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K-Inverter Design for Inductive Power Transfer

Systems with Multiple Receivers®

Vo Quoc Trinh

Abstract

Inductive power transfer (IPT) is a non-radiative wireless power transfer tech-
nology which has been applied in many fields of life from medical treatment,
kitchen equipment, portable electronic devices to transportation. In principle,
IPT has utilized the coupling between two coils to transfer power. An inductive
coupling is a K-inverter whose characteristic impedance represents the strength
of the coupling link. In addition to inductive coupling, K-inverter can be cre-
ated using passive elements consisting of inductors and capacitors. A K-inverter
outputs a load-independent constant voltage when driven by a constant cur-
rent and outputs a load-independent constant current when driven by a constant
voltage. As a consequence, two K-inverters connected in cascade are able to
output load-independent constant voltage if driven by a voltage source. Passive-
element based K-inverter, known as CLC (capacitor-inductor-capacitor) or LCL
(inductor-capacitor-inductor) topology, is usually employed in IPT systems to
achieve constant load voltage. Constant load voltage is important because it
guarantees stable working condition for load and enables load to consume power
as expected by adjusting its resistance.

An advantage of IPT is to charge multiple receivers simultaneously. Recently,
stabilizing multiple load voltages is still an attractive topic when rated voltages
for receivers’ loads and operating frequencies of receivers have diverged from ap-
plication to application. More specifically, in addition to constant load voltages,

different applications require differently rated voltages for their loads. In another
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scenario, some receivers are located far from transmitter, leading to a deterio-
ration of the system performance. Furthermore, besides the requirement of an
individually rated voltage for load, each application may operate at an individual
frequency. This work utilizes the properties of K-inverters to address the current
challenges in multiple-receiver IPT systems. Firstly, multiple K-inverters are used
inside charging platform to stabilize load voltages against load variations. Then,
characteristic impedances of the K-inverters are adjusted so that the load voltages
reach the rated values required by the users. Secondly, a cooperative IPT sys-
tem where cooperative receiver can simultaneously draw power itself and transfer
the rest of power to distant receiver is proposed. K-inverter-based compensation
is employed for cooperative receiver to realize cooperative characteristic while
still stabilizing two load voltages against load variations. Finally, a multiple-
frequency IPT system where multiple sources operating at multiple frequencies
share a common transmitting resonator to deliver power to multiple receivers is
proposed. Each pair of source and corresponding receiver operates at an indi-
vidual operating frequency. K-inverters are combined with band-reject filters to
separate power link of each pair of source-corresponding receiver and stabilize
load voltages. As a result, each pair of source and corresponding receiver is con-
sidered as independently operating at their individual frequency. Therefore, a
full voltage control for each load can be achieved without affecting the operation
of other pairs of source-corresponding receiver.

The findings in this dissertation highlight that it is completely feasible to
use K-inverters and compensation circuits to stabilize load voltages in multiple-

receiver IPT systems under single or multiple operating frequencies.
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Chapter 1

Introduction

1.1. Wireless Power Transfer and Classification

Wireless power transfer (WPT) has a very old origin with several evidences related
to magnetic field. However, for early development of its theory, André-Marie Am-
pere should be mentioned as one of the pioneers researching on the theory of elec-
tromagnetics. His theory of electricity and magnetism published in 1827 [1] was
a valuable achievement for the beginning of the general electromagnetic theory.
Several years later, Micheal Faraday came up with electromagnetic induction and
demonstrated it in a publication in 1831 [2]. At the same period of time, Joseph
Henry also discovered similar phenomenon of electromagnetic induction. Lenz
found that electromagnetic field would be in a direction that opposed any change
in current [3]. Until 1865, by synthesizing and developing the achievements of the
precedent scientists, the general electromagnetic theory was postulated by James
Clerk Maxwell [4]. Today, the general electromagnetic theory is now preferred to
as Maxwell’s equations. Until early years of 20th century, wireless power transfer
was realized by Nikola Tesla [5-7]. In his whole life, Nikola Tesla left us many
works related to electromagnetic energy which were considered as the beginning
form of wireless power transfer systems today [8]. The idea that electric energy
could be transmitted through the air seemed to connect to his first recored coil,
the system of power electric lamp using one wire. Fig. 1.1 describes the lamp
which was powered using one filament and one leading-in wire.

For next tens of years, wireless power transfer has become a key factor in the



Figure 1.1. Lamp with single wire [9].

development of wireless communication. Until today, wireless power transfer tech-
nology has been applied in many fields of science and life. Wireless power transfer
has been classified into two main categories including near-field and far-field wire-
less power transmission [10]. Far-field wireless power transmission, also known
as radiative WPT, has two main technologies: microwave used mostly in wireless
communication [11] and laser power beaming used in laser-based power transfer
[12,13]. In wireless communication systems, power transfer efficiency (PTE) is
not one of the most important factors because the main purpose of using WPT
in this kind of the systems is to exchange information successfully. The end-to-
end PTE is from a fractional of percent to several percent only [11]. In wireless
communication systems, the amount of power received by receivers is from hun-
dreds of microwatts (p¢W) to a few milliwatts (mW) [14]. Another technology of
far-field WPT is laser power beaming which is expected to be used for transfer-
ring power to unmanned aerial vehicles (UAV) [15]. As compared to microwave
used in wireless communication, laser radiation has been more challenged be-
cause laser radiation could be dangerous and require light of sight transmission.
In contrast, near-field WPT, also known as non-radiative WPT, has been found
a use for powering or charging electronic devices. Main technologies in this cate-
gory are inductive coupling, magnetic resonant coupling, capacitive coupling and

magnetodynamic coupling. In near-field WPT, PTE is one of the most important



factors. Recently, RF-RF efficiency of up to over 90% can be achieved in near-field
WPT. Accordingly, it has been primarily used for charging or powering systems
in which transmitting/charging platforms usually deliver the amount of power of

from several watts to kilowatts to loads.

1.2. Inductive Power Transfer

Inductive power transfer (IPT) is a WPT technology which uses coupling between
two coils to transfer power over air. The illustration of IPT principle is described
in Fig. 1.2. A transmitting coil is driven by an AC source to generate time-
varying magnetic field. This variation of the magnetic field will induce a current
at receiving coil according to the general electromagnetic theory discovered by
James Clerk Maxwell. In the other word, an amount of power is transferred from
the transmitting coil across the air to the receiving coil.

As mentioned above, inductive power transfer is a branch of wireless power
transfer technologies. Therefore, IPT is not a recently discovered concept. It was
discovered more than a century ago by Nikola Tesla [16]. Fig. 1.3 illustrates a very
old IPT system which Tesla invented for electro-therapeutic purposes in 1898. He
further found that power transfer capability of IPT system was enhanced when
inductors were combined with resonant capacitors.

There have been many IPT systems developed from the day it has been firstly

discovered. However, it has really been paid attention after the researchers from

receiving coil

netic field

AC source s .
ransmitting coil

Figure 1.2. Illustration of the principle of IPT technology.



Figure 1.3. An early IPT system for electro-therapeutic purposes [16].

A S D B

Vo bulb

Figure 1.4. lustration of IPT system used for powering a light-bulb in 2007.

Massachusetts Institute of Technology (MIT) published their work of using cou-
pled magnetic resonances to transfer power wirelessly over 4 times of radius of
transmitting coil [17]. Fig. 1.4 is the description of using IPT to powering a 60W
bulb across 2m distance with the efficiency of up to 40%. Generally, there is no

significant difference between the early IPT system and the today’s ones.
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Figure 1.5. The coils and their arrangement in the investigation of power losses

in tissue [25].
1.3. IPT’s applications and future concerns

1.3.1 Applications

Due to inheriting the nature of wireless power transfer, IPT can transfer power
without wires or cables. Since there is no physical connection between transmitter
and receiver, IPT has been used to deal with the problems of transferring power,
such as electrical isolation or freedom of receiver’s movement [18]. Therefore,
IPT’s applications has spread in many fields of life from biomedical implants,
mobile devices, electrical vehicles and trains [19-22].

For biomedical sector, IPT has been early used to transfer power to the coil
which was implanted inside human body in 1960s [23,24]. An experimental sys-
tem was constructed to transfer power of 1kW across the skin of a dog in 1971 [25].
The coil arrangement used to investigate the inductive-type loss when transferring
power through tissues was illustrated in Fig. 1.5. At that days semiconductor

technology, however, was not flourished as today. Therefore, it was not possi-
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Figure 1.6. Two-hop inductive power transfer system to power capsule-size device

placed inside human body [26].

ble to realize sufficiently small implantable systems to be suitable for biomedical
applications. Fortunately, that semiconductor technology has dramatically ad-
vanced over years later brings about a significant decrease of components’ size.
That makes implantable devices more feasible in modern life. One evidence was
a capsule-size device which was constructed to monitor inside body [26]. Fig.
1.6 shows the two-hop inductive power transfer system to power capsule-size de-
vice inside human body. In this system, power was transferred from the floor
to capsule-size device over a distance of 1m with DC-to-DC efficiency of 3.04%.
More surprisingly, an implantable device was designed to place inside human
heart [27]. The experimental system in this research operated at the frequency
of 13.56MHz and was able to deliver power to 5 — 80mm with the efficiency of
56%. The other example of implantable devices is bionic eye which enables blind
people to see again [28]. Fig. 1.7 is an illustration of a bionic eye used for blind
people. The device attached on glass would take charge of transferring data to
the bionic eye based on inductive link. Today, implantable devices are being paid
more attention because these devices can help patients to feel more comfortable
when they are examined. Many studies have been carried out to improve perfor-
mance of IPT systems for implantable devices as well as to fulfill reliable interface
between implantable devices and external devices [29-31].

Another application of IPT technology is to power electronic devices. A laptop
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Figure 1.7. The operation of a bionic eye [28].

(a) Whole system (b) TX coil layout (¢) Receiver

Figure 1.8. Prototype of powering laptop wirelessly [32].

was powered using IPT technology [32]. The prototype of IPT system which
was able to supply power for battery-free laptop is illustrated in Fig. 1.8. The
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Figure 1.9. Powering an LED TV wirelessly [33].

transmitting coil had the size of 350mm x 250mm while the size of the receiving
coil was 200mm x 120mm. The prototype could transfer the power of 32W to the
laptop with the end-to-end efficiency of 60%. Similarly, IPT has been also used
to power television [33,34]. Fig. 1.9 shows the illustration of powering television
wirelessly. This application using highly resonant technique could transfer the
power of 150W to an LCD television.

A ubiquitous application of IPT technology today is to charge electronic de-
vices [35]. Many kinds of electronic devices are often equipped a rechargeable
battery, such as toothbrush, wearable devices, smart phone or electric vehicles.
Therefore, IPT technology becomes suitable for battery-rechargeable electronic
devices when it is more convenient than using wire or cable for charging. In or-
der to forward to the convenience in charging, IPT-based charging platform for
wearable devices was studied [36]. Specially, charging mobile phones using IPT
technology has been extremely paid attention in recent years [37-39]. Besides us-
ing for small power charging with several watts, IPT technology has been utilized
for high power charging, such as charging electric vehicles [40] where charging sys-
tems were required to operate with several tens to hundreds of kilowatts [41-43].
Fig. 1.10 is an example of charging a smart watch, smart phone with the power

of 5W and electric vehicle charging system.

1.3.2 Future concerns

Although ITPT’s applications have continuously spread in many fields of science



(a) Charging a smart watch [36] (b) Charging a mobile phone [44]
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(c) EV charging system [45]
Figure 1.10. IPT applications in charging battery.

and daily life as mentioned above, some concerns still need to be addressed in
future, including magnetic field exposure, energy security and transmission effi-
ciency.

For the issue of magnetic field exposure, there are recently a few standards pro-
viding the guidelines to prevent human body from electromagnetic field exposure,
consisting of the International Commission on Non-Ionizing Radiation Protection
(ICNIRP) [46] or IEEE safety standards [47,48]. There have been several studies
investigating magnetic exposure caused by WPT systems on human body using
human body model [49, 50]. Nevertheless, magnetic effect of IPT systems on sur-



rounding environment or real human body has not been investigated completely.
Current IPT systems always leak magnetic flux into surrounding environment.
Especially, magnetic flux leakage significantly increases when transmitting plat-
forms operate without their receivers. For that reason, protecting human body as
well as surrounding environment from magnetic field exposure is still a challenge
for recent or future designs of IPT systems.

Another concern in future IPT systems is authority to use energy. Recently,
there have been few studies focusing on energy security in IPT. They can tem-
porarily be categorized into two main approaches, including physical security
and communication-based security. In the first approach, the authors in [51,52]
adjusted operating frequencies according to the predefined regulation to deliver
power authorized users. Unauthorized users would inefficiently pick up power
because they had no knowledge of the regulation of operating frequencies. This
kind of energy encryption is similar to frequency-hoping mechanism in wireless
communication [53]. Other study utilized power beam formed by multiple trans-
mitters to deliver power to receivers at certain positions only [54]. For the ap-
proach based on communication between transmitter and receiver, IPT systems
will be equipped communication modules at both transmitter and receiver sides.
The power transmission over power channel will be occurred once transmitter
and receiver finish their authority process on communication channel. In general,
the existing methods used to secure energy in IPT either required high complex-
ity of users/receivers or protected energy from unauthorized users incompletely.
Therefore, similar to electromagnetic field exposure, energy security is still a big
challenge in IPT technology in future.

Finally, even though the theory of maximum achievable efficiency has almost
completed in [55-60], transmission efficiency is still one of the biggest concerns in
future IPT systems. Recently, IPT systems could achieve transmission efficiency
of from several tens to over 90%. This number of transmission efficiency may be
acceptable for low-power applications with several watts to hundreds of watts.
However, it becomes a big problem for high-power IPT systems with a few kilo-
watts to several hundreds of kilowatts because power loss can cause the damage
at transmitter side. The transmission efficiency limitation in recent IPT systems

comes from the quality of the components used in the systems. In future, once

10



material technologies, specially semiconductor and superconductor, are advanced,
the development of IPT technology will rapidly pushed forwards as cost reduces

and performance is improved.

1.4. Motivation

Even though IPT was demonstrated hundred years ago, it has really flourished for
last two decades with high attention in both industry and academia. For industry,
IPT systems bring about the convenience in daily life with many applications
mentioned above. For academia, the theory of maximum achievable efficiency
of TPT systems has been quickly fulfilled for last decade. Once the theory of
maximum achievable efficiency is mature, the stability of IPT systems become the
key direction for the researches in near future. More specifically, in IPT systems,
stable output voltages against load variations should be achieved to allow loads
to consume the expected amount of power by adjusting their resistances. It leads
to a better operation for the loads. Recently, constant load voltage against load
variations in IPT systems with single transmitter and single receiver has been well
studied. In such IPT systems, a famous topology, known as capacitor-inductor-
capacitor (CLC), and/or relay are mostly used to realize the stability of output
voltage for the load. It is, nevertheless, more challenged when IPT systems are
scaled up to multiple receivers. It is because the mentioned technologies has to
encounter the problem coming from the couplings among receivers which will
deteriorate the stability of the output voltages/currents. There have been a few
studies focusing on stabilizing the load voltages in multiple-receiver IPT systems.
However, stabilizing multiple load voltages in multiple-receiver IPT systems is still
an attractive topic when rated voltage for each load and and operating frequencies
have diverged from application to application. In practice, for different applica-
tions, each receiver often requires individually rated voltage for its load. There-
fore, multiple-receiver IPT systems, whose advantage is to charge multiple users
simultaneously, should be advanced to be able to deliver individually rated volt-
age to each receiver. In other scenario, charging platform needs to deliver power
to several receivers which are located far from it. In these cases, instead of us-

ing additional supporters to help to deliver power to distant receivers, it is more
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convenient if some receivers can change to cooperative mode to relay power to
distant receivers while still drawing power itself. Last but not least, one grow-
ing problem in IPT’s applications is the divergence of operating frequencies. It
means that each application requires not only an individually rated voltage for
its load but also an individual operating frequency. In this scenario, a new type
of multiple-receiver IPT system should be proposed to charge each receiver with

individually rated voltage under its operating frequency.

1.5. Contributions

In order to address the above mentioned challenges, this dissertation proposed
multiple-receiver IPT systems which could simultaneously stabilize the load volt-
ages against load variations under different requirements. The contributions of

this dissertation were as follows.

1. Firstly, charging platform consisting of one source resonator and multi-
ple transmitting resonators was used to deliver and control load voltages
for multiple receivers [P.W1], [P.J1]. This structure was equivalent to the
structure of multiple K-inverters formed by the couplings between the source
resonator and the transmitting resonators. Therefore, the currents flowing
in the transmitting resonators were fixed because multiple K-inverters were
driven by a source voltage. These stable currents, in turn, induced con-
stant voltages to the loads regardless of load variations. Moreover, once
load voltages were stabilized, the rated load voltages could be achieved
by changing the characteristic impedances of the K-inverters, in the other
word, by adjusting the arrangement of the transmitting resonators inside

charging platform.

2. Secondly, a cooperative IPT system where cooperative receiver could si-
multaneously play two roles, including supporting transmitter to deliver
power to a distant receiver and drawing power itself, was proposed [P.C1],
[P.C2], [P.C3]. K-inverter was applied for cooperative receiver to realize

cooperative characteristic while still stabilizing the load voltages.
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3. Finally, multiple-frequency charging IPT systems were proposed to stabi-
lize load voltages for multiple receivers operating at different frequencies
[P.W2], [P.C4]. In these systems, multiple sources shared a common trans-
mitting coil to deliver power to corresponding receivers. Each pair of source
and corresponding receiver operated at an individual frequency. K-inveters
were combined with band-reject filters to separate the power link of each
pair of source and corresponding receiver while still stabilizing load voltage
for each receiver. Consequently, even though using a common transmitting
coil, each pair of source and corresponding receiver was considered as op-
erating independently. Each load voltage could be controlled by adjusting
the corresponding source voltage without affecting the operation of other

pairs of source and corresponding receiver.

1.6. Design methodology

In practice, the process of producing any system should be followed a certain de-
sign methodology to achieve as good performance as possible and reduce system
production time. The following design process can be applied for producing the
proposed systems. The main steps are as follows. Firstly, an IPT system is theo-
retically proposed to satisfy the requirements. Then, theoretical analysis should
be verified by simulations (based on LTSpice and/or WIPL software). This step
can help to save the time of examining the developing theory. Next, we construct
the proposed system based on theoretical analysis. Here, Vector Network Ana-
lyzer (VNA) machine or LCR-meter machine can be used to support construction
process. Finally, the performance of the prototype/product should be examined
by measures from oscilloscope machine or equivalent machines.

In these steps, constructing coupling networks and compensation networks is
the most important for the proposed systems to operate as desired. This step can

be divided into sub-steps as follows.

e Transmitting and receiving coils should be designed first because they de-
pend on the requirements of size and operating frequency. The coils should

be made from low-loss materials such as litz wire.
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e Then, the couplings between them or Z-parameters should be measured

using VNA or LCR-meter machines.

e After obtaining the measured couplings, compensation networks, consist-
ing of capacitors and inductors, are calculated to meet the needs of the re-
ceivers. In particular, in the proposed systems, the main relationship among
the compensatory components is resonance. The capacitors or the inductors
can be selected first if it is difficult for adjusting their value. Then, the other

components are constructed based on the resonant relationships.

However, there are some additional issues which we should pay attention when

deploying the proposed systems in practical environment.

e The first is noise caused by other systems. As described above, the principle
of IPT system is electromagnetic field variation. Therefore, it can be totally
atfected by the energy of electromagnetic field caused by other systems.
For wireless communication systems, power received at users is just from
hundreds of microwatts to tens of milliwatts only. That amount of power
is negligibly small to power of from a few watts to hundreds of kilowatts
received by users in the proposed IPT systems. As a result, electromagnetic
noise caused by wireless communication systems totally has no etfect on the
operation of the proposed IPT systems. In contrast, interference should be
taken into account when the proposed systems are deployed nearby other
IPT systems. It is because the coils in proposed systems may be coupled to
the coils of nearby IPT systems, leading to power exchange among them.
For that reason, there should be isolation mechanism between the IPT sys-
tems to guarantee the stability of the proposed systems and nearby IPT

systems.

e The second is quality factor of the components used in the proposed sys-
tems. In theoretical analysis, quality factor of the components in compen-
sation networks is often omitted for simplicity. However, in practice, quality
factor of compensatory components as well as of coils is the most impor-
tant factor because it significantly contributes to transmission efficiency. As

a consequence, the coils and the compensatory components of the proposed
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systems should be high-quality ones if the proposed systems is expected
to attain high efficiency. Recently, quality factor of coils or compensatory
components is limited by material technologies. In future, the development
of material technologies, semiconductor and/or superconductor, is expected

to create nearly ideal components.

The third is design margins for the proposed systems. Mostly, the com-
pensatory components in the proposed systems are designed depending on
resonant relationship. In practice, we will never attain the perfect match of
resonance between inductor and capacitor. In the other word, there cannot
be a capacitor whose capacitance completely cancels out inductance of an
inductor or vice versa. Consequently, there always exits an imaginary part of
total impedance after inductor and capacitor are constructed with resonant
relationship. Basically, the performance of the proposed systems is better
as imaginary part of total impedances in resonant relationships is closer to
zero. Therefore, the quality of resonant design is decided depending on the
requirements of quality of the proposed system and recent material tech-
nologies. Recently, imaginary part of total impedance under 1€2 or around
0.5Q2 can be acceptable for resonant designs in either experiments or in-
dustry. These values are also considered as the design margin of resonance
for the proposed systems. The other margin is quality factor of the coils
as well as the compensatory components. In practice, once quality factor
of the coils and the compensatory components is over 200, the proposed
systems can achieve transmission efficiency of over 90% which is acceptable
for low-power charging applications. Accordingly, quality factor of 200 can

be considered as another margin design for the proposed systems.

1.7. Dissertation outline

The rest of the dissertation is organized as follows

Chapter 2 of the dissertation presents an overview of IPT systems. A typ-

ical single-input single-output (SISO) IPT system, consisting of equivalent AC

source, compensation networks, coupling network and equivalent load, is ana-

lyzed. Then, theoretical analysis on load voltage stability in conventional single-
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input single-output (SISO) and single-input multiple-output (SIMO) IPT systems
is presented. This chapter also describes K-inverter and how it can help to sta-
bilize load voltages against load variations in SISO and SIMO IPT systems.

In Chapter 3 proposes an IPT system using multiple K-inverters to control
load voltages for multiple receivers [P.W1], [P.J1]. This chapter also explains how
structure of multiple K-inverters can help to stabilize and adjust load voltages
against load variations by theoretical analysis. Then this chapter presents simu-
lation and experimental results to verify the feasibility of the proposed system.

Chapter 4 focuses on developing a cooperative IPT system where cooperative
receiver can simultaneously support transmitter to deliver power to a distant re-
ceiver and draw power itself [P.C1], [P.C2], [P.C3]. In this chapter, it is proved
that adding K-inverter to cooperative receiver can realize cooperative character-
istic while still stabilizing two load voltages against load variations. This chapter
also evaluates load voltage stability and RF-RF efficiency of the proposed cooper-
ative IPT system and the one using two-coil repeater to do cooperative function
under various coil arrangements.

In Chapter 5, multiple-frequency IPT system with one transmitter and mul-
tiple receivers is proposed [P.W2], [P.C4]. In this system, multiple sources oper-
ating at different frequencies share the same transmitting coil to deliver power
to corresponding receivers. This chapter illustrates how novel K-inverters sep-
arate power of each operating frequency used by one source and corresponding
receiver and stabilize load voltages against load variations. In this chapter, it is
illustrated that any load voltage control performed from one pair of source and
corresponding receiver will not affect the operation of the other pairs of source
and corresponding receiver.

Chapter 6 summarizes the dissertation.

16



Chapter 2

IPT system models with

K-inverter

2.1. Introduction

Recently, a typical IPT system included the main blocks as described in Fig. 2.1
[10,22]. At transmitter side, an DC source supplies power for an inverter while
clock generator took charge of generating operating frequency for the system.
The combination of the DC source and clock generator at the inverter yielded
a high-power AC signal which was used to drive transmitting coil. At receiving
side, induced voltage was rectified to become DC voltage. Then, this voltage was
regulated to the level matched the requirement of the load. Finally, the regulated

voltage was delivered to the load.

Coupling network

fffffffffffff

Equivalent load

; Cg;;l;oer?_ 3 RectiﬁerHReglﬂatorHLoad

DC [ | |compen- 1
source nverter . | sation !

TX RX

Figure 2.1. Typical IPT system.
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In order to improve the performance of IPT system, several parts of IPT
systems have been studied, such as coil design/analysis [61-66], inverter design
[67-69], rectifier design [70,71]. However, this work in this dissertation concen-
trates on proposing compensation networks to realize the desired functions in IPT
systems. Therefore, for the sake of simplicity in theoretical analysis, the combi-
nation of DC source, inverter and clock generator is considered as equivalent AC
source Vy while the combination of rectifier, regulator and load is considered as
equivalent load R. As a result, the equivalent IPT system is modeled as in Fig.
2.2.

In Fig. 2.2, the inductor with the self-inductance Ly denotes for TX coil while
the inductor with the self-inductance L is for RX coil. The mutual inductance
between TX coil and RX coil is denoted by M.

The RF-RF efficiency is defined by

Pout
Pi )

n= (2.1)

where P, is the power supplied by AC source V; and P,y is the power consumed
by the load R.

After the work of MIT’s scientists was published, IPT technology has been in-
creasingly concerned from academia. Recently, IPT systems can be classified into
four types, including single-input single-output (SISO) IPT systems, multiple-
input single-output (MISO) IPT systems, single-input multiple-output (SIMO)

compensation compensation
network network

Figure 2.2. Equivalent IPT system.
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IPT systems and multiple-input multiple-output (MIMO) IPT systems. The
theory of maximum achievable efficiency of these IPT systems has been quickly
fulfilled in about one decade only. Initially, the maximum achievable efficiency
in single-input single-output (SISO) was formulated by considering the coupling
network as a black box with known scattering-parameter matrix or Z-parameter
matrix [55,56,72].

For IPT systems using multiple transmitters to deliver power to single re-
ceiver, the operation behaviors have been investigated in many studies [73-79].
Then the limitation of RF-RF transferable efficiency was addressed in [57,80,81].
These studies illustrated that the MAE in MISO IPT systems could be obtained
once the cross couplings among the transmitting coils were mitigated and the
source voltages were adjusted to optimal values. As a results, the MAE would be
characterized by an overall k@Q-product where k£ denoted for coupling coefficient
and () was quality factor of the coils. Quality factor of an inductor L at operating

frequency f with internal resistance r is defined by

_2nfL
or

Qr (2.2)

Similarly, quality factor of an capacitor C' at operating frequency f with internal

resistance r is defined by
1

Qo = 2r fCr
In compared with SISO and MISO IPT systems which can deliver power to

(2.3)

one receiver only, SIMO IPT systems which used one transmitter to transfer
power to multiple receivers simultaneously. This kind of the IPT systems has
been also investigated in many studies [82-91]. It was discovered that in SIMO
IPT systems with given loads once the cross couplings among receivers were
eliminated the system could attain highest efficiency [58,59,92].

Finally, due to the advantage of using low-power source to charge for larger-
power devices, multiple-input multiple-output (MIMO) IPT systems have also
received the attention from scientists [93-98]. The study in [60] unified the theory
of maximum achievable efficiency for single-input single-output (SISO), single-
input multiple-output (SIMO), multiple-input single-output (MISO) or multiple-
input multiple-output (MIMO) IPT systems.
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That the theory of maximum achievable efficiency was completely investi-
gated brought about the benchmark or criterion to evaluate the operation of IPT
systems. In order to realize IPT systems for applications, scientists have now
concentrated on the designs which are able to stabilize the operation of IPT sys-
tems. In IPT systems, output voltage, output current or output power were often
stabilized to match the requirements of the loads. In this dissertation, stabilizing
output voltage is focused on because it can be applied in many applications.

Throughout this dissertation, it is assumed that all the passive components are
linear and that the IPT system is operating in a steady state without switching

harmonics.

2.2. K-inverter

Generally, immittance inverter has played a very important role in wireless com-
munication and power systems. Immittance inverter has been divided into two
types, including admittance inverter and impedance inverter [99]. A lossless ad-
mittance inverter is a two-port network in which the admittance Y5 is connected

to one port, the other port will see an transformed admittance

J2

Y= —
1 Y27

(2.4)

where J is real and the characteristic admittance of the inverter, called J-inverter.
A J-inverter can be implemented using L and C' with 7-shaped arrangements as
in Fig. 2.3a and Fig. 2.3b. In contrast, for an ideal impedance inverter, if one
port of an impedance inverter is connected with an impedance Z,, the impedance

Z1 seen from other port will be

K2

7=~
1 Z27

(2.5)

where K is real and the characteristic impedance of the inverter, called K-
inverter. A K-inverter can be realized using inductors (L) and capacitors (C)
with T-shaped arrangements as in Fig. 2.3c and Fig. 2.3d. Based on the char-
acteristic of impedance transformation, K-inverter could be used to transform

load impedance [99] or reduce impact of source internal resistance [17]. Another
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Figure 2.3. Admittance and impedance inverters.

important characteristic of K-inverter is that it can transform constant voltage to
constant current and vice versa. It means that if one port of K-inverter is driven
by a constant voltage, at the other port will output a constant current against
load variations. Vice versa, if K-inverter is driven by a constant current, it will
output a constant voltage against load variations. Correspondingly, if two K-
inverters are connected in cascade, the characteristic of the input will be reserved
at the output. It means a constant voltage or constant current going through two
K-inverters connected in cascade is still a constant voltage or constant current
against load variations.

For IPT systems, the coupling network between two coils can be modeled as
T-model [100]. The illustration of T-model for the coupling network is shown
in Fig. 2.4. Basically, the self-inductances L, and L; are often canceled out
by series compensatory capacitors. Therefore, in comparison with the inverters
described in Fig. 2.3c, it can be said that the coupling network between two coils

in IPT system is a K-inverter when self-inductances of the coils are cancelled
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K-inverter

Ly Ly

Figure 2.4. T-model for coupling network.

out using series resonant capacitors. Consequently, coupling network inherits the

characteristics of K-inverters.

2.3. Constant load voltage in SISO IPT systems

2.3.1 Conventional SISO IPT system

For theoretical analysis, we considered a typical IPT system where transmitting
coil and receiving coil were compensated by series capacitors as shown in Fig.
2.5. In this model, Ly and L; denoted for the self-inductances of the transmitting

coil and the receiving coil respectively. It was assumed that AC source supplies

C C

Iy 0 ! I
] f—o—<—
M +
T
Vo ® Lo Li Vi  gR

Figure 2.5. A conventional SISO IPT system with series compensations.
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a constant voltage 1}y and operated at angular frequency w
w=21f (2.6)

where f was operating frequency. The currents flowing in the transmitting coil
and the receiving coil were denoted by Iy and I; respectively. The mutual in-
ductance between two coils was M. For simplicity in theoretical analysis, we
ignored the internal resistances of the coils in calculations. In the conventional

IPT system, the resonant relationship among the components was given
1
VLCy L1C4

According to Kirchoff’s laws, the relation between voltage-current was given

w=2nf= (2.7)

1
Vb = ,—]0 —f-j(,dL()]O —|—]le1 (28)
JwC
—RIl = j(JJMIO —|—jCUL1]1 + - Il (29)
Jwta

From (2.9), the current flowing in the receiving coil was derived
— oM
[1 - jw
R

Iy (2.10)

Therefore, substituting above equation into (2.8), we had the current flowing the

transmitting coil

R

Finally, the load voltage was given by
jwM wM R R
Vp=—RI, = R "1, = R 2 v (2.12)

R M2 oM

Equation (2.12) indicated that in conventional IPT system, the load voltage de-
pended on the load.

As mentioned above, the coupling network between two coils was considered
as a K-inverter. Therefore, in order to stabilize the load voltage by a constant
voltage source, another K-inverter should be added to form a network consisting
of two K-inverters connected in cascade. Recently, two techniques, including CLC

structure and relay-based structure, have been used as K-inverters.
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2.3.2 CLC/LCL topology

In order to stabilize load voltage against load variations, a famous compensa-
tion network, called capacitor-inductor-capacitor (CLC) topology or inductor-
capacitor-inductor (LCL), was applied into conventional IPT system. The be-
havior of CLC/LCL topology has been well explored in many studies [101-112].
Fig. 2.6 showed the application of CLC topology used to stabilize the load voltage
in SISO IPT systems.

Here, inductor (L) and two capacitors (C') were combined in T-shape to form
CLC compensation network. CLC topology and conventional series compensa-
tions were applied to stabilize the load voltage V. The constant load voltage
was proved as follows. The resonant relation among compensatory components

in the IPT system was given

1 1 1
w=2rf = —

VL vV LoCy B VvV L:1Cy

According to Kirschoff’s laws, the relationship between voltages and currents

(2.13)

In transmitter circuit was
Vo= Iy 4 jwll, (2.14)
JwC
Iy=1Ir + I, (2.15)

From last three equations, the transmitting current [; was derived

A:—%% (2.16)
C Cr Co 7 O
I I | I
IO’ Lo Ly V. §R
I, 3

Figure 2.6. CLC topology for constant load voltage in SISO IPT system.
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K-inverter 1 K-inverter 2

Figure 2.7. K-inverter based model for IPT system in Fig. 2.6.

(2.16) indicated that the transmitting current was kept constant regardless of the
load variations. It was based on (2.10), the relation between the current flowing

the receiving coil and source voltage was

—jwM Vo M
I, = —— = — 2.1
R ( ]wL) LRVO (2.17)
Therefore, the load voltage was derived by
M
Ve =—RI. = —IVO (2.18)

Equation (2.18) showed that the load voltage was decided by the mutual induc-
tance between two coils M, the compensatory inductance L in LCC topology and
the source voltage V. It was obvious that the load voltage was independent of
the load R.

According K-inverter based model, the equivalent circuit of the IPT system
in Fig. 2.6 could be described as in Fig. 2.7. The theoretical analysis ex-
pressed above agreed with the properties of K-inverter. Specifically, constant
source voltage inputted K-inverter 1, constant current [I; against load variations
was achieved. Then, constant current /; inputted K-inverter 2, constant voltage
V., against load variations was obtained again. It was confirmed that 2 K-inverters

connected in cascade could help to deliver constant voltage from input to output.

2.3.3 Relay-based structure

Another way to keep load voltage stable against the load variations was to use a

relay inserted between transmitter and receiver. Initially, the relay was employed
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to support the transmitter to deliver power to a distant receiver. In addition, it
was discovered that the relay could help to transform load impedance [17] or to
reduce the impact of the source impedance [113]. Similar to CLC/CLC topology,
relay-based structure has also played an important role in IPT systems. Many
studies have been carried out to explore the advantage of relay-based structure
as well as to investigate its further behaviors [114-129]. One important impact of
relay-based structure was to boost and stabilize load voltage [105,130,131]. Fig.
2.8 was the description of a relay-based IPT system. Similar to the mentioned IPT
systems, the power source operating at angular frequency w supplied a constant
voltage V5. The transmitting coil, the relay coil and the receiving coil had the self-
inductances Ly, L; and Ly respectively. My, was the mutual inductance between
the transmitting coil and the relay coil. M, was the mutual inductance between
the relay coil and the receiving coil. In relay-based IPT system, since the mutual
inductance between the transmitting coil and the receiving coil was negligibly
small, it was ignored in theoretical analysis for simplicity. In the relay-based IPT
system, the series compensation was used for transmitting coil, relay coil and

receiving coil

2r f ! ! L (2.19)

w=2rf = = = .
VLiCo LGy Ly(Cy

Lo /]\201\ Ly /]\4_12\ Ly

TX G RX Cs

L o Relay ‘[

— Ve —|
(?) M\
% R (Load)

Figure 2.8. A relay-based IPT system.
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K-inverter 1 K-inverter 2

Figure 2.9. The equivalent circuit of the relay-based IPT system in Fig. 2.8.

According to Kirschoff’s laws, the relation between voltage-current

1
‘/0 = - I() +jWLO]0 +jWM01]1 (220)
JwCo
1
0= jwM01[0 + = [1 +](JJL1[1 —|—j(.UM12[2 (221)
JwCy
—IQR = jlegfl + = _[2 +ij212 (222)
JwCy

Due to the resonant relationship in (2.26), the current flowing in the relay coil

was derived from (2.20)
Vo

B JwMpy

I (2.23)

Then substituting into (2.22) with the notice of the resonant relationship, the

load voltage was derived

M12
Vi = —RI, = — =2V, 2.24
R 2 M(n 0 ( )

Equation (2.24) indicated that the load voltage was decided by the mutual induc-
tances between two adjacent coils and the source voltage only. It agreed with the
explanation using K-inverter based model. K-inverter model for the IPT system
in Fig. 2.8 was illustrated in Fig. 2.9. According to the equivalent circuit in Fig.
2.9, since relay-based IPT system created 2 K-inverters connected in cascade,
constant voltage could be delivered from input to output. Specifically, the con-
stant voltage source Vj inputting the K-inverter 1 created the constant current
I, against load variations. The constant current /; going through the K-inverter

2 would gave constant voltage against load variations again.
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2.4. Constant load voltages in SIMO IPT sys-

tems

2.4.1 Conventional SIMO IPT systems

One advantage of IPT systems is to simultaneously charging multiple receivers. In
order to charge multiple receivers, SIMO IPT systems are often used than MIMO
IPT systems because the charging platform of SIMO IPT systems is simpler and
easier to be deployed. Fig. 2.10 shows the schematic description of a conventional
SIMO IPT system with series compensation for every coils. This conventional
IPT system model included one transmitter delivering power to N receivers. The
transmitter and the receivers were equipped with one coil compensated by an
self-resonant capacitor. V denoted for the power supplier while V; denoted for
the i-th load voltage where i € {1,2,..., N}. I; was the current flowing the i-th
coil. L; was denoted for the self-inductance of the i-th coil. My; was the mutual

inductance between the transmitting coil and the i-th coil. The cross couplings

x? ?

Figure 2.10. The model of a conventional single-transmitter multiple-receiver IPT

systems using series compensation.
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among the receiving coils was denoted by the matrix

0 M12 MIN
M- 0o ... M
M, = .21 . . .2N (2'25)
My1 Mpo ... O

It meant the resonant relation was given

1 1 1
— 2 — — e = — 2 . 26
w=2mf VIoCo  VIiCh VInCn (2.26)

It was noticed from the resonant condition in (2.26), the relation between voltage-

current was

Vo = jwMo.I, (2.27)
—RI, = jwM,yly + jwM,I, (2.28)

where the coupling vector consisted of the mutual inductances between the trans-

mitting coil and the receivers
My, = Mj = [My Moy ... Moy, (2.29)

the receiving current vector was

L=[L1 .. IN" (2.30)
and the matrix of loads was
R, 0 ... O
0 Ry ... O
R=\| (2.31)
0 0 . Ry
From (2.28), we derived
I, = —jw[R + jwM, ]| " M1, (2.32)

Therefore, we had the relation between input voltage and input current
Vo = WMy, [R + jwM,,| ' Myl (2.33)
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As a result, the load voltages were calculated as

‘/; = —.RIr = ]WR[R + jWMrr]_erOIO
JwR[R + jwM, ] ' M, (2.34)

= Vi
or w2M0r [R + jWMrr]ierO ’

Equation (2.34) illustrated that the load voltages in the conventional SIMO IPT
system depended on not only the loads but also the cross coupling among the
receiving coils. Therefore, if there was no special designs for the conventional
SIMO IPT systems, the load voltages would lose the stability against the load

variations because of the cross couplings among the receiving coils.

2.4.2 Stabilizing load voltages in SIMO IPT systems

In order to keep the load voltages in SIMO IPT systems stable against the load,
the authors in [132] proposed a method of adjusting the operating frequency to
achieve stable point of the load voltages against the load variations. The mode
system of the IPT system in [132] is described as in Fig. 2.11. In this system,
it was assumed that there was no cross coupling among the receivers. Compen-
satory capacitors were initially designed to be resonant with corresponding coils
at angular frequency wy. By adjusting the operating frequency, the system could

attain the load-independent output voltages at the receivers. The load voltages

RX1 L, . 4o RXi
L]
R
R RX T L RX R
o, ™ B Cry :
_ o I,
RXi-1 -« RXn
(] L]
R R
Rl A CR:X LRX LRX RC)SRX Rl

Figure 2.11. Ilustration of the multiple-receiver IPT systems with load-
independent output voltages in [132].
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were given by [132]
_ kow2Vim  [Crx
w2 = 1]V Crx

where the normalized angular frequency

Vi (2.35)

(2.36)

The theoretical analysis was then confirm by the experiments. The experi-
mental system and the results were shown in Fig. 2.12. The experimental results
indicated that it was feasible to adjust the operating frequency to stabilize the
load voltages against the load variations. Specifically, the load voltage of the
third receiver was stable at two frequencies, 80.1kHz and 148.5kHz, when the set
of coupling coefficients was as in Fig. 2.12b while at one frequency of 69.2kHz.
However, in this system, the cross couplings among the receivers were not taken
into account in theoretical analysis. The disadvantage of the method of adjusting
operating frequency was not suitable for applications which required a certain
operating frequency.

Another IPT system used to stabilize the load voltages for multiple receivers
was proposed in [133]. In this system, a resonator was inserted between the
transmitter and the receivers in conventional SIMO IPT system to stabilize the
load voltages. The system model of this system was described as in Fig. 2.13. It
was assumed that the couplings between the source coil and the receiving coils
were negligibly small. The cross couplings could be compressed by using low
operating frequency and the large loads. As a result, the load voltages were given

by the formula below

(2.37)

The principle of the operation of the system was similar to that of SISO IPT
system using LCC topology or relay-based structure. The current flowing in the
transmitting coil TX was kept stable regardless of the loads. Then, it induced
a constant voltage to each receiving coil. Because each receiver was a resonator,

the constant induced voltage was delivered to corresponding load.
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Figure 2.12. Experimental system and the results of the third output voltage for
two settings of the system in [132].

The authors verified the theoretical analysis by experiments as in Fig. 2.14
The experimental results showed that when any receiver moved out or joined the
charging system, the output voltages of the other receivers were unchanged. It
confirmed that each load was isolated from the others. However, in this system,
the load voltages were not controlled separately because the couplings among
the transmitting coil and the receiving coils were fixed. Therefore, it would be
difficult to apply for charging multiple receivers where each receiver required a
rated voltage for its load.
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Figure 2.14. Experimental system to illustrate the load-isolation output voltages
in [133].

2.5. Conclusion

This chapter showed the details and the importance of K-inverter in stabilizing
load voltage in SISO IPT systems. Several studies of stabilizing load voltages
in multiple-receiver IPT systems were mentioned in this chapter. However, the
recent studies could not be applied for the scenarios in which each application
required a rated voltage for its load or some receivers were located far from
transmitter or different applications could operate at different frequencies. These

challenges will be addressed in next three chapters.
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Chapter 3

Load voltage stabilization and
adjustment in SIMO IPT system

using multiple K-inverters

3.1. Introduction

In this chapter, SIMO IPT system using multiple K-inverters, equivalent to mul-
tiple transmitting resonators, to control the load voltages from the transmitter
side was proposed. As mentioned above, in the conventional SIMO IPT sys-
tems, load voltages depended on the cross couplings among the receivers and the
loads. Several IPT systems have been proposed to stabilizing the load voltages
for multiple receivers [132,133]. However, these works cannot satisfy additional
requirement where each receiver requires a differently rated voltage. In order to
address this challenge, this chapter proposed the IPT system using multiple res-
onators to stabilize and adjust load voltages to differently rated voltages [P.W1],
[P.J1].
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3.2. System model

3.2.1 System description

The system using multiple resonators to control load voltages is described as in
Fig. 3.1. At the side of charging platform, the source is the output of an inverter
which supplies a constant voltage V. Inverter operates at frequency f with a
corresponding angular frequency w = 27 f. The source drives the source resonator
to deliver power to M transmitting resonators inside the charging platform. Then,
the power from the source resonator is divided into sub-streams to deliver to N
receivers. At the receiver side, each receiver is equipped a resonator and requires
a rated voltage for its load. It is noted that in this system, N receivers are
N independent users. This design objective here is control the load voltages to
match rated voltages for the loads. By using the proposed system, this task
can be done by adjusting the arrangement of the transmitting coils inside the
charging platform. For the sake of simplicity, the mechanical part taking charge
of adjusting the arrangement of the transmitting coils is omitted.

In the model, k and [ are used to index the resonators where k,1 € {0,1,..., M,
M+1,...,M + N}. The source resonator is indexed 0 while the numbers from
1 to M are used for M transmitting resonators and the numbers from M + 1 to
M + N are indexed fro N receivers. The loads of N receivers are assumed to be
the resistances and denoted by Ry/i1, Rart2, --., Ryan. The self inductance,
internal resistance and resonant capacitance of the k-th resonator are denoted by
Ly, r, and CY, respectively. For all k € {0,..., M + N}, the self inductance Ly

and capacitance C} of the k-th resonator satisfy the resonance condition

Ly; denotes for the mutual inductance between the k-th resonator and the [-th
resonator, where k # [. In Fig. 3.1, V}. denotes for the complex phasor of voltage

of the k-th resonator while I is for the complex phasor of current flowing it.

35



charging platform - -~

*********************** [ ~ 0(4
- e | N 7>41
| _-transmitting | ~ 0 .
| - | AN receiver 1
| P resonator 111 SU 7
| ’ | 4 <
| [0 \4/ ’ l +
1 | L4,
| N R v >
‘ source |+ L1,m1 S an L Trmer Vi ‘2 Ry
I [IEAREEEN s
| resonator 4 RN ) Cut
| N Vi —
\ 1
| = L L , i
| |
! Vo @ Ly I Ly, L, 3]-
\ w M4N
‘ \ | /, | | \\ <
|
: ! ,/ AN ! L +
| | // , 7/ \ N \\ ]\4+N7
[ ! 7 \
‘ 1 Y TM+N VMan § Ryyn
| |
| A | Cysn
| N | m o
I AN L I 2 1 °
\ ~_ transmitting \ L .
! S ! L receiver N
! resonator M ! AT
ftTToTTToTTTTT oo sIIIToT 0

Figure 3.1. Multiple-resonator-based IPT system

3.2.2 Stability of output voltages

The relation between voltages and currents in the system is given by

% To .jWLst .jWLsr [0
0 = jWLts e + ijtt jw-Ltr It . (32)
‘/r jWLrs jWLrt ry + jWer Ir

In (3.2), vector 0 is the zero column vector of size M; the vector of the load
voltages is V; = [Vass1 Vargz -+ Varan]'; the vector of currents in the trans-
mitting resonators is Iy = [[; I, --- Iy|T. The diagonal matrix 7, consists
of the internal resistances of the transmitting coils while the diagonal matrix
ry consists of those of the receiving coils. Ly = [Loy Loz - - Lon| is the
mutual inductance vector between the source coil and the transmitting ones,
L, = [LO(M—H) Lov2y -+ Lo(M+N)] is that between the source coil and the re-

ceiving ones. And, Ly, is the mutual inductance matrix between the transmitting
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coils and receiving coils, which is expressed by

Ly  Lias2)y - Ligusn
L — Lz(yﬂ) Lz(yw) L2(1\'4+N) (3.3)
Lyavry Lavay2y -+ Lvrsny
Because of the reciprocity of the network, L) = L, L1 = L,y and L} =

L. The matrix Ly, whose elements are the mutual inductances among the

transmitting coils is

0 Lo Linv
Loy 0 -+ Loy
Ltt = : . . . ) (3-4)
Ly Ly 0

and the matrix L., whose elements are the mutual inductances among the receiv-
ing coils is
0 ~ Loy vy
L,= : : . (3.5)
Livynyasr)y - 0
For the load side, the relation between the load voltages and the load currents

is expressed by
‘/1-‘ - _RlIry (36)

where R; = diag(Rps+1, Rayrvo, - -+, Ryyn) is the diagonal matrix whose the di-

agonal entries are the load resistances. Let
Zy =1y + jwLy, (3.7)

and

Z.w =71, + jwL,,. (3.8)

From (3.6) and (3.2), the transmitting currents are derived in term of the

input current as follows
I, = —j[R,+ Z.| wLy Iy + wL I). (3.9)
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Combining (3.9) and the second row of (3.2), we have the relation between the

transmitting currents and the input current
I = —[Zy + WLy [Ri+ Z| ' Lyy) ™ % [jwLis + WL, [Ry + Zy ] ' Li] L. (3.10)

Therefore, based on (3.2), (3.9) and (3.10), the relation between the output

voltages and the input currents is obtained
V. =[A - BC'D]I, (3.11)
where the matrices A, B, C and D are

A = jwL, — jwZ.[Ry + Z.) 'Ly,
B = jwLy — jwZ.[Ry + Z] 'Ly,
C = Zy+wLy[Ri+ Z.] 'Ly,

D = jwLy + w?Ly[R;+ Z.) 'Ly,

(3.12)

From (3.2), (3.9) and (3.10), the relation between the source voltage and the

input current is expressed
Vo = [E — FC'D]I,, (3.13)

where the scalar £ and matrix F' are

E = To + W2Lsr[Rl + er]ilLrw

. (3.14)
F = jWLst + WQLsr[Rl + er]_lLrt~

From (3.10) and (3.13), the currents induced in the transmitting resonators

are derived
-C'D

~E-FC'D
Consequently, the output voltages can be adequately expressed as function of the

I Vo. (3.15)

source voltage as follows
_A-BC'D
 E-FC™'D

According to (3.12) and (3.14), the terms A, B, C, D, E and F are relevant
to the loads R;. Thus, the load voltages V, depend on the load resistances.

V. Vo. (3.16)
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Basically, the load voltages vary when one or more loads among Ry;y1, Rario,
..., Ryrev change. However, when the loads are sufficiently large, the terms A,
B, C, D, F and F in (3.16) can be approximated as follows

A= jwL, — ijrr[Rl + er]_lLrs ~ jwL,
B = jwLy — jwZy R, + Z) 'Ly ~ jwLy,
C=Zy+*Ly[R + Zy] 'Ly ~ Zy,

D = jwLy + W?Ly[R + Zy| 'Ly ~ jwLy,
E =ry+wLy[R; + er]ilLrs A 1o,

F = jwLy + w’Ly[R; + Zy] 'Ly ~ jwLy.

(3.17)

Accordingly, the currents induced in the transmitting resonators calculated in

(3.15) are approximated
L a1
—jwZy, Ly

It ~ ~ 1
To + w2LStZtt Lts

Vo. (3.18)

It means that the currents in in the transmitting resonators are fixed, which
is relevant to multiple K-inverters because constant voltage is transformed to
constant currents against load variations. Consequently, the load voltages can be
decided by the mutual inductances among the resonators and the source voltage

as the formula below

~—1
~ jWLrS + CL)QLrtZtt Lts

Vi |
To + w2LStZtt Lts

Vo. (3.19)
Equation (3.19) indicates that when the load resistances are sufficiently large,

the proposed system has acted below:

1) The load voltages V; are stable against the load resistances because (3.19)
is irrelevant to R;. For that reason, the ratios among the load voltages are
independent of the load resistances. Additionally, the voltages induced in
the receivers are mostly dominated by the transmitting currents I; because
the use of low operation frequency will outstandingly suppress the cross-
couplings among the receiving coils. According to (3.18), the transmitting
currents I are stable against the variations of the load resistances. There-

fore, the induced voltages in the receivers are stable regardless of the load
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variations. This is also considered as the additional explanation for being

able to deliver constant voltages to the load resistances.

2) The load voltages as well as the ratios among them mainly depend on the
mutual inductances Ly between the source and the transmitting resonators,
and the mutual inductances L., between the transmitting and receiving res-
onators. Given certain positions of the receivers, we can regulate the load
voltage ratios by changing the relative position of the transmitting res-
onators inside the charging platform because this will change in the mutual

inductances Ly and L.

3) The load voltage ratio is irrelevant to the source voltage V;.

3.2.3 Voltage control and effectiveness

The aforementioned three behaviors suggest that controlling the load voltages to
reach their rated values is a simple two-step process as follows. First, given values
of the rated voltages Vy;_ 1, Vijio, ..., Vien for N receivers, the arrangement
of the transmitting resonators will be adjusted inside the charging platform until
the ratio of the load voltages Viry1 @ Vasao -+ @ Vayon reaches the ratio of the
rated values Vi, : Vo 0 -+ 1 Vi y. Second, the source voltage V, will be
increased or decreased until all the load voltages reach the correspondingly rated
values.

The voltage control method takes effect when the load voltages are inde-
pendent of the load resistances. For that to happen, according to (3.17), the

following conditions must be remarkably satisfied

(Uy> |Z.R;Y, (
| Zi| > |0’ L R} L, (3.21
|Lis| > |wLi Ry 'Ly, (

(70> |w’ Lo R, ' Ly, (

Therefore, several characteristics of the proposed method can be drawn as

follows.
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1) The cross coupling among the coils would be significantly suppressed and
low operation frequency should be used if we need to achieve constant volt-
age functionality at low values of the load resistances. This feature is similar

to the discovery in [133].

2) When the system has larger number of transmitting and receiving res-
onators, the load voltages would be more difficult to attain the stable values
against the load variations. This means when the system is scaled up, the

load voltages will be stabilized at larger load resistances.

3) The system can stabilize the load voltages at lower load resistances if the
cross couplings Ly among the transmitting resonators and/or the mu-
tual inductances Ly between the transmitting and receiving resonators are

stronger.

3.2.4 RF-RF efficiency

The output power is derived by:

1
Pout = =Re{V"R; 'V }
2 (3.24)
= 5Re{[A—B(,HD]HR;l[A—B(J*D]}|IO|2,
The input power is calculated by:
1 1
Py, = §Re{VO*IO} = 5Re{E—z«“C*lD}|10|2. (3.25)

Accordingly, the RF-to-RF efficiency is determined as following formula:

Py Re{[A—-BC'D]"R;'[A-BC 'D]}
Pu Re{E—FC'D}

. (3.26)

3.3. Simulation results

In order to confirm the effectiveness of the proposed voltage control method
we carried out full-wave electromagnetic (EM) simulations using WIPL-D© Pro

software. We conducted an investigation into the systems with two receivers and
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Figure 3.2. Simulation configuration of the two-receiver charging system

three receivers. In both systems all coils were the planar spiral coils. All coils
were made of copper wire with conductivity of 5.8 x 10”S - m~!. The radius of
wire was Imm and the turn spacing was Imm. It was assumed that the source
resonator was driven by a power source. The power source supplied a sinusoidal
constant voltage of 10V. The operating frequency of the power source was 200kHz
with zero phase offset. It was also assumed that the power source had no internal

resistance.

3.3.1 Two-receiver system

The simulation setting of the two-receiver system was described in Fig. 3.2. The

sizes of the source, the transmitting coils were identical with 100mm x 200mm
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while that of the receiving coils was 100mm x 100mm. The numbers of turn of
the source, the transmitting and the receiving coils are 3, 8 and 3 respectively.
Initially, TXs was 30mm distant from RXs (di, = 30mm) while the distance
between TXs and the source resonator dg is 20mm. Then, one transmitting coil
was vertically lowered down from the initial position by steps to simulate the
change of the arrangement of the transmitting resonators.

Fig. 3.3 showed the load voltages over the variations of the load resistances
in two different arrangements of the two transmitting resonators. In these simu-
lations, the load resistances varied from 5{2 to 500€). The results indicated that
in two arrangements of the transmitting resonators the load voltages almost kept
unchanged against the wide range of the load resistances. When the vertical dis-
tance between two transmitting resonators dy; was 10mm, the ratio of two load
voltages was about two (Vy : V3 = 4.2V : 2.1V) as shown in Fig. 3.3a. The ratio of
the load voltages went to approximately 3.5 when dy; was 16mm, while the load
voltages were still kept constant against the variations of the load resistances.
However, when the load resistance R3 changed from 52 to 20¢2, the load voltage
Vy slightly increased from 4V to about 4.2V before stabilizing at 4.2V regardless
of continuous increase of the load resistances. This was because when the load
resistances were small, the impact of the cross couplings among the receiving coils
become stronger due to the increases of the load currents. Therefore, the stability
of the load voltages would be deteriorated.

The relation between the currents flowing in the transmitting resonators and
the load resistances was shown in Fig. 3.4 . The simulation results highlighted
that the transmitting currents were stable against the load variations. It agreed
with the prediction in section 3.2.2. When the transmitting resonator 1 was at
the position of 10mm lower than the initial position, the currents flowing in the
transmitting resonators I; and I, were kept stable at about 3.4A and 2.6A

Fig. 3.5 illustrated the ratio between the two output voltages as a function of
the vertical distance between the two transmitting coils. The estimated values,
based on (3.19), and the simulation results have plotted in the same graph to
verify the validity of the results. It was clear that when the vertical distance be-
tween two transmitting resonators increased, the ratio between two load voltages

get bigger. For the system in this simulation, the ratio between two load volt-
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Figure 3.4. The amplitudes of the currents in the transmitting resonators

ages could reach the value of up to 3.5. The figure indicated that the simulation
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Figure 3.5. The load voltages as a function of the adjusting distance

results would approach the estimates as the load resistances became greater. For
the case of the large load resistances, the simulation results would come nearer
the estimated values calculated in (3.19) because the conditions (3.20) - (3.23)
completely held. In contrast, the estimates was slightly different from the simu-
lations as the load resistances were small, . Again, this was because the coupling
effect from the receiving resonators was so strong that it could be not neglected
in the calculation.

The variations of the output voltages over the change of the source voltage
were illustrated in Fig. 3.6. The simulation results and the estimated values
were plotted on the graph to validate the estimation of the output voltages in
(3.19). The results indicated that the load voltages were proportional to the
source voltage. The load voltages V5 and V) were 2V and 4V respectively when
the source voltage was 10V. The load voltages of 6V and 12V were obtained when
the source voltage was adjusted to 30V. However, the ratio between the two load
voltages did not change as the source voltage alters. The results confirmed that
once the ratio between the two load voltages was fixed at the certain value, we
could adjust the load voltages to make the load voltages meeting individually

rated values.
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Figure 3.6. The load voltages when the vertical distance between two transmitting

coils is equal to 10mm

Fig. 3.7 is the investigation of the RF-RF efficiency against the vertical dis-
tance between two transmitting coils di;. In these simulations the load resistances
were selected to be 5¢). It was indicated that the simulation results well matched
the theoretical analysis in (3.26). The system could achieve higher efficiency
as distance between the receiving resonators and the transmitting resonators dy,
was smaller. The transmission efficiency depended on not only the arrangement
of the transmitting resonators but also the distance between the transmitting
resonators and the receivers di,. When the distance between the transmitting
resonators and the receivers was 30mm, the transmission efficiency could be 56%
if the vertical distance between the transmitting resonators was 16mm. This
number of transmission efficiency increased to 66% if we shortened the distance
between the transmitting resonators and the receivers to 20mm for the same
arrangement of the transmitting resonators. The transmission efficiency would
reduce as The coupling between two transmitting coils became stronger and vice
versa. Although the transmission efficiencies were not so high, they were still
adequate for some low power applications, e.g., charging of up to several watts.

Also, the achieved efficiencies were acceptable as all constant voltage designs
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Figure 3.7. RF-RF efficiency as a function of vertical distance between two trans-

mitting coils with load resistances of 52

instinctively suffers from efficiency degradation.

Fig. 3.8 showed the RF-RF efficiency over the alternation of the two load
resistances. The results highlighted that the system efficiency was inversely pro-
portional to the load resistances. The system could achieve the transmission
efficiency of about 80% when the load resistances were just 1€2. This number of
the transmission efficiency reduced to under 35% as two load resistances increased
to 10€2. It was observed that high efficiency could be achieved in the range of
small load resistances. However, the output voltages were stable against load
variations when load resistances altered in a larger range as proved in the pre-
vious parts. Therefore, it should be noticed of the tradeoff between the RF-RF
efficiency and the stabilization of the output voltages when designing charging

systems with the characteristic of stabilizing load voltages.

3.3.2 Three-receiver system

In order to confirm the scalability of the theory in Section 3.2.2, the simulation

configuration of three receivers was carried out to investigate the output voltages
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Figure 3.8. RF-RF efficiency as a function of two loads when vertical distance

between two transmitting coils is equal to 10mm

against the load resistances. The three-receiver system was set up as shown in
Fig. 3.9. The sizes of the source, the transmitting and the receiving coils were
respectively 100mm x 300mm, 100mm x 200mm and 100mm x 100mm. The source
and the receiving coils were 3-turn spiral coils while the transmitting coils were
4-turn spiral coils. The number of the turns of the transmitting coils decreased
from 8 in the two-receiver system to 4 in three-receiver system because of the
limitation of the software. Initially, the distance between the source coil and three
transmitting coils was 20mm and that between transmitting coils and receiving
coils was 30mm. The load resistances changed from 5{2 to 100{2 to conduct an
investigation into the output voltages.

Table 3.1 illustrated the load voltages over the variations of the load resis-
tances when the middle transmitting resonator was lowered down 10mm in com-
pared with the others. It was clear that when the load resistances were large,
the load voltages could be stabilized against the load resistances. However, the
load voltages lost the stability when the load resistances reduce to small values.
Again, this was because the cross-couplings among the transmitting resonators
decrease when the system was scaled up. It led the condition (3.21) could not be

hold when the load resistances became small. Therefore, it was an explanation
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Figure 3.9. Simulation configuration of the three-receiver charging system

for the instability of the load voltages when the load resistances varied in small

range.

3.3.3 Effect of Q-factor of the coils

@-factors of the coils were the important factor because they would affect the
performance of constant voltage designs for IPT systems. Table 3.2 in the next
page showed the Q-factors of the coils utilized in the simulations in Section 3.3.1
and Section 3.3.2. As indicated in the table, the @)-factors of the coils in the
previous investigations have an average values from around 70 to 120. This meant
that the proposed scheme could achieve the expected stability and controllability
for the coils with high @Q-factors.

Next, the voltage stability and controllability of the proposed scheme were
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Table 3.1. Simulation results: Output voltages against the load resistances for

the configuration in Fig. 3.9

R[] | Bs [ | Re [ | [Val [V] ] [V5[ [V] | [Vel [V]
5 5 5 1713 | 2128 | 1712
10 5 5 1.956 | 2.126 | 1.485
50 30 20 | 1.818 | 2.144 | 1.640
100 | 30 20 | 1.849 | 2.144 | 1.613
100 | 30 50 | 1762 | 2.144 | 1.698

output voltages

, _ 1732 | 2141 | 1.725
estimated in (3.19)

investigated when the Q-factors reduced from the values used in the previous
subsections. In this investigation, the two loads of the system in Fig. 3.2 were
set to be identically equal to 10€2 and the three loads of the system in Fig. 3.9
were identically equal to 102 also. The self-inductances of the coils were kept
constant and their ()-factors were reduced by increasing the internal resistances.
Using MATLAB, the simulation values in (3.16) and the estimated values were
calculated in (3.19).

Fig. 3.10 in the previous page plotted the graph of the load voltages over
the variations of the )-factors of the source coil, the transmitting coils, and the
receiving coils from 1 to 120. In Fig. 3.10, the subfigures (a), (b), (c) illustrated
the results for the two-receiver system when the TX, lowered down 10mm while
the subfigures (d), (e), (f) were those for the three-receiver system when we
adjusted the TX, and the TX3 down 10mm and 4mm respectively. As can be
seen in the subfigures (a) and (d), when the quality factor of the source coil
reduced, in each system, the simulation values still agreed with the approximated
values of the load voltages, meaning that the load voltages in both systems were
stabilized against the load resistances. Although the load voltages reduced, they
were still stable against the load variations even when the Q)-factor of the source
coil reduced to under 20. This was because the condition (3.23) still held when r
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Table 3.2. List of quality factor of the coils in the simulations

Symbol Parameter Simulation value

Two-receiver system

Qo Quality factor of the source coil 7
Q¢ Quality factor of the transmitting coils 118
Q. Quality factor of the receiving coils 74

Three-receiver system

Qo Quality factor of the source coil 83
Q¢ Quality factor of the transmitting coils 96
Q. Quality factor of the receiving coils 74

increased due to the decrease of Q. Next, the subfigures (b) and (e) showed that
the simulation values of the load voltages approximated the estimated ones when
the Q-factors of the transmitting coils decreased. It meant that the load voltages
were still stable against the load variations when the Q)-factors of the transmitting
coils reduced. This was because the condition (3.21) still held. Finally, the effect
of the receiving coil Q-factors was desribed in the subfigures (c¢) and (f). The
load voltages were kept stable only when the Q)-factors of the receiving coils were
greater than 20. When the Q-factor reduced to under 20, the internal resistances
of the receiving coils became greater. The condition (3.20) would not be satisfied.
As a result, the simulation voltages were far from the estimated values. It was
equivalent that the load voltages were not stable against the loads for this region
of the receiving coils’ Q-factors.

As an example to show that the load voltages kept stable when the approxi-
mated output voltages approximated the simulation values, Fig. 3.11 plotted the
graph of the load voltages over the variations of the load resistances when the
Q-factor of the receiving coils was 50 and the TX, lowered down 10mm in the
two-receiver system. The load resistances changed from 102 to 100£2 but the load
voltages were still stabilized. This result could be attributed to the fact that for
the Q-factor of 50 the actual load voltages were near to the approximated ones

as shown in Fig. 3.10c.
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Figure 3.10. The effect of Q-factor of the coils on the load voltages: (a), (b), (¢)

the system with two receivers and (d), (e), (f) for the system with three receivers.

3.4. Experimental results

In order to confirm the feasibility of the proposed system, a demonstration system
was constructed. The coupling network consisting of one source, two transmit-
ting and two receiving resonators was illustrated in Fig. 3.12. The setup of the
coupling network was identical to that of the simulation configuration in Fig. 3.2.
The coils were made from Imm-diameter copper wire. The turn number of the

source, the transmitting and the receiving coils were 4, 10, and 5 respectively. The
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Figure 3.11. Load voltages as function of loads when @, = 50.

dimensions of the source and the transmitting coils were 100mm x 200mm, while
those of the receiving coils were 100mm x 100mm. The self-inductance of each
coil was cancelled out by a series resonant capacitor. Each resonant capacitor
was implemented by combining several discrete capacitors. The measurements of
the impedances of the resonators were taken by Vector Network Analyzer ZNBT
8. The list of the self-inductances of the coils and the corresponding resonant
capacitances were showed in Table 4.1. Fig. 3.14 showed the setup of the demon-
stration system which could control two load voltages independently of the load
resistances. A DC power supplied power for the RF inverter PATO23-1 to gen-
erate frequent square-wave signal with the frequency f = 145kHz. This signal
was then used to be the input voltage of the coupling network. The square-wave
signal was chosen as input voltage because of two reasons. For high operating
frequencies, it was easier to generate square-wave signal than pure-sine-wave one
[134]. For IPT systems, square-wave input voltage could give load voltage and
current which were insignificantly different from using pure-sine wave [135]. Os-

cilloscope RTO 1004 was utilized to measure the output voltages as well as to
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Figure 3.12. The experimental network with one source, two transmitting and

two receiving resonators.

Figure 3.13. The experimental system for verification of controlling two load

voltages in two-receiver IPT system.

capture their waveform.

In this work, we just focused on demonstrating the method of controlling
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Table 3.3. List of parameter values in the prototype

Symbol Parameter Practical value
Ly self-inductance of source coil 8.26pH
Co resonant capacitor for Ly 144nF
Ly self-inductance of TX; 42.92pH
4 resonant capacitor for Ly 28.15nF
Lo self-inductance of TX, 43.54pH
Cy resonant capacitor for Lo 27.66nkF
Ls self-inductance of RXy 7.8pH
Cs resonant capacitor for Ls 154.7nF
Ly self-inductance of RX, 7.76pH
Cy resonant capacitor for Ly 155nF

the load-independent output voltages, therefore the rectifier and the regulator
were not included in the experiment for simplicity. Pure resistors were directly
connected to the receivers of the system and considered as the loads. The loads
altered among 102, 20€2, 3052, 562, 91€2 to examine two load voltages. Initially,
two transmitting resonators was 30mm distant from two receiving resonators and
20mm distant from the source resonator. The measurements were then evaluated
by statistical parameters of mean and corrected sample standard deviation [136].

Table 3.4 shows the measures of the load voltages over the variations of the
load resistances when two transmitting coils are on the initial arrangement as
in Fig. 3.14a. The load voltages were measured in 25 times due to the changes
of the load resistances. The results illustrated that the load voltages were kept
stable against the variations the load resistances. In these results, the means of
the measures of the load voltages V3 and V were 2.77V and 2.59V. The corrected
sample standard deviation for the measures of V3 was 0.2V, about 7.29% of the
mean of V3, while this number for those of V; was 0.14V, nearly 5.35% of the
mean of Vj.

In the experimental arrangement as in Fig. 3.14b, the transmitting resonator
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Table 3.4. Experimental results: Several measures of the output voltages against

the load resistances for the arrangement in Fig. 3.14a

Ry [Q | Ry [Q] | [Va] [V] ] [Va] [V]
10 10 | 2.5692 | 2.332
10 20 | 2.5692 | 2.411
20 30 | 2.8458 | 2.6877
30 20 | 2.8854 | 2.6087
30 56 | 2.8854 | 2.6482
01 56 | 2.8458 | 2.6877
56 o1 | 2.6877 | 2.5296
RX, RX, RX; RX
TX, TX, |30mm bum | TX, TX, |30Inm
I 20mm ]T I 20mm
source resonator source resonator
(a) dyy = 10mm (b) dy = 16mm

Figure 3.14. The load voltages as a function of the load resistances R3 and Ry,
with the vertical distance between two transmitting coils: (a) dy, = Omm and (b)

dtt = 6mm.

1 was 6mm distant beneath the transmitting resonator 2. Fig. 3.15 in the pre-
vious page showed a snapshot of the voltage waveforms at the input and the
output of the prototype with Rz = 562 and Ry = 91€2. The peak values of the
load voltages over the variations of the load resistances were presented in Fig.
3.16. The results indicated that the load voltages were slightly far from the sta-
ble values when the load resistances varied in small range of from 102 to 30¢2.
However, two load voltages kept stable when the load resistances were greater
than 30€2. Statistically, the means of the load voltages V3 and V, were 2.08V and
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2.70V respectively. The corresponding corrected sample standard deviations of
the measures of the load voltages were 0.08V and 0.08V. The deviations were
just equal to about 3.79% and 2.88% of the means of the measures of the two
output voltages. In all the experiments, the corrected sample standard devia-
tions of the measures of the load voltages were under 10% of the mean values.
It meant that the load voltages were considered as to be stabilized against the
load resistances. The results also indicated that lowering down one transmitting
resonator could lead to a difference between two load voltages. It verified that
the load voltage ratio could possibly be controlled by changing the arrangement
of the transmitting resonators.

2018-12-12
19:03:18

Horizontal
Res: 20 ns / 50 MSa/s
RL: 1ksa RT

Diagrami: Ch1,ch2

input voltage (channel 1) [t =
5 Ege e
Lvl: 1.4307 W

output vol;age (channel 2)

2ps 4ps B s 8ps 10 ps 12.5 s
i i i i i

gy s Aps

Figure 3.15. Snapshot of input voltage and output voltage in demonstration for
Rs = 56€2 and R, = 911).
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Figure 3.16. Load voltages as a function of the loads with the arrangement of the
coil as in Fig. 3.14b.

3.5. Conclusion

This chapter has proposed an IPT platform to address the challenge of charging
multiple receivers where each receiver required a rated voltage for its load. The
proposed IPT charging platform consisted of one source resonator and multiple
transmitting resonators. The theoretical analyses in this chapter indicated that
when the load resistances were sufficiently large, the load voltages and their ratio
were stable against load variations and depended only on the mutual inductances
among the coils. Once the load voltages were stable against the load variations,
they could be adjusted to rated voltages by effortlessly changing the relative
position of the transmitting coils inside the charging platform. This adjustment
could be done by a mechanical part. It was also highlighted that high transmission
efficiency could be not achieved in the proposed system when the load voltages
were stabilized against the wide range of the load resistances. The effectiveness
of the load voltage control method has been confirmed via EM simulations of the
two-receiver and the three-receiver IPT systems. For the two-receiver system, the

ratio of up to 3.5 could be obtained between the two load voltages. For the three-
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receive system, even under the load variations, stable load voltages have been
observed at a more balanced ratio of about 1.7:2.1:1.7. The calculation using
MATLAB indicated that the load voltages were still stable against the variations
of the load resistances even with low @Q-factors of the coils in the proposed IPT
system. Finally, the feasibility of the proposed system was confirmed by the
experiments with a two-receiver prototype. The system operated with a practical
square-wave signal. In the experiment, it has been demonstrated that the system
also had the ability to transfer stable voltages to the two loads with the deviations
of under 7.29%. The effectiveness of the proposed IPT platform was verified by
both the simulation results using ideal sinusoidal source and the experimental

results using practical square-wave source.
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Chapter 4

Load voltage stabilization in
cooperative IPT system with

K-inverter

4.1. Introduction

Last chapter proposed IPT charging platform to address the challenge that each
receiver required a rated voltage for its load. However, in other scenario, there
might be some receivers located far from charging platform, leading to the de-
terioration of the system performance because transmission distance is limited
because of the coupling between transmitting coil and receiving coil [100]. In or-
der to recover the performance, resonators were employed to support transmitter
[17]. They are also known as relays. Relay has played an important role in IPT
systems. Relays could be used for boosting charging voltage [130] or reducing
impact of source internal resistance [113]. In another application, relay was de-
signed to switch between constant current mode and constant voltage mode to
meet the requirements of battery charging [105]. However, in mentioned systems
above, relay coils played one role of supporting transmitter to transmit power to
a distant receiver. In this chapter, in order to address the challenge of delivering
power to distant receiver, instead of using additional relay, another receiver which
could simultaneously help transmitter to transfer power to distant receiver and

draw power itself was utilized. This kind of the system can be called cooperative
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IPT system. LC tank or K-inverter was added to relay to realize cooperative
characteristic while still stabilizing load voltages against load variations [P.C1],
[P.C2], [P.C3].

4.2. Cooperative transmission with LC tank

4.2.1 System description

In this section, LC' tank was added to relay to realize cooperative characteristic
while keeping the load voltages stable against the load variation [P.C1].

Fig. 4.1 illustrated the schematic circuit of the cooperative IPT system using
LC tank. A power source was used to drive the primary coil (Lg) to deliver power
to the relay coil (L1). Here, the power that the relay coil received was splitted
into two parts. One part of the power was consumed by the load (R;) which
the relay carried. The rest of power was continuously deliver to the secondary
coil (Ly) and consumed by the load (Rs) that the secondary coil carried. In this
system, the self-inductance of each coil was cancelled out by a series resonant
capacitance. Then, an additional LLC tank was equipped for the relay to realize
the stability of two output voltages against the variations of the load resistances.

In the model, there were several assumptions as follows. The power source had
no internal resistance. The coupling between the primary coil and the secondary

coil was very weak (Mgy = Msy =~ 0). Internal resistances of the coils as well as

:—H
Co Clm C'1

Figure 4.1. System model in cooperative IPT system using LC' tank at relay
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the compensatory inductors and capacitors were negligibly small. Therefore, we
disregarded the internal resistances for simplicity in theoretical analysis.

According to Kirchhoff’s laws, relations between voltages and currents were

given
Vo = (JwLo + jw—lco)lo + jwMo 14, (4.1)
Viw = —jwln(l — Iny) + w%m]Rl’ (4.2)
Ve, = jwMorI1 + (JwLo + jCULCQ)IQ. (4.3)

In above equations, the operating angular frequency of the power source was
denoted by w while j = \/—1 was the imaginary unit. The mutual inductance
between any two coils was M,,, where m,n € {0,1,2} and m # n. Because
of the reciprocity of the network, we had M,,, = M,,,. Vy was the complex
voltage of the power source. Vg, and Vi, were two complex load voltages at the
relay coil and the secondary one. Iy, I; and I denoted for the complex currents
in the primary, relay and secondary coils while the complex current in the load
resistance carried by the relay coil was denoted by Ig,. Lo, L1 and Lo were the
self-inductances of the primary, relay and secondary coil respectively. Ry and Ry
were the load resistances carried by the relay and secondary coils. Cy and C5 were
the compensatory capacitances for the primary and the secondary coils while the
combination of C1,,, L1,, and C; formed the compensation network between the
relay coil L; and its load resistance R;. The independence of two output voltages
against the variations of the load resistances would be illustrated in the next

section.

4.2.2 Load-independent output voltages

The compensatory components in compensation networks were designed to satisfy

resonant relationship

1 1 1 1
LoCo VLG VIO LinCin (44)
Combining (4.1), (4.2), (4.3) and (4.4), we obtained
Vo = jwMmn I, (4.5)
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Figure 4.2. Simulation arrangement

Vr, = —jwliml, (4.6)
VR2 = jWMglll. (47)
Therefore, the output voltages Vi, and Vi, could be expressed as

le

Ve, = ——V 4.8

Ry M01 05 ( )
My,

Ve, = —Vb. 4.9

Ro M01 0 ( )

Equations (4.8) and (4.9) highlighted that the output voltages were stable
against the variations of the load resistances. It was clear that the output voltages
were only decided by the source voltage, the compensatory inductor and the

mutual inductance among the coils.

4.2.3 Simulation results

To verify the theoretical analysis in Section 4.2.2, WIPL software based simu-

lations were carried out. Fig. 4.2 showed the simulation configuration. In the
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100mm

100mm

Figure 4.3. Coi layout used in the simulations.

simulations, the system included the primary, the relay and the secondary coils.
The coils had an identical size of 100mm-by-100mm. Each coil was spiral coil
with 10 turns as described in Fig. 4.3.

The material utilized to simulate the coils was Imm-diameter copper wire with
the conductivity of 58MSm™!. The horizontal distance between two perpendicu-
lar axes of two adjacent coils was denoted by Ay. The power source used in the
simulations was 5V sine-wave voltage and supposed to had no internal resistance.
The operating frequency of the power source was set to be 200kHz. The loads
varied from 10€2 to 100€) to investigate the voltages of two loads carried by the
relay and the secondary coils. In order to simulate the negligibly weak coupling
between the primary coil and the secondary one, Ay was adjusted to be 55mm
as illustrated in Fig. 4.4.

In the simulations, the compensatory components were set to make the output
voltages Vg, and Vg, provided by the relay coil and the secondary coil to be
equal to the source voltage. More specifically, for the output voltage Vi,, the
impedance of the compensatory inductor Lq, was set to equal to the mutual
coupling between the primary coil and the relay one according to (4.8). For the
output voltage Vg,, the relay was distant from the primary and the secondary
coil with the same distance d of 30mm. This would ensure My, equals to Mo

according to (4.9).
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Figure 4.5. Load voltages as a function of the loads with the configuration in Fig.
4.4.

Fig. 4.5 plotted the graph of the output voltages over the variations of the
load resistances. The results highlighted that the output voltages were stabilized
against the variations of two load resistances. Two output voltages V; and V;
were kept constant at 4.9V and 4.8V. The output voltages were slightly different
from the source voltage. This could be caused by the internal resistances of the
coils and the mutual coupling between the primary coil and the secondary one.
Although internal resistances and the mutual coupling were small but they still
had impact on the stability of two output voltages.

The simulation results confirmed that by using LC' tank the relay could si-
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Figure 4.6. System model for cooperative IPT system using K-inverter at the

relay.

multaneously draw power itself and support transmitter to deliver power to a
distant receiver. Furthermore, LC' tank structure also helped not only to deliver
a constant voltage to the distant receiver but also to stabilize its load voltage
against the load variations. However, this structure suffered the deterioration of
transmission efficiency because the imaginary part of the relay circuit was not
eliminated completely. An improvement by using K-inverter will be explained in

next section.

4.3. Cooperative transmission with K-inverter

In the cooperative IPT system using LC tank, even though the load voltages were
stable against the load variations, the cooperative IPT system could not achieve
high transmission efficiency because the imaginary part of the total impedance of
the relay circuit was not completely eliminated. In order to improve the efficiency,
a K-inverter was used instead of LC' tank to realize the cooperative characteristic

of the relay as well as stabilize load voltages against load variations.
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4.3.1 System description

Similar to the cooperative IPT system using L.C tank, the cooperative IPT system
using K-inverter also included the transmitter, the relay and the distant receiver
as described in Fig. 4.6. In this model, the constant voltage source V|, operating
at frequency f (angular frequency w = 27 f) drove the transmitter with primary
coil Ly. The relay coil L; would receive power transmitted from the primary coil
through the mutual inductance My, between them. One part of the power that
the relay received was consumed by its load R;. Another part of the received
power was transmitted to the secondary coil Ly through the mutual inductance
M, between the relay coil and the secondary coil. Then, this amount of the
power was consumed by the load Rs carried by the secondary coil.

As analogous to the cooperative IPT system in [P.C1], the self-inductance of
each was compensated by a series resonant capacitor first. Then a K-inverter,
under the form of CLC topology (Cim—Lim-Coay) in this case, was added to the
relay to realize the characteristics of cooperative transmission and load voltage
stability. The power source was assumed to have no internal resistances. The
internal resistances of the coils were ignored in theoretical analysis for simplicity
because they were negligibly small in comparison to the mutual couplings and
the load resistances.

According to Kirchhoff’s laws, relations between voltages and currents are

given
Vo = (JwLo + —=-)1o + jwMor L1 + jwMoels, (4.10)
JwCo
—jWle(]l — ‘[R1> = jme]o
+('L+1+ ! VI 4 jwMysl. (4.11)
w w
J 1 JwCh Cim 1] 12142,
1
0=—jwli,(I1 — 1 R - Ig,, 4.12
Jwlim(l — Iry) + ( 1+JwC'1m)Rl (4.12)
1

0= jwMg()[o + jWMQlll + (RQ + jWLQ + jw—C)IQ (413)

2

In the equations above, My, is the mutual inductance between any two coil
where k,l € {0,1,2} and k # [. Iy, I; and I were the complex currents in the
corresponding coils. Ig, and [, were the complex currents flowing in the load

resistance R; and in compensatory inductor Lq,,. Cy, Cy and Cy were the series
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compensatory capacitors used to cancel out the self-inductances of the primary,
the relay and the secondary coils. C'; and CLC topology formed by Ch,,, L1, and
Con, were combined to form the compensation network between load resistance
Ry and relay coil.

The input power was
1
P, = §Re{vo*]0} (4.14)

where x* denoted for the conjugate of the complex number z.

The out power consumed by the loads was

1 ’VR1|2 |VR2|2
p.o_1 115
t 2( R R (4.15)

where |z| was the amplitude of the complex number x; Vg, and Vg, were respec-
tively complex voltages of the loads R; and R,. The load voltages were expressed
in (4.24) and (4.25) of the next page.

The RF-RF efficiency was derived

(4.16)

4.3.2 Efficiency improvement

The compensatory components were designed to satisfy resonant relationship:

1 1 1

w = = =
VLCy  VLiCi Ly
1 1

V leCIm V leO2m

In Fig. 4.6, the equivalent impedance Z, when looking from the relay coil L;

(4.17)

to the load resistance R; was

2L2
7. = lem + jwlim (4.18)
1

For the compensation scheme of C}-Lj,-Chy, introduced in [P.C1], the relay cir-
cuit could not achieve resonance because the imaginary part of the equivalent
impedance Z, was not eliminated completely. Therefore, the efficiency was de-

teriorated. When using K-inverter instead of LC tanke, the total impedance
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corresponding to the current I in the relay coil was

1 1 wrL?
Ztotal - Ze + = C +jWL1 + - lm

L 4.19
JwCom JwCy Ry (4.19)

Equation (4.19) shows that when using K-inverter instead of LC tank, not only
the load resistance R; was transformed but also the imaginary part of the total
impedance was completely removed. It meant that the relay circuit was consid-
ered as a resonator with small internal resistance. Consequently, the power could
be relayed to the secondary coil with higher efficiency than the system introduced
in [P.C1].

4.3.3 Output voltage stability against load variations

According to Kirchhoft’s law, the relations between voltages and currents were

expressed as follows:

Vo = jwMo I + jwMgsly, (4.20)
JwlimIr, = jwMigly + jwMisls, (4.21)
0=—jwLlinli + Ri1g,, (4.22)

0 = jwMaoly + jwMoy I, + Rols. (4.23)

Combining (4.20)-(4.23), the output voltages could be derived as in (4.24) and
(4.25).

_ijlm
Vg, = \% 4.24
Ry w2L%m w2M12M21 0 ( )
) w2 Ms M. WMo Moy N
jwMy + 02Mo1 02M20 R, ' R,
Ry Ry . w Mo Ms
Jwhy — ———
Ry
_W2L%m _ w2M12M21
‘ R, R .
JwMaq . Mo Mg + JwMoy
JwMyo — R
Vi, = 2 Vo. 4.25
Rz W2L%m W2M12M21 0 ( )
2 Moo M- Moo Moy B
Moy + w* Moz Moy n w* Moz Mag R, i Ry
Ry Ry ) w Mo Mag
JwMiy — T
2
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When the load resistances Ry and Ry were sufficiently large, the output voltages

Vg, and Vg, were approximated:

le

Vip, = ————V, 4.2
Ry ]\401 0 ( 6)
Moy
~ ——Vj. 4.2
VR2 MOl ‘/b ( 7)

Equations (4.26) and (4.27) indicated that when the load resistances were
sufficiently large, two output voltages were stabilized against the variations of the
load resistances. They only depended on source voltage, compensatory inductor
and the mutual inductances between two adjacent coils. Therefore, adding K-
inverter to the relay, we could realize the cooperative characteristic while still

stabilizing the load voltages against the load variations.

4.3.4 Simulation results

In order to confirm the effectiveness of the proposed system, some simulations
using WIPL-D were carried out. Fig. 4.7 described the simulation arrangement.
In these simulations, the size of all the coils is 10cm-by-10cm. Copper wire with
the conductivity of 58MSm™! was used to construct the coils. The constant
voltage source of 5V was utilized to supply power for the primary coil. Two load
resistances R; and Ry changed from 102 to 100€2 to examine two output voltages
and the efficiency. For simplicity, the compensatory inductor Ly, is selected to
be equal to the mutual inductance between the primary coil and the secondary
coil. The relay coil was placed to be equidistant between the primary coil and
the secondary coil with distance d. In the simulations, d was equal to 60mm.
Therefore, for the simulation setting, two output voltages would be equal to the
source voltage according to (4.26) and (4.27). The transmission efficiency of the
proposed system analyzed in Section 4.3.1 would be compared with those of the
system in [P.C1] and the system using resonators.

For the simulations of the system using resonators and the system in [P.C1],
the arrangement and all parameters are the same as those of the system described
above, except for compensation networks which were designed as in [P.C1]. In

systems using resonators, the compensation scheme of series, series and series
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Figure 4.7. Simulation arrangement for cooperative IPT system using K-inverter.

(S-S-S) was applied where the capacitance of each compensatory capacitor would
cancel out the self-inductance of the corresponding coil. There was only one load
carried by the secondary coil.

Fig. 4.8 plotted the graph of the output voltages over the variations of the load
resistances. It was clear that two output voltages were stabilized at 5V regardless
of the variations of the load resistances. The simulation results were consistent
with those estimated in (4.26) and (4.27). When the load resistances varied in
small range, two output voltages were slightly different from the estimated values.
This was caused by the impact of the internal resistances and the coupling among
the coils.

The simulation results indicated that the proposed system could achieve higher
transmission efficiency than the system in [P.C1]| and the conventional one did.
When the load resistance R; was equal to 10f2, the transmission efficiency of
the proposed system was 15% greater than that of the cooperative system in

[P.C1]. This gap of transmission efficiency increased to about 20% when the load
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Figure 4.8. Load voltages as a function of the loads.
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Figure 4.9. Efficiency over the loads.

resistance Ry was 100€2. The efficiency in [P.C1] did not always outperform the

conventional one. However, for the proposed system, the transmission efficiency
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Figure 4.10. Experimental system to demonstrate cooperative IPT system using

K-inverter.

was completely improved with the wide range of the load resistances. For the
same load resistance R, the transmission efficiency increased when the load re-
sistance R, decreased. When R; was very large, the performance of the proposed

system approached that of the system using resonators.

4.3.5 Experimental results

The feasibility of the cooperative ITP system using K-inverter was verified by a
demonstration system as shown in Fig. 4.10. In the experiments, the primary
coil had 5 turns while the relay and the secondary coils had 10 turns. The size
of all the coils was 10cm-by-10cm. The distance between any two adjacent coils
was 7bmm. The list of the components used the demonstration system were
illustrated in Table 4.1. The RF inverter generated square-wave voltage with
operation frequency of 200kHz. This signal was considered as the input voltage
of the system. Each load resistance changed among 10€2, 20€2, 56¢2 and 912 to
examine the output voltages.

Fig. 4.11 illustrated the output voltages over the variations of the load re-
sistances. The experimental results indicated that the output voltage Vg, was
stabilized at 1.6V while the output voltage Vg, was stable around 1.3V. Even
though there are the variations of two load resistances, two output voltages keep
stable. Similar to the simulation results, the output voltages were slightly dif-

ferent from the stable values as the load resistances were in small range. This
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Table 4.1. List of parameter values in the demonstration

Symbol Parameter Practical value
L self-inductance of primary coil 7.75nH
Cy resonant capacitor of L 81.79nF
Ly self-inductance of relay coil 27.1TpH
o resonant capacitor of L 23.5nF

Cim, Com compensatory capacitors 467.3nF
Ly compensatory inductor 0.22nH
Lo self-inductance of secondary coil 26.94pH
Cy resonant capacitor of Lo 23.5nF

1.5

=
° = 1
S
> .
=
2,
= 0.5 s
o
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Figure 4.11. Load voltages as a function of the loads in demonstration system.

was because of the impact of the internal resistances of the coils. Another reason

was the real components of the compensation networks could not obtain perfect

resonant relationship.

The theoretical analysis and numerical results confirmed cooperative IPT sys-
tem using K-inverter at relay could help to improve efficiency in comparison with

the one using LC' tank at relay while still stabilizing two load voltages against
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the variations of the load resistances. Recently, cooperative transmission could be
done by using two-coil repeater in IPT systems [111,137,138]. However, two-coil
repeater structure could suffer the deterioration of transmission efficiency in com-
parison with the cooperative IPT system using K-inverter for voltage-gain-free

design. The comparison between will be illustrated in next section.

4.4. Efficiency comparison of cooperative IPT sys-

tems

Two cooperative three-terminal inductive power transfer systems were consid-
ered. Each system included a transmitter (TX), a relay (RX;) and a distant
receiver (RX3). In both systems, the relay terminal could simultaneously sup-
port transmitter to transfer a part of power to the distant receiver and draw power
itself and. The power sources in both systems were assumed to be identical with
constant voltage V; and operating frequency f (angular frequency w = 27 f). To
easily distinguish two systems, the system using K-inverter [P.C2] was named
the cooperative IPT system using common-coil relay or common-coil cooperative
IPT system. Meanwhile, the system utilizing two-coil relay in [111,137,138] was
named the cooperative IPT system using separated-coil relay or separated-coil

cooperative IPT system.

4.4.1 System description

More specifically, the schematic circuit of the cooperative IPT system using
common-coil relay was illustrated in Fig. 4.12a. the transmitting coil Ly would
deliver power to the relay L, via the mutual inductance My, between the trans-
mitting coil and the relay coil. The relay would draw a part of power and transmit
the rest of power to the distant receiving coil Ly via the mutual inductance M,
between it and the distant receiving coil. The compensation networks in this
system was totally similar to those in [P.C2]. Specifically, the compensatory

components were designed

1 1 1 1
VLG, VLG, VIC /(L +L)C;
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Figure 4.12. Cooperative IPT systems.

The two load voltages are given by [P.C2]

L
Vi, | &~ ——|Vil, 4.29
Vil ~ 571V (4:29)
Moy
Vi, | ~ =2 |Vi, 4.30
Vil = 3751V (4:30)

where |z| was denoted for the amplitude of the complex number x.

Meanwhile, the IPT system using separated-coil relay in [137] was described
as in Fig. 4.12b. Different from the system using common-coil relay, the relay
of this system included two coils Ly, and L. It was assumed that the mutual
inductance between these two coils of the relay was completely eliminated. The
coil Ly, of the relay would take charge of receive power from the transmitting
coil via the mutual My;. Here, a part of of the power was consumed by the load
Ry. Then, the rest of the power would transfer to the coil Ly and reach to the
distant receiving coil Lo via the mutual inductance M;s between the them. The
power that the distant receiver received was consumed by the load Rs. In the

cooperative IPT system using separated-coil relay, CLC topology was employed
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for the coils Ly and Li; while series compensatory capacitor was utilized for the
coils. Ly, and L,. The compensatory components were given by the resonant

relationship as follows

1 1 1
W = = g
\/LOCO \/L202 Vv Llrclr
1 1 1 (4.31)
- VInCro VInCno /Ly + Lp)Che
The two load voltages in this system are given by [137]
M,
Vi | = Vi, (4.32)
£0
My My
Vi, | v 2212000y, .

Viel ~ T2 IV (439

In both systems, the internal resistance of the coil #i was denoted by r; where
i€ {0,1,2,1r, 1t}.

The input power in both systems was given

1
Py = §Re{VS*IS} (4.34)
where z* denotes for the conjugate of the complex number z, I is the source
current.

The power consumed by the loads in both systems was expressed

1/ |Va?  |Va,|?
Poutz—(| | +| | ) (4.35)

2\ R Ry
The RF-RF efficiency in both systems was

P out

4.36
Fin (4:36)

7’]:

4.4.2 RF-RF efficiency comparison

This this investigation, equivalent circuit technique has been used to derive the
load voltage stability and to analyze the RF-RF efficiency. The equivalent circuits

of the two systems were described as in Fig. 4.13.
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Figure 4.13. Equivalent circuits.

According to the equivalent circuits, if the internal resistances of the coils
were negligibly small to the loads, the equivalent loads in the both systems were
considered to connect in parallel to the source. Consequently, the load voltages
only depended on the mutual inductances, the compensatory inductors and the
source voltage. It matched the theoretical analysis in (4.29), (4.30), (4.32) and
(4.33).

To fairly compare RF-RF efficiency between two systems, the parameters of
the two systems would be identical. Specifically, all coils in two systems were
identical in terms of self-inductance and internal resistance L; = L, = Ly,
ry = ri, = r1;. LThe compensatory components in the compensation networks had
no internal resistance and identical L = Lyy = Ls1,C = Cpy = C1,C1 = Chy.
The mutual inductances through which the power was transferred were similar
in both systems.

In this investigation, both systems were designed so that the source voltage

was delivered to load voltages without gain. Therefore, for the system in Fig.
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4.12a, the mutual inductances and the compensatory inductor were set as follows
MOl — M12 — L (437)

Similarly, for the system in Fig. 4.12b, the mutual inductances and the compen-

satory inductors were set as follows
Moy = Lygo; My = L. (4.38)

As a result, the equivalent circuits of two systems were nearly similar, except
that the system in Fig. 4.12b had an additional term of wQL?O /7o in comparison
with the system in Fig. 4.12a. This term would be the cause of energy loss in
the system in Fig. 4.12b. However, this loss did not happen in the system in
Fig. 4.12a according to Fig. 4.13a. It meant that energy loss could be reduced
in the cooperative IPT system using common-coil relay in compared with the

cooperative IPT system using separated-coil relay.

4.4.3 Simulation results

WIPL-D-based simulations were used to verify the theoretical analysis. In both
systems, all coils had an identical size of 10cm-by-10cm. Wire whose conductivity
was H58MSm~! was used to make the coils. The power source of 5V was used to
drive the transmitting coil. The power source had no internal resistance and
operated at the frequency of 200kHz. Two loads R; and Ry changed from 5¢2 to
100€2 to evaluate two output voltages and the RF-RF efficiency.

For the simulations of the cooperative IPT system using common-coil relay,
the transmitter (TX), the relay (RX;) and the distant receiver (RXy) were ar-
ranged coaxially as shown in Fig. 4.14a. The compensatory inductor was set as
in (4.37). The relay RX; was distant d; from the transmitter TX and dy from
the distant receiver RXs.

For the simulations of the cooperative IPT system using separated-coil relay,
the system was arranged as in Fig. 4.14b. Here, two coils of the relay were placed
far away each other to eliminate the coupling between two coils. Similar to the
cooperative system using common-coil relay, the distances from the relay to the
transmitter and from the relay to the final receiver were d; and ds respectively.

The compensatory inductors were set as in (4.38).
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Figure 4.14. Simulation configurations for the cooperative IPT system: (a) using

common-coil relay, (b) using separated-coil relay.

Fig. 4.15 illustrated the simulation results of the load voltages over the varia-
tions of the loads. In these simulations, d; and dy, were initially set to be 60mm.
The results confirmed that in both systems, either using common-coil relay or
separated-coil relay, the load voltages were stabilized at approximately 5V when
the loads changed from 5¢2 to 100§2. The results verified the theoretical analysis of
the load voltages in (4.29), (4.30), (4.32) and (4.33). When the both distances d;
and d, increased from 60mm to 100mm and the compensatory inductors changed
according to the changes of the mutual inductances, two load voltages were still
kept stable at 5V against the load variations .

The comparison of RF-RF efficiency between two systems in Fig. 4.12a and
Fig. 4.12b was illustrated in Fig. 4.16. It could be seen that the system using
common-coil relay could achieve higher efficiency than the one using separated-
coil relay. The efficiency of the system using common-coil relay was 10% greater
than the one using separated-coil relay when the loads were 25¢2. This gap rose to
15% as the loads were equal to 75Q. The trend of the results was still held as the
distances increase to 100mm. It meant in this case, the system using common-coil
relay could still outperform the one using separated-coil relay.

In order to evaluate the load voltage stability as well as efficiency of two

systems in other arrangements of the coils, the distance, either d; or d,, was
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Figure 4.15. The load voltages as a function of the loads for d; = dy = 60mm in

cooperative IPT systems.

changed while other parameters of the system were fixed. Accordingly, the pair
of (dy,ds) was set to be (50mm, 60mm), (70mm, 60mm), (60mm, 50mm) or
(60mm, 70mm) to investigate two systems. The graph of the load voltages as
a function of the load variations when the pair of (d;, dy) was equal to (50mm,
60mm) was illustrated in Fig. 4.17. It was clear that the both systems could keep
the load voltages unchanged against the variations of the loads. The simulation
results matched the theoretical analysis in (4.29), (4.30), (4.32) and (4.33). In
other arrangements of the coils, both systems still stabilized the load voltages

against the load variations.
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Figure 4.16. RF-RF efficiency over the loads in cooperative IPT systems.
For four arrangements of the coils, the system using common-coil relay could
achieve higher RF-RF efficiency than the one using separated-coil relay as the

loads varied from 52 to 100§2. The graph of RF-RF efficiency over the load

variations for various coil arrangements was plotted in Fig. 4.18. It was seen
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(b) using seprated-coil relay

Figure 4.17. The load voltages as a function of the loads for d; = 50mm and

d; = 60mm in cooperative IPT systems .

that this advantage of the system using common-coil relay over the one using

separated-coil relay was still hold for the other coil arrangements.

4.5. Conclusion

This chapter presented the cooperative IPT system where the relay could simul-
taneously draw power itself and transmit the rest of received power to the distant
receiver while still keeping the load voltages stable against the load variations.

Two types of compensation networks, consisting of LC' tank and K-inverter, were
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Figure 4.18. RF-RF efficiency over the loads in cooperative IPT systems.

applied for the relay to transform it to cooperative receiver. This chapter also
highlighted that the cooperative IPT system using K-inverter could achieve better
performance of efficiency in comparison with the one using LC' tank. Moreover,
the cooperative IPT system using K-inverter also attained higher efficiency than
the one using two-coil repeater to relay the power transmission for voltage-gain-

free design.
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Chapter 5

Power separation and load
voltage stabilization in
multiple-frequency IPT system

with K-inverter

5.1. Introduction

The previous systems have been proposed to deliver rated voltages to multiple
loads or realize cooperative characteristic while stabilizing load voltages against
load variations under single operating frequency. Recently, IPT technology’s
development has witnessed that operating frequencies have been diverged in dif-
ferent types of applications [139]. This divergence motivates the development of
multiple-frequency IPT charging systems. There are two main solutions for this
problem. The first solution is to propose one-to-multiple charging systems where
single transmitter is able to deliver power of multiple frequencies to multiple re-
ceiver. In contrast, the second solution is to design multiple-to-multiple charging
systems where each transmitter operates at an individual frequency to deliver
power to corresponding receiver. However, one-to-multiple charging systems are
more preferable than multiple-to-multiple systems because of its compact and

simple transmitter. Furthermore, multiple-frequency one-to-multiple IPT sys-
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tems is a potential candidate for being used in public parking charging lots [51]
or universal wireless charging pads [88].

In order to charge multiple receivers operating at multiple frequencies, the
authors in [140] proposed an inverter generating a nearly half-cycle sinusoidal
current which was considered as being synthesized from three harmonics. In this
proposal, the amplitudes of the harmonics significantly decreased to the order of
the harmonic. This would limit operation frequencies at harmonics only as well as
the number of receivers. In other design, multiple sources were connected in series
to a transmitter to deliver power to multiple receivers [141]. However, because
the transmitter had only one resonant frequency, the power of the frequencies
far from the resonant frequency would be hardly transferred via the transmitter.
To address this problem, the authors in [142] employed the compensation of LC
tanks at transmitter side to deliver power of multiple frequencies out of transmit-
ting coil. Nevertheless, the design of the compensation network in this proposal
depended on the loads.

In this chapter, two-frequency one-to-two inductive power transfer systems
in which each pair of source and receiver works on an individual frequency was
proposed [P.W2], [P.C4]. Two sources shared either a common transmitting coil
or a common resonator to deliver power to two receiver. A novel K-inverter was
introduced to separate power of two frequencies and stabilize the load voltages
against the load variations. Therefore, the proposed system could achieve full

voltage control for the loads that could not be done in the previous studies.

5.2. Multiple-frequency IPT system with com-

mon transmitting coil

5.2.1 System description

The schematic circuit of the two-frequency IPT system using a common trans-
mitting coil was shown in Fig. 5.1 in the next page. Two voltage-constant sources
Vi and Vi, operated at two different frequencies, f; and fo (angular frequencies
wy = 2w f1, wy = 2mfy), respectively. Two sources simultaneously utilized the

common transmitting coil Ly to transfer power to two receivers RX; (coil L)
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and RXy (coil Ly). Each source would deliver power to the receiver operating
at similar frequency. In the system model, M,,, denoted the mutual inductance
between the m-th coil and the n-th coil where m,n € {0,1,2} and m # n.

In transmitter side, Ct1, Lyi, Csi_f2, L1 g2 and jXg were combined to be
equivalent to CLC compensation network operating at the frequency f; between

the source V;; and the transmitting coil.

w1l =0 5.1
JonCpy IR (5.1)

JwiLsi g2
1 — w?Cs1 poLs1 po

+jX51 + jwl(Lfl + L(]) =0 (52)

Inside this compensation network, the capacitor Cq;_ g2 and the inductor Lg; so

were resonant at the frequency f,

_ jwa L =0 5.3
ijCsl,f2+jW2 - (5:3)

Accordingly, this pair of LC would prevent the interference from power of the
frequency fo. Similarly, the combination of Cta, Lfa, Cs 1, Leo s1 and Cg was

considered as CLC compensation network operating at the frequency f5 between

‘/Slafl

KZ*j?

Figure 5.1. System model of multiple-frequency one-to-two IPT system using

transmitting coil.
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the source Vi, and the transmitting coil

jwolirg =0 5.4
jw20f2+‘7w2 12 ) (5.4)

jw2Ls2,f1
1— W%Csz,flLsz,fl

+ 7 X2 + jwa(Lysa + Lo) =0 (5.5)

The pair of the capacitor Cy; g1 and the inductor Lg fi resonant at the frequency

f1 would mitigate the power of the frequency f;
——— + jwilg ;1 =0 5.6
leoszfl Jerterpn ( )

In receiver side, for the receiver RX;, the combination of the reactance X,
Cy1_f2 and L,y g2 formed equivalent series compensation network between the coil
L, and the load R;

jw1Lr1,f2
1— W%Crl,szrl,ﬁ

+JXu +jwil; =0 (5.7)

The pair of Cyi yo and L,y so resonant at fo would prevent the power of the

frequency f in the RX; circuit.
JwaCh g2 Jeatnlf2 (5:8)

Correspondingly, for the receiver RXy operating at the frequency fs, the combina-
tion of the reactance X,o, Cyo 1 and Lyo_s; formed equivalent series compensation
network between the coil Ly and the load R,.

Jwalyo f1
1 —wiCo 1L

+ j Xi2 + jwoLo =0 (5.9)

The pair of Cyo s and Lo 51 would prevent the power of the frequency f; in the
RX,5 circuit.

_ jwy Ly =0 5.10
JwiCra_f1 el n ( )

5.2.2 Power separation and load voltage stability

Without the loss of generality, the operation of the source V;; was considered

first. According to the superposition theory, the source V,, was equivalent to
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short circuit to the operation of the source V;;. Therefore, the impedance looked

from two points ¢ and d to the source V,, was

jw1L527f1 1 jwlLfZ
ZoiF) = 5.11
d(fl) 1- W%Cslfllefl * jwlCSQ * 1 - W%szLfQ ( )

where Cy, was calculated from jXg. Zeq(f1) would approach infinity because of
(5.6). As a result, two points ¢ and d were considered as open to the operation of
the source V;;. Similarly, at the frequency fi, the equivalent impedance of RX,
is

jwy Ly 1 .
J1 T2 1 + -+ ]w1L2 -+ R2 (512)

7 =
2(f1) 1 —wiCopilegf1 - juwiCy

where the capacitor Cy (jX,2) was calculated by (5.9). We have Zs(f1) would
approach infinity because of (5.10). Hence, RX;5 could not receive the power of
the frequency f;. Finally, the power supplied by the source V,; was transferred
to RX; only. For similar analysis of the operation of the source V5, RXs could
receive power transmitted by the source V, only. Even though two sources shared
the common transmitting coil to deliver power to the two receivers, the power
link of each pair of source-receiver was completely separated.

Accordingly, the operation of each pair of source-receiver was independent of
each other. The compensation network at transmitter side was CLC circuit and
that at receiver side was series. Consequently, the load voltages were stabilized

against the variations of the loads

M
Vi, = ——Va (5.13)
Ly
M
Vi, = =7 Ve (5.14)
72

5.2.3 Simulation results

The power separation as well as the stability of the output voltages in the
proposed system would be confirmed by LTSpice software based simulations.
Fig. 5.2 illustrated the simulation setup of the proposed system. 80kHz and
110kHz were selected as two operating frequencies. Two source voltages sup-
plied the constant voltages of 10V. The compensatory inductors Ly; and Ly,
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Figure 5.2. Simulation setting for two-frequency one-to-two IPT system using

transmitting coil.

were set so that their impedances at corresponding frequency were equal to 1052
(wiLf1 = woLyy = 10§2). The other compensatory components were designed as
in the equations in Section 5.2.1. The coupling coefficients among the coils were
set to be kg; = koo = 0.1022 and k15 = 0.08. Therefore, the corresponding mutual
inductances were My, = My, = 10.573pH and M, = 8.2761H.

The waveforms and Fast Fourier Transform (FFT) of the currents flowing in
Cs1 and Cyy for the loads of 10€2 were plotted in Fig. 5.3. The results in Fig.
5.3b illustrated that the current I, mainly comprised the power of the frequency
80kHz. Similarly, the current /-, mainly comprised the power of the frequency
110kHz according to the simulation results in Fig. 5.3c. The interference between
the current flowing in Cy; and Cyy was negligibly small, or it could be considered
as no interference. It matched the theoretical analysis in the previous section.

The waveforms and FFT of the load voltages were illustrated in Fig. 5.4.
Similarly, it was clear that each receiver only received the power of the frequency
at which it was operating only. The simulation results in Fig. 5.4a matched the
formulas (5.13) and (5.14) where estimated load voltages |Vg,| = VaaMo1 /Ly =
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Figure 5.3. The currents flowing in C; and Cl,.

5.314V and |Vg,| = ViaMye/Lss = 7.307V. Fig. 5.4b and Fig. 5.4c highlighted
that RX; only received the power of the frequency f; and RX5 only received the
power of only frequency f5. It implied that the power of each operating frequency

was completely separated for each pair of source-receiver.

5.2.4 Experimental results

The feasibility of the proposed system was verified by the experiments. Fig.
5.5 showed the experiment setup. Two frequencies of 170kHz and 200kHz were
selected as the operating frequencies of two sources. In order to evaluate the
transmission ability, the transmission factors among the sources and the receivers
were measured by Vector Network Analyzer.

The inductances of the coils: Ly = 147.67pH, L, = 56.26pH, Ly, = 60.67pH.
Compensatory components: Cy = Cg 51 = 960F, Cpy = Cgi o = 390F, Ly =
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Figure 5.4. The load voltages.

Ly y1 =15.82pH, Lyy = Ly _fo = 16.31pH, Cq = 3.90F (j X4 ), Cs2 = 5nF (jXe2),
Cri o = Crop1 = 820F, Ly g0 = 7.8pH, Lo 51 = 10.8pH.

Fig. 5.6 in next page illustrated the measures of the transmission factors (S512)
between each source and each load. First, Fig. 5.6a indicated that there was no
interference between two sources when the transmission factors were —26.29dB
at 170kHz and —21.73dB at 200kHz. Similarly, Fig. 5.6b showed that there
was no power exchange between two receivers because the transmission factors
between them were —27.81dB and —29.29dB at 170kHz and 200kHz respec-
tively. Correspondingly, the receivers could not receive the power transmitted
by the frequency-mismatched sources because the transmission factors between
one source and frequency-mismatched receiver were under —30dB as shown in
Fig. 5.6c and Fig. 5.6d. In contrast, Fig. 5.6e illustrated that the source 1 could

transfer power to RX; at the operating frequency of 170kHz when the transmis-
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Figure 5.5. Demonstration of two-frequency one-to-two IPT system using com-

mon transmitting coil.

sion factor of this pair was —5.89dB. Similarly, the power of the frequency of
200kHz could be transmitted from the source 2 to RX5 because the transmission
factor of this pair was —5.16dB. The transmission factor between one source and
its frequency-matched receiver was decided by the coupling between the trans-
mitting coil and the corresponding receiving coil. Since Z.4(f1) and Z,(f2) could
not practically approach infinity, there would be power leakage from source 1
to source 2 and vice versa. It would deteriorate the transmission factors of the
power links between sources and their corresponding receivers.

In summary, this work proposed one-to-two inductive power transfer system
in which one transmitter was simultaneously driven by two sources operating at
two different frequencies to deliver power two receivers. Although the theoretical
analysis and simulation results indicated that the power of each power link of
source-receiver was completely separated, the demonstration system showed the

transmission factor between one source to the corresponding receiver was still
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Figure 5.6. Transmission factors in frequency domain (Si2)

low. This was because the equivalent impedance of frequency-mismatched source
circuit did not approach infinity as expected. Therefore they would affect the
power link of other pair of source-receiver. This effect could be reduced by using
common transmitting resonator instead of common transmitting coil. It was

illustrated in next section.



5.3. Multiple-frequency IPT system with com-

mon transmitting resonator

5.3.1 System description

Fig. 5.7 showed the schematic circuit of the multiple-frequency IPT system using
common transmitting resonator. In this system, the transmitting resonator, con-
sisting of the coil Ly and series compensatory capacitor Cy, was simultaneously
driven by two sources V;; and V. Two operating frequencies were f; and fo with
angular frequencies wy = 27 f1, wy = 2w fy. For simplicity, it was assumed that
the internal resistances were negligibly small.

The reactance X; and the compensatory components, C¢1, L1, Coi_r2, Lg1_s2,
Cy were combined to form compensation network between the source V; and the

transmitting coil Lg. They were designed with the following relationship

jwi1 Ly =0 5.15
o + jwiLp (5.15)
JwiLg g2 . 1 .
X L Ly) =0 5.16
1— W%Csl,fQle,fQ *J o jwlc() * jwl( n * 0) ( )

Inside the compensation network, the capacitor Cs; o and the inductor L f2

‘/Sl7f1

‘/;EfZ

Figure 5.7. System model of multiple-frequency one-to-two IPT system using

transmitting resonator.
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were resonant at the frequency f,

m + ngLstQ =0. (517)
This pair of inductor-capacitor would be a band-stop filter eliminating the power
of the frequency f, out of the circuit [143]. Similarly, the reactance Xy was
combined with the compensatory components, Cra, L2, Csa f1, Lsa_s1 and Cp to
form the compensation network between the source V,, and the transmitting coil
Lg. They were designed based on the following relationship

ol =0 5.18
Jw2Cla Tk =0, (5.18)
JwaLs p1 . 1 .
Kt Lz + Lo) = 0. 5.19
1 —w2Cs s1 L 1 + 7 X2 + nCo + jwa (L2 + Lo) (5.19)

The capacitor Cy;_f; and the inductor Lg 1 were resonant at the frequency f; to
prevent the power of frequency f;
M—Szﬂ + jwiLes ;1 = 0. (5.20)
As mentioned in the previous section, for the operation of one source, the
equivalent impedance of the frequency-mismatched source could not be infinity
in practice because the components of the band-stop filter were not ideal. In such
case, the power link of the other source and the corresponding receiver would be
significantly affected by the equivalent impedance of the frequency-mismatched
source. This could happen because the impedance of the frequency-mismatched
source was just several times greater than the equivalent impedance of the tran-
smitter. Therefore, to reduce the equivalent impedance of the transmitter, the
compensatory capacitor Cy was added to the transmitting coil. It would help
reducing the effect of the frequency-mismatched source on the transmitter. Con-
sequently, the appearance of Cy would enhance the isolation between two power
streams.
For the receiver side, for RXy, the reactance, denoted by 7.X,;, was combined

with Cy1 o and Ly g2 to form series compensation network between the coil Ly
and the load R;

JwiLi g2
1 — wiCh poLy1 g2

—f—jXrl —|—jw1L1 =0 (521)
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where Cq o and L,1_so were resonant at fy to reject the power of the frequency

fo
.a/ LI‘ = 0- 5-22
JwaCri_pa Jeatm sz ( )

Analogously, for RX5, the reactance, denoted by jX,s, was combined with Cyy
and Lo 1 to form a series compensation network between the receiving coil Lq
and the load R,

jW2Lr2,f1
1 —w3Cio 1 Lo 1

+ J X2 + jwa Ly = 0, (5.23)

m + jwiLyg ;1 =0 (5.24)
where Cyo 51 and Lyo s1 were resonant at the frequency f; to reject the power of
the frequency f;.

In the system model, the mutual inductance between the m-th coil and the
n-th coil is denoted by M,,, where m,n € {0,1,2} and m # n. By employing
the band-stop filters inside the compensation networks, the power of each pair of
source-receiver was completely separated. Moreover, the compensation networks
also helped to keep the load voltages stable against the load variations. The
superior characteristics of the multiple-frequency system would be theoretically

proved in next section.

5.3.2 Power separation and load voltage stability

Because of the symmetry of the system structure, the operation of the system
caused by the source V; was considered first. The operation of the system caused
by the source Vi, could be analyzed analogously. For the operation of the source
Vi1, the source Vi, was considered as short circuit due to superposition theory.

The equivalent impedance between two points ¢ and d was

JwiLga 1 1 JwiLyo
Zo(F) = , 5.25
ath) 1 —wiCs p1 L 1 " Jw1Cs " 1 —wiCpoLys (529)

where the capacitor Cy, was the calculation result of the reactance Xy, decided by
(5.19). Here, Z.4(f1) would approach infinity because of (5.20). Therefore, this
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circuit between two points ¢ and d considered as open circuit for the operation of
the source V.
For receiver side, at the operation frequency fi, the total impedance of RXy

circuit was
JwiLyg. f1

1
Z = jowi L R 5.26
2<f1) 1— W%CrZ,flLrQ,fl * JwiChra Tkt ( )

where the capacitor C,5 was the calculation result of the reactance X5 decided by
(5.23). Z5(f1) would approach infinity because of (5.24). Therefore, RX;5 could
not receive power transmitted by the source V;;. As a result, the power supplied
by Vi1 was delivered to RX; only. This pair of source-receiver was considered as
compensated by CLC at transmitter side according to (5.16), (5.15) and by series
at receiver side according to (5.21).

Analogously, the theoretical analysis for the power transmission between the
source Vi and RX, was analyzed in the same way. Consequently, two power
links between two pairs of source-receiver were completely separated although
two sources simultaneously shared the common transmitting resonator to deliver
power to two receivers. Since each pair of source-receiver operated with the

compensation scheme of CLC-series as analyzed, the load voltages were given by

M

Vi, = ——=Vay, (5.27)
Ln
M

Vi, = — Vi (5.28)
Lps

Two equations above indicated that each load voltage was independent of the
parameters from the frequency-mismatched source and receiver. Therefore, any
power control for each load would not affect the operation of the other pair of

source-receiver.

5.3.3 Simulation results

To verify the power separation and constant load voltages in the multiple-frequency
IPT system using common transmitting resonator, LT'Spice-based simulations
were carried out. Two power sources were set to be 10V. Two frequencies

of 170kHz and 200kHz were selected to be operating frequencies. The specific
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Figure 5.8. Simulation setting for two-frequency IPT system using common trans-

mitting resonator.

parameters of the system was illustrated in Fig. 5.8. In the simulations, the
impedances of the compensatory inductors Ly and Ly, were set to be 1082 at
their corresponding frequencies (wy Ly = woL sy = 1092). The relationship among
the compensatory components was given by the equations in Section 5.3.1. In
order to simulate coupling among the coils, the coupling coefficients were set
as kg1 = koz = 0.1022 and k15 = 0.08. Accordingly, the corresponding mutual
inductances were My, = Mgy, = 10.573pH and M, = 8.276pH.

Fig. 5.9 showed the waveforms and Fast Fourier Transform (FFT) of the
currents flowing in Cs; and Cys. The results indicated that the current I,
mainly comprised the power of the frequency 170kHz while the current I, mainly
comprised the power of the frequency 200kHz only. It matched the theoretical
analysis that there was no interference between two sources.

The waveforms and FFT of the load voltages were illustrated inFig. 5.10.
Similarly, these results highlighted that the receiver RX; could receive the power
of the frequency 170kHz while the receiver RX, could receive the power of the fre-
quency 200kHz. Additionally, the load voltages in the simulation results matched
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Figure 5.9. The currents flowing in C; and Cl,.

the estimates in (5.27), (5.28) where the load voltages were estimated to be
V.| = [VaiMo1/Lp| = 11.3V and |Vg,| = |VaaMo2/L 2| = 13.3V.

The stability of the load voltages against the load variations was evaluated by
changing the loads among the values of 10€2, 20€2 and 50€2. The results shown in
Table 5.1 highlighted that the two load voltages were stabilized at about 11.1V
and 13.4V even though the loads altered among 10€2, 202 and 50¢2.

5.3.4 Experimental results

The feasibility of the proposed system was confirmed by a demonstration system
which was shown in Fig. 5.11. The schematic circuit of the demonstration sys-
tem was similar to the system model in Fig. 5.7. Two operating frequencies were
170kHz and 200kHz. Table 5.2 showed the specific parameters of the demonstra-

tion system. The evaluation of the transmission factors among the sources and
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Figure 5.10. The load votlages.

the receivers was done using Vector Network Analyzer.

Fig. 5.12 in the next page illustrated the transmission factors among the
sources and the receivers. According to the results in Fig. 5.12a, power could
not be transferred between two sources because the transmission factors between
them were —30.6dB and —31.5dB at 170kHz and 200kHz. Similarly, the trans-
mission factors of —23.79dB and —22.62dB, in Fig. 5.12b, between two receivers
verified that there was no power exchanged between two receivers at both op-
erating frequencies. Additionally, the power links between one source and the
frequency-mismatched receiver were negligibly weak because the transmission fac-
tors between them were under —20dB as shown in Fig. 5.12¢ and Fig. 5.12d.
Finally, the transmission factor of —1.89dB could be achieved between V; and
RX; as shown in Fig. 5.12e. It indicated that the source V;; could deliver power
to RX; at the operating frequency 170kHz. The transmission factor was —1.89dB
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Table 5.1. The load voltages against the load variations

Ry () | By () | VR, (V) | Vi, (V)
10 10 | 10.998 | 13.178
10 20 | 10.987 | 13.405
10 50 | 10.958 | 13.492
20 10 | 11.095 | 13.183
20 20 | 11.092 | 13.406
20 50 | 11.081 | 13.494
50 10 | 11.152 | 13.18
50 20 | 11.141 | 13.406
50 50 | 11.132 | 13.492

Table 5.2. The parameters of the experimental system

Symbol Value Symbol Value
Ci 56nF Ly 147.67puH
Ly 15.82pH Co 4.95nF

Csi_p2 39nF Ly 56.26pH
Lgi 4o || 16.31pH Ch 10nF
Cq 18.1nF L1 g2 7.8uH
Cya 39nF Cri_2 82nF
Ly 16.31pH Ly 60.6TnH
Cs2_f1 56nF Cro 4.5nF
Lg s || 15.82pH Ly 11 10.8uH
Cs2 - Cra 1 82nF
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Figure 5.11. Experimental system two-frequency one-to-two IPT system using

common transmitting resonator.

because it was decided by the ratio between the mutual inductance My, and the
compensatory inductance Ly as in (5.27). Identically, the results in Fig. 5.12e
highlighted that the source Vg, could deliver power to RXs at the operating fre-

quency 200kHz because the transmission factor between them was —1.23dB.

5.4. Conclusion

This chapter presented the multiple-frequency one-to-multiple IPT systems where
multiple pairs of source-receiver share a common transmitting channel to operate
at individual frequency. Initially, multiple sources drove a common transmitting
coil to deliver power to corresponding receivers. K-inverter and band-reject filter
were combined to separate power link of each pair of source-receiver and sta-

bilize load voltage of corresponding receiver. The theoretical analysis and the
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Figure 5.12. Transmission factors in frequency domain (Si2)
simulation results indicated that the power link of each pair of source-receiver

was completely isolated from the operation of the other pairs of source-receiver.

However, in practice, the transmission factor of each link was affected by the
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equivalent impedances of the frequency-mismatched source circuits. Then, in-
stead of using a common transmitting coil, multiple sources drove a resonator to
deliver power to corresponding receiver. The theoretical analysis and the sim-
ulation results showed that the combination of K-inverter and band-reject filter
still separated power link of each pair of source-receiver in this system. Further-
more, by using a common transmitting resonator, the transmission factors of the
sources and the corresponding receiver were significantly improved in comparison
with using a common transmitting coil. The experimental results verified the
theoretical analysis.
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Chapter 6
Conclusion

The objective of this dissertation was to propose single-transmitter multiple-
receiver IPT system which could stabilize the load voltages against the load vari-
ations under different conditions. First, when charging multiple receivers, each
receiver often required a rated voltage for its load. Second, some receivers were
located far from charging platform, leading to the deterioration of the system
performance. Third, each receiver required not only a rated voltage for its load
but also an individual operating frequency.

This dissertation utilized K-inverter to design three multiple-receiver IPT sys-
tems to address the corresponding challenges, . Firstly, multiple transmitting res-
onators were inserted between source resonator and multiple receivers to control
the load voltages. This structure formed multiple K-inverters at transmitter side.
It enabled the load voltages to be decided by the mutual inductances among the
resonators and the source voltage only. As a result, the load voltages could be con-
trolled by adjusting the characteristic impedances of the K-inverters, equivalent
to adjusting the arrangement of the multiple transmitting resonators. Secondly,
the cooperative IPT systems were developed from a relay-based IPT system where
the relay was equipped an additional LC tank or K-inverter to simultaneously
draw power itself and transmit the rest of received power to the distant receiver.
Moreover, using LC' tank or K-inverter, the cooperative IPT systems also sta-
bilized the two load voltages stable against the load variations. However, using
K-inverter-based structure attained higher performance than LC' tank structure.

It also indicated that the cooperative IPT system with single-coil relay outper-
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formed the one with two-coil repeater while still keeping two load voltages stable
against the load variations. Finally, multiple-frequency one-to-multiple IPT sys-
tem was proposed to satisfy the requirement of multiple operating frequencies in
multiple receivers. K-inverters were combined with band-reject filters to separate
the power link of each pair of source-corresponding receiver and to stabilize the
load voltages. As a result, full voltage control for each load could be achieved
without affecting the operation of other pairs of source and corresponding re-
ceiver.

This dissertation has addressed the challenges in charging multiple receiver.
The feasibility of these solutions enabled to realize universal charging platforms

in future.
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Appendix A

Mathematical Notation

[[]* the transpose of a vector or a matrix
[[H the conjugate transpose of a vector or a matrix
[ the inverse of a matrix
() the conjugate of a complex number
|- | the absolute value of a complex number
Re{-} the real part of a complex number
Im{-} the imaginary part of a complex number

j=v-1 the unit imaginary number
boldface letters a vector or matrix

Uy the identity matrix with N diagonal elements
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