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Abstract

Inductive wireless power transfer is getting more and more attention
as the demand for mobile electronic devices grows. There are already
well-functioning wireless charging systems for smartphones, tablets, and
electric toothbrushes. The main disadvantage of these systems is a degra-
dation of power transfer efficiency due to misalignment and distance vari-
ation between the charging station and the devices. This degradation lim-
its the mobility of devices due to impedance mismatch in the system and
can be compensated by using proper impedance matching techniques.

Impedance matching (IM) is a technique used to optimize the power
transfer from a source to a load, also applicable in wireless power transfer
(WPT) systems. There are two main IM approaches, namely capacitive
and inductive matching. Capacitive impedance matching network (IMN)
is the main approach used in most WPT systems, and it is widely dis-
cussed in the literature. Inductive is less common, and therefore, only a
few inductive matching techniques have been reported. This PhD project
aims to compare these two IMNs for use in WPT systems and, in addi-
tion, proposes new methods for inductive impedance matching.

Although the capacitive and inductive IMN are fundamentally differ-
ent, we developed a method for comparing these and concluded that the
same level of matching could be achieved. This conclusion is proved ana-
lytically using circuit theory, simulation, and visualized on Smith charts.

This thesis proposes two new methods of tunable inductive IMN for
use in magnetic resonance WPT. These methods offer an efficient driv-
ing and tuning of a resonating coil with a simple and compact design for
easy and low-cost production. The study also compares the proposed ap-
proaches to the existing alternatives, such as using high-quality variable
capacitors (varactors) for actively tuning the system for optimal power
transfer.
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1 Introduction

Nowadays, wireless technology has spread widely because of the increas-
ing demand for mobility and accessibility of electronic devices. Technolo-
gies such as WiFi and Bluetooth offer good solutions for communication,
however, the main challenge is still the access to power. Today, all power
is delivered by either batteries or cables, which are the main limitations
in the mobility of devices. Research on wireless power transfer is seeking
to solve this issue and offer fully wireless devices.

At the moment, wireless power transfer (WPT) is a primary area of
research and development in many universities and industries all around
the world. Companies such as WiTricity, Braun, Thales, and Samsung
have already implemented WPT in their products, and large national
agencies such as NASA and the Japanese Space Agency (JAXA) have ex-
tensive research in the field [1]. Many concepts of wireless power transfer
for various applications and areas such as in homes, space, and industry
are presented. An example of a concept for a wireless power system in a
home is illustrated in Fig. 1.1, where one power transmitting device can
power and charge all the necessary electronics in a room.

—_—
—
N

«@
- —— - I A

Figure 1.1: Concept of wireless power transfer for home appliances.

) )

1.1 Background

The concept of wireless power transfer is not new, it was proposed as early
as in the late 1800s. The first experiment was completed by H.R. Hertz

1
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in 1888, where he successfully transferred power between two oscillators
during his research on Maxwell’s equations [2]. The experiment proved
both the existence of electromagnetic radiation and Maxwell’s equations.
The first patent of WPT describing a wireless electric lighting system at
high frequency was filed in 1891 by Nicola Tesla, who is also referred to as
the father of the WPT [3]. In this patent, electrical transformers are used
to light single terminal carbon lamps with only one supplying wire. In the
following years, Tesla had completed several experiments and patented
numerous inventions, such as the famous ‘Tesla Coil’. Wardenclyffe or
Tesla Tower is among the list of widely spoken experiments in the wireless
community built in New York in 1901-1902 to power the world with
wireless electricity. His idea of the “World Wireless System’ is based on
transmitting electricity at the resonance frequency of Earth. However,
the experiment was abandoned due to financial issues.

Other methods for wireless power transmission have also emerged in
the last decades, such as acoustic, Microwave, capacitive, etc. They are
presented in Fig. 1.2.

Piezoelectric transducers are capable of transmitting and receiving
power through acoustic vibratory signals [4], as shown Fig. 1.2(a). The
main advantage of piezoelectric acoustic power transfer is low attenuation
in different mediums such as water, tissue, etc. This property makes them
ideal for biomedical implants and sub-sea applications.

Coherent laser beams can transfer a very high amount of energy,
which is an efficient approach to transmit power point-to-point. NASA
was able to charge an unmanned aircraft by this mechanism in 2003,
where the receiver part was made of an infrared photovoltaic cell, Fig.
1.2(b). NASA is planning to charge their satellites using laser beam since
other mechanisms are not applicable in such harsh environment [5].

Another approach for point-to-point power transfer is Microwave,
which can be used for transferring high power for long distances [6].
There is an entire field of research for the study of rectennas, for receiv-
ing energy from microwaves [7], Fig. 1.2(c). However, this technology
requires expensive alignment and tracking systems to maintain a point-
to-point connection between transmitter and receiver.

RF broadcasting can be used for omnidirectional power transfer where
the system does not require complicated tracking software. This tech-
nique has a large coverage area, but the power level drops significantly
over the distance due to spreading, and hence the power at the receiver
is much smaller than transmitted [8].

2
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Photovoltaic

cell panel
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Magnetic
field

Primary Secondary
coil/transmitter coil/receiver

(e) Inductive WPT

Figure 1.2: Most common methods of wireless power transfer.
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Capacitive power transfer (CPT) uses high-frequency electric fields
(EF) for the effective transmission of electric power. The advantages of
CPT are small eddy-current loss, low cost, compact design, and insensi-
tivity to misalignment [9], Fig. 1.2(d). The main drawbacks of CPT are
the limited distance of operation and high voltage requirement, which
may cause safety issues.

The most conventional method today is based on inductive coupling,
which works by utilizing magnetic induction between two coils. This
method is limited only to close ranges [10, 11], Fig. 1.2(e) i.e. in the
near field. The working principle resembles a transformer, where alter-
nating current on the transmitter (primary) coil generates an alternating
magnetic field, which induces AC current on the receiver (secondary) coil.
The AC current at the receiver side is then rectified and delivered to the
load. Magnetic resonant WPT is based on this inductive WPT, which
exploits the phenomena of resonance. It utilizes high-quality resonators
to achieve efficient power transmission for several dozens of centimeters
at a given resonance frequency [12, 13].

1.2 Application and challenges of inductive wireless
charging

For daily-life applications, magnetic resonant inductive WPT is the fa-
vorite as it offers the highest power transfer efficiency (PTE) among the
alternatives mentioned in the previous section. Various products such
as electric toothbrushes and mobile phone chargers using this technique
are already commercially available. Inductive wireless power transmis-
sion provides two advantages compared to others: transfer of high power
and low operation frequency, making it less hazardous to the human
body [14]. The main limitation with the inductive WPT is the mobility
as the sender and receiver need to be aligned and placed close to each
other, normally less than a few cm. Magnetic resonant (MR) wireless
power transfer (WPT), an inductive technique operated at the resonance
frequency of transmitter and receiver systems, solves this problem and
provides high power efficiency at a reasonable distance of power transfer
(up to 2m) [12]. However, a considerable challenge of the resonant tech-
nique is the drop in power transfer efficiency (PTE) due to the change
in distance between resonators at the operation frequency within the
allowed Industrial, Scientific, and Medical (ISM) bands [15].

In addition to the change in distance, the efficiency of magnetic

4
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Figure 1.3: Potential wireless charging stations with compensation sys-
tem for distance changes: (a) electric vehicle charging station; (b) au-
tonomous submarine charging station; (c) smartphone charging setup;
(d) drone charging system.

resonance wireless power transfer is also highly sensitive to impedance
changes in the system due to misalignment between coils and load varia-
tion. Most common applications that will struggle from the misalignment
and variation in the distance are shown in Fig. 1.3. Fig. 1.3(a) is an
electric vehicle (EV) wireless charging system. Current solutions of EV
charging offer static charging stations on parking slots, where a car has to
be parked exactly on a given spot, which can be inconvenient. Through
adaptive compensation circuitry, this problem may, however, be solved.
Adaptive compensation circuits also enable dynamic wireless charging,
i.e., power exchange between the car and the transmitter while the car
is moving [16-18].
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Fig. 1.3(b) shows an autonomous electric UAV charging station,
where a transmitter system can be placed on the dock. The charging
process happens when the UAV requires charging and rises to the dock
station. The sea is an unpredictable environment that makes the charging
challenging, and there are no good solutions today. Fig. 1.3(c) presents a
commercially available product - a smartphone charging pad. However,
similar to EV charging, it requires precise placement of the phone on the
charging pad, and misalignment decreases the efficiency or even stops the
charging process. Finally, Fig. 1.3(d) is a drone charging station. Similar
to the electric UAV charging system, it is still on research-level since the
system has to be insensitive towards misalignment and load changes.
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1.3 DMotivation of this PhD work
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Figure 1.4: Efficiency of inductive power transfer versus frequency and
distance.

The most important reason for the drop in PTE, as discussed in the
previous section, is the impedance mismatch [19] due to the change in
distance between coils. Fig. 1.4 shows the system response for four
different distances. In this figure, the system is matched for maximum
efficiency at the distance d3 for a predefined frequency of 13.56 MHz.
At shorter distances, referred to as the over-coupled region, marked as
dl and d2 in the figure, there is a frequency splitting phenomenon (will
be discussed in section 2.1) which results in a drop of the PTE at the
predefined operation frequency. At a longer distance, also referred to as
the under-coupled region shown as d4 in the figure, the PTE will drop
due to the weakening of a magnetic field and impedance mismatch.

The efficiency at the over-coupled region can be improved by two
methods, either by adaptive frequency tuning or impedance matching.
Adaptive frequency tuning, as its name suggests, is a technique based on
tuning the operating frequency for the desired performance of the system,
i.e., for compensation of the mismatch in the over coupled region [20]. In
Fig. 1.4, the operation frequency should be set to 12 MHz at a distance
dl to achieve the best PTE and adjusted to 13.56 MHz at the matched
distance d3. There are two main disadvantages to this technique. The
first one is that the adaptive frequency tuning is impractical at further
distances than the matched distance d3 as there is not enough magnetic
flux to offer maximum efficiency. The second one is the ISM bands limit
the frequency of operation.
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A more feasible method is to use impedance matching networks (IMNs)
to compensate for the mismatches, instead of frequency tuning.

1.4 Impedance matching network for WPT

In order to solve efficiency instabilities, an effective impedance matching
network (IMN) is required. Different methods of IMNs are developed
during the last decades. Moreover, IMN can be used to transfer power
to multiple devices by using only a single transmitter [15].

A schematic model of an inductive WPT with IMNs is shown in Fig.
1.5. A power source drives the transmitter coil Ly through IM Nrx. The
coil Ly is magnetically coupled to a receiver coil Lr with a distance d
between the coils. Receiver coil Lg is connected through the IM Ngx to
the load, which in this case is a phone.

Distance, d

| e ————
Power IMN T L IMN
Source Magnetic
TX field RX ’
Primary Secondary . Load
coil/transmitter coil/receiver

Figure 1.5: Schematic view of inductive WPT system with IMN at trans-
mitter and receiver sides.

The first usage of impedance matching can be seen as early as in the
patent by Nikola Tesla from 1897 [3]. The patent describes a high-power
transformer designed for the high-frequency application, shown in Fig.
1.6. The generator G supplies coil C, which magnetically couples to coil
B as a step-up transformer. Coil B has two connections - one to the
ground and one to coil B’. Finally, the coils B’ and C’ create a step-down
transformer and deliver the electricity to load H. As the coils C and B
are symmetrical to the coils C’ and B’, the system reminds of a four-coil
inductive wireless power transfer system.

A four-coil inductive WPT system presented by the MIT group in
2007 [12] gained popularity for highly resonant WPT systems for medium
distances [21-23]. A schematic model of the system is shown in Fig. 1.7.
The system consists of two high-Q resonating transmitter/receiver coils

8
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Figure 1.6: Tesla patent issued in 1897: Electrical transformer [3].

11
4

____________ K Load

Figure 1.7: Equivalent model of WPT system with multiple coils by MIT.

Ly /Ly, where transmitter coil Ly is driven by a low-Q coil Lg connected
to the alternating power source, Fig. 1.7. The load is also connected to
a low-Q coil L. The magnetic coupling between high-Q and low-Q coils
can be considered as parts of a matching network, where the tuning of
the impedance can be achieved by changing the couplings between them.
In our study, this method is implemented and referred to as inductive
matching.

In high-frequency applications, inductive matching is bulky and adds
ohmic loss in the system [24]. Hence, capacitive IMNs are widely used
for WPT systems. The capacitive method uses tuning capacitors to tune
the system to the resonance frequency, normally by using a predefined
capacitor sequence or varactors [25, 26]. There is a variety of adaptive
frequency tuning systems where L, T" and II-type capacitive impedance
matching networks are used [27, 28].

Capacitors can also be connected in series and parallel to the coils

9
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Figure 1.8: Equivalent model of WPT system with capacitive IMNs with
series-parallel(SP) compensation or parallel-series (PS) compensation.

to achieve IMN, i.e., series-parallel (SP) compensation or parallel-series
(PS) compensation IMNs. An equivalent model of the WPT system
with capacitive compensation methods is shown in Fig. 1.8. Impedance
changes can be compensated by varying values of capacitors C's and Cp
in the IMN both at the transmitter and the receiver. Global standardiza-
tions of Alliance for Wireless Power Consortium (A4WP) and Wireless
Power Consortium (WPC) recommend SP and PS IMNs [29, 30]. More-
over, there are many research studies on usage of SP and PS IMNs [27—
32]. However, there is limited information on the performance of IMNs
with different combinations such as SP and SP networks, SP-PS, PS-SP,
and PS-PS.

In this thesis, we compare the presented capacitive and inductive
techniques in terms of performance and propose new types of inductive
matching based on switching tunable coils.

1.5 Thesis outline

The thesis is divided into four main chapters. The first chapter focuses
on the background of wireless power transfer and the motivation of this
PhD project. There is also a discussion on the development of impedance
matching networks for inductive WPT systems, which is also the focus
of the thesis.

The second chapter gives an overview of the state of the art impedance
matching networks (IMNs) for inductive WPT systems. A comparison of
the two popular techniques of compensation circuitry, namely inductive
and capacitive, is also presented. The comparison is performed using
the Smith chart, the results of this work are published in conference and
journal articles: Article I and Article III.

10
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After the comparative analysis of IMNs, a new method of IMN using
switchable inductors is proposed, which is discussed in Chapter 3. The
initial design of the multi-coil inductive IMN detailed in the thesis was
first documented in a conference paper - Article II. This is followed by
an introduction of the second design of an inductive IMN based on in-
terspiraled coils, which is published in a conference paper - Article IV.
This paper is extended into a journal article - Article V, where single-
side impedance matching using interspiraled coils is studied. Finally, the
chapter ends with some additional circuit analysis and simulation results
on two-side impedance matching in the WPT system using interspiraled
coils, which are not published.

The final chapter concludes the thesis. An overview of the research
impact is discussed and followed by suggestions for future work on the
topic.
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2 Overview and comparison of impedance
matching networks for inductive WPT
system

Impedance matching networks (IMN) are essential in the WPT system
for several reasons:

e IMN can be used to compensate for the mismatches due to changes
in distance and misalignment.

e IMN can be used to tune a resonant tank for power transfer at an
ISM band frequency.

e IMN can be used to compensate for load changes.

Rs krgocl/ d’

5 IMNL.'/ \.L IMN| £
Tx T R Rx L

Figure 2.1: An equivalent circuit model of inductive WPT system with
Impedance matching networks (IMN).

An equivalent circuit model of the WPT system shown in Fig. 1.5
is shown in Fig. 2.1. An alternating voltage source Vg with internal
resistance Rg drives the transmitter coil Ly through the IMN Tx. The
coil Lp is magnetically coupled to the receiver coil Lz with coupling
coefficient krgr. The coupling coefficient kg is inverse proportional to
the cube of the distance between the coils. Receiver coil Lp is connected
to the load resistance Rj through the IMN Rx. The resistance R; may
represent complex circuits such as a rectifier and a battery.

2.1 Conjugate impedance and maximum PTE

A magnetic resonant WPT system can be represented as a two-port net-
work as shown in Fig. 2.2. There are several impedances in this system:

13
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the input impedance Z;,, which is the impedance that can be seen from
the alternating voltage source Vg, the load impedance Z, and output
impedance Z,,;, which is the impedance that can be seen from load side
when the input of two-port network is terminated by source resistance
Rgs. In our study, we assume a symmetrical WPT system, i.e., the load
impedance is equal to the load resistance R, which is equal to the source
resistance Rg.

. 1 . . .
ZS RSI ZL ZS ‘l ZL
14 1 I
N "' Two Port 7 R Two Port |I
: Network L S Network : ZLiout
+ + h—

in | - 1
(a) (b)
Figure 2.2: A two-port network representation of WPT system: (a) Z;

the input impedance when the network is terminated by load impedance
Z1; (b) Zyw when the network is terminated by source resistance Rg.

The efficiency of such a system can be expressed as the ratio between
the power at the load to the power at the input of the two-port network

_ P |Sa1]?
P 1—|S1|*

(2.1)

where S5 /11 are the scattering parameters [33, 34]. It has been demon-
strated that reflection coefficient Sy; is zero when

m?

(2.2)

where Z} is a conjugate image of input impedance [35]. If condition
(2.2) is satisfied the maximum power transfer efficiency can be achieved

1 =]’ (2.3)

2.2 Frequency splitting

The two-coil inductive WPT system shown in Fig. 2.3 is the simplest way
of optimizing the power transfer efficiency. Capacitances Cr, Cr match

14
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k TR

3

Figure 2.3: An equivalent circuit model of the two-coil WPT system
without impedance matching networks (IMN).

the system for a given optimal distance dy between resonators at a given
resonance frequency f,.

Distance dy is the distance where the coupling between coils is opti-
mal, referred to as critical coupling k.. If the distance decreases compared
to the optimal distance dy, the coupling coefficient krr between transmit-
ter coil Ly and receiver coil Ly increases. The region where the coupling
coefficient is higher than the critical coupling k. is referred to as the
over-coupled region. This over-coupling results in a phenomenon called
frequency splitting, as shown in Fig. 2.4. In this figure, the dependency
of |S1|* values on coupling coefficient k7p and operation frequency are
plotted for the two-coil WPT system shown in Fig. 2.3. The parameters
used for the simulation of the system are given in Table 2.1. As the
distance, d between coils Ly and Ly increases compared to the optimal
distance dy, the coupling coefficient krr between coils decreases. This is
referred to as the under-coupled region.

Table 2.1: Parameters of two-coil WPT system.

Parameter Values Units

Rs = Ry, 20 Q
OT = CR 6.9 pF
LT = LR 20 ,uH
£, 13.56  MHz

In the over-coupled region where the frequency splitting occurs, the
magnetic flux between coils is more than required [20] for optimal op-
eration. In Fig. 2.4, at the critical coupling coefficient k. = 0.03, the
frequency separation is merged into one maximum efficiency point at
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18.5
15.5
13.56

0.001 11.5
kTR freq, MHz

Figure 2.4: |Sy;|? versus coupling coefficient k;, and operation frequency.

resonant frequency of 13.56 MHz. At longer distances, i.e., in the under-
coupled region, the flux between coils is insufficient to deliver all the
power from transmitter coil Ly to the receiver Lr. The increase in the
distance also results in an impedance change in the system, which needs
to be compensated using a proper IMN. Therefore, power transfer effi-
ciency drops rapidly as distance increases.

As mentioned in the previous chapter, there are mainly two types of
IMN techniques that can be used to compensate for distance changes be-
tween the coils to maintain the maximum power transfer: inductive IMN
and capacitive IMN. The performances of these matching approaches are
discussed in detail in the following subsections.

Inductive IMN

The equivalent circuit model of a four-coil magnetic resonant WPT sys-
tem is shown in Fig. 2.5. The system consists of two high-(Q resonating
coils Ly and Lg. L7 is coupled to and driven by a low-Q coil Lg con-
nected to the alternating power source Vg, Fig. 2.5. The coil Ly is
coupled to the low-Q coil Ly, which is connected to the load Ry. The
coupling between resonator coils and the low Q coils kr and kr can be

16
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considered as parts of an impedance matching network. Impedance tun-
ing can be achieved by varying k7 and kgr. This system can therefore be
considered as a system with inductive matching as in our study.

- I Inductive " Taductive e
= 'Matching Network Matching Network <
TX side RX side

Figure 2.5: Equivalent model of WPT system with inductive IMNs at
transmitter and receiver sides.

In this method, couplings between load coil L; and transmitter coil
Ly, as well as between source coil Lg and receiver coil Li are neglected
as these are normally small. The couplings kr and kr can be used as
parameters in the active IMN. Detailed circuit analysis has been pre-
sented in [36], which concludes that power transfer efficiency (PTE) of
such system is proportional to the values of couplings kg, k7 and kg as

krkg

kTR

N X (2.4)

It is known that PTE from a source to a system is maximum when
the source resistor Rg is equal to the input impedance Z;,, which is also
valid for the WPT system shown in the figure above. The change in
distance and therefore the coupling coefficient krr changes the value of
the impedance Z;,, which can be compensated by values of the kr and/or
kg according to eq. (2.4).

In Fig. 2.6, the relation between |Ss;|? and coupling coefficients kr,
kgr, krg is shown. Simulation is performed by symmetrically varying
values of coupling coefficients kr and kr at 13.56 MHz. Here, we can
see that the critical coupling coefficient k. is lowered to 0.005 compared
to the previous result where k. = 0.03 as in Fig. 2.4 which is due to
the added couplings k1, kgr. However, by adjusting the values of the
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0.5
0.3

0.1
0.01
0.005

“1r kp kg

Figure 2.6: |So;|? versus coupling coefficient k;, and coupling coefficients
kr and kg.

couplings k7 and kg for the corresponding coupling coefficient kg, the
frequency splitting in over coupling region can be avoided. When the
distance increases, the coupling decreases. The distance change between
resonating coils is inverse proportional to the value of coupling coefficient
krgr, which implies that in order to increase the distance between trans-
mitter and receiver, it is required to lower the coupling coefficients kr,
kr. Likewise, for shorter distances, higher coupling coefficients kr, kg
are required.

Capacitive IMN

The most popular and common IMNs are based on capacitive matching
techniques. The equivalent model of the WPT system with an L-type
capacitive IMN is given in Fig. 2.7. Impedance changes can be matched
by varying values of the in-series capacitors Cys, C,s and the in-parallel
capacitors Cy,, Cyp, both at the transmitter and receiver sides.

The dependence between | S |?, coupling coefficient krr and capaci-
tance change at 13.56 MHz is presented in Fig. 2.8. The system is consid-

18



Yelzhas Zhaksylyk: Inductive IMN for Magnetic Resonant WPT

-_—eceesem kTR em seacscacs -
|4 RS AT 3 . Mk
5 o] { Y— o
' 0
E ts :LT I EC s ! :IRL
.I_ v : v ’:
= " Capacitive " “Capacitive =
Matching Network Matching Network
TX side RX side

Figure 2.7: Equivalent model of WPT system with capacitive IMNs at
transmitter and receiver sides.

ered symmetrical as in the previous examples, and the capacitances are
adjusted in the same way in both transmitter and receiver sides with the
assumption that Cy; = C,s = Cg and Cy, = C,, = Cp. A capacitance

1~
0.8
o 0.6
a
“vio04-
0.2-

03

0.1 N
001 N
0.005 o001 %0

Kig Cy/C,

0.5
0.1

Figure 2.8: |Sa;|* versus coupling coefficient k. and ratio between series
and parallel capacitances Cs/Cp.

change is represented by the ratio between series and parallel capaci-
tances Cs/Cp. The capacitive method also shows improvement in the
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critical coupling coefficient value of k., which is around 0.005. The illus-
tration demonstrates that frequency splitting phenomena can be solved
as well. For farther distances, series capacitance Cs value should be de-
creased in relation to the value of parallel capacitance Cp, whereas for
closer distances, the value of C's should be increased.

2.3 Comparison of capacitive and inductive IMNs

Impedance matching networks for inductive WPT may vary depend-
ing on applications. Our first work was focused on the comparison of
the most popular matching techniques, i.e., the capacitive and inductive
matching networks. This analysis was chosen due to the lack of a good
quality review paper on the existing IMNs for wireless power transfer,
which compares these methods. Moreover, there is a challenge in the
direct comparison of their matching performances because of their fun-
damentally different circuit topologies. The conference paper, Article
I (see Appendix 1), demonstrates that both approaches could poten-
tially achieve a similar matching level in certain cases. In the consequent
journal paper, Article IIT (see Appendix 3), we compare these match-
ing networks over a full range of realistic parameters for three different
applications distinguished by their operating frequency and power level:
case A, a car charging system, case B a tablet charging system and a
high-frequency application as case C. Their applications and parameters
are given in the article. The circuits are modeled as in Fig-s. 2.5 and 2.7,
which consists of source resistance Rg, matching networks (capacitive or
inductive), and lossless coils for transmission and reception.

The article proposes a method that makes a systematic comparison
of their performance possible. The proposed method is based on a com-
parison of the conjugate impedance of the matchable load displayed in
the Smith chart. Fig. 2.9 demonstrates the realizable reflection coeffi-
cient values in the Smith chart for the car charging system. The match-
able regions are indicated by bold black borders. Each figure consists
of three impedance regions, where each region corresponds to different
resulting impedances in the circuit: Ztx—impedance at the transmitter,
Ztr—impedance after transmission, and Zout—impedance at the output.
The impedance ranges are obtained by sweeping IMN parameters over
the realistic range of values. The IMN parameters are self-inductances of
source and load coils Lg, Ly and coupling coefficients kg, k7 for induc-
tive IMN and series and parallel capacitances Cy/ps, Cyp/rp for capacitive
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it T 7
E‘Jout

5ERS

Figure 2.9: Reflection coefficient graphs show impedances that can
be obtained by capacitive (left) and inductive (right) matching
networks placed into WPT system for car charging system: (a)
Ztx—impedance at the transmitter, (b) Ztr—impedance after transmis-
sion, (c) Zout—impedance at the output. The result is taken from Article
I1I.

IMN.

According to this research, impedance matching networks provide
quite different areas of perfectly matchable impedances, which is highly
dependent on operation frequency. Moreover, the comparison showed
that both methods offer comparable power transfer when the networks
are optimized for loads. The paper’s outcome has shown that both
matching networks can be equally effective in matching different load
values.
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3 Proposed inductive IMN for magnetic
resonance WPT

As discussed earlier in this thesis and the published papers (see Appendix
I, IIT), the change in the mutual inductance between coils in the inductive
IMN can be used as impedance matching. This implies that an active
impedance matching can be achieved by making the driving and load
coils tunable. Therefore, we propose new discrete inductive IMN designs
for the driving and the load coils, where different inductances can be
selected using switches. The results of this work have been published
in subsequent conference papers (see Appendix II, IV) and journal V.
The equivalent circuit model of such a system is shown in Fig. 3.1. The
system consists of two high Q-factor resonator coils (Ly, Lg) where the
Lt is driven by a set of individually selectable low Q-factor coils denoted
Ly. The coils Ly are connected to the power source at the transmitter
side. The load is also connected to a set of similar low Q-factor coils and
denoted Ly at the receiver side, as shown in the figure. The coupling
coefficient k7 between transmitting resonant Lp and the driving coils Ly,
and the coefficient kr between the load coil Ly and the receiver resonant
Lk can be considered as transformer-based matching networks [19].

kTR
1==7°" |/ A 1
RSI T, |1 |CT R kR |
|4 ( \V L r |( » I
> g [ I 2 1=
-
:LV :LT LR: LV: Ry
1 1 1)
gy -lnEu;i\g - Tnductive . -
= Matching Network Matching Network =
TX side RX side

Figure 3.1: Equivalent model of the four-coil magnetic resonance WPT
system.

3.1 Multi-loop inductive IMN

In this section, existing adaptive inductive IMN based on selectable coils
for improving WPT efficiencies is presented and discussed. This approach

is also referred to as a multi-loop inductive IMN for Magnetic Resonant
WPT [37-39].
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Resonator
coil

Feeding
( a) coil (b)

Figure 3.2: Multi-loop inductive IMN: (a) circular multi-loop IMN; (b)
rectangular multi-loop feeding.

As shown in Fig. 3.2, the inductive IMN consists of two parts, the
resonator coil and the feeding (driving) coils. Similar inductive IMN is
used at both the transmitter and receiver side. The feeding coil connects
to the voltage source at the transmitter side and to the load at the receiver
side. Resonator coils are connected to external capacitors to be tuned at
a resonance frequency within the ISM bands. The feeding coil is made
of a set of coils with different sizes and self-inductances. By switching
between them, the coupling to the resonator coil can be changed. This
tuning helps maintain high efficiency throughout the distance changes
and misalignment between resonator coils at the receiver and transmitter
sides.

Both square and circular methods have been reported in the litera-
ture and show an improvement in power transfer efficiency over distance
change between transmitter and receiver. These multi-loop systems have
their limitations, they are bulky as they require a large size resonator
coil, and the self-inductances of driving coils are limited due to the lim-
ited inner space of the resonator coil. For instance, in [38] four single
square loop coils are placed in the inner region of the high-Q resonator
coil with a 68 cm outer diameter. In this scenario, mutual inductances
between the resonator and single coils are limited to the range 22nH -
107nH. Moreover, the 68 cm diameter size is quite large to implement
in compact electronic devices. It is also true for the system described
in [39], where an 8 cm wide square-spiral coil is introduced. The tun-
ing range of 5 inductors placed inside of the square-spiral coil is limited
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between 77 and 176 nH. The main drawback of such a system is that
the coupling of single loops to the resonator coil decreases dramatically
as coils get smaller because the distance between resonator and driving
coils increases rapidly.

With these key points in mind, we proposed novel inductive IMNs
— switchable multi-coil and interspiraled coil techniques, which offer a
larger range of tunability and high coupling for all driving coils. Both
methods have a simple design procedure and can be implemented on a
two-sided PCB, which makes them compact and potentially low cost.

3.2 Switchable multi-coil and interspiraled coil de-
sign

First, we proposed a design of switchable multi-coil inductor and resonant
coil as shown in Fig. 3.3. The switchable driving coil consists of ten loops,
which are numbered 1 to 10 and located at the front side of the PCB. The
radius of the loops is varied from 1 to 10 cm, i.e., 1 cm for the smallest
loop and 10 c¢m for the largest loop. At the backside of the same PCB,
a high-quality resonant coil with a spiral shape is placed. The coil sizes
and other parameters of the PCB are given in Article II. The coils are
implemented on FR4 substrate PCB since it offers an easy fabrication
process, low cost, and compactness. However, the structure introduced
a parasitic capacitance between the front and back sides of the PCBs,
which was eliminated in our consequent solution.

4
8
3
9
LV ’ LT

Frontside of PCB Backside of PCB

Figure 3.3: Design of the switchable multi-coil (frontside) and resonant
coil (backside) on the PCB.
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Figure 3.4: The switchable interspiraled coils L; — Lg, numbered from
1 to 9, and the resonator coil L on the same side of PCB. Black dash
dots represent turns of resonator coil and colored ones, the interspiraled
coils L3 — Lg. Black circles are pads. 7., is the outer radius, r;, is the
inner radius and rg is the radius of the ninth driving coil.

The second solution is an interspiraled-coil design, as shown in Fig.
3.4. The system is made of several single loop coils placed in between
the turns of the spiral-shaped resonator coil. Nine single turn coils with
increasing radius, each numbered from 1 to 9, as shown in the figure.
Parameters of interspiraled and spiral-shaped coils are listed in Article
I1. By choosing the different single-loop coils, the interspiraled coils can
be used as an inductive IMN circuit for magnetic resonance WPT both
at the receiver and the transmitter side. As all the coils are placed on
one side of a PCB, the other side of the PCB can be used for other
necessary electronic circuitry such as the amplifier, control system, and
their connections which makes the system compact. This interspiraled
coil suffers less from parasitic capacitance as no coils cross each other,
and therefore, coupling between interspiraled coils is minimized.

Both solutions can be modeled in the same way as a four-coil mag-
netic resonance WPT system but with multiple driving and load coils.
Selecting the different single coils results in different mutual inductances,
which can be used to compensate for distance changes and misalignment
between resonators. Each driving coil can be selected using switches
controlled by a control system.

To simplify the explanation of the working principle of the switchable
system, a three-loop model of it is shown in Fig. 3.5. The circuit real-
ization on PCB is given in Fig. 3.5(a), and an equivalent circuit model
of inductive IMN is presented in Fig. 3.5(b). Here, L is self-inductance
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Figure 3.5: Working principle of the switchable coil with three loops: (a)
is the realization of the circuit and (b) is the circuit model of it.

for the outer loop, Lo for middle loop, and L3 for inner loop. Switches
can connect each coil to the power source Vg or ground them for deacti-
vation. The desired inductance of the driving coil can be selected via a
set of switches.

3.3 Circuit analysis for multi-coil WPT system

The switchable coils presented in this work can tune the system from
one side, i.e., either the receiver or transmitter side or from two simulta-
neous sides at both the transmitter and the receiver side. For analyzing
each case, two different WPT systems are chosen, and an expression for
the power transfer efficiency for each case is derived. First, we start the
analysis with a three coil system that can be tuned only from the trans-
mitter side. In this system, the source is connected to a switchable coil
which drives the resonating transmitter coil, while the resonance coil at
the receiver side is connected directly to the load.

The modeling of a four coil system is used for analyzing the two
side tuning, i.e., when both transmitter and receiver are connected to
a switchable coil. All of these analyses are presented in the following
sections.
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Cr

Figure 3.6: The three-coil WPT system: Lp - driving coil, Ly - trans-
mitter coil, Ly - receiver coil, d - distance between coils.
7.

Il_ri

Figure 3.7: The circuit representation of the three-coil WPT system: Lp
- driving coil, Ly - transmitter coil, Lg - receiver coil, Cr/g - external
capacitor.

Three-coil WPT system for tuning at transmitter side

The three-coil WPT system’s schematic view is shown in Fig. 3.6. Al-
ternating voltage source Vg with input resistance Rg is driving the in-
terspiraled coil Lp. The driving coil Lp is magnetically coupled with
the coupling coefficient k; to the transmitter coil Ly. The transmitter
coil Ly and the receiver coil Li are placed at a given distance d, which
defines the coupling coefficient k;. between them. Coils have parasitic
resistances Rp, Ry and Rg. Transmitter and Receiver coils have series
connections to external capacitors Cp and Cg respectively, for tuning
to resonance. Cp, C'r are chosen to establish a resonance effect at 6.78
MHz, which is within the allowed ISM band. The load resistance R; and
receiver resonator are connected in series.

Circuit view of Fig. 3.6 is given in Fig. 3.7, where Mp = kq\/L7Lp is
the mutual inductance between the driving coil Lp and the transmitter
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coil Ly. A T equivalent model of a transformer is used for modeling the
coupling between Lp and Ly [40]. Currents and voltages of the circuit
can be written using the KVL as

Vs = Rgis + Zpis + jwMy(is + i), (3.1)
0= Zr}lt + ]CUMd(Zt + 'LS) + ijTit — jWMtTZ.r’ (32)
0= (RL + ZR + ijR)ZT - jWMtTZ.ta (33)
where Zp, - is
Z,D/T = ijlD/T + RD/T = jw(LD/T - MD) + RD/T, (3.4)
and Zg is receiver coil impedance
Zr = Rr + jwLg, (3.5)

mutual inductance between transmitter and receiver coils

M,y = kyr/ L7 Lr. (3.6)

The coupling coefficient k;, is inverse proportional to the cube of distance
d between transmitter and receiver coils [41]. Power transfer efficiency
of the system can be defined as the ratio between power delivered to the
load and input power

. PL . RL*’Z-T‘2
B ]Dz B Rin*|7f‘s’2’

(3.7)

where R;, is real part of Z;,, which is an input impedance shown in Fig.
3.7 [33]. Replacing current values from (3.1)-(3.3) to (3.8) and using the
equation for the resonance effect

1
L = 3.8
PTE 7 can be rewritten as
Rrw!M3 M2, (3.9)

1= R(Bp + R0)2(Ry + Zyop)?
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where Z;, is input impedance

w2M2
Zin = Zp + ——L2 3.10
b RT + Zref ( )
and Zp = Rp + jwLp. Here, Z,.; is reflected impedance from receiver
side
w2 M2,
Ry, + Rr

L

Figure 3.8: The four-coil WPT system: Lp - driving coil, Ly - transmitter
coil, Ly - receiver coil, Ly, - load coil, d - distance between coils.

Zref = (311)

Four-coil WPT system for two sided tuning

The four-coil WPT system is shown in Fig. 3.8. Alternating voltage
source Vg with input resistance Rg is driving the interspiraled coil Lp.
The driving coil Lp is magnetically coupled to the transmitter coil Ly
with a coupling coefficient kp. The transmitter coil Ly and receiver coil
Lg are placed at a distance d apart, which relates to the coupling co-
efficient k;. between them. Load Ry is connected to the interspiraled
coil Ly, which is magnetically coupled to the receiver coil Lz with cou-
pling coefficient k;. Coils have parasitic resistances Rp, Rr, Rr and R;.
Transmitter and Receiver coils have series connections to external capac-
itors Cr and C'g, respectively. Values of capacitors Cr, Cr are chosen to
establish a resonance effect at 6.78 MHz, which is within the allowed ISM
bands, and standard operating frequency suggested by AirFuel Alliance
[42]. Load resistance Ry, and receiver coil Ly are connected in series.
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Figure 3.9: The circuit representation of the four-coil WPT system: Lp
- driving interspiraled coil, Ly - transmitter coil, Lz - receiver coil, L; -
load interspiraled coil, Cr/g - external capacitor.

Similarly to the case with the three-coil system, a circuit representa-
tion of four-coil is required for the circuit analysis, which is given in Fig.
3.9. Equation (3.9) can be modified for the four coil system using the
reflected impedances

n= RLZrefTZrefR
Riw(Rg + RL)(Rr + Zrefr)’

(3.12)

where Z,.¢r and Z,.sr are reflected impedances from transmitter and
receiver coils, respectively, and equal to

2772
w M,

ZrefR = ———, 3.13
IR R R (3.13)
w? M?
Zpesr = =—— 2 3.14
" ZrefR + RT ( )
So, for four-coil WPT system in Fig. 3.9 a PTE expression is
R Zre Zre Zre
. L ZresrZrespZrey1] (3.15)

- Rm|(RT + ZT@fR)(RR + Zrefl)(ZI + RL)l '

Here, Zyefr, Zrefr,Zrefr and Z;, are reflected impedances from the mag-
netic couplings
w2 M?

i) = —— 1 3.16

=R (3.16)
U.)2M2

Zretp = ———=m 3.17

R Zref[ + RR ( )
w2 M?

Zporyp = —L 3.18

" ZrefR + RT ( )
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Zin = Zp + Zyresr, (3.19)

where Z; = jwlL; + Ry is the impedance of interspiraled coil connected
to the load.

3.4 Mutual inductance and self-inductance analysis

According to PTE expressions in (3.9) and (3.15), the efficiency is directly
dependent on self-inductance and mutual inductance of the inductive
IMN. Therefore, this section presents simulation and measurements on
the inductances of multi-coil and interspiraled-coil inductive IMN shown
in Figs. 3.3 and 3.4.

The self-inductances of the ten-loop switchable multi-coil IMN (Fig.
3.3) are analyzed in Article II. The switchable multi-coil system is sim-
ulated at 6.78 MHz using COMSOL Multiphysics. Linear growth of the
inductance can be seen between loops 4 and 10. There is a non-linearity
between loops 3 and 1, which we believe is due to their position related
to the resonating coil. Nevertheless, the relative variation of the induc-
tance from 19 nH to 373 nH is achieved, which gives a better tunability
range compared to the existing multi-loop models discussed above. The
self-inductance of the spiral coil is Ly = 9.6 pH.

In Article I, we gave a comparison of simulated and measured values
of mutual inductance between the transmitter coil Ly and the corre-
sponding loop Ly, which is shown in Fig. 3.10. Measurement has been
obtained by using high precision GW-Intek LCR meter. Simulated values
are represented by stars which are connected by a solid curve, whereas
measured values are shown by plus signs and a dashed curve. Accord-
ing to the measured results, mutual inductances are varied from 25 nH
to 1230 nH. Moreover, an almost linear behavior of the trace can be
seen for both parameters, with a small deviation between simulation and
measurement results. The deviation can be explained by parasitic com-
ponents introduced in the measurement setup and/or inaccuracy during
the fabrication process.

Research on the mutual inductances between the interspiraled coils
and the resonator coil was the focus of Article IV. The structure given in
Fig. 3.4 is simulated in COMSOL Multiphysics. A comparison between
the measurement and the simulation results at frequency = 100 kHz is
shown in Fig. 3.11. 100KHz was chosen due to frequency limitations in
our measurement tool. The linear increase of the measured mutual in-
ductance can be noticed between M; and Mg, which is comparable with

32



Yelzhas Zhaksylyk: Inductive IMN for Magnetic Resonant WPT

1400

1200¢

Mutual inductance, nH
5 =B B8 B
8 8 8 B

N

(=]

a
T

=
rd

—*—Simulated
- -+ - -Measured

Loop number

Figure 3.10: Simulated and measured mutual inductance between the
switchable driving Ly and resonant Ly coil at 2 kHz. The result is taken

from Article II.
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Figure 3.11: Simulated and measured mutual inductances M; — My be-
tween the driving coils L; — Lg and the resonator coil Lz at 100 kHz.
The result is taken from Article IV.

the simulation results highlighted in red. Both for the measurement and
the simulation, the linearity breaks up at coil 9, i.e., the largest coil.
Moreover, in the following section, where the efficiency performance of
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the inductive IMN is analyzed, it is shown that coil nine is not improv-
ing the power transfer efficiency further. Mutual and self-inductances of
interspiraled-coils used as transmitter-side inductive IMN are also sim-
ulated at the operation frequency of 6.78 MHz, and the results are pre-
sented in Article V.

The multi-coil and the interspiraled coils can be designed to achieve
the desired range of the mutual inductance at different operating frequen-
cies. The linearity of the mutual inductance can be improved by a more
careful design of the coil parameters. The tuning range can be increased
by driving several coils simultaneously, either in series or parallel.

According to the egs. (3.9) and (3.15), efficiency is also dependent on
mutual inductance My, between the spiral coils. The mutual inductance
is dependent on distance and coil size, as shown in Fig. 3.12. Mutual
inductance is calculated by numerical method via formula given in [43],
which is verified by simulation result from Comsol Multiphysics. The
mutual inductance value decreases from 3.4 uH to 0.008 uH when the
distance between the coil increases from 2 to 25 cm. However, mutual
inductance can be improved by increasing the radius/turns of the spiral
coil. Growth in the diameter of the coil affects the compactness of the
system, which means a trade-off between the size of the coil and operating
distance.

3.5 Simulation of PTE

This section presents an estimation of power transfer efficiency (PTE) n
from the circuit analysis and simulation in Comsol Multiphysics. Effi-
ciency is plotted versus distance between resonator coils, with a distance
variation between 2-25 cm. The efficiency drops below 1% after 25 cm
of distance, making it negligible. The calculations are performed for
cases when driving the interspiraled coils 2 to 9. The driving of inter-
spiraled coil 1 is excluded from the results since the efficiency of the
system is below 5%. In this section, a symmetrical WPT system with
Rs = Ry = 50 € is considered. Load variation is spotlighted in Article
V.

Fig. 3.13 shows calculated PTE 7 versus distance using equation
(3.9) for the three-coil WPT system. The graph demonstrates that the
optimal matching distance is between 8-10 cm, and larger driving coils
perform better than smaller ones. Efficiency drops from 93% offered by
coil 8 to 4% offered by coil 2 for the same optimal distance. Despite the
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Figure 3.12: Mutual inductance M, vs distance vs outer radius of the
spiral coil.
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Figure 3.13: Simulation of the derived formulas of relative efficiency ver-
sus distance at 6.78 MHz for the three-coil WPT system. The figure
shows that one side matching is not effective.

larger size of coil nine compared to coil eight, it offers less PTE at the
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Figure 3.14: Simulation of the derived formulas of relative efficiency ver-
sus distance at 6.78 MHz for the four-coil WPT system. The figure shows
that two-side matching is very effective.

optimal distance. It is due to the smaller part of the outer magnetic field
that covers the resonating coil. This is also evident from Fig. 3.11.

Fig. 3.14 shows the calculated PTE n versus the distance using equa-
tion (3.15) for the four-coil WPT system. The graphs display the cases
when the driving coil n is used to drive the system at the transmitter
side, and the coil n is connected to the load at the receiver side in the
same manner, where n is the number of the interspiraled coil between
2 and 9. Compared to the three-coil WPT system, an improvement of
PTE in the under-coupled region is noticeable. Switching to the interspi-
raled coil 2 at 25cm can improve the PTE to more than 50 %, whereas
in three-coil WPT, PTE drops to almost 0 %. The optimal distance for
the four coil system has been changed to a shorter distance because of
the change in impedance in the circuit compared to the 3 coil system.

COMSOL Multiphysics simulation performed on the three coil system
is shown in Fig. 3.15, where the distance between two identical PCBs
with interspiraled coils is varied from 2 to 25 cm. Each PCB contains
a spiral-shaped resonator coil L7/r and interspiraled coils. Driving-coil
Lp is connected to port 1, whereas port 2 is directly connected to the
receiver resonator coil L on PCB 2 (no tuning at the receiver side). The
simulated S-parameter values between ports 1 and 2 are used to calculate
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Figure 3.15: Comsol design of interspiraled coils used in the simulation
of PTE presented in Articles IV and V.

100 . . . .
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Figure 3.16: Comsol simulation of PTE versus distance at 6.78 MHz.
The figure shows that one side matching is not effective. The red curve
shows when the source is directly connected to the resonator coil. The
result is taken from Article V.

the PTE using eq. (2.4).

PTE versus distance at 6.78 MHz for cases when a single-coil n is
active is compared in Fig. 3.16. The red trace on this graph represents a
two-coil WPT system, where port 1 is directly connected to the resonator
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Figure 3.17: Comsol simulation of PTE versus coil 8 and coil n in series
at 6.78 MHz. The figure shows that one side matching can be achieved
for the over-coupled region when driving two coils in series. The result
is taken from Article V.

(transmitter) coil Ly and port 2 to the receiver resonator coil Lgr. The
highest efficiency is achieved at a distance between 8-9 cm, which is also
obtained by circuit analysis shown in Fig. 3.13. The result illustrates that
single-coil switching at Tx-side has the same performance as a two-coil
WPT system. At distances smaller than 8 cm, the PTE starts to drop,
from 92% at 8 em to 40% at 2 cm distance since it is in the over-coupled
region. At 15 cm, it drops down to 50% as it is in the under-coupled
region.

In Fig. 3.17, the PTE as a function of the series combination of coil
8 and another coil is demonstrated. Y-axis shows the coil number, which
is connected to coil 8 in series. 0 means coil 8 alone, 9 means coil 8 and
coil 9 in-series and etc. Color-bar displays the PTE value from 0 to 100
%. The figure shows that there is a PTE improvement of ca. 20-200
% by the series connection of the coils, especially for the over-coupled
region. The best result is provided by a combination of coil 9 and coil
8 as it provides 60 % at 2 cm compared to 26 % by driving single coil 8
and 28 % by the two-coil WPT system. Moreover, almost 94 % PTE can
be obtained between 3 - 8 cm compared to when only coil 8 is used as
in a simple two-coil WPT system. This proves that switching between
coils improves the performance of the WPT system when the distance
between coils varies in the over-coupled region.
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Figure 3.18: Comsol simulation of the power transfer efficiency versus
distance at 6.78 MHz for the four-coil WPT system. The figure shows
that two-side matching is very effective for matching under- and over-
coupled regions.

COMSOL Multiphysics simulation results for a four-coil WPT system
are presented in Fig. 3.18. For these scenarios, the driving coils from 1
to 9 are used to feed the four-coil WPT system separately. The optimal
distance is varied as in previous cases, from 2 to 25 cm. The load is
connected to the symmetrical interspiraled coil at the receiver side. In
the over-coupled region, i.e., shorter than the optimal distance, they
provide better performance than the two-coil WPT system, shown with
a red trace in Fig. 3.16. Moreover, in the under-coupled region, it offers
an extensive improvement, which provides a PTE above approximately
50 % efficiency until 23 cm compared to 5 % of the two-coil WPT system.
The simulation shows that switching between the interspiraled coils can
maintain active matching between 3 to 21 cm with at least 70% PTE.

We have also investigated an impedance mismatch of the WPT sys-
tem with interspiraled coils at the Tx side. The input impedance versus
operation frequency is shown in Fig. 3.19. According to the conju-
gate matching method, the highest efficiency can be achieved when in-
put impedance is the conjugate impedance of source impedance [33, 34],
see the condition (2.2). In a single-sided interspiraled WPT system, the
source impedance is Rg, which means the imaginary impedance of the
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Figure 3.19: Comsol simulation of the input impedance of single-sided
interspiraled WPT system.

Z7y should be 0. As it can be seen from the graph, the real part of
input impedance is 50 €2, and the imaginary part is -15 €2. In conclusion,
the system is slightly in mismatch, which means efficiency can be further
improved by changing the operating frequency to 6.5 MHz or by adding
external capacitance to the matching system. The system already offers
sufficient efficiency, therefore, we have not implemented either solution.
However, we will keep in mind this aspect in our future redesign of the
system.

3.6 Measurement of relative efficiency

This section briefly describes the measurement process of relative effi-
ciency and results obtained for Article V. Relative efficiency is defined
as the ratio of powers

. Pout

Nrel = Pref’

where P,.; is the measured power at the load when 50 €2 load is directly
connected to the signal generator, and P,,; is measured power at the

same load when WPT system coils are introduced i.e. load is connected

(3.20)

40



Yelzhas Zhaksylyk: Inductive IMN for Magnetic Resonant WPT

to the receiver side the WPT system. Relative PTE is used to take into
account the effect of the wiring in the measurement. PTE described in
the circuit analysis, and the simulation sections are clearly different from
the relative efficiency 7, used in the measurements, however, as we see
from the results given below, they have similar behavior and, therefore,
can be used for justification of analytical results. The other measurement
option, which would have given us a more accurate value of the PTE, is
a setup using the Vector Network Analyser (VNA). Unfortunately, due
to the unavailability of the equipment at the time of the measurement,
relative PTE was used. However, the VNA method is used once for
identifying S-parameters for Article IV, and its result will be discussed
later in this section.

OSC1110SCOpE

| \--

~— L

=~ —p.
> .
—

test PCBs

- | L \

- load FenEE=S—current probe]

Figure 3.20: Measurement setup for the wireless power transfer system
consisting of two interspiraled coils on test PCBs, capacitors placed on
a rail for distance variation and oscilloscope, a 50 €2 load, and a current
probe. The picture is taken from Article V.

The experimental setup, shown in Fig. 3.20 is used to measure the
relative efficiency 7, versus distance, which is varied from 2 cm to 25 cm
for each scenario. The setup consists of a two-port oscilloscope, ceramic
capacitors, a current probe, and two identical PCBs with coils. The PCBs
are mounted on movable rails, where the distance between PCBs can be
manually adjusted. Varactors with the capacitance of approximately
C' = 68 pF are connected in series to the spiral coils, so the ISM-band
resonance frequency of 6.78 MHz is achieved.

Fig. 3.21 presents the measured relative efficiency 7, from 2 cm to
25 cm distance between resonators. Graphs display efficiencies for the
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Figure 3.21: Measurement of 7, versus distance at 6.78 MHz when coil
n is active. The result is taken from Article V.

three-coil WPT system when the driving coil n (n is the coil number
between 2 and 9) is used to drive the system at the transmitter side,
and the load is connected to the receiver resonator. Coil 1 is excluded
from the graphs as its 7, is very low. The efficiency has a similar trend
to the simulation and calculation results given in Figs. 3.13 and 3.16:
larger size coils provide the higher 7,.; at optimal distance, which varies
between 8-9 cm.

Results in Fig. 3.21 prove that tuning only the interspiraled coil
on the transmitter side is not enough for matching at under-coupled
and over-coupled regions. Therefore, we decided to drive several coils
simultaneously. Fig. 3.22 demonstrates measurement of 7,.; for two coils
in-series, here coil 8 and coil n, and when load directly connected to
the receiver resonator. Immediately, we can notice that the efficiency
values are improved by using a combination of coils. Especially at a
closer distance than 8 cm, i.e., at the under-coupled region, there is a
40 percent improvement at 2 cm distance. Moreover, results verify our
simulation results from Comsol Multiphysics shown in Fig. 3.17. Other
series and parallel combinations of interspiraled coils can improve the
efficiency further, which has been documented in Article V.

Due to the time constraints of the PhD program, we did not complete
the measurements on the usage of interspiraled coils in a four-coil WPT
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Figure 3.22: Measurement of 7,.; versus distance at 6.78 MHz when coil
8 and coil n are connected in series. The figure shows that two coils
connected in series improve the PTE in the over-coupled region. The
result is taken from Article V.

system. Nevertheless, simple measurement results from Article IV reveal
several interesting observations for the four-coil WPT system, i.e., two-
side matching. This measurement has been completed using a Vector
Network Analyzer. Port 1 is connected to the interspiraled coil n on the
transmitter PCB and Port 2 to the interspiraled coil n on the receiver
PCB. The PTE is estimated via eq (2.4) and presented in Fig. 3.23. The
red trace represents a PTE for a typical two-coil WPT system, which
means the system without any impedance matching circuitry, thus, only
one optimal distance, i.e., approximately 8 cm. We used this red trace
as the reference for further comparison of results. At an over-coupled
region, closer distances than 8 ¢cm, the PTE starts to drop from 95% to
40% at 2 cm because the coupling coefficient is higher than the optimal
one. At 15 cm it drops until 50% as it is in the under-coupled region.

By simultaneously changing the interspiraled coils 1 to 9 on each
side, the optimal distance is varied for each case, as shown in Fig. 3.23.
In the over-coupled region, the PTE is the same as the reference two-
coil WPT system, however, in the under-coupled region, the four-coil
WPT system offers an improvement, of PTE, above approximately 50 %
efficiency until 22 cm. The measurements show that switching between
interspiraled coils can provide active matching between 7 to 17 cm with
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Figure 3.23: Measurement of the PTE versus distance at 5.3 MHz. The
result is taken from Article IV.

at least 70% PTE. It also verifies our calculation and simulation results
given in Fig. 3.14 and Fig. 3.18, respectively.

3.7 Quality factor of coils

The quality factor (Q-factor) of the coil is a crucial characteristic pa-
rameter, which affects the PTE in inductive WPT. In this section, the
Q-factor of interspiraled and resonator coils has been presented. Q-factor
is calculated via I
w

Q= 7 (3.21)
Spiral coils with an increasing number of turns with a constant inner
and outer diameter, as shown in Fig. 3.24a were used for calculating the
ideal Q factor. The resistance and inductance of each coil are shown in
Fig. 3.24b. The relation between the number of turns and Q-factor of
the spiral coil without interspiraled coils is shown in Fig. 3.25. It is an
almost linear relation, where Q-factor can be increased by adding turns.
However, there is a limitation given by the spacing between the turns,
which will add parasitic capacitive coupling, and higher resistance due
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Figure 3.24: Coils for calculating the ideal Q-factor

to increased wire length.

By utilizing data in article V, we can identify values of Q-factor of the
coils at 6.78 MHz as shown in Table 3.1. There is a degradation of the
Q-factor compared to the simulation result, which is due to the reduc-
tion of copper thickness during the fabrication process and parasitics by
measurement setup. There is also a noticeable impact on the Q-factor of
the spiral coil from the couplings with interspiraled coils as it decreases
the Q-factor from ca. 630 to 351.
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Figure 3.25: Quality factor versus number of turns for spiral coil Lz g

without inner coils.
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Table 3.1: Driving and resonator coils Q-factors at 6.78 MHz

Coil name | Simulated @ | Measured Q
Coil 1 70 37
Coil 2 69 37
Coil 3 74 47
Coil 4 81 52
Coil 5 85 65
Coil 6 88 65
Coil 7 95 81
Coil 8 100 80
Coil 9 108 75

Coil T/R 351 227

The Q-factor of the spiraled resonating coils Ly/r in this work is
compared with other coils reported in the literature and shown in Table
3.2. The Q-factor of the coil defines the loss in the system and affects
the PTE of WPT. The efficiency of the system depends on the Q-factor,
which can be determined by exchanging the resistance of coils R with
the expression R = wL/Q in the eq.-s (3.9) and (3.15), for three-coil and
four-coil WPT systems, respectively.

Table 3.2: Q-factor of resonator coils in other works

Q-factor | Diameter, cm | Operation Frequency, MHz | Reference
418 68.0 13.56 [38]
274 12.0 6.78 [39]
201 23.5 6.78 [44]

45 3.0 6.78 [45]
178 11.3 6.78 [46]
227 18.0 6.78 Article V

3.8 Control circuitry for the interspiraled coils

The control system for the adaptive inductive IMN requires current
tracker circuitry on the Tx side. The measured current value helps to es-
timate impedance mismatch in the system. It then can be used to decide
which interspiraled coils can be activated. The block diagram of such a
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system is presented in Fig. 3.26. A micro-control unit (MCU) is used
for the activation/deactivation of switches, which connects interspiraled
coils to the power source.

LN |
| : I
Power | L T
Source ! S :
I | :
: |
T IMN Tx
/
Current
tracker MCU

Figure 3.26: Block diagram of control system for adaptive IMN at Tx
side.

This automated coil selection can be executed using relays which can
be controlled by a micro-controller. A 16-channel USB Relay Module
from SainSmart in Fig. 3.27 can be used for this purpose. The relays
on the board will add contact-resistance to the coils and decrease the
Q-factor. The contacts of relays are often made of silver alloys with a
contact resistance normally below 100mS2, which is comparable with the
resistance of coils. Another option is the solid-state relays. These have
normally higher on-resistance starting from 100mS2. The main advantage
of solid-state relays is that their contact point don’t wear out, and the
contact resistance will remain constant over time.

The process of choosing the correct coil for optimizing PTE is time-
consuming due to the optimization calculations required. This becomes
even more complicated if there is a continuous distance change or varia-
tion in misalignment. Therefore, an effective algorithm for choosing the
optimal coil must be developed such as in [24], [28] and [47]. [47] presents
a method on the basis of measuring the return loss Si; of the system for
choosing the optimal coil. The algorithm sweeps between all the coils
and chooses the coil that gives the lowest Si;;. The same principle has
been used in [24] for capacitive impedance matching. In [28] three other
algorithms are presented for finding the optimal matching based on cur-
rent measurement to find the optimal impedance. They also present a
method referred to as Effective Window Prediction (EWP) search, which
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Figure 3.27: A 16 channel USB Relay Module for automatically control-
ling the coils.

may reduce the timing of the search for optimal selection of capacitors.
Even though the algorithms presented in [28] are designed for a capacitive
matching network, they can be easily adapted to the inductive methods
discussed and presented in this paper.

Connections between the switches, coils, and power source require
traces at the backside of the PCB. These traces will act as parasitic
capacitances and inductors. It is well-known that the shape and position
of the traces on the backside will affect the properties of coils [48, 49]. In
[49] the mutual inductance of coils on the backside is used to tune one
inductor. This method of tuning results in a lowering of quality factor.
We analyzed the effects of the traces on Q-factors of coils. For this reason,
different traces are placed at the backside of the PCB and simulated in
the Comsol Multiphysics environment as shown in Fig. 3.28. Two types
of traces are investigated closely: circles and straight lines.

As expected, the circle trace has more effect on the self-inductance of
the interspiraled coils compared to straight traces. The self-inductance
of the interspiraled coil 5 and 9 is decreased by about 40 nH and 60 nH
because of mutual coupling with the circle trace. On the other hand, the
straight traces have less effect on the self-inductance of coils, however,
Q-factors of coils are still reduced significantly due to eddy currents. For
instance, for interspiraled coils 5 and 9, ohmic losses are increased from
0.13 ©Q to 0.53 Q and 0.2 2 to 1.2 €, respectively. Therefore, it has a
huge impact on the efficiency of our system. To avoid this a shielding
between traces and coils is required to minimize their effect. There is an
option of making shielding as described in [50] or implementing circuitry
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Frontside of PCB Backside of PCB

Figure 3.28: Simulated structure in COMSOL Multiphysics: interspi-
raled coils on frontside of PCB and traces straight and circle traces on
backside of PCB.

on another PCB and connecting to coils using pins, which is also in plans
for future work.

49



Yelzhas Zhaksylyk: Inductive IMN for Magnetic Resonant WPT

20



Yelzhas Zhaksylyk: Inductive IMN for Magnetic Resonant WPT

4 Conclusion

This PhD thesis discussed the impedance matching network (IMN), em-
phasizing the inductive method for magnetic resonant wireless power
transfer systems. IMN is a key factor for improving power transfer ef-
ficiency, which is highly sensitive to distance changes and misalignment
between the transmitter and the receiver coils.

We started the thesis with a brief introduction to wireless power trans-
fer (WPT) systems and gave an overview of the current IMN methods
used in inductive wireless power transfer systems. We proposed a method
for comparison of the performance of two popular impedance matching
techniques, namely capacitive and inductive IMNs which are presented
in Articles I and III. Smith charts are used to visualize the matchable
regions offered by these methods. For this study, three different applica-
tions were considered with constraints: case A — car charging operating
at 85 kHz, case B — mobile phone charging at 6.78 MHz, and case C, a
high-frequency charging device at 100 MHz.

The first part of this PhD was dedicated to studying the inductive
IMN and its comparison to the capacitive method in WPT systems as
there was a lack of research in this field. From the comparison research,
we concluded that the inductive IMN can be very effective for the com-
pensation of distance changes between resonator coils. Therefore, two
different, new methods of inductive IMN were proposed based on switch-
able inductors and interspiraled coils. Both methods offer a compact
design and can be implemented on PCB.

A switchable coil with ten loops and a high Q-factor resonant coil
was designed on opposite sides of the same 2-sided PCB. In this case,
the self-inductance of the switchable coil varied from 19 nH to 373 nH at
6.78 MHz with an almost linear behavior, whereas the inductance of the
high-@Q resonant coil was 9.6 pH. The simulation of mutual inductance
between the switchable and the high-Q coils was verified by measurement
results, which give an almost linear increase in the range of 25-1230 nH.

The subsequent developed interspiraled coils were even more compact
and allowed the whole system, including the coil and electronic circuitry,
to be placed on a two-sided PCB. The change in mutual inductance
between the driving coils and the resonating coil was linear between 28-
1021 nH, which is verified by COMSOL simulations and measurements.

During the PhD, we performed an in-depth study of matching using
inductive IMN with interspiraled coils and demonstrated an improvement
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of the PTE over a range of distances from 7 to 25 cm through measure-
ments of a full-functioning WPT system with the proposed interspiraled
coils.

4.1 Future work

Due to the limited duration of the PhD many ideas have not been ex-
plored, and experiments and research were not conducted. Future work
should be focused on both further analysis and development of the in-
ductive IMN based on interspiraled coils:

- Studying different combinations of interspiraled coils for further im-
provement of the PTE for two-side (Tx and Rx) impedance matching.

- Developing a control system for automatic activation of coils for
different scenarios.

- Developing a sensing system, such as a current sensor on the receiver
or transmitter side for monitoring the impedance change.

- Establishing a more sophisticated experimental setup and method-

ology.
- Implementing shielding from the circuitry of the control system
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Abstract: Inductive and capacitive impedance matching are two different techniques optimizing
power transfer in magnetic resonance inductive wireless power transfer. Under ideal conditions,
i.e., unrestricted parameter ranges and no loss, both approaches can provide the perfect match.
Comparing these two techniques under non-ideal conditions, to explore fundamental differences
in their performance, is a challenging task as the two techniques are fundamentally different in
operation. In this paper, we accomplish such a comparison by determining matchable impedances
achievable by these networks and visualizing them as regions of a Smith chart. The analysis is
performed over realistic constraints on parameters of three different application cases both with and
without loss accounted for. While the analysis confirms that it is possible to achieve unit power
transfer efficiency with both approaches in the lossless case, we find that the impedance regions where
this is possible, as visualized in the Smith chart, differ between the two approaches and between the
applications. Furthermore, an analysis of the lossy case shows that the degradation of the power
transfer efficiencies upon introduction of parasitic losses is similar for the two methods.

Keywords: impedance matching network; parasitic resistance; power loss; reflection coefficient;
Smith chart; wireless power transfer

1. Introduction

Recent demand on mobility and accessibility of devices is pushing the development of wireless
technology to new levels. There are good solutions for data transfer such as WiFi and Bluetooth,
whereas, power is still delivered by either batteries or cable, the main bottleneck in the strive for
cutting all the wires and limiting the mobility of devices.

For daily-life applications, inductive wireless power transmission has drawn increasing attention
from researchers as it offers the highest power transfer efficiency (PTE) among other alternatives such
as capacitive, microwave, laser, and acoustic [1,2]. Various products such as electric toothbrushes and
mobile chargers using this technique are already commercially available. This technique provides
two advantages compared to others: transfer of high power and low-frequency operation, making
it less hazardous to the human body [3]. The main issue with this type of inductive wireless power
transfer (WPT) is the mobility as the sender and receiver need to be close to each other, less than a few
centimetres. Magnetic resonant (MR) WPT, an inductive technique based on highly coupled high-Q
resonators, addresses this issue and offers a reasonable distance of power transfer (up to 2 m) [4].
However, a considerable challenge of MR-WPT is to maintain high power transfer throughout a range
of distances between resonators and for variations in load value, as these will cause a mismatch
between the source and input impedances [5].

Electronics 2020, 9, 476; d0i:10.3390/ electronics9030476 www.mdpi.com/journal/electronics
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In order to solve this challenge, different types of impedance matching techniques have been
developed in the last decades. The simplest and most popular ones use capacitive or inductive
impedance matching networks (IMNs). The capacitive method uses variable capacitors to tune the
transmitter to the resonant frequency or a predefined capacitor sequence for different distances [6,7].
There is a variety of adaptive frequency tuning systems where L, T and II-type impedance matching
networks contain capacitors [7,8]. Matching can potentially also provide power to multiple device
WPT by using only a single transmitter [9].

The four-coil MR-WPT system presented by the MIT group in 2007 [4] has become a recognized
solution [10-14] for highly resonant WPT systems for medium distances. The system consists of two or
more high-Q resonating coils which are driven by a low-Q coil connected to the power source. The load
is also connected to a low-Q coil. The coupling between resonator and the driver coils (or the load coil)
can be considered as parts of a matching network, where tuning of the impedance can be achieved by
changing the coupling between them. In our study, this method is referred to as inductive matching.
In a previous work, we showed that these two matching techniques, i.e., the capacitive and inductive
matching could potentially achieve a similar level of matching in certain cases [15]. Among the many
different capacitive compensation circuitries, we chose the parallel-series compensation according to
reference [8] for comparison to the inductive method. This network offers sufficient degrees of freedom
to match perfectly if there is no loss and no restriction on parameter ranges, hence it is sufficient to
give an insight into the effect of these limitations. The presented comparison method can also be used
to identify matchable regions of other compensation structures.

The aforementioned matching techniques, i.e., capacitive and inductive can be applied to any
mismatches in a WPT system to improve the power transfer efficiency [16]. However, there is a
challenge in the direct comparison of their matching performances because they have different circuit
topologies. The paper describes a method that makes a systematic comparison of their performance
possible. The proposed method is based on comparison of the conjugate impedance of the matchable
load, displayed in the Smith chart. The conjugate matching method has been analysed in [17], where all
concepts of conservation and amplification of power by two port network was defined. This method is
used by [18,19] to describe efficiency of the WPT system with inductive IMN. Our work presents a
comparison of the matchable loads offered by the inductive and capacitive matching networks over a
full range of realistic parameter ranges for three different applications distinguished by their operating
frequency and power level [20-22]. The operating frequencies are within the allowed Industrial,
Scientific and Medical (ISM) bands [9], which also limits the frequency range in the analysis. For the
ease of simulation and calculations we choose to keep the distance constant and match the different
load values. We assume the coil sizes are such that the systems operate in near field and the inductances
of sender and receiver coils are equal, as in the [18-22].

This paper is organized as follows. In Section 2, impedances are analysed by derivation of
reflection coefficients. We intentionally exclude the parasitic components in the system in order to
have a clear comparison between these matching techniques in the ideal case. Subsequently, Section 3
visualizes the matchable reflection coefficients in the Smith chart, which graphically illustrates all of
the possible complex impedances that are obtained by sweeping matching parameters. Therefore,
it demonstrates which method offers the wider area of impedances that can be matched. Furthermore,
the impact of parasitic loss to the matchable region is analyzed and optimized power simulation is
given in the Section 4 and Section 5 discusses the outcome of the comparison.

2. Reflection Coefficients

In order to map and compare the tunable impedances of WPT systems, suitable circuit models and
corresponding impedance expressions should be established. A generic WPT system with impedance
matching networks can be represented as shown in Figure 1. The driving source consists of an ideal
voltage source (Vs) and a series resistance Rg. The two-port network consists of resonators, and here
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we will consider capacitive and inductive impedance matching circuits. The network is terminated by
load impedance Z; at the output. Here, is and iy are currents through Rs and Z;, respectively.
Matching networks are necessary to obtain a match between input impedance Zj, and source
impedance Rg. They affect the Power Transfer Efficiency (PTE), defined as ratio between power
delivered to the load and input power of the two-port network [18]. This research focuses on
the comparison of the matchable loads offered by the capacitive and inductive IMNs. Therefore,
the two-port network is redrawn as in Figure 2 to get value of an effective impedance Zyy; at the
output, which is a complex conjugate Zj form of load impedance that can be perfectly matched.

. I .
15 RSI I

4

1
' Two Port VA
: Network L
= Z1 1
Figure 1. Two-port network representation of a highly resonant WPT system.
. I .
Is 11

R Two Port [T
S Network Zout

Figure 2. Two-port network representation when source is terminated.
2.1. Capacitive Matching Network

A lossless model of the inductive resonant WPT system with capacitive impedance matching is
shown in Figure 3. The circuit elements are ideal, i.e., inductors and capacitors do not have parasitics.
Matching networks consist of series-parallel connection of capacitors Cis, Cip and Cyp, Cys at the
transmitter (Tx) and receiver (Rx) sides. The source impedance is considered as resistance Rg.

H 1
R - ] ,meececeacs . 7
L, /7 ' ko i Tl
ORTERA A
[ ' ' '
<SS 1 L ' ' 1S 1
< [ N H "
T : TCtp' 2 L; : Cfl’ "
] f v I Z
AN o v, O out
= Capacitive Capacitive !
Matching Network Matching Network !
TX side RX side

Figure 3. Equivalent circuit of a WPT system with capacitive impedance matching network.

Applying Kirchhoff’s voltage law (KVL) to the circuit in Figure 3, the voltage-current relations
can be written in an impedance matrix form

Vout Zin Zpp 0 0] |iL
0| _ |21 Z»n 23 0| |4 )
0 0 Zzpp Zsz Zsza| |it
0 0 0 Zys Zag ig
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where 1 1 1

Z = —+ = Z = V= 2
1= 50e JCrp 12 JoCrp (2)
Z ——L Zo» = jwL +L Zy = jwM 3)

21 ij,p' 22 = Jwly ij,p' 23 =] 12/

1
Zyp =] M, ,Z = jwL — ,Z = —0—, 4
32 = jwMyr, Z33 = jwLt + 7oCo 34 7oCrp 4)
1 1 1
Zyz = T~ Zy =Rg+ —++ - . 5
43 jCyy A= Rs e T g, 5)
Here,

My = kpvVLiLy, 0<ky <1 6)

is the mutual inductance between inductors L; and L,. The coefficient k- represents the coupling
between them and its value is inversely proportional to the cube of their distance [15]. The distance
change and variation of load impedance can be controlled by adjusting the capacitances Cis, Cyp and
Crs, Crp in the matching networks.

The effective impedance Zoyt at the output of two-port network is

Z2,(Z%, — Z33Z4)

Zout = jXr + p @)
o " (ZnZas — 23,)Zus — 23y Zn
where 1 1
Xy =— - . 8
r wCps  wCp ®
The real and imaginary parts of the impedance are
Re{Zouw} = ARs, Im{Zout} = AA — —— — L ©)
outf — Sr outf — @Crs wcyp,
where PPN
M 727,72
A= 2“’ &1 324 >, (10)
B RS + (XtB — Z34Z22)
B = ZypZas— 72, Xy = —— — L (11)
= LnE3 Ly A= e WGy’
A (20273, — X;w?M32,)Z3, — Z33B(X? + R2) . 12)

2 72
sztrZ34
The impedance Z,,; can be seen at the output of the two-port network, which is complex conjugate
form of load impedance Z;. This impedance is used to derive the reflection coefficient (I'), which can

be seen from the load side
= (Zout - ZO)/(Zout + ZO) (13)

where Zj is reference impedance equal to Rg.

Equation (13) is used to draw I in the Smith chart to visualize graphically and estimate the values
of load impedance that can be perfectly matched. Furthermore, a derivation of the reflection coefficient
expression for the inductive matching is discussed in next section, and numerical results are given in
Section 3.

2.2. Inductive Matching Network

Inductive coupling is another method widely exploited to match the input impedance for different
distances between resonators or load variation. This system uses additional magnetically coupled
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coils at the transmitter or receiver, or both, to enhance the PTE. These coils do not need as high Q as the
resonator coils. The most popular one is a four-coils system with source coil Lg, high-Q transmitter coil
Lt, high-Q receiver coil L,, and load coil Ly, [4,15]. The matching can be controlled by varying couplings
between the source/load coils and high-Q coils—ks, k;. The equivalent lossless model of such a system
is shown in Figure 4. The high-Q coils are connected to series external capacitors to form resonators.

k tr
- V/Ct

L
1
————a 1
- Inductive - Inductive 1
= Matching Network Matching Network *
TX side RX side

Figure 4. Equivalent circuit of WPT system with inductance matching network.

For such a circuit, the same voltage-current relations can be used as in Equation (1), where
impedances are

Zn = jwly, Z1p = —jwM], (14)

. . 1 .
Zy = —]CUML, Zoy = ]wa + ijf' Zo3 = ]wMtr, (15)

. . 1 .
Z3y = jwMyy, Z33 = jwLy + W,ZM = —jwMs, (16)
Zyz = —jwMs, Zyg = Rs + jwLs, (17)

and by neglecting cross-coupling:

Ziz=2Z14=2Zyy =231 =2y =2Zypp=0. (18)

Here, Mg, is a mutual inductance between source/load coil (Lg,1) and high-Q coil (L;/,)

Mg/ =ks/1\/Ls/iLi/r 0 <ks/p <1. (19)
and My, is the mutual inductance between resonator coils
My = kirv/LiLy, 0 <k < 1. (20)
If we assume that the two resonators have same resonance frequency w = 1//L;;,C;,,, then
Zy =Z33=0. ¢4y
From impedance Equations (14)—(18) the real and imaginary parts of output impedance Z,, become
Re{Zout} = ARs, Im{Zout} = w(Ly — ALs), (22)
where

2012 Af2
w-MsM7

A=—— S7L (23)
Mi, (R + w?L3)
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Furthermore, Equations (13), (22) and (23) are used to calculate the reflection coefficient in the
following section. These results conclude the theoretical analysis that is required to compare the
two techniques.

3. Matchable Regions of Lossless Model

This section presents graphs of reflection coefficients in the Smith Chart, based on the equations
derived in the previous section for both capacitive and inductive matching. These graphs help
us to estimate the matchable loads and to select the proper matching network at the transmitter
and receiver side. In the capacitive method the input impedance is controlled via capacitances
Cts, Cip, Crs, Crp, whereas in the inductive matching it is controlled by coupling coefficients ks, ki,
between the source/load coils and high-Q coils.

In this section, the parasitic components of the system are intentionally excluded to have a clear
and ideal case comparison between these two matching techniques. Reflection coefficients were
examined for three specific applications, and parameter values used for the cases given in Table 1.
The presented cases have been chosen so that they cover a wide range of WPT applications with
different specifications for power level and operating frequency [20-22].

Table 1. Applications and parameters.

Application Operation Frequency L; =L, Ci=0Cr kg References
Case A—Car charging 85 kHz 60 uH 584nF  0.01 [20]
Case B—Tablet charging ~ 6.78 MHz 6 uH 91.8pF  0.01 [21]
Case C—High Frequency 100 MHz 2.5 uH 1.01pF 001 [22]

Figures 5-10 show the realizable reflection coefficient values in the Smith Chart. The matchable
regions are indicated by bold black borders. Each figure consists of three impedance regions,
where each region corresponds to different resulting impedances in the circuit: Z;—impedance
at the transmitter, Z;,—impedance after transmission, Z,,,—impedance at the output. They are
obtained by sweeping the impedance matching network parameters over the realistic range of values,
which are given in Table 2. Chosen constraint for the inductive IMN is based on an assumption that
the driving and load loops have an inductance equal or smaller than the resonator inductances [4].
The bottom limit for the capacitance variance in the capacitive IMN is the lowest value of capacitance in
the market, which is approximately 500 fF (ignoring the possibilities of series connection), whereas the
upper limit was chosen sufficient for the application choice. As we can see further from the results the
upper limit in the inductive method and lower limit in the capacitive method decides the final shape in the
Smith chart. The circuits are equivalent models of an inductive WPT, which consists of source resistance
Rg, matching networks (capacitive or inductive), and lossless coils for transmission and reception.

Case A application in Table 1 is an Electric Vehicle (EV) charging station for transmission of high
power. It is designed for low-frequency operation, in our case at 85 kHz frequency, and designed for
coils around L; = L, = 60 pH. Figure 5a shows the impedance at the transmitter. This impedance
region agrees well with known results for L-type networks in [23]. It is controlled by varying the
capacitances Cys and Cy, within the range given in Table 2. Since the L-type capacitive matching
network at the transmitter (Tx) cannot match all impedances, a matching network is required for the
receiver part as well. Second stage, in Figure 5b, illustrates reflection graph after the resonator coils
Lt and L, which are coupled at ki = 0.01. The inductances change the region into a circle—smaller
than Smith chart, which means there is still a limitation in the matchable area. Finally, in Figure 5c,
third stage gives impedances that can be matched by the complete network consisting of matching
networks at the Tx (Cys and Cyp) and Rx (Cys and Cp) sides. All the capacitances in this example
are varied from 0.1 pF to 200 pF (Table 2). The impedance matching network at the Rx side greatly
improves the matchable area, which now practically fills the Smith chart. It means that for case A
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without losses any load is matchable by the capacitive matching method at k;» = 0.01, but it does not
mean that this still holds for other coupling coefficient values.

The result of following a similar procedure for case A with the inductive impedance matching
network is shown in Figure 6. In this case, matching works by adjusting source/load inductances
Lg /Ly, and coupling coefficients between these and resonator coils (ks, kr). Inductance and coupling
constant ranges are given in Table 2. In Figure 6a, we can notice that the inductive method gives an
extremely limited region of impedances that can be matched, hence, matching at the receiver becomes
crucial. One thing that can be noticed from Figure 6b impedance range of Z;, after the coupling (k;, = 0.01)
between resonators Ly, L, is even smaller, and it shows that three-coil system is not suitable for applications
where load values are diverse. However, the resulting matchable impedance of the complete system with
four coils, where impedance can be matched at both sides (Tx and Rx), fills around 80% of the Smith chart
and is shown in Figure 6¢c. According to the figure, for case A without losses there is roughly 20% of the
impedances that cannot be perfectly matched by the inductive approach.

&

=R Y

Figure 5. Reflection coefficient graphs show impedances that can be obtained by capacitive matching
networks placed into WPT system in case A: (a) Z;y—impedance at the transmitter, (b) Z;,—impedance
after transmission, (c) Z,,+—impedance at the output.

Figure 6. Reflection coefficient graphs show impedances that can be obtained by inductive coupling
in four coiled WPT system in case A: (a) Z;y—impedance at the transmitter, (b) Z;,—impedance after
transmission, (c) Zoy+—impedance at the output.
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Figure 7. Reflection coefficient graphs show impedances that can be obtained by capacitive matching
networks placed into WPT system in case B: (a) Z;y—impedance at the transmitter, (b) Z;,—impedance
after transmission, (¢) Z,,;—impedance at the output.

Figure 8. Reflection coefficient graphs show impedances that can be obtained by inductive coupling
in four coiled WPT system in case B: (a) Z;y,—impedance at the transmitter, (b) Z;,—impedance after
transmission, (c) Z,,+—impedance at the output.

Figure 9. Reflection coefficient graphs show impedances that can be obtained by capacitive matching
networks placed into WPT system in case C: (a) Z;y—impedance at the transmitter, (b) Zy,—impedance
after transmission, (c) Z,,;—impedance at the output.
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Figure 10. Reflection coefficient graphs show impedances that can be obtained by inductive coupling
in four coiled WPT system in case C: (a) Z;y—impedance at the transmitter, (b) Z;,—impedance after
transmission, (c) Zo,—impedance at the output.

Table 2. Matching network parameters.

Application  Lg, Ly Xs, X1 ks, ki Cisirss Ctp/rp Xtstrsr Xtsirs
Case A 01-60 uH  85m0-32.00Q 0.001-1 0.1-200 nF 187 kOQ-9 O
Case B 0.1-6 uH 0.7 0-40.7 O 0.001-1  0.5-200 pF 47 kO-117 O
Case C 0.1-25uH 100Q-1.6kQ 0.001-1  0.5-2 pF 3.2k0-796 O

Case B is a low power and high-frequency system, a mobile phone charging device from Airfuel
Alliance, which has standard parameters as 6.78 MHz operational frequency and around L; = L, =
6 uH coils for Tx and Rx [21]. Results are given in Figures 7 and 8. Here, the inductive method again
shows low performance for a three-coil system since the matchable area fills only about 10% of the
Smith chart. However, both methods are able to match all loads with the complete network.

Finally, we consider application case C, which is a high-frequency device with Ly = L, = 2.5 uH
for Rx and Tx coils. The inductive matching network has larger matchable region than the capacitive
method, see Figures 9 and 10. In a complete network, around 90% of the load impedances are matchable
by the inductive method, whereas the capacitive approach can match only around 30% of the loads.
One thing to note is that the matchable region for the capacitive network has a hole, which appears
because of the minimum constraint 0.5 pF in the parameter range. Consequently, the capacitive
matching network with these constraints is less versatile in this type of application.

4. Performance of Lossy System

In this section, system performance is examined in the presence of loss. Therefore, the lossless
inductors L; and L, in the previous circuits is replaced by a model of a non-ideal inductor shown in
Figure 11. The model consists of an ideal inductor with a series parasitic resistance and a parallel
capacitance. We only consider the effect of the parasitic resistance since the parasitic capacitance can be
taken care of by compensation circuits. The parasitic resistance is a combination of ohmic and radiative
losses of the coil. Other circuit parameters are kept the same as in the previous section for calculation
of reflection coefficients. The realizable reflection coefficients over the chosen range of parameters are
shown in Figures 12-14.

The inductances of the coils in case A are larger than for the other two cases, so the parasitic
resistance R = 1 () of each coil is higher than for case B and comparable to case C where the skin effect
matters. R is estimated assuming a copper coil made from a 30-m long wire of diameter 0.8 mm [20].
The result for case A is shown in Figure 12, where Figure 12a presents realizable reflection coefficients
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for capacitive IMN of Figures 3 and 12b presents the results for inductive IMN of Figure 4. Solid lines
show borders of matchable regions for lossles networks determined in the previous section, whereas
dashed lines bound matchable regions for lossy networks.

L R

C

Figure 11. Model of non-ideal inductor.

A T
(a) Capacitive IMN (b) Inductive IMN

Figure 12. Matchable regions in lossless and lossy model for case A.

(a) Capacitive IMN (b) Inductive IMN

Figure 13. Matchable regions in lossless and lossy model for case B.

(a) Capacitive IMN (b) Inductive IMN

Figure 14. Matchable regions in lossless and lossy model for case C.

The matchable area has been dramatically reduced from 100% to approximately 40% of the Smith
chart for capacitive and from 80% to 20% for the inductive technique. It shows that range of matchable
impedances is sensitive to loss for both methods and that the inductive method is slightly sensitive to
the loss than the capacitive method.

The comparison of matchable regions, after the introduction of parasitic resistance R = 0.55 Q) ([21])
in the coils for case B, is shown in Figure 13. The reflection coefficient graphs of capacitive and inductive
methods are shown in Figure 13a,b, respectively. The change in the matchable region is again more
dramatic for the inductive method since it has about 55% reduction from the ideal case compared to
the capacitive method’s 20%.

Matchable regions for case C are given in Figure 14. Since the resonator coils operate at the highest
frequency in the comparison, we considered skin effect as well. Therefore, ohmic loss at the coils is
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chosen as a combination of parasitic resistance and skin effect loss, which is R = 1 (). R is estimated
assuming a copper coil made from a 75-cm long wire of diameter 0.8 mm [22]. As a peculiarity in
Figure 14a, we note that the matchable region for the lossless capacitive network has a hole in it and
that this vanishes when losses are introduced. The overall numbers are 2% reduction in area for the
capacitive and 15% for the inductive approach. While the inductive method in this case still has a
matchable region more sensitive to loss than capacitive IMN, the inductive method covers a larger
area of matchable impedances both with and without loss.

As mentioned before in Section 2, we considered regions of matchable impedances. It can also be
interesting to see how well the network performs for any given load impedance. Here we consider this
question by calculating the delivered power to load impedances sampled form the entire Smith chart.
It can be obtained in several ways, but we used SPICE AC analysis here. We focused on cases A and B
because their matchable regions are most affected by the introduction of ohmic loss. The results are
shown in Figures 15 and 16 and demonstrate that capacitive and inductive IMNs can be comparable in
matching various load impedances, when the networks are optimized for each particular impedance.
Device in case A has more power loss than in case B. Overall, power level is distributed between
—4.2 dBm and —4.8 dBm for case A, and —3.5 dBm and —4 dBm for case B.

Power loss, dBm

. -
(a) Capalcitive IMN (b) Inducltive IMN
Figure 15. Comparison of optimal power delivered to the various loads for case A.

Power loss, dBm

-3.6

it it
(a) Capacitive IMN (b) Inductive IMN -4.5

Figure 16. Comparison of optimal power delivered to the various loads for case B.
5. Discussion

Section 3 presented three impedance areas obtained for different stages of ideal circuits
(Figures 5-10), which is summarized in Figure 17. In this figure, each trace represents specific
application (case A, B, C) and matching network. The impedances at the different stage of circuits,
in Figures 5-10, are given in x-axis, whereas y-axis shows a share of Smith chart in percentage. All the
areas have been estimated from the graphs. According to the figure, Z,,; fills a larger area than Z;,
for all cases, which shows that the impedance matching network at the Rx side is crucial in obtaining
large tunable area of load impedance. There is a degradation from 100 to 30% in the area of output
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impedance Z,,; by the capacitive method from case A to C. An improvement from 10 to 75% in the
area of impedance at the transmitter side Z;, can be seen for the inductive technique from case A to
C. This is due to difference in the operation frequency of the specific applications since for capacitive
IMN X¢ « 1/ f, while for inductive IMN X o f. Therefore, the region of inductive method shrinks in
case C (85 kHz—low frequency) and widens in case A (100 MHz—high frequency), and it is vice versa
for capacitive matching. Atlow operation frequencies, the available range of the capacitance values
is enough to match most of the load impedances, whereas at high frequency, the matching is limited
by the smallest capacitance value in the parameter range, which is 0.5 pF. In the inductive approach,
the ranges of load and source inductance values are the same as for the resonator coils. For case C,
covering most of the Smith chart can be achieved with a reasonable inductance range, whereas for case
A, the inductance range is not large enough to match all the load impedances.

The limitation discussed above also gives a better understanding of the parasitic effects in the
lossy WPT systems. For capacitive method, it is crucial to avoid parasitic capacitances of resonator
coils at high frequencies since they are comparable with 0.5 pF, whereas for low frequency applications
they can be ignored.

The matchable areas of the lossless model and the circuit with parasitics are compared in Figure 18.
Here, blue/yellow colors correspond to matching network type and solid /hatched patterns of charts
represent ideal and lossy scenarios of examination. The figure shows that the circuit with inductive
IMN is more sensitive to the loss than capacitive IMN. In case A, the reductions in matchable areas
of inductive and capacitive IMNs are comparable. In case B and case C, the reduction is higher for
inductive IMN than for capacitive IMN. Case C is least affected by the parasitics due to high operation
frequency. It should be noted that a larger parasitic resistance shrinks the matchable region, whereas a
smaller parasitic resistance increases it closer to the ideal case.

It is clear that matching networks provide quite different areas of perfectly matchable impedances.
However, the comparison in Figures 15 and 16 showed that the methods have comparable power
transfer when the networks are optimized for each load.

=o= Case A =#- Case B Case C Capacitive IMN
8= Case A ~#- Case B Case C Inductive IMN

g8

Percentage of smith chart
8 8 8 88 3 8 8

S

N
>
N

Zout

Figure 17. Matchable area comparison for different stages of the circuit in the ideal case.

100
0

=

o88388

Percentage of smith chart

e A se B Case C

W Capacitive IMN, no parasitics ~ \ Capacitive IMN, with parasitics
Inductive IMN, no parasitics Inductive IMN, with parasitics

Figure 18. Area of matchable loads before and after introducing the parasitics.
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6. Conclusions

In this paper, we compare areas of matchable loads for capacitive and inductive impedance
matching networks (IMNs), which are the common matching techniques in the magnetic resonant
wireless power transfer system. Graphical visualization of the impedances by Smith Chart is used
for effortless comparison of the IMNs performances. An analytic expression for effective output
impedance is derived and used to display the conjugate-image impedance of the load. Without any
limitations in the parameter values and frequency range, it is always possible to match any load, i.e.,
any point in the Smith chart. Therefore, three different applications were considered with constraints:
case A—car charging operating at 85 kHz, case B—mobile phone charging at 6.78 MHz, and case C—
a high-frequency charging device at 100 MHz.

For the lossless system, the capacitive circuit’s matchable area fills the Smith chart for case A,
whereas around 20% of the chart that cannot be matched by the inductive IMN. For case B both
methods could match any load impedance. On the other hand, the inductive IMN has shown about
60% larger area than the capacitive IMN for case C. The matching network at the receiver improves
the area in all cases.

Finally, the impact of parasitic resistance of the resonator coils to the matchable area has been
examined. In case A, the reduction of matchable area is 60 percentage points for both methods.
The matchable area by the inductive IMN is more sensitive to the parasitic resistance than capacitive
IMN for cases B and C. However, simulation of power transfer has shown that both matching networks
can be equally effective in matching different load values.
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