Fe/Cu strand; however, for tightly packed Litz, it barely has gain compared to the other
two types of strands.
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Fig. 546: Proximity effect resistance of three Cu, Ag/Cu and Fe/Cu strands vs. fill facto8at - g0

5.3 Determination of CoatedStrand Litz Wire Rac

Due to twisting, each strand sees a same amount of magnetic field over a large enough length
of Litz wire. This magnetic field is the vector summation of external and internal fields.
Since the external magnetic field depends on the complete structure of inductive system, we
initially focus on the internal proximity effect. Based on that, we discussrthegonality

between internal and external proximity losses in (un) cesttaad Litz wires.
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Having Gprox from the unit cell concept, tH® of a unit cell of a Litz wire under study is
required to find the proximity loss for each strand. Accurately determining this field average
can be complicated in some types of Litz wire. We start from a general expression for the
internal magnetic fieldrad stepby-step discuss the conditions and approximations required

to determin€O in both types of Litz wires.

For a solid round conductor with radiusiof and a current with magnitude bfflowing

through it, the radially dependent low frequendginal magnetic field strength is:

rl

H, (r)= E. 5.5
t( ) zprsz ( )
And its squared spatial average would be
<‘H (r)‘2>: 1 2P TLa, rI zgdrd/ _ |2 . (56)
N =2 B Y T

The required conditions for (5.6) to be valid for a Litz wire with radiud ofire that,
depending on fill factor, the size of each strand needs to be much smaller than the size of Litz
bundle. And, the Litz bundle strands are magnetically and el@tgrianiform. These
conditions enforce the contours of magnetic field strength in the Litz wire close to concentric
circles with negligible radial notches. A normal Litz wire with quite small solid single
electrical strands satisfies these conditions.omtedstrand Litz wire, due to neaniformity

of electromagnetic properties of strands over the bundle, the magnetic field contours may
deviate from circles and the expression above for internal field would no longer be valid. By
neglecting the effect ofigh frequency induced eddy currents on the main field in a normal
Litz wire, (5.6) approximately represents the squared of field average over unit cell area. This

was the motivation fof93], [94], and [100] to define the proximity effect resistance of

normal Litz wire strand according -'@ T 'O. In whichG @ox is determined

by the unit cell method setting the real valued Dirichlet B@ as ‘ -"0O. The idea
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behind this method is that the spatial average of magnetic flux density in boundary valued

problem domain oFig. 544b is known as

_ . -2 .
(B)=(B)E {B) K = Al (5.7)
from which 0 can be set based @ for normal Litz wire, andO can be approximated by
(5.6). It was shown earlier that unlike in uncoasé@nd Litz, (5.6) is not necessarily valid
for coatedstrand Litz wire, and to the knowledge of author there is no other existing

expression as well. Therefore, we revised the ndefn for proximity resistance to
accommodate analytical calculation of proximity loss in ceateahd Litz.

Using Amperedos | aw, the azimuthal average

carrying currentl, at a specific radius betweentwo adjacent strands;ig. 547, can be

approximated by—. And its squared discrete surface average is defined as

20 .. é r.l 26 .
A de = dDd/
nzo S ST (5.8)
Zpa r,Dr
J
For small size of strands, (5.8) would be very close to (5.6) according to
2o I”
H=o 5.9
L g (5.9)

Having Gprox being determined, (5.@ontributes to the proximity power loss of each strand
inside the Litz wirep -'O 1 'O. Therefore, the total AC resistance of coated

strand Litz wire can be determined from (5.3), (5.4), and (5.9) according to

1 n
RAC :n_s Rskin(b) W Gprox( b (510)
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Fig. 547: Approximation of field variation in magnetoplated Litz wire.

In a normal Litz wire, assuming the internal field to be in the azimuthal direction depending

only on radial variationsO i ¢, and the external field to be constant (with any direction)
over the Litz bundl€® 'O w O « theinternal and external proximity losses are
orthogonal and can be calculated separdtgh]. As the total field over strand i®

© "® , its squared surface averagentributes to each strand loss after a full twist

according to

I:iext = H ext >£ +H ext- ﬁ
Hi (1) =H,, ()VE =H,, [)sin())E Ht, £ )cos( jE
|:ist = I:iext -H:iint(r)

- (A= (Fd) L)) (@ P, ©cost ) BB O)sing )

Since the azimuthal average of sine and cosine terms over a full circle is zero, (5.11) is

(5.11)

— =) == (:

simplified to

-~ 12 — 2 - 2
() =(Fd) {Faof). 5.12)
If the external field is not uniform over Litz, the vector summation of total field needs to be
determined58]. In coatedstrand Litz wire, if the external field is constant betwksrs of

strands (not necessarily over the whole bundle) and the radially dependent internal field in

the azimuthal direction, we conclude that internal and external proximity losses are
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orthogonal. It is because in the discrete surface average of squageetic field (5.8), the

azimuthal average of sine and cosine terms over a full circle is zero.

5.4 Application Example 1: Design of Ag/Cu and Fe/Cu Coate8trand Litz Wires

So far, the skin and proximity effect resistances of coated and uncoated sisaeld itz

wire are determined using the concept of unit cell. When these types of strands are brought to
an actual Litz wire, the number of strands and packing intensity determine which loss
category is dominant. This effect is illustratedrig. 548 as the AC resistance of Litz wire is
determined based on the resistances of each individual strands versus Litz fill factor. The
outer diameter of the Litz is selected to @& & & and is operating gh & @ "Odof
frequency. The three types of Cu, /&g, and Fe/Cu strands used in previous sections are
selected to form the Litz wires. For any fill factor, the number of strands for the three Litz
types are the same as the strands have the same size. The compromising between skin and

proximity factor isobvious for the Fe/Cu Litz wire compared to the Cu Litz.

Litz diameter = 1.2 mm @ 13.56 MHz

1.2{-n =116 ______

0.8

Ry (Q/m)

0.6

0.4 Actual Litz FEM Simulation

Fe/Cu strand
0.2

8.1 0.2 0.3 0.4 0.5 0.6 0.7
Fill Factor ,B

Fig. 548 AC resistances of the three Cu, Ag/Cu, and Fe/Cu Litz wires vs. fill factoréat 4 g0

By analyzingFig. 545, Fig. 546 andFig. 548 for small, moderate and high fill factors we

can say that for small fill factors, although proximity resistance of Fe/Cu strand is much
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smaller than identical Cu one, the skin resistance is higher. Thedsitgthnce of Fe/Cu Litz

is very close to the normal one as the skin and proximity effects contribute evenly by
cancelling their gains. Going higher in fill factor, the skin resistance of Fe/Cu strand slightly
increases,Fig. 545. The proximity resistance, however, increases shaipiy, 546,
although it is still lower than the Cu strand proximity resistance. For moderate fill factors, the
proximity effect starts to get dominance over skin effect and the total resistance of_ke/Cu
wire decreases compared to Cu Litz. This reductiom ¢gskat fill factor off T™@®. For

larger values ob with dominant proximity effect, the proximity resistance of the Fe/Cu
strand does not show much of improvement over Cu stlagd548. The Agcoated strand
shows little improvement for skin effect resistanEgy. 545; but, it slightly increases the
proximity one compared to Cu strarielg. 546. As can be seen iRig. 548, the total AC
resistance of Ag/Cu Litz wire is very close, and slightly higher, than Cu Litz resistance. With
a further look back orfrig. 538 and Fig. 541, it can be observedat Ag/Cu strand can
decrease both skin and proximity effect resistances for larger conductors compared to

identical copper strand.

As it is a good method of accuracy checking by having experimental measurement results,
the designed Litz wire in this section are quite ahead of industrial manufacturing point due to
quite small strand sizes. The AC resistance of Litz wire with 8 Fef@ndst was measured

by [89] and showed improvements over normal Litz wire. The method proposed in this
chapter shows its significance for Litz wires with large number of strands as theigaimer
simulation of the Litz wire, as a whole, gets complicated. Therefore, to sanity check our
method, we took the three Litz wires above and draw them, dstiasttand, inside FE
package. We did this for several Litz wires with various geometries @ed tf strands as

well as excitation frequency. The results show excellent matching between our proposed
method and the actual Litz wire simulatidig. 549 shows the low frequency (DC) and high
frequency p & @ ‘Od FEM simulations of the actual Litz wire under study. The FEM
simulation of the norm of magnetic field strength in the Cu and the Fe/Cu Litz wires with
number of strands of and fill faar of are illustrated ifrig. 549.
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Next, we selected the three types of Litz wires with fill factdr of @ 1 & ¢ o Tand
performed frequency sweepig. 550 shows the frequency responserag for the three Litz

wires. For frequencies abopa) "O@the Fe/Cu Litawire shows improvement compared to

Cu Litz. However, for lower frequencies, the Cu Litz has loR&t. The reason is that the
strand lower conductive coating shows its disadvantage in DC resistance, compared to Cu
strands. The Ag/Cu Litz wire h&Rac very similar to Cu Litz wire. There is also a good
match between the actual Litz FEM results and our proposed method of (5-id)550.

freq(1l)=1 Surface: Magnetic field norm (A/m) freq(l)=1 Surface: Magnetic field norm (A/m)
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Fig. 549: Norm of magnetic field strength surface plot at low frequency argl 3 or the Cu and Fe/CL

Litz wires with fill factor of 1 8 ande-, . The total of current =is fed thorough the Litz wire.
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5.5 Application Example 2: Design of Ag/Cu and Ni/Cu Coate&trand Litz Wires

So far in this chapter, the design methodology for designing cstiged Litz wire has been
investigated. There are three methods to analyze a es@#ed Litz wire such as the
proposed unit cell method, complete Litz FEM simulation, and experimere@éurement.

The Fe/Cu Litz wire designed in the previous sections showed improvement in the AC
resistance compared to the same size Ag/Cu and Cu Litz wires. However, since the radius of
the Litz strand were as small as the Cu skin depph@t @ "Odp ® U 0, the fabrication

of such Litz wires were so complicated. In this section, we design, analyze, and fabricate
three (un) coatedtrand Litz wires, and verify the proposed method through AC resistance

measurement.

5.5.1 Coating Layer Thickness Measement Using SEM

To further study the coated strands behaviors, three strands of pure copper (Ctooatkeer
copper (Ag/Cu), and nickedoated copper (Ni/Cu) are selected. The Ag/Cu and Ni/Cu
strands are picked out from M22759/11 and M22759/8 stracmisdiictors, respectively. All

three strands arp @ Ttdin diameter ¢ 1© w P To determine the Ni and Ag coating
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thicknesses, we performed a metallographic mounting and polishing of multiple of the three
conductor samples, and performed Scanning Electr Mi cr oscopy ( SEM) of
cross sectionskig. 551a-c. The zoomed SEM pictures of the strands cross sections are
presented irFig. 551d-f. Since the atomic numbers of Ni and Cu are close to each other, the
Ni coating layer inFig. 551c andFig. 551f is hardly visible. Therefore, using lirscan
composite recognition, the average thickness of the Ni and Ag coatings are measured to be
p& ' a( p mpandpd‘ a( p 1 IR respectively. Silver conductivity is selected to be

@ @ "Ya (p8ty ). Nickel conductivity and permeability, at radio frequency, are the focus

of researchers; and, their exact values depend on the coating utyif@emai Ni purity.
Besides that, Ni permeability depends on the frequency and magnetic field strength. We use
the studed data provided bji01] and[102] to find,, p @0 "Yah(m® ¢ ). We also

curve fitted the'  data provided by91] and[103] at frequencies betwegn ¢ 1 "Odo

determiné wiQ & o ®hin which"Qs ind "O&

a) Pure copper strands SEM b) Ag/Cu strands SEM c) Ni/Cu strands SEM

d) Pure copper SEM e) Ag/Cu strand SEM f) Ni/Cu strand SEM
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Fig. 551: The SEM image of =3r q( H O diameter) multiple strands aj pure Cup) Ag/Cu, anck)
Ni/Cu strands. The zoomed SEM image of= 5 qsingle strand ofl) pure Cug) Ag/Cu, and) Ni/Cu
strands. FE simulated skin effect current distribution (normalized) across ther 110) pure Cuh) Ag/Cu,

andi) Ni/Cu strands carrying=at 8 3 * FE simulated proximity effect current distribution
(normalized) across the =g 3j) pure Cuk) Ag/Cu, and) Ni/Cu strands exposed to=f1 uniform field

at 8 4 5 siny-direction.

Fig. 551g-i show 2D FEM skin effect current densities of the three conductors, each fed with
p 0 of current ap & @ "OdAs can be seen ifig. 551h, the Ag coating forces the induced
current to shift slightly towards the coating layer, leaving the total skin resiste@cg{fd )

lower than pure copper strand omegd( anjfd ). The Ni coatindayer inFig. 551i, however,
slightly shifts the current to the inner layer while having a steep increase in current density in
the coating layer. Térefore, the Ni/Cu skin effect resistanc@) anfa ) is higher than that

of pure Cu strand.
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Fig. 551j-I show the proximity effect current densities of the three strands expopedféo

field strength in the 3axis direction ap & @ "O¢ A noticeable trend is the reduction in
proximity resistance of Ni/Cu strand& wngx ) compared to Ag/Cur@xp‘ ngx ) and Cu

(& U ng&x ) ones. The reason is that the Ni layer absorbs the field from penetrating,

reducing the eddy current density, in the Cu layer.

5.5.2 Skin and Proximity Resistances of Coated Strand inside Litz Wire

Fig. 552 shows the skin effect resistance of the pure Cu, Ag/Cu, and Ni/Cu strands vs. fill
actor,b derived from (5.3). At low fill factors, similar to isolated conductor, the Ni/Cu strand
has the highest value &%in, followed by pure Cu and Ag/Cu strands; this behavior was
discussed in the previous section. As thencreases, the resistances altrgase. An
important trend inFig. 552 is that the Ni/CuRskin cChanges slower than those of other two
strands, similar tdig. 545. This behavior is due to the Ni/Cu high permeable coating layer
which shields the interactions between adjacent copper conductors at dense fill factors. This
leads to laver Rs«in for Ni/Cu strand, compared to other two, at high fill factors. Therefore,
the fill factor is an important design parameter for the improvemeRtaf Knowledge of
proximity resistance behavior vs. fill factor can help further to understandetiavior of

coatedstrand inside the Litz wire.

Fig. 553 shows the proximity resistances of the three types of strands versus Litz fill factor,
derived from (5.4). An obvious trend is that all proximity resistances decresbawever,

Gprox Of Ni/Cu strand changes slowly. This is in contrast with the behaviéign546 in

which the Fe/Cu proximity resistance increase$® \end this increse is faster compared to
those of Ag/Cu and Cu strands. Therefore, the increase in Litz fill factor can either decrease
or increase the strand proximity resistance. FFaga 552 andFig. 553, it can be observed

that the Ni/Cu strand is beneficial at high fill factors regarding the skin effect, and at low fill
factors regarding the proximity effect. Therefore, depending on théndape of either skin

or proximity effect inside a Litz wire, there would an optimum fill factor that minimizes the

total Litz loss (skin and proximity).
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Fig. 553: Proximity effect resistance of three Cu, Ag/Cu and Ni/Cu strands vs. fill fago@atp "Od

5.53 Coated-Strand Litz Wire Fabrication and Experimental Verification

In this section, we measure tRgc of the three types of strands (Cu, Ag/Cu and Ni/Cu) in
both isolated in free space, and packed inside a Litz wire. Then, we compare the measured

results with the FEM ones in case of single strand, and with the propeskeddmof (5.10)
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and complete Litz EM simulation in case of coatesfrand Litz wire. We use the modified
RF |-V two-port shunithrough measurement technique to find B of the conducter
undertest (CUT),Fig. 554, [104, 105] The sc#ering parameter transmission coeffici&nt
is measured between the input and output porBighf554 using AP Instrumenfsmodel
300 Vector Network Analyzer (VNA). A througime response calibration is performed with
no CUT in place (open circuit) between the two shunt attenu&arg;hen, with the CUT in
place, thes: is measured and thteur is determined according to

Zoin =%%, (5.13)
in which Ry is the resistance the CUT sees from each &fdes'Y & . TheRssconnects
the transmission lines, TL, (with characteristic impedafgefrom the VNA ports to the
measurement point. The shunt resistBgs are used to reduce the parasitic impedances
between the calibration and measurement p§irit4]. The value oRsnis selected to reduce

the sensitivity of VNA and TL impedance mismatches by domin&na@nd to reduce the

sensitivity of measure8:. Since the two VNA ports share the same ground, a ferrite bead is

used onboth input and output TLs to reduce the errors caused by TL braid resistance and

parasitic currenfl06].

Calibration points

Z Re K A

e S - WT———
50 M 49.9 m | |
e R % Zan|| | SRa VNA
Input 299m T - T499m | output

Fig. 554: The modified tweport RFI-V circuit for Zcytr measurement.

Since the RF-V method presented #rig. 554 is accurate for fraction of an Ohm impedance

values measurement, any small CUT inductance (including strand internal and parasitic

inductances) can cause significant reactances at-Mtilti frequencies. Therefore, we
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resonate the CUT to accurately measiin@Rcur at any desired frequency. To do so, the
CUT wire samples are formed in a loop (with large enough diameter to neglect the loop
curvature effects), and resonated using high quality faQprcéramic capacitors witkp-
factors above 2000 fa@r ¢ 10 "Oq which accounts for a small percentage in the measured
Rour.

Isolated Strand Rac Measurement: Using the method presentedhig. 554, theRac of the

three types of strands are measured for various frequencies in the range ab "OdFig.

5.55 shows the measurd@c values compared witthe FEM results. Although there is a
good match between the FEM and measurement results, there exists a difference between
them which is investigated to be due to the capacitors lin@@ddctor and the strand
connection resistance. For exampley & & diameter loop of Ag/Cu strand has a reactance
value ofc @ matp & @ "OdaFor resonance, a ceramic capacitor \@thf 2000 would add

L @ nMfda to the Ag/Cu strand resistance as is observeeign555. Another trend inFig.

5.55is that the Ni/Cu strand measured and FE analiRzedalues vary differently vd. This

can be due to Ni coating impurities, Roniformity and effect of magnetic field on its

relative permeability.
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Fig. 555: Measured and FE simulat&dc of isolated Cu, Ag/Cu and Ni/Cu strands versus frequency.
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Coated-Strand Litz Wire Rac Measurement: As the strands are brought in to a Litz wire,
the number of strands and the filling factor determine which loss category, skin or proximity
effects, is dominant. Iirig. 556 this effect is illustrated for a Litz wire with o x Fig.

5.56 presents the AC resistance of the Cu, Ag/Cu and Ni/Cu a¢eatend Litz wires
determined based on the proposed method in this chapter, (5.4), and compared to complete
Litz wire FE simulation. It is observed that at very high and low fill factors, the Ni/Cu Litz
wire behaves similar to Ag/Cu and Cu Litz wires. SThehavior is traced back Eg. 552
andFig. 553. At moderate fill factors, with a dominant proximity effect, the Ni/Cu Litz wire

is beneficial in reducing the resistance; the maximum reducti®adreompared to Cu Litz

is¢ @ Rtf 1™®. The Ag/Cu Litz has similar performance compared to Cu Litz for low
moderateb; however, it reduceRac up too Patf T

According toFig. 556, the accuracy of the proposed method for determination of coated
strand Litz wireRac is quite high up tb @, compared to complete Litz FE simulation.

This is due to the fact that the posed method is based on unit cell concept for infinite
number of strands. However, a Litz wire with o Xpartially satisfies this assumptidrg.

5.57 shows the magnetic field strength across the three Litz wire cross sections at a point
along their length. It can be observed that not all strands represent thesapiaa unit cell
packaging. We investigated that the accuracy of the proposed dmnethdd significantly
increase for larger number of strands as the strand packaging is more similar to the presumed
unit cell domain. This would be a potential calculation method for large number of strands as

the complete Litz FE simulation would be todensive.

To further verify the proposed method for coastdnd Litz Rac determination, we
fabricated the three Litz wires used in the simulation of this section. The pure Cu, Ag/Cu and
Ni/Cu strands used in this paper are selected to form the Liesweach Litz wire has 37
strands. Using clear setgloss Polyurethane, individual Ag/Cu and Ni/Cu strands were deep
varnished to form an insulation layer bond to them. To keep the strand insulation thickness
uniform, the strands were passed through atemrforce polish pads. The pure Cu strand is

already enameled by manufacturer. The insulated strands were then twisted together using
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twisting machine to form the Litz wirdiig. 558 shows the three fabricated Litz wires. The
measurement setup f&xc measuring using the method presenteéigm 554 is shown in
Fig. 559.

0.8 | ;
=—Cu (Prop. Meth.)

—#-Cu (Comp. Litz FEM)
0.7 ---aAg/Cu (Prop. Meth.)
+-Ag/Cu (Comp. Litz FEM)
0.6 ~~"Ni/Cu (Prop. Meth.)

g -¢-Ni/Cu (Comp. Litz FEM)
e
IZ‘
N 0.4+ A
=
0.3
0.2 n = 37 ||
o @ 13.56 MHz
0'10 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Fill Factor, p

Fig. 556. Rac of the three (un)coatestrand Litz wires versus, comparison of proposed

method and complete Litz FE simulation.

A 33224 A 3306 A 25258

¥ 0.3103 ¥ 0.3988 V¥ 0.2547

a) Pure Cu Litz b) Ag/Cu Litz ¢) Ni/Cu Litz

Fig. 557: Normalized magnetic field (A/m) distribution in the 37/34 a) pure Cu, b) Ag/Cu, and c) Ni/Cu
wires carryingp © atp @ @ 'Ocandi  T@®FRE o X
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a) Pure Cu Litz b) Ag/Cu Litz ¢) Ni/Cu Litz
Fig. 558: The fabricated 37/34 &u, b) Ag/Cu, and c) Ni/Cu Litz wires with,

Fig. 559: Rac measurement setup using the tpart RFI-V shuntthrough technique.

Table 510 shows the measurd@xc values for the Cu, Ag/Cu, and Ni/Cu fabricated Litz
wires. The results are compared with the propdgedietermination method (5.10), and the
complete Litz FE simuladtn atp & @ "Od The fill factors are calculated by finding the
outer radius of Litz wire. It can be observed that the meadrredvalues are in a good
match, although slightly higher, with the proposed method and FEM simulation results. The
slightly higher measured resistance is due tdinditation in resonating capacitor-factor,
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Table 510: The measured and simulatgt of the three fabricated (un) coatstland Litz wires

aa 8 4 q
Cu Litz | Ag/Cu Litz | Ni/Cu Litz

rv (Litz outer radius) mm 0.6 0.7 0.62
ns (number of strands) - 37 37 37

b (fill factor) - 0.66 0.48 0.62
Rcut (measured) mm) i 654 584 621
ESRe ([r- ) mm7n | 40 39 41

Ruitz (measured) mm fn 614 545 580
Riitz (proposed method) | mm 608 500 535
Riitz (complete FEM) mm) 577 480 524

2- parasitic resistance between CUT measuring point and calibration point; &mel 3tz
fabrication errors. Thus, the proposed method in this paper can accurately determine the

coatedstrand LitzRac value where the complete FE simulation of Litz wire is extensive.

5.6Conclusions

In this chapter, we analyzed various effects of strand coating layer on eddy current losses of
Litz wire compared to a Litz wire with sars&ze uncoated strands. TRec of cotedstrand

Litz wire can increase or decrease depending on the electromagnetic properties of the coating
layer as well as its dimensions. The isolated coated strand was brought into Litz wire using
the concept of unit cell. A new method was proposedcébeulating proximity loss inside
coatedstrand Litz wire with plenty of strand inside. The new proposed method enables

systematic approach for calculation of total Litz resistance.

In an application example, threeg® U daradius Cu, Ag/Cu, and Fe/Ctrand were selected

and investigated to form the Litz wires. Effects of Litz packing factor on the skin and
proximity resistances were analyzed. The Fe/Cu strand showed an increasing trend in
proximity resistance versus fill factor unlike Ag/Cu and Cu retea resistances. The

dominance of skin and proximity effects inside the three Litz wire was investigated for a
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range of filling factors. The frequency responses of cestieohd Litz wires were determined.
It was concluded that gt @ @ "O@the Fe/Cu [tz wire reduces the AC resistance by b
compared to Cu Litz wire. Reductions of same range were observed for variousvihiati

frequencies and packing factors, verified by complete Litz wire FE simulation.

In another application example, thigat dradius Cu, Ag/Cu, and Ni/Cu strands were
selected, insulated and twisted together to fabricate the Litz wires. Effects of Litz packing
factor on the skin and proximity resistances were analyzed. All three strands showed an
increasing trend in proximity regance versus fill factor. The accuracy of the proposed
method was verified by determining the three coateand Litz wiresRac values using the
complete Litz FE simulation and measurements. It was shown that the Ni/Cu Litz wire can
reduce the dissipatis by reducing the proximity eddy current losses. The Maximum
reduction of¢ ¢ lvas observed in Ni/Cu LitRac atf &, compared to Cu Litz wire.
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CHAPTER 6 - Concentric Multi -Layer Tubular Conductor Design and Optimization

Inductive Power Transfer (IPT) systems have shown a great potential in variety of
applications; from tens of KHz frequency systems in Electric Vehicles (B9§)[43], and
[107] to mult-MHz applications in biomedical devices and consumer electrf2jcH], and
[31]. Induced eddy current losses contribute to a major portion of losses in IPT magnetic link

resonators.

At low frequencies, the loss can be mitigated by using Litz wif81], and[94]. However,

at multtMHz frequencies, Litz wire shows drawbacks due tothe need for very small
strands, 2 the high internal proximity due to uniform current distribution across the bundle,
and 3 the poor thermal behavidb5]. Twisting of insulated strands in the Litz wire
distributes the current and lossesfanmly in each strand. The uniformity of current density
across each strand happens for quite small strand dimensions, about the conductor skin depth.
For example, inthe ¢ 1™ "Odrequency range, skin depth of copper varies f@mh ato

aboutp T a. A Litz wire strand of similar size, if commercially available, would be cost
prohibitive. Besides the need for small strand size, the evenly distribution of current between
strands at such high frequencies comes with the cost of internal proximigs lassit
increases with frequency. And, adding the poor thermal conductivity of porous conductors,
the Litz wire barely would have a gain over conventional solid or tubular conductors at
multi-MHz frequencies. The AC losses, manufacturability, cost, aavdnidd properties of the

IPT resonator conductor build the main block of the objective for this work to explore for

new conductors to fulfill the required conditions for miMiHz frequency systems.

The problems mentioned above can be solved using foiluctoid, for example in (flex)

PCB coil [108]. Electredeposited copper foils with thicknesses as thin as several microns
(Cu skin depth i U Gatp & @ 'O9 are already commercially availableithiv
reasonable price. Besides that, the extended conducting surface area of the foil helps its
thermal behavior. However, as was showr{9@], a foil conductor is not at its optimum

layout when theurrent is flowing mostly in the foil edges. This is typically the casETn
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insulation

Fig. 660: Concentric multlayer tubular conductor schematic.

systems with field contours not parallel to the foil surface. Following the method presented in
chapter 4[90], it can be shown that the optimum layout for foil conductor (with thickness
about skin depth and far from its return one) is a tubular conductor. In this chapter, the
tubular conductor resistance is further improved by adding several insulated tubetar lay
inside it, similar td109], Fig. 660. As the layers are connected in parallel at teaisi each

tube thickness and the current flowing through it need to be optimized for thelayeiti
conductor to outperform the conductors mentioned ab@]. The reason behind this
optimizaton is that parallel connection of tubular layers force the current mostly flow in the
outer layers, and as will be shown later in this chapter, this leads to conductor AC resistance

even higher that the solid conductor of same size.

A rule of thumb in dinmishing the induced eddy current losses is to have the current
distribution uniform across the conductor. For conductors with multiple parallel connected
insulated filaments, this can be done by having each filament see the same net amount of flux
througlout the winding. Referend&5] covers the techniques for equal current (flux) sharing:

1- interchanging foil conductors using notches in bdoilcoil [110], or using vias in planar
winding [108], 2- rotating (twisting) the conductors in (rectangular) Uit21], and 3 using

passive elements such as balancing transformer or ballasting impedance.

In this chapter, we use the capacitive ballast in series with each layer to perform optimum

current sharing among the tubular layers. It will be shown that equal tshanng is not
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the optimum one in muHayer tubular conductor due the conductor structure. An optimum
current sharing is essential to determine the required current in each layer. Capacitive ballast
has an additional advantage of being integratedarctil inductor and bring the coil to the
resonance. This feature is beneficial in mM#z IPT highQ resonators as it can eliminate

the drawbacks associated with the external connection of compensation capacitance.

We continue this chapter by modelititge multilayer tubular conductor and determining its
equivalent circuit in the next section. Then, the conductor AC resistBagei§ minimized

and the tube thickness and the amount of current needed to flow in each layer are determined.
We use the capdive ballast method to force the desired current in each layer when all the
layers are connected in parallel. To verify the analysis in this chapter and the proposed
capacitive ballast, two application examples with design, fabrication and characierofadi

multi-layer tubular conductor are investigated.

6.1 Modeling of Concentric Multi-Layer Tubular Conductor

The MagneteQuastStatic (MQS) model of Maxwell equations for linear, isotropic,
homogeneous and nalispersive material is used to model the concentric #aylér tubular
conductor. An elementary component of the coil is a tubular conductor, with tehgent
magnetic field strengthd; andH, (time varying with steadgtate angular frequency of)

on its inner and outer boundari€sg. 661. The conductor is infinite long along teaxis

with its center placed at the origin of cylindrical coordinate system. Solution of magnetic
field for such domain is fundamental to undersiagdhe behavior of the multayer tubular
conductor. The elliptic Poisson equation solution for magnetic field stradgth the
magnetizable and polarizable conductor with conductirignd permeability of has been
derived in chapter 3. Two boundacgnditions Hi and Ho) are required to find the two
unknown coefficients in the field strength equation. In a systematic way, the inner and outer
boundary fields can be modified in such a way to orthogonally separate the problem into skin
and proximity efécts. The closed form formulas for skin and proximity effect losses for

tubular conductor already exist in the literatlir&2]. However, the focus of this chapter is to
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Fig. 661: The elementary tubular conductor with its boundary conditio

analyze the system with multiyer tubes and derive the associated equivalent circuit.

The MQS equivalent circuit model of the mtliiyer tubular conductor is illustrated kig.

6.62. The circuit corresponds to an impedance matrix ddfihywy @ ‘Owve go through
stepby-step determination of each component in the impedance matrix. Having the magnetic
field strength in each layafg, electric field strengthe,, and current density,, can be
determined using Maxwell differential and stitutive equations. Consider a diagonal
component of the symmetric impedance matix Y Q0 . The pemmneter resistance

of layerk,'Y , is determined by finding the total eddy current loss in lkyand the entire

layers surrounding it, per unit of current passing through it when other layers carry no current,

F')"Sszfzzsiw@‘ﬁrds%w (L, &i K. (6.1)
We use the Finite Element (FE) commercially available COM%®14.3 software to
aralyze the conductor. The method proposed8m] is used to assure the convergence
stability of the FE solutions. The average electric field strekgtcross layek is used to
determine the pemeter seHinductance of the layetk, when there is no current passing
through other layersb 60 O "O. The offdiagonal complex component of the

impedance matriXq is determined by finding the averagein layer k due to current in
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layer I: & 60 GrQ Fig. 662 shows the equivalent circuit of the medbiyer tubular
conductor, not showing the mutuauplings for better clarity. The circuit is derived in a
general way that makes the analysis of various connecting configurations of the layers easily
possible. The existing capacitance between layers is not shown in equivalent cifigit of

6.62. The reason is that the total effective capacitance depends on the connection type of the
layers. For example, the capacitance between the tubes woealonb®ated if the tubes are
connected in parallel. There would be other types of parasitic capacitance depending on the
tubular layers connection type and the configuration of the ballasting capacitance as would

be discussed in detail later in the chapter.

+V3 lh— N

— /\W—TYYY\L____ o
R Ly

+V, I, —> ° -

— /\W—TYYY\L____ o
R, L

+Vy In—> o -

—— / \WN—TYYY\L___ o
Rn Ln

Fig. 662 Equivalent circuit model of muHayer tubular conductor.

6.2 Optimization of Multi-Layer Conductor

In this section the muHayer tubular conductor is optimized for minimum AC losses.
Initially, we assume all the layers have the same thickness and current, and determine the
optimum thickness. Then, we determine the optimum current distribution inlaaarhfor

the optimum layer thickness determined. The optimization objective is miniRugmn

comparison with a solid conductor of the same overall size, passing a current through it equal
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to the total currents in the tubular conductor layers. The insnltticknessins, is neglected

in this section; but, will be considered further in this chapter.

6.2.1 Optimum Tube Thickness

Fig. 663 shows an exmple of the AC resistance ratio of the midiyer tubular and solid
conductors versus tube thicknégsand number of layerd. The analysis is @t & @ "Od&
and conductor radius of T & a. It is observed irFig. 663 that there is an optimum
tube thickness which depends on the number of layers. The largél, the thinner the

optimum tube thickness, atite smaller and the more sensitive the optiniRAgratio is.

To get a broader view of the optimum tubular conductor, we investigated the conductor for
its various parameters in the range of study scope. Conductors with overallrjaiiibe

range off® u8W &, with tube thickness from v 1@ dwere simulated in frequency
band ofp ¢ ™ "Odo determine the optimum thickness over skapth ratiad . About

2000 FEM simulations were performed to get the optimduln. A noticeable trend was tha

the optimumd 7 moves hundreds of times faster with resped{,toompared td, tc, andry;

thus, it is assumed to be dependent onlNpRig. 664. A closedform formula for the

10

o f=13.56 MHz
r =0.5mm /
W

B I5 =17.65
8, =17.65 pm N=10

! Rsolid
23

tubular

& Y 0.6 (@t 13.5 um)

3 036Gt 7um) /

5 10 15 20 25 30 35 40 45
Tube Thickness, tc {pum}

Fig. 663: Effect of tube thickness on AC resistance for different number of |&yer
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Fig. 664: Theoptimum <% with respect toN.

optimumo 7 has been derived based on the curve fitting ( with atdeastR-square) of all
FEM simulations in the search space:
at

optz-
cd

%1.339N‘ 08103 10,228 (6.2)
ConsideringFig. 664, the optimumo 7 for a single tubular conductor is wéihown to

be“ ¥¢, [113]; and as more layers are added, this optimum ratio decréage8.65 shows

the maximum AC resistance reduction compared to identical solid conductor for the same
search space as iRig. 664. Similar to optimumo 7 , the minimumyY TY

depends only o, as it changes hundreds of times slower with respeicttdoandrw. The

AC resistance improvement gswHor0 ¢, Tt mHor0 o, andpt Hor0 p A

closedform formula for the minimum AC resistance ratio has been derived using the curve

fitting of all the FEM simulations, having at leasto BR-square:

mm;‘;‘e% 21.196N°%% _ 0 275 (6.3)
C "solid
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One assumption behind the analysis of this section was to neglect the insulation between the

layers. We investigate the validity of this assumption for mtayter conductors of various

overall-radius and insulation thickne$sg. 666 shows the AC resistance ratio of the multi

layer tubular conductor ai & @ "Odhaving four tubular layers, versus the insulation

thickness and conductor ovall-radus. It can be observed that the bigger the conductor size,

the smaller the effect of insulation thickness would be on the AC resistance ratio represented

solid

tuhular"R

Min. R

11— : . . . : ;
+ Actual data
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Fig. 666: Effect of insulation thickness on resistance ratiopginaum copper thickness fti=4.
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by (6.3). Therefore, to get a perspective of the resistance reduction usingagarltiubular
conductor, it is a good assumption to neglect the insulation thickness and estimate the tube
thickness using (6.2) and the maximum AC resistance reduction (@s8)g Then, the exact

effect of the insulation thickness on the conductor behavior needs to be accounted as it can be
used to determine capacitance between layers. The effect of capacitance between layers and

its rolein equal current sharing and coilfseesonance will be discussed in this chapter.

6.2.2 Optimum Current Distribution

So far, the currents flowing in each layer were assumed to be equal; however, this may not be
the optimum solution for muHayer tubular conductors. The reason lies belinedstructure

of the conductor; the cros®ction area of the layers are different, and each layer is exposed
to the field of layers inside it. Thus, the optimum current flow in each layer needs to be
derived. We performed optimization for two cases ¢, Fig. 667, and0 o, Fig. 668. In

a twolayer conductor, the equal current sharing between layers redudeg:tloempared to
equivalent solid, by w PThe optimized current sharing asks for the inner layer current to be
0.7 times the outer layer one. This, however, improves the AC resistaticeonly
anotherg b Fig. 667.

N=2 —
= 0.5 mm
0.95- f=1356 MHz | |

t.=3,,=17.65um

c

Optimum Current Sharing
,=071

071 N_ . "

“0.69 : ~~.._Equal Cl|12rr=etl1: Sharing

0 0.5 1 1.5 2
I21'I1

Fig. 667: Racratio for optimized and equal current sharingMer2 andr,=0.5mm.
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Fig. 668: Rac ratio for optimized and equal current sharingM=3 and =0.5mm.

The same optimization was performed for the tHager conductorfig. 668. The optimized
current sharing improves the AC resistance ratio frédnmto T®  This improvement
requires the currents in the second, and third (inmest) layers to be 0.8 and 0.7 times,
respectively, the first (outer) layer current. Depending on the desired improverRaoiimd
the difficulty of optimum current sharing, one cdecide between the equal and optimum
distributions. Further in this chapter, we assume equal current sharing in thdayeulti

conductor.

6.3 Current Sharing Using Capacitive Ballast

In the previous section, it was concluded that the optimum currenhghzetween tubular

layers gives a slight improvement in AC resistance compared to equal current sharing. In this
section we study the equal current distribution with its associated applications. All the tubular

layers are connected in parallel to fornsiagle coil. However, connecting in parallel does

not lead to equal or optimum current distribution between layers. There are several methods
described i}55] to perform current distribution between parallel compis®f a conductor.

One way is impedance ballasting; putting impedance in series with each layer to limit the
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current to the desirable value. The series impedance can be resistive, inductive or capacitive.
We explore capacitive ballast as it is less desie unlike resistive ballast; and can be
integrated into the inductor for seksonance, unlike the inductive ballast. These two reasons
are essential for higQ IPT resonators.

6.3.1 Equal Current Distribution

Consider the muHiayer tubular conductacomplex impedance matrix derived earlier in the
chapter. The layers have same the voltage across their terminals (parallel connection), and
equal currents are flowing through them. Therefore, the real part in each row of complex

impedance matrix can be glected as it is negligible compared to the total reactive part of

that row,
é/s g gXLl- XC1 Xml,z XmlN gt [
u 2 - Y l
V:Z| _ g\/s uq@ sz,l XL2 XC:2 MmN é‘t .| (64)
&, u g : g ;o 8
é\/ u € g
&s U g X% X”N.z e Xyt X, glt |

In (6.4),® is the inductive reactance of laygr @ . the mutual inductive reactance
between layerg andk, and® is the series capacitive reactance added to jayidre linear
equation (6.4) had equations wittN unknowns ¢ ), having infinite solutions. However, in

practice, (for the outer layer) is determined based on the dielectric materiglaties,
surface area, voltage bredkwn and fabrication tolerance. Then, theof other layers are

determined using a recurrence relation starting withand derived from (6.4) to be

N N
Xo =Xe, B X, @Xy A%, (6.5)
Ik I kT

Equdion (6.5) gets simpler format for parallel foil conductors as the incremental magnetic
energy storage between layers only depends on the distance between them. However, for

parallel tubular conductors, the incremental magnetic energy storage betweesydns |
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depends on the ratio of the radii of the layers. By choosing a ballasting capacitive reactance
for the outer | ayer, the other | ayers capaci
assume the setkactance of a circular tubular conductoop with tube outer radius of

and loop middle diameter &f is approximated by34],

w € a4D o
A 2 dnge 20[ (6.6)

XLk 5
g ¢ch =

Equation (6.6) approximates the reactance of a circular conductor loop with the current
flowing on the surface of the conductor neglecting the internal energy storage. From (6.6) we

can conclude that

~

w ar
XL /JD In k-1

- L
K k-1
rk

(6.7)

vO

which corresponds to the incremental energy storage between two tubular conductors with

radii i i . We can simplify the summation of mutual reactance in between tubular

conductors in (6.5) accargy to

N k-1 N

aXm“_ axmk, + axmzj

jk j 2 j k=1+
el &4p 0 N, 84D o7

=2 ainz o 68)
g ¢h Fikx ¢l -4
ec1 d4p 0 aaD &
fDea N g g

gi=t (;J - ¢l =+

The constant term in (6.6) is neglected as it goes away in the final form of (6.5). Similar to

(6.8), the last term in (6.5) can be simplified to

N €2 a4 44D o
a8 x,, =" e dng” g o0z & 69
ﬁa g I (; k-1
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By substituting (6.7) (6.9) into (6.5), the recurrence relation for the capacitive reactance

would be

X - X W’JD(N K 1)+naeru E (6.10)
g -

Equation (6.10) sets a general understanding of ylee-ta-layer capacitive reactance change

that is placed in series with each layer. In rlalyier parallel foil conductors this recurrence
relation does not depend on the radii ratio of the adjacent layers; it depends on the distance
between each layer & shown in[55]. That means for a fixed distance between layers, the
change in capacitive reactance is also fixed. However, in-fayér tubular conductor, this

change is not constant and depends on the radii rati

6.3.2 Equal Current Distribution and Operation near SelfResonance

In the vicinity of high quality factor RF coil setesonance, the real part of impedance matrix
can be neglected compared to its reactive part with a good approximation for the pdirpose
equal current sharing. Having the imaginary part of impedance matrix as in (6.4), consider
the capacitive reactance of each layer to compensate for thedsetfance of that layer plus

the mutual inductances of that layer with all other layers. bhisgs the RF coil in the
vicinity of its selfresonance and ensures equal current sharing between layers. The first and

other layers capacitive reactances are determined according to

é N

1X01 = XI_1 -Ia__ Xml,j N XLl,

! = (6.11)
2 w ar {

X~ X, IBD(N k 1)+n9 el

| v )

The exact behavior of the coil at its sedsonance depends on the complete impedance
matrix including resistive components. The impedance matrix for the parallel connected

tubular layers, each having a ballasting capacitance in series, is
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For the coil seHresonance, the imaginary part of the coil total impedance needs to be zero
according to

V, V, .
Z = | N Roi 1% X O (6.13)
total a It»
=1

6.4 Application Example 1: FourLayer Tubular Conductor Design at 13.56 MHz

In this section, we design folayer tubular conductor operating near its -sefonance

atp & @ "Oq with the properties given iTable 611. The four layer copper tubular
conductor has an optimum thickness pof®‘ &, determined from (6.2), leading the
minimum reduction of w Eompared to equivalent solid conductor, (6.3). It was also shown

in Fig. 666 that the spacing between the insulated layers contribute to a slight increase in the

resistance as will be discussed in detail.

Table 611: The fourlayer tubular coil properties

Parameter Value
Frequencyfj 13.56MHz
Number of layersN) 4
Thickness of layert() 114e m
Dielectric thicknesstjs) 25.4¢ m
Conductor outer radius) 2.0mm
Coil loop middlediameter D) | 7.5cm
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6.4.1 Sensitivity ofRac to Ballasting Capacitance Variations

Theoretically, equal current sharing between tubular layers can be done as long as equation
(6.10) is satisfied. This can be done with the coil operating in the vicinity of its self
resonance (6.11), or far below/above its resonance. However, operatomioiarabove the
selfresonance comes with the penalty of fabrication sensitivity (tolerance) and capacitance
dissipation. For example, if the operating frequency is above theeseliance frequency
derived from (6.11), it requires low values of ballagticapacitive reactance. This is
practically so complicated to fabricate and sensitive to geometry errors. The reason is that the
values of capacitance needed in series with each layer would be significantly large. Such
large capacitance would require gqugmall dielectric spacing and large overlapping surface
area which lies on the most sensitive regions of the capacitance belkvagio869. The
independent (normalized) sensitivity of a capacitance with respect to its dielectric spacing
and overlapping area is illustratedfig. 669. It is conclued that the larger the dielectric
spacing and the smaller overlapping surface area, the lower the capacitance is sensitive to

geometry errors.

The impedance matrix of the felayer tubular conductor is determined according to the
method presented earlien the chapter. We investigate the effect of ballasting capacitance
for the purpose of equal current sharing, and compare the results with the case where there is
no ballasting (normal parallel connection of layeFsg. 6.70 shows the AC resistance of the
multi-layer tubular conductor with/without ballast compared to equivalent solid conductor.
Fig. 671 shows the sensitivity of the tubular conductor resistance, having capacitive ballast,
at 13.56 MHz with respect to the capacitive reactance of the first layer. It is observed that it is
beneicial to have the maximum possible capacitive reactance in series with each layer to
have the conductor resistance lesssitive to capacitance reactance. This, in other words,
has a direct relationship with capacitance sensitivity with respect to lestdie distance and

overlapping surface arelig. 669.
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The capacitive ballast is performed to nearly compensate the coil reactgn@ @t ‘Od
using (6.11). For this case, the capacitive reactance that is needed to be added in series with
each laye is determined from (6.10) to bé& T @ v hd T @ x

T OEQ T § 1 . Implementing such exact capacitive reactances is barely

30
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Fig. 6.70: AC resistance of the tubular muléiyer conductor w/tallast, compared to solid on¢

of same size, vs. frequency.
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Fig. 6.71: Normalized sensitivity of muHiayer conductor resistance with respect to the firs

layer ballasting capacitive reactance.

practical and does not even fully nullify the hi@hconductor reactance. To determine the
effect of capacitive ballasting reactance variations on the condeeiowe let theX. values
determined from (6.11) to vary in their T Pmargin as® T@UL ¢cTIP M

T@ x cmtb T®c b ®eEQ 1 & ™ ¢ P . Then, the maximum

14
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Fig. 672 The effect of capacitive ballast reactance error on the coil resistance.
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Fig. 6.73. The effect of capacitive ballast reactance error on the coil reactance and the res

frequency.

deviations in conductor AC resistance and reactance are recéige®.72 and Fig. 673

show the effect of variations in the layers added reactances on the coil total resistance and
reactance. The upper and loveem variation in layers capacitive reactance changes the
resonancdrequency fromp @ ™ ‘Ocdto p & Y0 ‘Oa This however, slightly changes the

coil resistance from® & top ®a

Table 612 shows the vales of currents in each layer@@ @ "O¢ and the total coil
impedance using® T@ULM T@E XK T OGEQ TEHT

According to Table 612, the currents flowing in each layer of the conductor having
capacitive ballast are quite equal in magnitude and phase, unlike the case without ballast. The
v @ Jcdrrent phase for such a high conductor corresponds to a pointcinse vicinity of

coil selfresonance desired frequenpy@ @ "Oa The resonance frequency of this multi

layer parallel connected conductor having capacitive ballast, with values mentioned before, is

calculated to be @ Y Od
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Table 612. Individual layer and total coil current and impedance at 13.56 MHz excitg¢ by~

With Ballast

Without Ballast

p@pxmTLAYI

mrxonyxertJ

p@ pxmTLEXJ

g ¢ XpoHXJ

pP@powLAYXJ

T Q @p gAY J

P powLAXJ

inp P @& 1w

| total

ON RO QUNVE TN

mMryonya& Y

Ziotal

TMrpu LY J
T8I T W QBT p p Y

pH LT QY@ Y
gL yp GruT Q@

JVolt.

6.4.2 Effect of Ballasting Capacitance Dielectric Dissipation

As was discussed so far in this chapter, the ballasting capacitance is required for two reasons:
1- to perform equal current sharing in the conductor layers, arati2g the coil in the
vicinity of desired resonance frequency. Based on sensitivity otitapee and coiRac on
capacitor geometry errors, it was concluded that the lower the ballasting capacitor (the higher
the capacitive reactance), the lower the aforementioned sensitivities. However, high values of
capacitive reactance comes with high easlwf dissipation. The reason is the existence of
nortrideal capacitance which is modeled by an ideal capacitance in series with its Equivalent
Series Resistance (ESRyjg. 6.74. The relationship between capacitart€8R and its
reactive energy storage is represented by dissipation factor (DF) which is inverse of capacitor
Q-factor. In another terminology, DF is defgid asd @€ , with] to be the angle between
active and reactive components of ndeal capacitance impedanéeag. 6.74.

1 ES

Im — —
tan(@)= DF —Q— =

C [

Cnorl—ideal

|
1

LS 2R ) O—w/V\/‘—| l_.

ESR. C
Fig. 6.74: Norrideal capacitor equivalent circuit.
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The nonideal capacitance can also be modeled using an ideal capacitance in parallel with a
resistance. This type of representation is useful when modeling leakage aurspetific
applications such as FET parasitic capacitance. In the modeling in this chapter, the series

equivalent circuit is used as the ballasting capacitor is in series with each layer.

In order to analyze the nadeal ballasting capacitors in the ridayer tubular conductor,

the impedance matrix of the conductor needs to include the cagaSiRin series with each

layer,
&, ggzn' iZo, Ly, My gtl |
& Vs Z Z,-iZ Z &
- s = M1 2 C, m Lo |
V=27 - g H—e : o g 1 (6.14)
s e v - '
5/5 u 8 ZmN,1 Z”Nz ZNN- Izq\l étw |

Since the capacitofsSRsare much smaller than their reactive components, for the purpose
of equal current sharing and operation nearssbnance the expression derived in (6.11) is
still valid. If the coil is not seffesonant, an external capacitor needs to be connectedas s
with the conductor terminals to bring the total reactance to Eego.6.75 shows the coil
equivalent circuit compromising the dissipation cqaponents. Theoil resistanceReoi) is

the multilayer tubular conductor resistance with equal current sharing using idede@eys
ballasting capacitors. The ballasting capacitor resistdB8®) is the change in the coil AC
resistance using neideal ballasting capacitors. And the external capacitor, connected to

bring the coil to resonance, has its resistaB&R) in series with it.

1 |
— /W N—MW——W—f}—
RcoiI I—coil ESRb Cb ESRe Ce

1

After . A A
resonance: R
total

Fig. 6.75: Total coil equivalent circuit including tHeallasting and external nddeal capacitors
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Depending on the dissipation factors of the ballastiDi, and external capacitor®Fe),

the total conductor resistanBeta (including coil, ballasting and external resistances) varies
versus the amount of ballasting capacitive reactance. Based on (6.11), the first layer series
capacitive reactance for operation near-setbnance i& T @ v, and the other layer
reactaces are determined according to (6.F). 6.76 shows theRe.i, ESR, ESR and the

Ruotal versus the first layeXci. TheReoi was calculated tbe «#pd  atp @ @ "O@Fig. 672

In multi-MHz frequency range, the hig, low ESR ceramic capacitors (used mainly for
externalconnectedesonance) have dissipation factors in the rangeof up tov p 1.

In the analysis of this section, we select the highest valid¥eto bep 1 to account for

the external connection residual resistance. The ballasting capacitance rb&iehalveve,
depends on the capacitance method of implementation. As we will discuss about overlapping
ballasting capacitance in this section, a common dielectric material for such type of
implementation would be the Kaptbiilm which has dissipation factors eveigher than

p 1 at multtMHz frequency range. Therefore, several valuesDBs are simulated and

depicted inFig. 6.76to represent various matesas the ballasting capacitor dielectric.

A noticeable trend ifrig. 6.76 is when the ballasting and external capacitors have the same
dielectric materials. In this case, their associated effects on the total resistance are equal. In
this case, the dissipation factor wouldt be the criteria to decide the amoohiXc; as the

Riotal remains quite constant. However, as &, increases, th&ota increases, as well. In

this case, the lower the ballasting capacitor reactipgeahe lowerRqtal. In all cases shown

in Fig. 676, the Rotal is larger tharReoi which means that the capacitari?€ is a limiting

factor.

The improvement in muHiayer tubular conductor resistance compared to equivalent solid
conductor depends on tBbd-s and the amount 0fc1. Fig. 6.77a shows th&tas Of the multi

layer conductor and its equivalgisame outer diameter) solid one for different valueX.of
andDFy, when there is no external capacitor connected. It can be observed 67 7a, that

the largerDFy, the smaller the ballasting capacitive reactance needs to be in order to have

improvement in resistance. In the case of coil resonanzea@atp) "‘Ogthe external capaor
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Fig. 676: Effect of various resistances in the migtyer conductor resonating at8 ' 5 »ws. theXc1.

ESR increases the total resistance in both solid and +layir conductorsFig. 677b.

Compared to the case without resonance, improveméRciicompared to solid conductor)

happens in a larger portion 2t1. For the cas€@O OO 1@t mM,pthe’Y ¢ am,
andY o 1 m, which shows; & Preduction.
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Fig. 6.77: The total coil resistance using various dielectric materialbdtiasting capacitor, compared to soli

conductor a) without, and b) with external capacitor.
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6.4.3 Ballasting Capacitor Implementation Using Tubular Layer Overlapping

As has been discussed in this chapter, the ballasting capacitor not only performs equal
current sharing in the conductor layers, but also brings the coil to a desired resonance
frequency. A method to implement the ballasting capacitor in series withudadartlayer is
to use overlapping structure. The overlapping method has been introdyb&{ifor sheets
of parallel connected foil. In this section, we investigate this method for-taygti tubular

conductors.

Consider the single layer tubular conductor loop (unwrapped with diaDgsrown inFig.

6.78, overlapped to form a ortarn loop. The tubed and 1 Gre overlapped through a
dielectric material with lengthy and thicknes$i. From the equivalent circuit perspective, the
tubes1 and 1 @re connected in series through the capacitance of the overlapped region

according to

C, :M (6.15)
ar, +t,
Inge—

¢ h

N il ety

in which 4; is the relative permittivity of the dielectric material, ands the outer radius of

tubel. In (6.15) the effect of loop curvature on the capacitance is ignored. So far, two factors
have been the decisive criteria for the ballasting capacitance value determinatiba: 1
sensitivity of theRac to capacitance tolerance; the solution was to decrease the dielectric
surface area and increase the spacing (increasing the capacitivenagactand 2 the
dissipation factor of the ballasting capacitance; the solution was to decrease the capacitive
reactance. In overlapping ballasting capacitance, there is another criteria which directly
influences the conductd®ac, 3- the proximity effectinduced eddy current losses for two
overlapped tubular layers; the solution is to reduce the overlapping area and/or increase the
spacing (increasing the capacitive reactance). Therefore, there is an optimum overlapping
length that leads to minimum totaditresistanceRotal.
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Fig. 6.78: An unwrapped single turn loop tubular conductor overlapped over dielectric materia

Fig. 6.79 shows the AC resistance of the capacitance, coil, and total resistance of the single
layer tubular coil versus the overlapping length. The thickness of the tubular foil is
determined from (&) to be¢ ¥ * aand the coil radius and diameter are selected according
to Table 611. The dielectric material is selected as Kaftaith dissipaton factor ofO "0

T8t 1T and relative permittivity of  ©.
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Fig. 6.79: Effect of overlapping length on the various resistances of the single turn coil.

In Fig. 679, the capacitance resistanceESR, the singlelayer overlapped coil resistance
(with lossless dielectric) iReoi, and the total coil and capacitance resistance is daled
As can be seen iRig. 679, the capacitancESR decreases verslis while Reoil increases
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due to proximity effect of overlapped tubes. This leadsoptimum total resistance

at p B o & overlapping length. The tubular loop, with no overlapping, papd&m
resistance which ig& Plower than equivalent solid conductor resistancp @ a m.  Not

to mention that, irFig. 6.79, the effect ofRac sensitivity to the capacitance tolerance is not
shown for simplification purposes. A more detailed optimization would include all three
factors of 1 Rac sensitivity, 2 capacitance dissipation, and tBe overlapping proximity

losses.

According toFig. 679, for a multtlayer tubular conductor witmherent ballasting capacitor

(no resonance), there is an optimum value of capacitive reactance which leads to minimum
total dissipation in the coil. This optimum value is determined based on capacitance
dissipation and overlapping proximity losses. Howetf@ra resonating coil, the existence of

the external capacitor can shift this optimum ballasting capacitance value. Accoréigg to

6.76 in the mdti-layer resonant coil, the ballasting and external capacitance dissipations are
the same if their materials are the same. This leads to the optimum pBiak of Fig. 6.79

to shift to the left to minimize the overlapping induced eddy current losses. However, if the
ballasting and external capacitors materials are not the same, the optimum overlapping length

needs to be determined.

After determinng the value ofXc1 and the first (outer) layer overlapping lengths the

overlapping lengths of other inner layers can be determined from (6.10) anda&.15)
|n érk +td 6 |n rké -t-d 6
& 0 0 o
f - a
ch : b P (N Kk Inoaet (6.16)
w2pele 2 wlpe e?2 ¢l

The proposed overlapping tubular conductor with ballasting capacitor in series with each
layer is depicted irFig. 680. The dimensions in cross sectional view Fof). 680 are
exaggerated to illustrate the proposed capacitive ballast in the tubular conductor with four
layers. The equivalent circuit representing the schemagao680is shown inFig. 681a-b

using nodal format for each layer component.
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Fig. 681: Equivalent circuit representing the overlapping capacitive ballast.

In addition to the series capacitor in each layer, there are capacitances between column and
cross nodes of two adjacent layers. The capacitance in parallel to each column nodes would
be eliminated as the layers are connected in par&ilgl,681a; however, the crossodal
capacitances would be summed up as the total parallel capacitance to the cofRdyctor,
6.81b. To apply the proposed method of layer overlapping to create the series capacitance for
each layer, the overlapping length of the outer layer and the layers inside it are determined
from (6.16). And the optimization algorithm to find the first layer overlapping length would

be based on three perspectivessénsitivity of total conductoRac to geometry errors, -2
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effect of DFs of the ballasting and external capacitors, andh@ owerlapping induced

proximity losses on the total conducixc.

6.5 Application Example 2: TwaeLayer Tubular Conductor Design at 27.93 MHz

In this section we design a mdléyer (¢  ¢) concentric tubular conductor with properties

given inTable 613. The copper tube thicknesspis ¢ therefore, by using (6.2), the coil is
designed to operate near resonance @b @ "O¢ Although this frequencys not in the

range of data used for determining (6.2) and (6.3), the accuracy of these equations is assured
for this specific design using FEA. The maximum reduction in AC resistance using (6.3) is
calculated to be ® Pcompared to its equivalent soli@rductor. However, other factors

such as coil loop curvature, insulation thickness, and dielectric dissipation need to be

considered to get the true reductiorRitt.

Table 613: The twalayer tubular coil properties

Parameter Value
Frequencyfj 27.93MHz
Number of layersN) 2
Thickness of layert() 12e m
Dielectric thicknesstjs) 25.4e m
Conductor outer radius) 1.6mm
Coil loop middle diameter) | 9.6cm

6.5.1 Sensitivity ofRac to Ballasting Capacitance Variations

Assuming the ballasting capacitance to be-dissipative, the muliayer conductor with
properties given imable 613 is simulated in FEA with equal current flowing in each layer.
The conductoRac is determined to be B & mwhich shows, ® Preduction compared to
its equivalent solid conductor (@ & m), ando # Preduction compared to the case where

there isno ballasting capacitor, normal parallel connection of tubular conductafisq n).
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These three types of conductors have quality fac@y®{ 1251, 907, and 781, respectively,

neglecting dielectric dissipations.
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Fig. 682: Normalized sensitivity of mukiayer conductor resistance with

respect to the first layer ballasting capacitive reactance.
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Fig. 683: Effect of X¢1 and thegp X on the conductor resistanBgc.
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Using capacitive ballast, equal current sharing can be achieved with the coil operating
below/near/above the desired (resonance) frequency. However, the operating point is prone
to the sensitivity of coiRac to ballasting capacitance errors. This effactlustrated inFig.

6.82 which shows that the (normalized) sensitivity of condu@at increases for small

values of outer layer ballasting capacitive reactaface

For operation near resonance;ago @ ‘O¢the required capacitive reactance in each layer
are determined by (6.10) and (6.11) todbe x & ¢ , and® X @ X thatare in the

least sensitive region &fig. 632

The difference between adjacent layer capacitive reactances relates to the amount of
magnetic energytsred between those layers. However, this could be quite small for tubular
conductors with layers very close to each other; and, implementing such exact capacitive
reactances would barely be practical. Therefore, it is essential to determine the effect of
layerto-layer capacitive reactance variations on the Bafl To do so, we swepX:1 over a

wide range and let the capacitive reactances in each layer deviat®orm their values
determined by (6.10); then, we calculated the associated coil resistaage.Fig. 633

shows the coiRac variation for the upper and lower Tt lRleviations of capacitive reactance
versusXc1. It is observed that the smaller the ballasting capacitive reackanise the higher

the error is in coil resistance for a fixed chang&dn Therefore, it is beneficial to havé:

large enough for the cofac to be less sensitive, and small enofghthe coil to operate in

the inductive or nearesonance region. The latter reason is essential for coils resonated using

integrated ballasting and/or external capacitors.
6.5.2 Effect of Ballasting Capacitance Dielectric Dissipation

Depending on the dsipation factors of the ballastinBKy) and external capacitor®Fe),
the total conductor resistand®oa (the three dissipations) varies versus the amount of
ballasting capacitive reactance. Based on(&gl), the first layer capacitive reactarfoe
operation near selesonance i X & ¢ , and the other layer reactances are
determinedaccording to (6.10)ig. 684 shows theR.i, ESR, ESR and theRital Versus the
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Fig. 684: Effect of ballasting capacitance reactance and dielectric dissipatiol

the resonatoRac.

first layer Xc1. The Reoil was calculated to be B a  atg o d "OdIn the simulation of
Fig. 684, we assume the ballasting and external capacitor have the same type of dielectric
material; and, since their exact values are not known, and to include the capacitor connection

dissipation, v simulate for the maximum dissipation fad®iO OO0 p 1.

A noticeable trend ifrig. 684 is that the ballasting and external capacitors hawgeseffects

on total resistance. However, if tBd, is higher tharDFe, the Rotal increases by increasing
Xc1. It can also be observed kig. 684 that the capacitance dissipation addg & mto Reoil

to aboutp ¥ & m This extra dissipation exists for solig @ & m), and multilayer tubular
with no ballast @ & & ), if the coilsare to be resonant with the same capacitors. In this
case, the reduction iRota Would drop top & Pfor solid, andg p Hor multi-layer (no

ballast) conductors.

For inductive coils that resonance is not required, the improvement inlaydti tubular
conductor resistance depends onlif@ and the amount ofc1. Fig. 635 shows theRital Of
the multtlayer conductor fodifferent values ofXc1 and DFy, when there is no external
capacitor. It can be observedRig. 685 thatthe larger théFy, the smaller thc: needs to
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Fig. 685: The effect of ballasting capacitor reactance and its dielectric

dissipation on the twtayer conductor resistance.

be in order to have improvementRac compared to solid and rmallast conductors. It was

also concluded earlier that the larg&i, the smaller the sensitivity of coil resistance would

be on capacitor errors. Therefore, for the case afesonance, aotnpromise needs to be
made between resistance reduction and its sensitivity. However, for the case of resonant coil,
we suggest to have the large possiXje(inductive region ofFig. 682) as the only design

consideration is resistance sensitivitpifO ‘00

6.5.3 Coil Fabrication and Experimental Results

For the fabrication of the muiltayer tubular conductor with properties dable 613, we
used the DuPoft Pyralu¥® AP7164E flexible doubledided coppeclad sheet as the
fundamental material. This sheet is anpallyimide film, with thickness of, & * & bonded

to electrodeposited copper, with thicknesp af & on both sidestig. 686. We, then, used

a rolling tetinique to form the doublsided foil into a tweayer tubular conductor by
bending the foil around a base frarkég. 636. Similar to the analysis weid in [90], we
assured that the opaided tubular conductor that is formed by rolling the foil has similar

performance compared to an ideal close&ted tube.
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High-Q, low ESR ceramic NPO chipapacitors are used as the ballasting and external
compensators. The ballasting capacitors in both layers are selected to be egual i@
Thisleadst@y 1T ® at ¢ B @ ‘Oawhich is in a lowsensitive region ofig. 682 and

Fig. 683. The coil is brought to resonancecag@ @ "‘Ocusing an external capacitor. To
mount the capacitors on both sides of the tubular layers, a discontinuity in copper needs to be
implemented in each layer. We etched the copper using Ferric Chloride solution to
implement such a pattern for surface moumiacators. To avoid the two sides of copper foll
contacting each other in the cutting, rolling and bending processes, an extra insulation margin
is considered by etching the copper in the perimeter of theFgil,686. Due to the ultra

thin conductor wall thickness and the small coil diameter, bending the conductor would cause
wrinkles across the tulmde surface are&pecial techniques such as agditmanufacturing

or heatbending process can help overcome this problem. However, we used a simple
technique by taking the frame out and filling the rolled tubular conductor with fine sugar.
This helps bending the tubular conductor although some smaklesiare still unavoidable,

Fig. 637.

For Q-factor measurement, the transmission coefficigntmethod discussed ifiL14] is
implemented using Vector Network Analyzer (VNA). The is measured through a two
nortresonant search loops that are equally coupled to the coil under test which forms a
resonance RLC loop at the desired fremyeof¢ Bo @ ‘Oa The two search loops are
identical and decoupled (magnetically) by overlapping or having large distance between
them,Fig. 687. As is described if114], by finding thes'Y sat resonance frequen&y and

the half power 8 d B) b a nfdthei Qefactbr ofgphe RLC loop afp is determined

according to,

A
1- |821| b

Q= (6.17)

The twoport S1 measurement setup using AP Instrum@mmdel 300 frequency response

analyzer is shown irFig. 687. The AP300 is a twport measurement system, with an
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internal source, capable of measuring the scattering parameters. For the purpose of
comparison, we fabricated the samkayer conductor as imable 613 but without ballasting
capacitors.Fig. 688 shows the measure®iq4s for the two types of conductors versus
frequency. It can be observed that the -tayer conductor with and without ballast are
resonant af o ™ "Odandg Bo @ ‘Odgrespectively. The measured half power bandwidth
ogf and Y sfor the twelayer conductor with ballast ave0 "O@ndr® x y mespectively.
These parameters for the conductor without ballast®e @ & 0 O@ndSY S T T p @
Therefore, the measure@-factors for the twdayer conductor with andvithout ballast
are@ ¢ ,andv p,wespectively. This shows ¢ ncrease iQ-factor by using the ballasting
capacitor. Since the measurement method implemented in this paper gigeatiier of a
resonator, we calculated the inductance of both coilsetai@ p T QO using FEA, to

determine theiRac values.
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Fig. 686. The twalayer tubular conductor components.
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The Rac of the twolayer conductor with ballast is found to lbe@d m , which
showsp § Preduction compared to the same conductor but without ba{ladta m Table

6.14 shows a summary of the simulated and measQactors and thdrac for the twoe

layer tubular conductor with and without ballasting capacitors. The measured results are in a
good match with simulations @O ‘OO p 1 . However, this includes the nodeal
connection of capacitors, tube wrinkles, and possible measuate errors including
transmission line mismatches, and parasitic loadings. The proposed sheet rolling fabrication
method can also be implemented for conductors with ¢ . However, additive
manufacturing and tubeverlapped ballasting capacitance (insteddsurfacemount) can

reduce fabrication errors and devise its process.

Table 614: The measured and simulated resultsQefactor andRac of the
two-layer conductor with/without ballast.

Measurement Results Simulation Results@ 27.93 MHz
Ideal capacitors DFe = DF, = 0.0005 DF. = DF, = 0.001
fO RAC RAC RAC RAC
Q-factor Q-factor Q-factor Q-factor
(MHz) (maq) (ma) (ma) (ma)
Without
27.92 514 73.1 781 48.2 561 67.1 439 85.7
Ballast
With 9794 627 59.9 1251 30.1 771 48.8 556 67.7
Ballast ’ (+22%) | (-18.1%) | (+60%) | (-37.6%) | (+37.4%) | (-27.2%) | (+26.7%) | (-21%)

6.6 Conclusions

In this chapter, concentric multyer tubular conductor was studied as a potential conductor
for IPT link resonators at muiMIHz frequencies[115]. The drawbacks in the Litz wire at
such frequencies are satisfied using mlalgier tubular conductor. The most important of
them is the need of Litz wire strand size to be quite small, sewecab-meters in mult

MHz frequency range. This is a bottle neck in the state of the art Litz wire industry.

Considering other benefits of muléiyer tubular conductor such as lower AC resistance
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(with proper design), lower cost, and better thermal behnathis type of conductor shows a

great potential for high frequency IPT resonators.

The optimum thickness of the tubular layers, assuming equal current flowing in them, was
determined using FEM method. The corresponding maximum AC resistance reduction
compared to equivalent size slid round conductor was also determined. For both cases, the
FE simulations for a search space were performed to determine the empirical curve fitted
equations for the optimum tube thickness and maximum AC resistance redudi®n. T
chapter continued by studying the current sharing between layers. It was concluded that for
two- and thredayer tubular conductors under study, optimum current sharing between layers
slightly improves the performance. Due to the structure of fayle tubular conductor, the

equal current sharing is not the optimum one, unlike Litz and +taykir foil conductors.

The equal current sharing was enforced using capacitive ballast in series with each layer. The
recurrence relation between the capacitaniceach layer was also determined. The outer
layer capacitive reactance determines the values of capacitive reactances in other inner layers.
This reactance is selected to cancel all the self and mutual inductive energy storage of outer
layer. This leadsat operation of paralledonnecteemulti-layer conductor near its self
resonance. The chapter concluded with two application examples dajeurand tweayer

tubular conductors. There are several conclusions made from these two applications:

1 The outer &yer ballasting capacitance is the major design criteria; the ballasting
capacitance of the other inner layers can be determined from the recurrence relation
derived in this chapter.

1 The ballasting capacitance can be implemented using tube overlappmg sudace
mount chip capacitor in series with each layer.

1 There are three criteria that decide the valueXef 1- sensitivity of Rac to
capacitance tolerance; 2apacitance dissipation factor, and@oximity losses of
overlapping tubes (in case of implementation.) Not to mention that the last two

criteria, only, influence thBac minimization.
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The Rac sensitivity to capacitance tobnce increases as th&: decreases. This
happens for large ballasting capacitance values. The variatiétas due tog Xalso
increases by reduction 1. Therefore, the maximum possibe: is essential for
minimum Rac sensitivity.

To minimize theRac of the multilayer tubular conductor, the optimum tube thickness
over skin depth ratio, and its associated maxinRagreduction are derived. Another
factor that influences the conductc is the effect of capacitance dissipation. This
capacitance cabe the ballasting one or the external connected one for the purpose of
resonance.

In case of both the ballasting and external capacitances,

o if the dielectric materials of the mentioned capacitances are the same, then the
DF is not a criteria to decideeafXc1 andRac.

o0 However, if the ballasting capacitance dissipation is larger than the external
capacitor one, then the lower tKg, the lower the total conductor resistance.

In case of only the ballasting capacitance, the dielectric dissipation addstig t
conductor resistance. And, the mulétyer tubular conductor would have lowiekc
compared to equivalent solid one up to certain valu¥.gfand after that, the solid
conductor outperforms.

For tube overlapping ballasting capacitor implementation,

o If the ballasting capacitance and the external capacitance materials
dissipations are the same, then, the smaller the overlapping surface area and/or
the larger the overlapped distance, the lower the total conductor loss. This
leads to maximum possib}&; for the outer layer.

o If there is only the ballasting capacitance, or if the ballasting capacitance
dissipation is different from the external one, then, there is an optimum
overlapping length and distance that minimizes the condugter This
optimum mint is associated with the increase in dielectric dissipation and

reduction in overlapped tubular proximity loss due to increasing

165



1 The rolling technique can be used to form a malger tubular conductor. In this case,
the flexible sheet of conductwhich is insulated on both sides is rolled around frame
for the number of turns. The chip ballasting capacitors can be implemented in a
pattern inside the conductor sheet before rolling to account for series capacitance in
series with each layer.
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CHAPTER 7 - Inductive Coil Q-Factor Measurement Techniques

One of the most important parameters in the IPT systems is the magnetic link resonating
coils quality factors @-factor). It was shown in chapter 2 that the link efficiency of the IPT
system directly depends on tiefactor of its resonators. For example, in a 4ved IPT
system, regardless of the resonating topology, the magnetic link efficiency increases by
boosing the coilsQ-factors (assuming the coupling coefficient is fixed). Quality factor is a
dimensionless parameter that describes how underdampetefiean oscillator (resonator)

is [114]. In other words, a resonator quality factor describes the ratio of energy stored inside
it over the amount dissipated in it, per resonating cycle. For example, for a series RLC circuit

resonating at o, theQ-factor is

Stored energy _w,L _ :
Q=4 Dissipated power_ Io? ARC - serries RLC 7.

For parallel resonant RLC circuit, tii@-factor is inverse of the series resonance one. The
definition of (7.1) can also be used at any angular frequendgscribing a passive element;
i.e. the quality factor of an inductor §s ! U.Y_ In another definition, the resonatQr

factor is the ratio of resonance frequency over thegwifer bandwidth according to

Q:% ,  D:half-power BW (7.2)

The half power bandwidth is the range of frequencies thatpower (energy) of the
resonating coil is higher than half of its value at resonance frequency. In the decibel (dB)
format for power (intensity) quantities, this would correspond3tB difference from the

resonance peak power valgert a ¢ "Qm@ 0.

Measuring resonatd@-factor is as important as its effect on IPT efficiency. It is one of the
most challenging and essential RF measurements. Depending on the operating frequency and

the value of quality factor, accurate measurement ofQkeactor kecomes critical. The

167



reason is explained by (7.2); as the quality factor increases, the bandwidth decreases and the
frequency response of the resonator would have a very sharp peak (or notch). Such sharp

behavior can lead to significant errors in @eneaurements.

There are several methods for measuf@tactor as described in various resourfEs4],

and [116]. In general, these meth®aan be classified into measuring coil impedance, or
direct Q-factor measurement. Using the first method, @atactor of the coil is measured

using the coil active and reactive impedance components. In the second measurement class,
the Q-factor of the cd is directly measured without the need for the coil impedance
components determination. Development of these methods goes back to half a century ago,
and has been updated along with measurement equipment improyéirivgnand[118]. In

this section we investigate the most common methods that are used in power electronics and
RF labs forQ-factor measurements. Some o timethods are based on scattering parameters

(S-parameters) that are briefly explained in this chapter.

7.1 Q-Factor Measurement Using Coil Impedance

According to (7.1), the cof-factor is the ratio of its reactive to resistive energy components

at any agular frequency. Therefore, a straight forward method to determine th@-famtor

is to measure its resistive and reactive components at any desired operating frequency. There
are various methods to measure coil impedance as have been discusseil im [ddt@].
Amongst these methods are the reflection coefficient measurement,-{Rfjethod, and
autobalancing bridge. We go through a brief description of each method.

7.1.1 Reflection Typdmpedance Measurement

The impedance of the caiindertest (CUT) can be measured using a single port network
analysis.Fig. 789 shows the connectiaof the CUT to the Vector Network Analyzer (VNA)
through a transmission line (TL) with characteristic impedancg,ofVith the full OSL
(OpenShortLoad) calibration at the point of load connection, #aer can be determined

according to
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S_l CUT ZO Z:UT _ZO 1+ Sl

CUT + ZO 1 %1 (73)

in which S is the scattering parameter reflection coefficient measured by the VNA, which
will be discussed in detail later in this chapter. As can be observed from (7.3), the accuracy
of the measurectkflection coefficient depends on the mismatch betweeZdheand theZo.

Since the coaxial cablgp is typicallyv 11, the accuracy of this method is high @fur

values in the range transmission line characteristic impedance, 1t 1t[116]. This is in

the range of a typical coil impedance at mitiz frequency range. For example, the four
layer tubular conductor (without ballast) discussed in chapter 6, has an impedance value of
p g atp & @ "Odrequency. However, majority of this impedance is reactive, and the
resistance component accounts for ab@jtbof the total impedance for thie T @.XA

small error in determination of the coil resistance could lead to significams enréheQ-

factor measurement. There are two solutions for this issue:use the reflection method to
measure the coil resistance (by resonating the coil) and measuring the inductance separately,

and 2 determine th&-factor directly which will be dicussed later in this chapter.

Calibration points

Fig. 789: The reflection type impedance measurement circuit

Typically, the coil inductance measurement is much simpler than its resistance measurement,
especially forhigh-Q coils. A coil inductance can be measured, with a good accuracy, using
simple LCR meters used in most power electronics labs. Therefore, the reflection coefficient
impedance measurement can be used to determine the coil resistance when the coil is

resonant at any desired frequency. In this case, the ESR of the resonating capacitors will be
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included in the measured CUT resistance. Not to mention that the coil resistance should be in
thev v 1t Ttrange for high accuracies. Since, the resistance of mgisQ IPT resonators

are in the miikOhm region, a more accurate measurement technique needs to be used, such
as RF {V method.

7.1.2 RF }FV Impedance Measurement

The RF 1V method is the high frequency version of the Kelvin DC faire technique. This
two-port shunithrough RF 4V four-wire measurement circuit is illustratedfig. 790, [104,
105]. The scattering parameter transmission coefficknis measured between the input
and output ports dfig. 790 using VNA. A througHine response calibration is performed
with no CUT in place (open circuit) between the two shunt attenudersThen, with the

CUT in plae, theS: is measured and th&yris determined according to

Z = Sn (7.4)
2 1- 521

in which Ry is the resistance the CUT sees from each'¥idgs'Y & . TheRssconnects

the transmission line (with characteristic impeda®g from the VNA ports to the
measurement point. The shunt resistBgs are used to reduce the parasitic impedances
between the calibration and measurement pdibgl]. The value oRshis selected to reduce

the sensitivity of VNA and TL impedance mismatches by domin&na@nd to reduce the
sensitivity of the measureg:. Since the two VNA ports share the same ground, a ferrite
bead is used on both input and output TLs to reduce the voltage drop errors caused by the

parasitic current over TL braid resistanid€)6].

Since the RF-V method presented above is accurate for measuring impedances with values
less than an Ohm, any small CUT inductance (including parasitic inductances) can cause
significant reactances at muNlHz frequencies. Therefore, this method isnéfical in

measuring st®hm CUT resistances when the coil reactanceris,zesonance. It is
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Calibration points
XK A

3P

’—> 50 m 3 3 50 m
VNA Rn 2 Zoyr| | % Rn VNA r
Input | | Output

Fig. 790: The RF #V shuntthough type impedance measurement circuit.

important to note that the ESR of the resonating capacitors are included in the CUT
resistance measurement. To determine Ghfactor, the CUT inductance needs to be

measured additionally.
7.1.3 AutoBalancing Bridge Impedance Measurement

The autebalancirg bridge is a method used in most precision LCR meters. A typical
example of such measurement method device is Agilent 423#Acision impedance
analyzer, with frequency measurement range tOoup top p @t ‘Og88]. Fig. 791 shows

the simple schematic of the athlialancing bridge method. The balancing bridge converter
balances the cuméthrough the reference resistaft¢o maintain a zero voltage at the point
between CUT and.. This is done by detecting a null current, phase detection, integrating
and modulating the second oscillator so that the current thrBughequal to the auent
through CUT. The impedance of CUT is then determined using the voltage ratio of the

oscillators and th&: value according to

Zon= R (7.5)

Throughout this chapter, we measure the quality factor of an IPT resonator with various
methods and compare it to the simulation results. The design and fabrication of such
resonator is explained in chapter 8. The coil is designed for operatipn@atp Od

frequency. The first two methods of reflection coefficient, and-®Fate not the focus of
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Fig. 791: The autebalancing bridge simplified schemaf&8].
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Fig. 792: The coil input impedance and the equivalent circuit parameters.
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this chapter as they are more useful for resistance measurements. Using -tiedaenaiog

bridge technique, the impedance of the coil is measured using Agd@8®A precision
impedance analyzeFig. 792 shows the measurement setup and the measured equivalent
series resistance and inductance ingh& ‘@ p D "‘Odrequency range. As the impedance
analyzer gives the total impedance seen from its ports, the RLC equivalent circuit of the
resonator (CUT) was derived using the bunltfunctions of the analyzeFig. 792c. This

way, the actual inductance of the coil (that corresponds to the inductive power transfer) is
determined. Determination of parasitic capacitance, as part of the total seen impedance
needs to be done over a narrow frequency range. The reason is to ensure a proper
measurement of the CURL andL: (the subscripl is used because the CUT is the primary

coil of the IPT system) as the analyzer binltfunction determines the three ciitcu
components over the sampled frequency range. Therefore, it is essential to have a frequency
range in which the changes iR and L: are negligible, assuming the coil parasitic

capacitance also remains constant.

7.2 Q-Factor Measurement using Scalaioltage Gain

In this type of measurement, throughout the rest of the chapter, the quality factor of the coil
is directly determined without the need for coil impedance measurement. Advantage of this
type measurement technique is that the coil is resomditdet desired resonance frequency.
This is beneficial for IPT systems where the resonating capacitors with their resistive
components are part of total resonator quality factor. Consider the series RLC circuit
depicted inFig. 793 resonating atro. The circuit is fed by a sinusoidal voltageand the
voltage across the capacitor bank is measuraéasThe grounds of the source and output
voltage neasurement are the same. If the source excitation frequency is the same as circuit
resonance frequency, the ratio of the output voltage to the input voltage would be

1
R+—— .
Vou|o IC o Iut L W o (7. 6)
Vs R*R  R+R Ry
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This voltage ratio ishe same as the resonator quality facerat its resonance frequency
(the subscript 0fQo points to the resonant frequerfgy The resistancB. represents the ESR
of the compensating capacitor, together with the inductor resistanderm the total
resonator resistan¢®otal.

Fig. 793. The measurement f-factor using output/input voltage ratio.

This method can be implemented for characterizingXtfactor of high frequency inductors
having magnetic materiald19]. The input voltage source can be supplied from a small
signal generator; however, f@-factor measurement ofsonators containing magnetic
materials, large signal excitation is required that can be supplied by an RF power amplifier
right after the signal generator. The disadvantage of this traditi@#fattor measurement
method is that the output voltage prolagsitic capacitance can have quite large influence

on the coil resonance frequency. Nevertheless, the input voltage probe parasitic capacitance

does not influence the resonance frequencyifactor.

In this section th&Q-factor of the resonating coil dhe designed twaoil IPT system is
measured using AP Instrumefitsiodel 300 frequency response analyzer. The AP300 is a
two port measurement system capable of measuring both the voltage gain and scattering
parameters, with external signal source port attached to it. For this measurement, the high

impedance voltage probdeach has less thang "©f parasitic capacitance gt are used

to measure the output/input voltage ratio magnitude in degibbela € "Q w . Fig.

&)

7.94 shows the measured voltage gain in dB for the frequency ramge op @ "Odlt can
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be observed that the parasitic capacitance of\&ie probe has shifted the resonance
frequency fromp & @ "Oddown to aboutp @ W "Oa This coresponds to parasitic
capacitance ob p) "OFig. 795. In Fig. 795, the effect of output voltage probe parasitic
capacitance is simulated and presented versus frequency. The RLC values of the coil in the
simulation ofFig. 795 are based on the coil parameters measurement using AgH2ewA

Precision frequency analyzer, which was discussed in the previous section.

Mag [B/A] (as)| Magnitude of Vout / Vs
47.000 ™
44.000
41.000
38.000
35.000 .
32.000 " %
26,000 _a",i :
26.000 .
23.000
20.000
17.000 —
12.00 M 1250 M 13.00 M
a) Measured scalar voltage gain (dB)fvs. b) Scalar voltage gain measurement setup

Fig. 794: The measureto./ Vsin dB for the resonating IPT coil (CUT), and its measurement setup.

13.56 MHz

( Vout" Vin ) dB

18- —Voltage Probe C_ =0 | "l

---Voltage Probe Cp =11pF| Tt

1q2 125 13 13.5 14
Frequency (MHz)

Fig. 795: The simulated/out/ Vin in dB with/without probe parasitic capacitance
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The measured voltage gain of the coilpag W "Odst ® ‘Q 6which corresponds tQ-
factor ofp v&p) Assuming the coil RLC parameters remain fixed in the range @fu
p & @ "O¢ then, the measured quality factor of the primary coil at its actual resonance

frequency op & @ "Odwould bed  p X &

7.3Q-Factor Measurement Using Vector Network Analysis

An IPT system, in its basic element, is a linear-pwot network which cabe characterized

with its network parametersrig. 796. The network parameters can be expressed in
impedance (Z), admittance (Y), transfer (T), oattering (S) matricef63]. The scattering

matrix is well studied in academic literaty62!], and this section brings a brief introduction

to it as the basics for the measurements. The author would recommend the studies performed
by [63] for a detail discussion aboutfarameters

Two-Port Network

Magnetic
Link

-
by

Fig. 796: The IPT system twort linear network

Consider a tweport network as depicted Fig. 796, based on the directions of voltage and

current, the impedance matrix is defined as

&V, e, Z e .

N 962, Ly, b€ -\? =Z | Z:Impedance matri (7.7)
e\/ ng 7 U |Q

evza u 21 22 U ‘e u

Havingports voltage and curreahdreal Zo, travelling wave®s, ai, b2, andaz are defined:

:V1+Zo|1 V, -Zyl, Vi Zol, V, 4,

27, % oz Y m o

(7.8)
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The waves incoming to the port are referred t@@aand a;, and the waves outgoing from

ports are referred to &s andby. The scattering matrix containingg@rameters idefined by

& ggsﬂ 2 BE g =Sa SScattering matri; (7.9)

UES: S, e 1
By having the scattering parameters, the impedance matrix parameters can be determined
using parameter conversion meth@$]. Scattering parameters are walidied parameters
and are the choice of measurement at frequencies above MHz. The reason is that the
measurement of voltage and current becomes increasingly difficult at such high frequencies;
however, a Network Analyzerao measure the-garameters quite accurately. Consider the
two-port network is connected to load and source accordiRgytd/ 96. The load impedance
is Z, the source impedanceds the input impedance from the network pbiis Zin, and the
output impedance from pe® is Zow. Having this terminology, the four reflection

coefficients at the two ports &ig. 796 are given by

(7.10)

The real valued reference impedangeis selected to be m. Defining the reflection

coefficients in (7.10), the transduce power g&m, and the network (magnet link)

efficiency— , are expressed as
R reaI(ZL)|I2|2 1 > 1-| (§|2
hc-c_F 2 2|SZl| —é
no AMfrealz) 1-| G TS, |
2 |Zs+zin|2
, , (7.11)
G - P real(z)|l,[ 1-|d S 1|6
- 1
. 1 IVs|2 |1' G sé |1 S L|2<

8real(Z,)
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There are several methods to measurdXMfactor of resonators[120], [121], and[122]. In

one classification, these methods can be categorized into scalar and vector measurement
groups. In another classification, the methods can be divided into voltage/current and
scattering parameter measurement groups. So far in this chapter, the icep@@asurement

and scalar voltage gain techniques have been described for@fddtor measurement.
Another scalar method is based on VSWR (Voltage Standing Wave Ratio) of a resonator
around its resonance frequency. For the rest of chapter, we focusonhme@asurement of
Q-factor based on scattering parameters that can be determined using a Vector Network
Analyzer. Three methods based on the reflection and transmission coeffiSier#sdS:1)

are investigated to measufgfactor. We go through theseethods that are the most

common means of measurements in most RF labs.

7.3.1 Reflection TypeQ-factor Measurement

In this type of measurement, the input impedance of the resonant circuit, by itself or through
an external coupling, is investigated through-pog VNA measurement. Consider the RLC
series resonant circuit loop of the primary coil that is magneticallpled to an external
search loop (external couplindgyig. 797. The reflected impedance to the search loop is
referred to aZrer, and the input impexhce from the external coil terminals is referred to as
Zin. The expression for th&eris determined in chapter 2. Around the resonance frequency of
the RLC coll, theZes has a closetbop behavior in the impedangtane (real and imaginary
axes) for diferent values of frequendy17], [123]. Input impedance form external coupling,
Zin, has a similar shape with few differences. First,Zh®&ehavior in the impedance plane is
not a closedoop; but, rather outontinues the closed loop. Second, the size and position of
theZet loop vary with different values d andLe.

For the purpse of the RLC CUTQ-factor measurement, the search loop is fabricated on a
PCB FR4 with copper thickness of 0.5 o0z. and trace width¢éofx, forming a loop with
inner diameter 0b & & The FEM simulated values for its resistafseand inductancke, at

p & @ Ocdaremdt w ¢ andm®® ¢ ‘p "Orespectively. For these values, the reflected
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QGoupling Grcuit
L VWA
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Fig. 797: The reflected and input impedances of the coupled RLC loo}

impedance and the input impedance from the search loop are depi€igd 798 over the
impedance plane versus frequency. The RLC values for thdagion of Fig. 798 are from

the coil parameter measurement using Agilent 4294A impedance analyzer discussed in
section 7.1.3. It is observed that the circulating (resonating) is inherent in both impedance
curves. TheZin is shifted upper in the imaginary axis as to repreflem reactance of the
external coupling circuit. It is important to note that ther is not accessible through
measurement whil&, is. As the goal is to measure the quality factor of the RLC resonant
circuit Qo, two parameters are defined as loadedlityufactor Q., and coupling factol

[120], according to

IeQO:WLL

iQ=-—0 - 'Y7Q R (7.12)
1L R+R 1 e

! iR=Qa )

'|‘Q :WLL

i~ Ri

The coupling factolt is the ratio of the external coupling circuit and the RLC loop power
dissipations. This power dissipation, for the same amount of current, would be the ratio of the
external and CUT-factors with the external coupling resistance reflected to the RLC loop

The coupling factor can bé ( p) for undercoupled, {  p) for overcoupled, andl( p)
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for critical-coupled systemgl21]. MeasuringQL andll are essential to find th@,. Consider

the Zn behavior in thempedance plane dfig. 798. Around the resonance frequency of the
RLC loop fo, the reactance of external coupler moves thousands of times slower than the
RLC circuit reactance. Therefore, having the frequencies atmteémum and minimum

of Oad asf, andfz, the loaded quality factor of the system can be deternaised

(7.13)

Im (2)

Fig. 798: The reflected anthput impedances vs. frequenc

The next parameter to measure is the coupling fdctBeferencd123] discusses in detalil
the analytical formula to find this coupling factor. Another way is to determine the reflection
coefficient at the input terminal&g or3) of Fig. 798 on the smith chart, and find the-so

calledQ-circle diameted. The coupling factor is then determined by

k=—™ (7.14)
4
d

in which d @s the diameter of the new smith chart overall circle that is tangential to the
detachedQ-circle [124], [122]. This can be done in moderm\M having post processing
programs built in. In this work, the AP300 frequency response analyzer is used to measure
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the reflection coefficient form the search loop input terminals. Due to the lack ofrbuilt
postprocessing programs, the commercially &atde QZERO software is used to measure
the loaded quality facta®., coupling factoil, and subsequently the RLC quality fac@y

[114]. The inputs to the QZERO pestocessing software arbe vector information of the

Si1 (magnitude and phase) around the resonance frequeigcy.99 shows the measurement
circuit and setup for reflection coefficient measurement at the external coupling input. The
signal source is split using power splitter to sample the incident wakie search loop. The
reflected wave is coupled using directional coupler to sample the reflected wave. The ratio of
the reflected wave to the incident wave is the reflection coeffiGantThe calibration is
performed at the input of the search loop teats and all the transmission lines are matched
to each other and VNA.

The measured magnitude of the reflection coefficient in@dBr(a € "BY s) and its angle

are shown irFFig. 7100a. It can be observed that the angle of the reflection coefficient has an
offset due to the external coupling circuit reactance. The measured quantitiesSafalte
imported into QZERO to find th@-circle and th&o, Fig. 7100. It can be observed that the
measured coupling factor lls 1@t Y.1The loaded quality factor is measured todbe

p @@p and the RLQquality factor is measured to Be p Y&t Although theQ-circle can

be determined using a thrpeint measurement techniquds {1, andf), the advantage of
post processing software is that more than three points can be measured to fQrairthe

in order to minimize the influence of random errors. This type of measurement is a common
method for microwave resonators and is discussed in several available litdi6igd 26],

[127], and[114].

The external coupling circuit can be capacitive instead of indufli2@)]. In this case, the
physical behavior of the system does not change and the equations for thdamidr@an
be determined similarly. However, this is not the focus of this work. The adyenf using
external coupling circuit foQo measurement is that the interference to the RLC resonator is

minimum. Although the external coupling circuit loads the RLC coil; however, this loading
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is quite negligible with a proper design. fig. 7100, the loaded resonance frequency is
aboutQ p & @ Od

Fig. 799: The measurement setup for reflection coefficient measurement.
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a) Block diagram foiS;1 measurement.
Mag [B/A] (dB) | S$11 Magnitude and Angle Phase [B-A] (deg)
-0.200 167.000 A
-0.400 165.000
-0.600 [FEs 163.000
T
-0.800 [’\ 161.000
-1.000 A 159.000
S
-1.200 WMK 157.000
-1.400 e f 155.000
-1.600 153.000
N,
-1.800 151.000
-2.000 T 149.000
-2.200 147.000 o
13.00 M 13.50 M 14.00 M
! 1

a) The measuref; magnitude (dB) and its angle  b)
(degree) using AP 300 VNA.

b) The search loop and the RLC test set
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Q= 1664
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Plot 10
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K= 0.084485
+- 0.00510 ‘(

Ks= 0.003382 |

FL= 1.37087470E+07,

The measured Qircle and the corresponding
Qu, I, andQo using QZERO software
Fig. 7100 The measured reflection coefficient for the RLC loop coupled with the external circuit.
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7.3.2 Transmission Type &actor Measurement

In the transmission type measurement, two external coupled circuits (search loops) are used
to find the quality factor of the main RLC c¢il28]. The twaport transmission coefficient
measuremeny, is performed having two magnetically decoupled search loops. The search
loops are, individually, magnetically coupled to the RLC loop. One way to perform this
condition is put the search loops onlbstdes of the resonator; another method is to overlap
them to have them decouplddg. 7.101 shows the measurement block diagram and the test
setupto measure the transmission coefficient. The incident power is split and sampled using
power splitter and the transmitted wave is directly measured in the output. The ratio is the
transmission coefficient. The calibration is performed at the end sides ekternal circuits.
Around the resonance frequency of the RLC loop,Shecurve versus frequency shows a
Lorentzian shape. As the reactance of the RLC coil around this frequency varies much faster
than those of external coupled circuits, the loadeditgutactor of the system is then
determined using a thrgmint measurement on ti#; curve, commonly in decibet, 1t

a € "®Y s, using

f

- 0
Q M- 1) (7.15)

In whichfo, the resonance frequency of the RLC, is determined at the p&akcofve and,
andf; are the oQ ébandwidth of the curve. Similar to a reflection type measurement, there
are two coupling factors defined for the two search loops, namelgdll . In this work,

the search loops are assumed to be identical and the total couplind fisctiatermined in
[128] to be

ek= k+ k2,
Lo S0 (7.16)
Il 1- |821( f0)|

The quality factor of the RLC resonant c@d, can then be determined using
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Source A B AP 300 VNA

Coupling rcuit R.CLoop Coupling rcuit

Qutl | d . |

In | ROt g '
Le

Out2 T c |

| |

Power Splitter ! !
— Calibration point / |_S;1

b) The overlapped decoupled identical sea

a) Block diagram fol$;; measurement. loops and the RLC test setup.

Fig. 7.101 The measurement setup for transmission coefficient measurement.

Q=Q@ «). (7.17)

Two identical search loops are fabricated, with the same properties as that of the reflection
type measurement, and are decoupled by overlapping. They are then placed under the main
RLC loop such that each has the same magnetic coupling with the regonétercondition

(7.16) to be satisfied, while they are decoupled using overlapping.

Fig. 7.102shows the measure&,, in dB around the resonance frequeficy

Mag [B/A] (dB) \ 521 Magnitude in dB
-16.000 o
-19.000
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-34.000 i .
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-48.000 n—— =
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£ m i Ty e T
1 AT SR e
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Fig. 7102 The measured transmission coeffici€atand the-3dBbandwidth.
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The loaded resonance frequericys measured to e & @ "Odwhich is quite close td.

The JQ 6frequencies around this resonance frequency are locat&d ap @& Y Oa

and’Q p & Ww "OaTherefore, the loaded quality fact@r is measured to be 171.4. By

finding the maximum of thé&: curve to be 0.0959, the coupling factor is determined to
bel 1§ m.qUsing (7.17), the quality factor of the RLC is measured to be p yap In

another experiment, the two search coils werers¢g@ to reduce the coupling between them.

Fig. 7103 shows the test setup and the measured reflection coefficient. In this experiment,
p Yai. It can be concluded that

the measured quntities are

p ol T 1,@ndd

the measurement results using separated decoupled search coils are quite similar to the

overlapped decoupled ones.

Mag [BIA] (dB) | 521 Magnitude in dB
-17.000

-20.000

-26.000 /
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-32,000 '
-35.000
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-41.000 et
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-23.000 AR

14.00M

[

a) The measure&: magnitude (dB) vd.

b) The separated decoupled identical

search loops and the RL@

measurement setup.

Fig. 7103 The measured transmission coefficient using separated decoupled search loops.

The advantage of the transmission type measurement is that thepdhreeneasurement is

directly performed over thé&p: curve without the need for post processing programs.

However, t he

external

coupling

¢ alramdthave s 6

exact same magnetic coupling to the main RLC Id#8]. Table 715 shows the values of
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