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Abstract

Although wireless power transfer (WPT) evolved drastically over the past
decades, it still strives to be widely commercialized. The most two common
methods of near-field contactless power transfer - inductive and capacitive
power transfer - face significant obstacles regarding the misalignment and dis-
tance between receiver and transmitter devices. Moreover, these techniques
are either not able to efficiently provide power while facing a conductive ob-
stacle, or require multiple metallic plates to work.

In order to power an electronic device with a metallic cover, a mixture of
inductive, capacitive and single-conductor power transfers is proposed, being
called as “Capacitive Resonant Single-Conductor”. The components of the
system are described, designed, simulated and measured in the scope of this
thesis. The proposed technology is designed to work according to the widely
accepted AirFuel standard, at 6.78 MHz. Furthermore, variations to the final
system are analyzed, while discussing its limitations.

Finally, the structure’s impedances are affected by load variations, objects
in its vicinity and relative position between transmitter and receiver devices.
Therefore, adaptive matching circuits are of interest in WPT. The proposed
circuit uses a transistor to control the amount of time that a capacitor is con-
ducting, so that the resulting capacitance between this and other components
creates a variable reactance related to the transistor’s base voltage. The final
described adaptive matching is then applied to a regular 2-coil inductive link,

to show its impact on this system’s self-resonance.
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Chapter 1

Introduction

The semiconductor industry alone generated over 412 billion US dollars in
revenue, in 2017 [1]. This impressive number reveals that the production of
electronic devices occupies a significant portion of the global economy. There-
fore, companies and researchers are devoted to improve the performance of
such equipments. Throughout the years, people have struggled to minimize
the size of gadgets that are present in our daily lives. The current limiter to
further decrease electronic devices’ dimensions is the necessity of bulky con-
nectors and power sources or batteries attached to the equipment. A battery,
for example, occupies a substantial amount of space and requires constant
maintenance to be replaced. Wireless power transfer (WPT) is an interesting

alternative to minimize these problems [2].

1.1 Background and Motivation

Power cords constrain the device and user’s position, while portable batteries
provide limited autonomy. To overcome such restrictions, two categories of
WPT are highlighted: inductive power transfer (IPT) [3], [4] and capacitive
power transfer (CPT) [5], [6]. However, such techniques of contactless power
transfer are still striving to gain freedom regarding the alignment and distance
between receiver and transmitter coils [3], [7]-][9] and plates [10], respectively.
Moreover, existing WPT techniques struggle to transfer power to devices that
are built within metallic cases or bodies.

In IPT, the wireless power transfer is achieved by near-field magnetic cou-
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pling between two or more coils (Fig. 1.1). Even though such technique is able
to efficiently transfer significant amounts of power [11], it is extremely suscep-
tible to the position and alignment between the coils. Additionally, when a
conductive obstacle (such as a metallic case, for example) is added between
the coils, the efficiency drops drastically due to current being induced in the
obstacle instead the receiver [12]. Furthermore, the leakage magnetic field
might even heat up foreign metallic objects because of parasitic eddy currents

generated in them.

Transmitter Receiver
| ~ i : i
i i ! H i
:___”.__: :___“___:
Ve |~V \ AIES
- Te— i | i
' Power Oscillator i | Rectifier Load |
. Source i i ;
Resonant
Circuits

Figure 1.1: Inductive power transfer

Alternatively, CPT technology utilizes electric field coupling to transfer
power between two pairs of electrodes (usually conceived as metallic plates),
as in Fig. 1.2. This technique is often limited to low and medium power range,
with few high power applications [13], because of the significantly large electric
field intensity that it generates. Nevertheless, capacitive power transfer suffers
from the same positioning problems of IPT [14], with two pairs of elements
requiring correct alignment. In order to charge an electronic device with a
metallic case using this technique, it would be necessary to change its design,
so that the two required plates on the receiver side can be incorporated, which

is usually not an appealing option to industry.
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Figure 1.2: Capacitive power transfer

Moreover, research presents the single-conductor power transfer (SCPT) as
an alternative solution to some of the problems that still plague IPT and CPT
[15], [16]. This technique was firstly conceived as a way to excite a surface
wave over a conducting structure, using massive horn launchers to excite the
needed propagation mode in the structure [17], [18]. Recent approaches present
another way to transfer power over the single-conductor structure: using open-
ended helical resonators [15], [16], [19] to excite a standing wave in it (Fig.
1.3). This method allows efficient power transfer over a metallic structure,
being of extreme interest for powering devices and sensors placed on metallic
shelves, desks, or pipelines. However, if one imagine this metallic structure
as the embodiment of an electronic device, it would be necessary to have one
resonator inside the device, and another one outside. Such arrangement is

not attractive to users, and they would still be limited to the relative position

between their device and the charging unit.
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Figure 1.3: Single-conductor power transfer

Finally, in order to address the charging of devices with metallic embod-
iments, this thesis analyzes a new system that proposes the insertion of a
discontinuity in the regular single-conductor structure (Fig. 1.4). Capacitive
plates are added in the middle of the metallic structure, such that the receiver
plate would be the embodiment of the electronic device, while the other plate
would be in the charging unit. This addition allows the efficient power transfer
to a device that possesses a metallic case by utilizing a mixture of magnetic

and electric fields.

Transmitter Receiver
! —C |
i H :: H i
i —H i B! i
5 o d I :' . [~ |
| vV o—] : 1 : |
| °e— i El E 3 |
. Power  ogcillator it “ Rectifier I
. Source | ! | !
: 4 :
"""""""""""""" Resonant
Circuit

Figure 1.4: Capacitive resonant single-conductor power transfer



The proposed system requires only one pair of capacitive plates, opposing
regular CPT that requires at least two pairs of electrodes. Furthermore, this
approach maintains the benefits of feeding the structure using resonators, sim-
ilar to SCPT. Furthermore, since there is no direct magnetic coupling between
the transmitter and the receiver, and the plates do not necessarily have the
same dimensions, the receiver position is only constrained by the area that the

transmitter plate covers.

Inside Mobile Device

i Metallic

iCase as
. iRx-Plate

Tx-Plate

Source __________________________________ |

Figure 1.5: Capacitive resonant single-conductor used as a charger on a table

Fig. 1.5 illustrates a possible application of this technology. The trans-
mitter capacitive plate covers the entire bottom side of the tabletop, so that
a receiver with a metallic cover can be charged when placed anywhere on top

of the furniture.

1.2 Objective

This thesis aims to design a method to efficiently transfer power to an elec-
tronic device with a metallic embodiment, using this conductive object as part
of the system. In order to accomplish such goal, a mixture of IPT, CPT and
SCPT is proposed.

The analysis is performed by defining the equivalent electric circuit model
of the system, and by conducting simulations and measurements with the
designed structure. Furthermore, the developed technology is analyzed over
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different conditions, such as: variations in the matching and tuning networks,
modifications in the physical dimensions of the transmitter and receiver struc-
tures, and changes in the relative position of the different parts that compose
the system. Since distance between coils and resonators is of minor interest

for the proposed WPT, such parameter will not be optimized.

1.3 Thesis Structure

This thesis is composed of five chapters. In Chapter 2, a general explanation
of all the components of the system is presented, which includes: the coils and
resonators, the capacitive plates, and the overall single-conductor. Firstly, in
order to understand the concept that motivated the creation of such tech-
nology, inductive coupling is explained, justifying the chosen topology for the
coils and resonators. Capacitive coupling is then studied in order to determine
the capacitance between the metallic plates added to the system. Next, the
single-conductor fed by open-ended resonators is presented, emphasizing its
difference from single-conductor structures excited by launching horns. More-
over, the construction of each system’s component is explained, and further
simulated, built and measured.

The system proposed by this thesis (the single-conductor with a capacitive
discontinuity) is presented in Chapter 3, uniting all the previously described
concepts. The final system is simulated and measured, with the results being
further analyzed.

Chapter 4 presents variations to the system described in Chapter 3, such
as: the use of asymmetric capacitive plates, the implementation of multiple
transmitter cells, and the variation of receiver’s position on top of the trans-
mitter.

Correct matching and tuning is essential to achieve high efficiency at the
desired frequency. Generally, matching networks are used to ensure mini-
mal reflection on the 50 2 ports of the measurement device. However, the
impedance of the system might change depending on the distance between the

plates and their physical dimensions. Furthermore, different receiver devices
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may provide varied load impedances. Thus, it is desirable to study an adap-
tive matching circuit. Chapter 5 describes the developed adaptive matching
circuit, providing its impact in regular inductive power transfer.

The final conclusions obtained from this thesis are presented in Chapter 6,
as well as the proposed future work and further improvements for this area of

research.



Chapter 2

Theory Behind the System

This thesis presents the analysis of the addition of a discontinuity, conceived as
capacitive plates, in a single-conductor structure fed by open-ended resonators.
Although different papers exist about the single-conductor being excited by
such structures, the new structure proposed in this thesis requires further
explanation of the theoretical background and simulations. Thus, in order to
appropriately add the discontinuity to the system, a proper introduction must

be presented.

2.1 Inductive Power Transfer

As explained in the previous section, the chosen method to power the single-
conductor is to use near-field inductive coupling. Thus, it is necessary to
first analyze the inductive power transfer separately, before introducing the
single-conductor structure to the system.

IPT systems work based on near-field magnetic coupling for non-radiative
mid-range power transfer. There are basically three different topologies of
inductive power transfer: non-resonant inductive topology, low-Q resonant

inductive topology and high-Q resonant inductive topology [20].

2.1.1 Non-resonant Inductive Topology

The non-resonant IPT (Fig. 2.1) consists of at least two coils, denominated
in this document as transmitter and receiver, forming together a transformer.

An alternating power source generates an alternating current on the transmit-
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ter coil. By Ampere’s law, this alternating current generates an alternating
magnetic field around the structure. This field, by Faraday’s law, will induce
an alternating voltage in a receiver coil that is placed in the proximity of the
transmitter coil. This voltage creates an alternating current on the receiver
coil, that can be rectified and transferred to a load.

Since the coils are not resonating at the frequency of the current generated
by the source, the overall efficiency of the system is extremely dependent of
the coupling coefficient (k) between the coils [21]. Equation (2.1) shows that
this coefficient depends on the inductance of the coils (L; and Ls) and their

mutual inductance (M).

M
k= (2.1)
VLiL,y
M == M12 - M21 (22)
Ny®
My = =222 (23
1

The variable @47, in Eq. (2.3), is the magnetic flux through one turn of
the receiver coil due to the current on the transmitter coil (I;). Therefore,
the efficiency of the system depends mainly on the geometrical properties of
the coils and their relative position. For example, if the distance between the
coils increases, the amount of magnetic field that reaches the receiver reduces.
Consequently, ®5; will be smaller, reducing M and k. Thus, the non-resonant
inductive topology is restricted to cases where significant distance between the

coils is not necessary [22].
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Figure 2.1: Non-resonant inductive topology

2.1.2 Low-Q Resonant Inductive Topology

This topology is similar to the previous one, but capacitors are added in series
or parallel with the coils in order to create resonance at the desired frequency,

following Eq. (2.4).

1
- om/L,C,

This approach allows increased independence from the coupling coefficient

/ (2.4)

k. However, it narrows the system’s frequency of operation [23]. According to
21], [23], [24], the series-parallel configuration (Fig. 2.2) of tuning capacitors
provides significant advantages to improve the links efficiency.

The series capacitor on the primary side alters the voltage gain of the
system, without changing the efficiency whatsoever. The addition of such
capacitor increases the voltage that is applied to transmitter coil and, by
consequence, proportionally increases the voltage on the receiver. However,
since the ratio between received and sent power is not altered, the efficiency is
kept constant. This voltage increase on the transmitter side is due to the fact
that the capacitor compensates impedances added by the self-inductance of
the coils, generating less losses due to the system’s reactance at this particular
frequency [24]. Furthermore, a series configuration creates a low impedance
loading the system, which reduces losses [21]. The parallel capacitor on the
secondary side changes the voltage gain and the efficiency of the system [21].

These impedances added to the system make it less sensitive to the coupling

coefficient k£, and more related to its resonance. Therefore, this topology is
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extremely limited regarding the frequency of operation. In other words, it

provides higher gain and efficiency for a restricted range of frequency.
Furthermore, this topology does not provide a high quality (Q) link. This

happens due to the loading effect created by the source and load resistances

on the primary and secondary sides of the system, respectively [25].

C1 M12
Rg " R1 N\ R2
vV [ vV A

Source
1 +
Q)
L1
\VAAANS
Y'Y Y\
L2
I
I
C2
A
Ry,

Tx — Coil Rx — Coil

Figure 2.2: Low-Q resonant inductive topology

2.1.3 High-Q Resonant Inductive Topology

This variation of the IPT technology has at least one extra intermediate reso-
nant circuit (denominated as resonator) between the transmitter and receiver
coils of the non-resonant inductive topology from 2.1.1. As illustrated in Fig.
2.3, two resonators will be used in this thesis, when utilizing the high-Q IPT
topology. This approach allows higher (Q because the loading effect is mini-
mized, since the resistance of the source and load are not in series with the
resonating structures anymore [21]. Additionally, if necessary, series and par-
allel capacitors may be added to the Tx and Rx coils, following the explanation

provided in the previous section.

M23
M12 M34
Rs R1 N\ R2 R3 N\ R4
VWA VWA VWA VWA

8 +

S 5 3 80— =8 3 3 %n?
©wn S

Tz — Coil Tz — Resonator Rz — Resonator Rz — Coil

Figure 2.3: High-(Q resonant inductive topology
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2.2 4-Coil Inductive Power Transfer

Since the topology described in Section 2.1.3 allows the highest efficiency
among all the presented topologies, it will be used for further studies in this

section.

2.2.1 Coil Design

First, it is necessary to design the coils and resonators that are going to be used
in the system. Due to physical constraints, it was decided that the maximum
diameter of the feeding coils would be 10 cm, while the maximum diameter of
the resonators would be 12 ¢cm. Furthermore, since the ) factor of the coils
increases if their resistance is reduced [26] (Eq. (2.5)), the coils were built
with the thicker solid copper wire available for the project, which is a 16 AWG

magnet wire.

wL
Q== (2.5)

The operation frequency, or center frequency, fy is chosen to be at 6.78
MHz, since it is one of the industrial, scientific and medical (ISM) radio bands.
Furthermore, a significant portion of the WPT devices work at this frequency
because of the Airfuel standard for wireless power transfer [27].

For simplicity, the coils and resonators are designed with only one turn
each. Eq. (2.6) can be used to calculate their individual self-inductance (in
uH) [28]. The variable D represents the diameter of the coil/resonator in
millimeters, while d is the cross sectional diameter of the wire utilized to build

the structures, also in millimeter.

L = 0.00027D [m(%) - 1.75] (2.6)

Based on the previous equation, the self-inductance of the coils are L; =
L, = 0.294 pH, while the self-inductance of the resonators are Ly = L3 = 0.367
uH. Moreover, capacitors must be added to the resonators in order to achieve

resonance. From Eq. (2.4), it can be determined that the resonators require
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capacitors of approximately (5 = (5 = 1.5 nF in order to resonate at the
desired frequency.

To calculate the Q of the coils and resonators, one more parameter must be
inferred: the equivalent series resistance (represented as R) of each element.

This value can be calculated using Eq. (2.7) [29].

R=Ruc = Ap if (2.7)
I =27(D/2) (2.8)

Ay = ((d/2)? = ((4/2) - )°) 2.9)

5= ,/—— (2.10)

Pcopper = 1.68 x 1078[Qm] and Heopper ~ Uy = 41 X 1077[H/m] (2].1)

The previous equations emphasize that the resistance of the structure must
take into consideration the skin depth (0) effect created by the AC current only
flowing through the edges of the wire of diameter d [29].

Applying the previous equations, the resistances obtained for each coil and
resonator are: Ry = R4 = 0.0530 2 and Ry = R3 = 0.0636 2. Then, the Q
factor for each structure can be calculated using Eq. 2.5: Q1 = Q4 = 236.2955
and () = @3 = 245.5010.

_ Xc 1

= — = 2.12
RC wocRc ( )

Additionally, the capacitors added to the resonators must have extremely

Qc

high quality factors. From Eq. (2.12), it can be observed that a higher Q will

result in less series resistance added by the capacitor to the system [29].
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2.2.2 Analysis of Designed Coils

Based on the theory provided on the previous section, the details of the coils

and resonators of the preliminary IPT system are provided on Table 2.1, and

the measured inductive link is depicted in Fig. 2.4.

Table 2.1: Calculated parameters of designed coils and resonators for a
high-Q resonant IPT system at 6.78 MHz

Parameter | Tx-Coil | Tx-Resonator | Rx-Resonator | Rx-Coil

D [mm] 100 120 120 100

d [mm] 1.29 1.29 1.29 1.29
N 1 1 1 1

L [uH] 0.294 0.367 0.367 0.294

R [Q] 0.0530 0.0636 0.0636 0.0530
Q 236.2955 245.5010 245.5010 236.2955

C [nF] - 15 15 -

%
I Tx-Resonator |

(b) Diagram explaining the measured
System

(a) Measurement of built coils and
resonators

Figure 2.4: Built coils and resonators

In order to obtain resonance at the desired frequency, capacitors of 1.47 nF
are added to the resonators, since this is the closest commercial value available
for the calculated Co and Cs;. The chosen capacitors are RF ultra low ESR
components from the company AVX RF. It was decided to use the SQCB

14



series of capacitors, since such components have a maximum ESR of 0.1  at
the desired frequency for capacitor values between 100 pF and 1000 pF [30].

Moreover, it was decided to simulate and build octagonal coils/resonators
in order to reduce mesh complexity and simulation time, without significantly
changing the behavior of the system [31]. Although the time saved in simu-
lations with only the 4-coil system is not noticeable, it will significantly help
in the next sections, when more complex structures are attached to the coils.
Additionally, it is easier to shape and center polygons instead of circles when
the coils and resonators are physically built.

Such system will be used as the beginning of this study. Several simula-
tions and measurements are performed with the designed coils/resonators. All
electromagnetic simulations were obtained in the software Ansys HFSS using
the driven modal solution. Meshing was performed using mixed-order basis
functions and minimum eight consecutive adaptive passes after convergence.
The measurements were performed using a calibrated Rohde&Schwarz ZVIL13
Vector Network Analyzer (VNA).

First, the performance of the coils and resonators is analyzed according to
the distance between transmitter and receiver structures. Fig. 2.5 contains the
simulation results obtained by varying the distance between the transmitter
and receiver structures, while maintaining the capacitance of both resonators

fixed at 1470 pF.
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Figure 2.5: Simulation demonstrating the effect of varying the distance
between transmitter and receiver coils/resonators, while keeping the
capacitance of the resonators fixed at 1470 pF

The above figure illustrates that there is a distance between the coils (ap-
proximately 80 mm) that provides a critical coupling point [32]. When the
distance between the coils is reduced, a phenomenon called “frequency split-
ting” is noticeable due to the fact that the coils are over coupled, which means
that the coupling coefficient k is higher than the one required for critical cou-
pling between the structures. Additionally, when this distance is increased
beyond the critical coupling point, the efficiency will drastically decrease [32].

When the coupling between two coils is higher than the critical coupling,
the frequency response of the system changes from a single-peak curve to a
double-peak curve, which is the reason for calling this phenomenon as fre-
quency splitting. Furthermore, the higher the coupling, the further apart
these two peaks will be from each other [33]. These peaks are called even and
odd splitting frequencies, and usually only one of these peaks will carry the
maximum efficiency of a system for a certain coupling coefficient [33].

Fig. 2.6 contains cross sections of the previous image, also showing the
measured S21 and resonant frequency for a certain distance between the re-
ceiver and transmitter. There are two markers positioned on each image,
showing the data on the peak of the first resonant frequency of the measured

and simulated curves, respectively.
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Figure 2.6: Measurements and simulations showing the S21 of the system
over different distances between transmitter and receiver, while keeping the
capacitance of the resonators fixed at 1470 pF
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The previous images evidentiate that as the distance between transmitter
and receiver structures increases, the resonance splitting effect is minimized,
with the efficiency of the system dropping after the critical coupling point.
Furthermore, the slight frequency variation between measured and simulated
results can be justified by the 10% tolerance that the chosen capacitors have
[30].

Moreover, the previous results show that the resonant frequency of the
designed inductive link is around the desired 6.78 MHz. The efficiency of the
coils /resonators is significantly high, dropping to below 50% only with 10 cm
of spacing between the structures (equivalent to S21 = -3 dB).

Next, the capacitor of both resonators is changed simultaneously in order
to analyze its effect on the system, while the distance is kept constant at 45

mm. The simulations of the described situation are depicted in Fig. 2.7.

Capacitance (pF) 2000 0 Frequency (MHz)

Figure 2.7: Simulation demonstrating the effect of varying the capacitance of
both resonators simultaneously, while keeping the distance between receiver
and transmitter devices at 45 mm

The distance of 45 mm between the structures illustrated on the previous
image is in the over coupled region (noticeable by the two resonances for
each capacitor value). This value was chosen for this simulation because both
resonances present high efficiency, which facilitates the visualization of the
frequency shifting due to alteration of the resonators’ capacitance. Thus, one

can conclude that the capacitance is mainly responsible for establishing the
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resonance of the system, having minor impact in the system’s efficiency.

Fig. 2.8 contains cross sections of the previous image, also showing the
measured S21 and resonant frequency for a certain value of resonators’ capac-
itance. Again, two markers are positioned on each image, showing the data on
the peak of the first resonant frequency of the measured and simulated curves,
respectively.

From these results it is visible that the calculated capacitance of 1.5 nF and
the actual used value of 1.47 nF provide the closest resonance to 6.78 MHz,
when compared to the other tested capacitors. Therefore, this capacitance
will be the one used during the preliminary simulations of the final capacitive

resonant single-conductor structure, in the next chapter.
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Figure 2.8: Measurements and simulations demonstrating the effect of
varying the resonators’ capacitors, while keeping the distance between
structures fixed at 45 mm
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From the provided results, it is reasonable to assume that the designed
coils/resonators are able to efficiently transfer power at the desired frequency
range.

In section 2.2.3, such topology will be challenged by the addition of a

metallic obstacle between the transmitter and receiver devices.

Addition of capacitors to the coils

In the previous simulations and measurements, only the resonators had ca-
pacitors to create their resonance. Now, the further addition of capacitors to
the transmitter and receiver coils (Fig. 2.9) will be analyzed. In theory, the
incorporation of such components increases the efficiency of the system, since

it makes the coils resonate at the same frequency of the source and resonators.

M23
Mi2 M34 C:

Rs a R1 Y R2 R3 —~ R4 *
8¢ . . . - @ < 5
3 3 8 8 3 &
[

Tz — Coil Tz — Resonator Rz — Resonator Rz — Coil

Figure 2.9: High-Q resonant inductive topology with coil capacitors

Following the previously described approach, one can calculate that the
capacitance required to generate the resonance on the coils at 6.78 MHz is ()
= (Cy = 1.87 nF.

Fig. 2.10 illustrates the coils’ capacitors effect on the system. In this case,
Cy and (3 are kept constant at 1.47 nF, and the distance between transmit-
ter and receiver is fixed at 45 mm, while the coils’ capacitances are varied

simultaneously.
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Figure 2.10: Simulation demonstrating the effect of varying the coils’
capacitance, while keeping the capacitance of the resonators fixed at 1470 pF

and the distance between transmitter and receiver at 45 mm
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Comparing the results presented in the previous image with the ones in
Fig. 2.8c, it is visible that the improvement caused by the addition of the
coils’ capacitors is minimal at the operating frequency. With the additional
capacitors, the highest S21 was -1.589 dB, compared to -1.6 dB when no ca-
pacitor is added to the coils (according to the previously simulated results).
Additionally, even when C; and Cj are drastically changed, the resonant fre-
quency is not significantly affected. Therefore, henceforth, coils’ capacitors

will not be maintained in the system.

2.2.3 Adding a Metallic Obstacle Between the Coils

In the previous sections it was demonstrated that the designed coils/resonators
are suitable for regular IPT applications at the desired frequency. In this
section, metallic obstacles are added between the coils, aiming to prove that
the metallic embodiment of an electronic device is enough to significantly
decrease the efficiency of an inductive link.

As before, simulations were performed to sustain such claims, following
the approach described in the previous sections. Fig. 2.11 presents the S21 of
the 4-coil system with a metallic obstacle placed midway the transmitter and
receiver, composed of a 30x30 cm copper sheet with 90 um of thickness, over

a variety of distances between the devices.
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Figure 2.11: Simulation demonstrating the effect of varying the distance
between transmitter and receiver coils when a metallic obstacle is added
between the devices, while keeping the capacitance of the resonators fixed at
1470 pF

From the previous image, one can deduce that the addition of the metallic
obstacle was enough to completely stop the power transfer, since the S21
dropped bellow -40 dB. Since the capacitor alone would not be able to improve
this efficiency, as shown in the previous sections, the plots presenting the
capacitors variation will be omitted for this case.

Additionally, it is noticeable that the efficiency of the system increases
as the distance between the devices is higher. This phenomenon happens
because a greater distance between devices means that the distance from
coils/resonators to the metallic obstacle increases as well. Thus, the mag-
netic fields have more freedom to move around the obstacle as the resonating

structures are separated from it [34].

2.3 Capacitive Power Transfer

Capacitive power transfer utilizes near-field electric field coupling to achieve
contactless power transfer [6]. In CPT systems, pairs of metallic electrodes
work as capacitors that transfer power from the transmitter to the receiver
side. An alternating source creates an alternating voltage that is applied to

the capacitive plates. This voltage will charge and discharge the capacitor, con-

26



sequently generating an alternating current on the receiver side. The voltage
difference between the two plates will create an electric field in the capacitor’s
dielectric. A capacitor will offer an impedance to any alternating current ap-
plied to it, which is known as reactance (X¢), determined as in Eq. (2.13)

[29].

11
- jwC  j2rfC

The most common form of capacitive power transfer is called bipolar CPT,

Xc

(2.13)

which utilizes two pairs of active plates (Fig. 2.12). One pair is the forward ca-
pacitor, while the other is the return capacitor. Since these capacitors usually
add a relatively small capacitance to the system, they impose a large reactance
to the current. Thus, compensation circuits are required to minimize the effect

of the plates in the system [5], [35].

Forward
Rs Capacitor
VWA Il
g @ Compensation Compensation % 3
S Circuit Circuit a
||
1
Return
Capacitor

Figure 2.12: Capacitive power Transfer Block Diagram

Capacitive power transfer is not widely utilized in commercial applications
due to the fact that the electric field intensity present in the system will signif-
icantly increase as the power rises [36]. Although such technique has a limited
capability for high power applications, some recent research focus on utilizing
this technology to power electric vehicles [13]. Furthermore, when compared
to IPT, the CPT is less susceptible to electromagnetic interference (EMI) [5]
and has insignificant losses due to eddy currents created in nearby metallic
objects [6] because the capacitive plates may also act as a shield, not allowing
a significant quantity of fields to reach other objects.

In order to determine the plates capacitance, Eq. (2.14) can be used, since
27



the capacitors are composed of relatively simple structures. Additionally, such
formula is a fair approximation because the size of the plates is significantly

larger than the distance between them.

_ed
d

In the previous equation, ¢ is the permittivity of the dielectric between the

plates (which is considered to be air, g9 = 8.85 x 1071 F/m), A is the area of

C (2.14)

the plates, and d is the distance between them. For a capacitor composed of
two 30x30 cm copper sheets, with 90 pym of thickness and placed 5 mm apart,
the calculated capacitance is Cpjaes = 159.3 pF. This will be the capacitance
of the initial state of the capacitive resonant single-conductor system presented

in the next chapter.

2.4 Single-Conductor

In order to understand the single-conductor concept presented in this thesis,
first, it is necessary to differentiate the behavior of the proposed system from
the notorious Goubau single-conductor structure [17], [37]. Goubau’s struc-
ture was proposed as a particular example of Sommerfeld waves on dielectric
coated wires. Thus, the latter system works by exciting surface waves on
a conducting structure [38]. Although it provides efficiency comparable to
coaxial power transfer [39], [40] and it has potential for long-distance low loss
power transmission at high frequencies [41], Goubau’s single-conductor can be
extremely difficult to design and requires massive horn launchers to excite the
required propagation mode on top of the structure [37].

On the other hand, the system proposed in this thesis utilizes open-ended
resonators to provide a standing wave (not a surface wave, as in the pre-
vious case) in the single-conductor structure [15], [16], [19], [42]-[44]. Such
approach allows efficient power transfer over a conducting structure in the
kHz and MHz range, presenting smaller overall size and lower radiation losses.
An open-ended resonator supports a current wave distribution that presents

a boundary condition of zero current at the open-ends [43]-[45]. In order to
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characterize the open-ended resonator, previous applications relied on simula-
tions [15], [16], [19], [42], [43], measurements on near-field coupled coils [15],
[16], power delivered to a load [15], [16], [42], [43], or assumptions of current
or voltage distribution [43]-[45], since a complete theoretical description of the
resonator has not been realized due to its complex behavior and difficulty to
derive an accurate circuit model solely based on the resonator’s dimensions.

Different approaches utilizing open-ended resonators to transfer power over
a single-conductor include: a direct feeding by single-ended input port [19],
[42], [44], a direct feeding by capacitive coupling [43], and a direct feeding by
near-field coupling [15], [16]. This thesis follows the near-field coupling feeding
approach presented in [15], [16]. The proposed method uses one open-ended
resonator connected at the transmitter side to enable single-conductor power
transfer to another resonator at the receiver side. While the input power is
applied to a transmitting coil, which is magnetically coupled to the first res-
onator, the second resonator is coupled to a receiving coil that delivers power
to a load, permitting the use of an electrically small conducting structure to
provide the current path between resonators. Therefore, it primarily provides
a nearly uniform voltage distribution over the conductive structure, while us-
ing resonators with significantly large electrical length, but compact overall
dimensions.

Although electrically large structures can be used as the single-conductor
structure with this method, current literature and applications have focused
in power distribution through structures smaller than a wavelength. Using the
combined single-conductor and wireless power transfer methods, it is possible
to achieve more freedom regarding the misalignment and distance between the
transmitter and receiver devices, in comparison with the conventional WPT

systems.
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Figure 2.13: Derivation of single-conductor

Fig. 2.13 presents a simplified explanation of how to derive the single-
conductor fed with open-end resonators. Firstly, one must imagine a high-Q
resonant IPT system, as described in Section 2.1.3. When distance between
transmitter and receiver is not of interest, it is possible to remove one res-
onator, while bringing the receiver closer to the transmitter. Next, this one
resonator can be fragmented into two parts with a metallic structure in the
middle, composing together the single-conductor structure. This means that
the final single-conductor structure must have all its parts designed to guar-

antee that together they became a resonator at the desired frequency.

2.5 Chapter Summary

In this chapter each individual part of the capacitive resonant single-conductor
was separately described: coils/resonators, capacitive plates and single-conductor.
Firstly, the advantages of using a high-Q inductive topology in this project
were shown. Then the required coils/resonators were designed to provide high

efficiency power transfer at 6.78 MHz.
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Then, the utilized capacitive plates were analyzed, with its capacitance
being calculated for the distance of 5 mm between the plates, which will be
the minimal distance used in future simulations and measurements.

Finally, the single-conductor was explained, showing the basic concepts
behind its functioning. Further details of the entire system and its components

will be provided in the next chapter.
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Chapter 3

Single-Conductor With a
Capacitive Discontinuity

Now that each individual component of the system has been further described,
the previous concepts will be put together to explain the structure proposed by
this thesis: the single-conductor fed by open-ended resonators with a capacitive

discontinuity, also called as “Capacitive Resonant Single-Conductor”.

3.1 Capacitive Resonant Single-Conductor

As previously presented, the capacitive resonant single-conductor technology
proposes a discontinuity in the metallic structure of a regular SCPT system
fed by coils coupled to open-ended resonators. This discontinuity is conceived
as one pair of metallic plates, which already presents an advantage over regular
CPT, that requires at least two pairs of plates. The addition of these capac-
itive plates in the conductive path allows contactless power transfer, while
maintaining the advantages of the SCPT [46].

Fig. 3.1 presents the basic diagram of the system. The capacitive resonant
single-conductor structure is added in the middle of the high-Q inductive link
presented previously. This single-conductor structure with a discontinuity can
be compared to a regular resonator, as explained in Section 2.4. Therefore, all
the components of this part of the system must be designed in order to create

resonance at the desired frequency.
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Figure 3.1: Capacitive resonant single-conductor power transfer diagram

Furthermore, the chosen working frequency for this project is 6.78 MHz
because it is one of the ISM radio bands, and it is the frequency used by the
Airfuel standard [27]. Due to the use of higher frequency when compared to
[15]-[17], the structures presented in this thesis can be physically compact.

As explained in Section 2.13, SCPT can be achieved by fragmenting one
resonator and adding a metallic structure in the middle, as long as this conduc-
tor is electrically small when compared to the wavelength at this frequency (A
= 44.25 m). Then, the entire single-conductor structure, including resonators
and metallic plates must resonate together at the desired frequency.

In Section 2.3, it was explained that when capacitive plates are added to
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the system, a reactive impedance is inserted to the circuit, which alters the
system’s resonance and, thus, must be compensated for. This compensation
is performed by including series inductors to the plates.

Fig. 3.2 provides the circuit model created for the system, while Table 3.1

presents the numerical values calculated for each element of the diagram.
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Figure 3.2: Capacitive resonant single-conductor power transfer circuit model

The values for the components that compose the coils, resonators and ca-
pacitive plates were calculated in the previous chapter. Therefore, this chapter
will focus on the remaining parts of the circuit, which are the ones that form
the capacitive resonant single-conductor structure.

In the next sections, calculations will be performed to determine the self-
inductance (Lgc, and Lgc,), self-capacitance (Cge, and Cge,) and equivalent
series resistance (Rsco, and Rge,) of the fragments of resonator that are con-
nected to the capacitive plates.

Then, the parasitic capacitance (Cpgrasitic) between the open-ends of the
fragments of resonator will be determined, followed by the calculation of the

compensation inductors (Lcoomp, and Loomp, )-

34



Table 3.1: Calculated parameters of designed capacitive resonant

single-conductor system at 6.78 MHz

Cy -
Tx-Coil Ly 0.294 pH
Ry 0.1773 Q
CQ 1.5 nF
Tx-Resonator Lo 0.367 uH
Ro 0.2128 Q2
Cscl 5.06 pF
Tx-SCPT Lsc, 18.825 puH
Rse, 0.6892 )
C502 5.06 pF
Rx-SCPT LSCQ 18.825 ,U,H
Rse, 0.6892 Q2
Cg 1.5 nF
Rx-Resonator Lj 0.367 uH
Rs 0.2128 Q
Cy -
Rx-Coil Ly 0.294 pH
Ry 0.1773
Compensation Egz:z: gggg; ZE
Capacitive Plates Chpiates 0.1593 nF
Parasitic Capacitance | Cpg asitic | 0.0032 nF
Source Rs 50 €
Load R, 50 Q

In the next sections, the parameters that were not obtained in Chapter 2,

but already presented in the previous table, will be explained.

3.1.1 Fragments of Resonator Attached to the Metallic
Plates

In order to determine the parameters of the fragments of resonator connected
to the single-conductor structure, the method presented in the previous chapter
cannot be used to determine the parameters of these coils. Due to physical
constraints, they are conceived as spiral coils with multiple turns, therefore,
their radius changes on each turn. Thus, a different approach will be used to

determine its parameters.
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Self-Inductance

In order to calculate the inductance of these fragments of resonator, it is
necessary to calculated the mutual inductance that each loop of the coil has
with all the other loops, including itself, and add all these values together.
Therefore, it will be necessary to make N? operations to obtain the inductance
of these structures, where N is the number of turns of a coil. In [47], Maxwell
presents an expression (Eq. (3.1)) to calculate the mutual inductance between

two parallel circular loops, like the ones in Fig. 3.3.

< =
.y v

Figure 3.3: Diagram of Two Parallel Circular Loops

=)o)

In Eq. (3.1), K(e) and E(e) are the elliptic integrals of the first and second

(3.1)

kind, respectively, of modulus e.

Ty — T2
e =

3.2
T+ X9 ( )

In the previous equation, x; and x5 are the closest and furthest distances

between the loops, respectively. Therefore:

z1 = /(1 + 12)2 + 22 (3.3)
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Ty = \/(7’1 — 7"2)2 -+ x2 (34)

In [48], Equations (3.5), (3.6) and (3.7) are used to obtain a simplified
version of Maxwell’s mutual inductance expression, presented as Eq. (3.8).
This is the expression that will be used to calculate the mutual inductance

between two loops.

K(e) — E(e) = c;K(e) (3.5)
K(e) = 21@ (3.6)
_ly 2"c? 3.7

cs = 5; cr (3.7)
2m? e
M= > ol (3.8)

In the previous equation, a is the AGM (Arithmetic-Geometric Mean) re-
lated to the elliptical integral K(e). The arithmetic mean of two numbers is
the numbers added together and then divided by two. Meanwhile, the geomet-
ric mean of two numbers is the square root of those two numbers multiplied.
If one repeats the arithmetic and geometric means between two numbers ag
and by, as presented in (3.9) and (3.10), these values will converge to the same
result after several iterations, this converged result is the arithmetic-geometric

mean.

ap = (an—1+byn_1)/2 (3.9)

by = \/n_1 X byt (3.10)

Cp = (an_l - bn—1>/2 (311)

37



However, in order to calculate the mutual inductance of a loop and itself,
especial attention is required. Because Eq. (3.8) would not work with a value
of z = 0, an approximation is made to assume x = 0.7788 X (d/2), according
to [47], for this particular situation.

A Matlab code was then written to calculate the mutual inductance that
each loop of the coil has with the others, including itself (also known as the
self-inductance of each loop), using Eq. (3.8) and adding all these values
together to obtain the inductance of the fragments of resonator.

These structures have an inner diameter of D = 64 mm and are built with
a 16 AWG wire (d = 1.29 mm), using a radius variation of 3 mm between each
loop, and N = 13 turns. This results in Lge, = Lgc, = 19.8156 pH.

However, the method utilized to calculate these inductances does not take
into account factors like the proximity effect, the non-constant radius in a
single-turn and the polygonal shape of the coils, for example. Therefore, an
error of up to 5% can be expect in the obtained results [49].

Assuming the maximum error, the final inductances of the fragments of

resonator would be Lgo, = Lgc, = 18.82482 pH.

Self-Capacitance

Now that the inductance of the coils was calculated, its self-capacitance will
be found by Ansys HFSS simulations. With only one of those fragments of
resonator being simulated alone (detached from the system), as in Fig. 3.4,

the resonance of this structure is used to determine its capacitance.
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Figure 3.4: Image of the simulated system to obtain the self-capacitance of
each fragment of resonator

By performing the one-port simulation in HFSS of each fragment, as de-
picted in the previous image, the self-resonance of these structures can be
found (Fig. 3.5). The resonance occurs when the imaginary impedance of
the one-port simulation of the coil is equal to zero. This means that, at this
frequency, the self-capacitance and self-inductance of the coil impose the same

magnitude of reactance to the system, being added to zero.

4 %10°
X:16.3 —Real

Y: 2.279e+05 —Imaginary

_4 1 1
10 15 20 25
Frequency (MHz)

Figure 3.5: Real and imaginary impedances of the fragment of resonator
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With a self-resonance occurring at 16.3 MHz and a self-inductance of 18.825
uH, one can use Eq. (2.4) to find the self-capacitance of each fragment of

resonator as Cgo, = Csc, = 4.8 pF.

ESR

In order to calculate the ESR (Equivalent Series Resistance) of these fragments
of resonator (Rsc, and Rgc,), first their wire DC resistance must be calculated

using Eq. (3.12).

Rpe = pl/A (3.12)
[ = - 21(D/2 + np) (3.13)
A=n(d/2)? (3.14)

In Eq. (3.13), [ is the total length of wire used to build these fragments
of resonator. Because these particular coils are planar, the radius (D/2) will
change every turn by a constant pitch (p). Therefore, a sum is required to add
the circumference of all turns together, until all NV turns are considered in this
equation.

In Eq. (3.14), A is the cross section area of the 16 AWG wire used to build
these coils, with diameter d.

From previous sections, we know that D = 64 mm, N = 13, p = 3 mm
and d = 1.29 mm. Applying these values in the previous equations, one can
obtain that A = 1.31x107% m? and [ = 4.08 m, which gives Rpc = 0.0525 €,
for a copper wire (p = 1.68x107® Qm).

However, since the system is operating at relatively high frequency, the
skin effect phenomenon will increase the ESR due to the fact that current
will only flow on the wire’s surface. The skin depth, which is the depth that
the current actually uses to flow, can be obtained through Eq. (2.7), using
Peopper = o = 4m x 1077, as § = 25.053x 1075 m.
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From the same equations provided in Section 2.2.1, one can calculate that

Aepp = 99.559x107? m? and, therefore, Rsc, = Rsc, = Rac = 0.6892 Q.

3.1.2 Parasitic Capacitance

To continue the system’s analysis, it is necessary to obtain the theoretical
value of the parasitic capacitance (Cpgrqsitic) between the two open-ends of
the fragments of resonator. To achieve this, Ansys HFSS is used to perform
simulations with only the single-conductor structure and a port connected
between the open-ends of each fragment of resonator, as depicted in Fig. 3.6.

This one-port simulation is performed to find the self-resonance of the
capacitive single-conductor structure, so that its self-capacitance (here named
as Cparasitic) can be determined using a similar approach to the one explained

in Section 3.1.1.

Rx-Plate

Tx-Plate

Port

Figure 3.6: Image of the simulated system to obtain the self-capacitance of
the capacitive resonant single-conductor structure

With the found resonance of this structure, one can calculate its self-

capacitance (Cpgrqasitic) by applying the following equations:

XLsm = jwlLsc, (3.15)

41



XLSC’Q = jWLSCQ (316)

1
X 3.17
CPlates ij(Plates ( )
XCParasitic - _<XLSC'l + XCPlates + XLSC?) (318)
1
CParasitic = (3 19)

JWXCparasitic

Moreover, one can observe that the self-capacitance of the fragments of
resonator (Csc, and Cse,) are not taken into consideration in Eq. (3.18). This
was done because, in reality, this is not the only parasitic capacitance present
in the middle of the single-conductor structure. The capacitance between
coils/resonators and the capacitive plates, for instance, represents even more
impact in the system. Therefore, for simplicity, none of these values is taken
into consideration at this point.

From the previous section, we know that Lgc, = Lgc, = 18.825 pH, and
from Section 2.3, we know that Cpjes = 159.3 pF. The simulations show
that the first resonant frequency of the capacitive resonant single-conductor
structure is at 14.65 MHz (Fig. 3.7). At this frequency, one can calculate
that Xro., = Xige, = j1733.0 Q and that X¢,, , . = -j68.2 Q. Applying
these values to Eq. (3.18), we obtain X¢,,, ... = -j3397.4 Q, which results in
CPparasitic = 3.2 pF.
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Figure 3.7: Real and Imaginary Impedances of the Single-Conductor
Structure

However, in order to make the structure resonate at 6.78 MHz, it will be
necessary to add compensation inductors to balance the reactance inserted by

the capacitive plates.

3.1.3 Compensation Inductors

As explained in Section 2.3, it is important to add compensation circuits when
capacitive plates are used in the system, so that their large reactance is can-
celed out [5], [35]. The design of the compensation inductors Lcemp, and

Lcomp, depends on the following equation:

XCPm«asitic = _(XLsm + XLcompl + XCPlates + XLCOmp2 + XLSCQ) (32())

Using the same method provided in the previous section, one can obtain
the following values at 6.78 MHz: X ., = Xig,, = j801.94 Q, Xcp,.. =
-j147.36 Q and Xc¢,,, ... = -17341.0 Q. For simplicity, it is established that
both compensation inductors are equal, which results in Xpcomp, = Xrcomps

= j2942.2 Q. From this, one can obtain that Lcoemp, = Lcomp, = 69.067 pH.
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3.2 Simulated System

After obtaining all the theoretical values on Table 3.1, the entire system was
simulated using Ansys HFSS. Although the values calculated in the previous
sections are fairly close approximations, they still present errors in their final
results. These errors are due to the octagonal shape of the coils/resonators,
pieces of cardboard and styrofoam added to support the built system, addi-
tional parasitic capacitances that were not take into account in the calculations
(such as the capacitance between coils/resonators and the metallic plates),
among other uncertainties in the system. Therefore, the simulations will help
to optimize the calculated values in order to obtain the best version of the

system to be built in the laboratory.

Rx-Plate

Tx-Plate

Figure 3.8: Image of the simulated system in HFSS

Fig. 3.8 depicts the simulated system, created based on the values already
calculated in this document. Furthermore, one can observe that the fragments
of resonator were placed with a distance of 1 cm from the capacitive plates, so
that the losses due to eddy currents generated in the copper plates because of

the magnetic field created by the coils/resonators would be minimized [34].
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Figure 3.9: Varying parameters (Cy and C3) of the complete system, while
keeping Lcomp, = Lcomp, = 40 pH

From the simulated results (Fig. 3.9), it is visible that the calculated
compensation inductors Logmp, and Leemp, are actually bigger than required to
make the system resonate at 6.78 MHz. Therefore, simulations were performed
reducing their values, until finding the more appropriate one, which is Lcomp,
= Lcoomp, = 40 pH. These simulations were performed keeping all the other

components as specified in the previous sections, while varying Cy and Cj.

3.2.1 Compensation Inductors’ Resistance

Furthermore, because the system is resonating at a relatively high frequency
(6.78 MHz), the resistance added by the compensation inductors becomes
extremely large, significantly impacting the system’s efficiency on the measured
results. Thus, such resistance is also added to the simulations, in order to
accurately match the results obtained in reality.

Eq. (2.5) can be used to determine the resistance added by each inductor,
based on the Q factor provided by the manufacturer’s datasheet of each specific
component. The Q factor of an inductor is inversely proportional to its ESR.
However, a commercially available inductor at this frequency, with the desired
inductance, can only provide a Q factor as high as 31, which would insert

at least 8.7 , for each inductor of 40 pH. Thus, it was decided to build an
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inductor from scratch. Although this results in a physically large component,
its quality factor can be improved when compared to off-the-shelf ones.

The built compensation inductors were designed using a 24 AWG wire (d
= 0.51 mm), with 85 turns and diameter D = 17 mm. Using the methodology
explained in Section 3.1.1, one can calculate that the inductance of the built
components is equal to Loomp, = Lcomp, = 36.9234 pH, without considering
the proximity effect.

Moreover, one can calculate the ESR of the built capacitors, by applying
the same method explained in Section 3.1.1, which results in a DC resistance of
0.3733 2 and an AC resistance of 1.9981 2. However, the AC resistance cannot
be only calculated by the previously provided method. This happens because
the pitch between the turns is small when compared to the wire diameter [50].
This means that the proximity effect will extremely affect the component’s
resistance, due to the eddy currents that one loop of wire generates in the
other ones. To solve this problem, a proximity factor (¥) can be used to

calculate the correct ESR [50], as expressed in Eq. (3.21)

In [50], a table is provided to determine the value of W. For the designed
inductor, ¥ = 3.54, which gives the final resistance of ESR = 7.0446 €2, for

each compensation inductor.
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Figure 3.10: Varying resistance of the compensation inductors, while keeping
Lcomp, = Lcomp, = 40 pH, and Cy = C5 = 1 nF

Fig. 3.10 provides the simulation of the entire system, maintaining the best
value components previously obtained (Lcomp, = Lcomp, = 40 pH and Cy =
C3 = 1 nF). In this plot, the resistance of the compensation inductors Leomyp,
and Lcomp, 1s varied simultaneously. It is visible that the ESR added by these
components extremely affects the performance of the system. Therefore, the
rest of the simulations presented in this chapter will account for these losses,

in order to accurately match the measurement results.

3.3 Built System

Now that all components in the system have been properly described, designed
and simulated, a complete system can be derived.

Fig. 3.11 provides a sketch of how this system is assembled, showing an
exploded vision of the actual built system in the laboratory. The Tx-Coil and
the Tx-Resonator are placed on the same plane. Then, a piece of cardboard
provides a small spacing from these objects to the fragment of resonator SCf,
that is connected to the Tx-Plate (for clarity, this connection is not shown
in Fig. 3.11, but in reality it is just a straight wire going through the other
layers). To provide the spacing between SC; and the Tx-Plate, a piece of
styrofoam is used. The Tx-Plate is built as a copper sheet sticked to a bigger
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piece of cardboard. The receiver side of the system is built following the same

logic.

Tx-Plate

Rx-Resonator

Tx-Coil
Tx-Resonator,

Rx-Plate

Figure 3.11: Diagram of how the system is assembled

Fig. 3.12 provides a picture of the actual built structure in the lab, based
on the previously presented diagram. In Fig. 3.12a an exploded view of the
system is presented, in order to show how the fragments of resonator SC; and
SC5 were built. Their respective styrofoam is carved with the shape of these
structures. Then the 16 AWG wire is placed in the created grooves, with its

feeding wire coming out at the bottom of the styrofoam (visible in Fig. 3.12c).
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Rx-Plate

Tx-Resonator

(b) Top view (c) Lateral view

Figure 3.12: Built system with planar coils
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3.4 Results

In this section, both the simulations and measurements of the previously built
system will be presented, compared and analyzed.
The simulations were performed as explained in Section 3.2, while the

measurements were executed using a calibrated Rohde&Schwarz ZVL13 VNA.

3.4.1 Measurement With Transformers

In these measurements, transformers are added to the ports of the measuring
device, in order to avoid current flowing back from the system to the outer
surface of the feeding cable. According to [51], as the quantity of cascaded
transformers increases, the amount of current that goes to the feeding cable
is minimized. Moreover, in these measurements it was decided to use four
1:1 transformers cascaded to create the isolation of the system. Fig. 3.13
illustrates how these components are attached to the system.

The chosen transformers were the MABAES0060 manufactured by Ma-
con Technology Solutions. These components were selected because of their

extremely low insertion loss added to the system [52].

SYSTEM

L Current— I,
X

NS
")

Port 1)| ||Port 2

------------------------------------------

Figure 3.13: Diagram of transformers’ placement

However, the added transformers will also insert losses to the system.

Therefore, in order to accurately compare the measurement results to the sim-
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ulated ones, this isolation circuit is de-embedded in the final presented plots
in Section 3.4.2, using Matlab and the s-parameter measurements of the four

cascaded transformers on each side of the system.

3.4.2 Comparison Between Simulations and Measure-
ments

Fig. 3.14 provides the results obtained using the system described in Fig. 3.11.
This image provides the results for the measured system, with and without
considering the losses in the transformers. Also, it shows the ideal and real
simulation results, with the latter taking into account the resistance added by

the compensation inductors.
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Figure 3.14: Comparison Between Simulated and Measured Results

Minor discrepancies between simulation and measurements can be seen in

the previous image, and will be justified in the next section.

3.5 Addressing Measurement and Simulation
Discrepancies

From the results presented in the previous section, it is visible that the peak
521 is slightly lower in the measurements, when compared to the simulations.

This difference is due to uncertainties created by the handmade coils, since it
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is impossible to physically build them exactly like the simulation setup using
wrapped coils. In order to prove this statement, planar coils printed on a
FR4 substrate (as in Fig. 3.15) were built, simulated and measured, so these

uncertainties could be minimized.

_—

Tx-Resonator |

(a) Top view (b) Lateral view

Figure 3.15: Built system with planar printed coils

Fig. 3.16 contains the results obtained with the planar printed coils. This
data proves that the wrapped coils’ uncertainties are responsible for the pre-
viously found discrepancies. Using the wrapped coils, the peak S21 is approx-
imately 4 dB lower than expected from simulations. The measurements with
planar printed coils provide a perfect match of the peak S21, when compar-
ing de-embedded measurements with simulations that take into account the
inductor’s ESR.

However, the printed coils contribute to a less efficient system in the sim-
ulations because these structures present a higher resistance to the current.
This happens due to the limited copper cross section area that they have.

Thus, the wrapped coils will be used for future analysis.
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Figure 3.16: Comparison between simulated and measured results of the
planar printed coils/resonators

Additionally, similar to the measurement and simulations obtained in Sec-
tion 2.2.2, a small frequency shift can be observed when comparing the results.

This is again attributed to the 10% tolerance of the used capacitors [30].

3.6 Field Analysis

A conductive material that has a voltage applied to it, has the possibility to
create potential differences along the system. In the proposed system, an AC
voltage is created on the single-conductor structure, by induction between the
coils and resonators present in the system [15]. This time-varying magnetic
field generates the standing wave being transferred, which creates voltage dif-
ferences along the single-conductor [53]. This is due to the fact that a standing
wave occurs when a time-varying wave reaches a disturbance in the system,
such as the open-end of the fragments of resonator, and gets reflected on top
of the same structure, creating the illusion that the wave is not moving.

One evident electric field generated in the system is the one between the
capacitive plates. In this case, positive charges are concentrated on the plate
that has a positive voltage applied to it at the moment, while the other plate
will have negative charges on it. This charge pattern will change as the AC

wave varies in time, switching which plates have the positive and negative
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charges. Then, these charges will influence the ones in the dielectric between
the capacitive plates (which is air in the presented system), polarizing and
aligning them, which creates an electric field between the capacitive plates.
Furthermore, when the width and length of the metallic plates is much larger
than the spacing between them, a uniform distribution of charges can be as-
sumed in the plates [54].

However, another electric field is generated in the system. According to the
Faraday’s law, a time-varying magnetic field generates an electric field and,
as previously explained, there will be a potential difference between the two
open-ends of the fragments of resonator. Thus, a significant electric field is
generated between these two points, which is actually responsible for “closing”
the circuit of the single-conductor structure, being represented as Cpgrasitic i
previous sections.

First, in order to understand the behavior of the electric field around the
structure, it is necessary to comprehend the current in the system. In regular
high-Q IPT, a resonator presents zero current at its open-ends, and maximum
current in the middle of the structure [45]. In the capacitive resonant single-
conductor structure, the current behavior is similar, however it will differ from
the previous case due to the capacitive plates added in the middle system.

Because the current is minimal at the open-ends of the single-conductor
structure, the voltage will be maximum at these points. Since the wave is
varying in time, the two open-ends will introduce a potential difference to the
system. This electric field can then be modeled by Eq. (3.22), where ¢ is the
charge held by a capacitor, V is the voltage applied to it, F is electric field
generated by it and d is the thickness of the dielectric.

q _q

= — 22
V. Ed (822)

Furthermore, it is visible that the electric fields around the structure can

be relatively high because Cpgrasitic 1S extremely small, specially considering
that the input power used during the simulations on HFSS was only 1W.
As presented in [55], the IEEE (C95.1-2005 general public exposure limit of
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electrical field intensity, at 6.78 MHz, is close to 100 V,,,,s/m. With the electric
field intensity around the proposed structure easily surpassing 1000 V/m (as
depicted in Fig. 3.17), the designed system is obviously mainly suitable for
low power applications (below 100 mW), in order to guarantee the compliance

to safety standards for human exposure.
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Figure 3.17: Example of electric field intensity around the final structure

The objective of the present document is to analyze the behavior of the
capacitive resonant single-conductor structure, and show its performance when
transferring power to devices with a metallic case. Therefore, electric field
minimization and optimization are out of the scope of this thesis.

In future studies, a few options can be explored to reduce the electric field
around the structure, such as: increasing the parasitic capacitance between the
two open-ends of the fragments of resonator, redesigning the plates to restrain

the fields to a specific area, or adding shields to the system.

3.7 Chapter Summary

The final capacitive resonant single-conductor structure was explained in this
chapter. The parts derived in Chapter 2 were utilized, with the addition of the

single-conductor path. Each remaining parameter of the system was explained
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and simulated in this chapter, such as the self-inductance, self-capacitance and
ESR of the fragments of resonator, the parasitic capacitance of the system,
and the compensation inductors.

Moreover, simulations were performed with the complete system in order to
optimize the previously obtained values for each component. Then, the entire
final capacitive resonant single-conductor structure was built and measured.

The measurement and simulation results are presented and compared, ex-
plaining any possible difference found between them. Lastly, the electric field

analysis of the system is performed.
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Chapter 4

Varying Capacitive Plates

This chapter contains possible variations to the system proposed previously.
Firstly, the distance between transmitter and receiver plates is varied. Then,
with the system back to the initial distance (5 mm), asymmetric plates are
tested in the system, having the receiver significantly smaller than the trans-
mitter. Finally, further designs are tested for the transmitter plate, in order

to increase the system’s efficiency when the plates do not have the same size.

4.1 Varying Distance Between Capacitive Plates

Firstly, the distance between Tx- and Rx-Plates is analyzed, while keeping all
the other parameters of the system constant. Thus, in this case, Loomp, =
Lcomp, = 40 pH. The capacitors Cy and C5 are maintained at 1 nF, which was
the best simulated result in Section 3.2. Fig. 4.1 contains the obtained peak
S21 simulation and measurement results, over different distances between the
plates. Again, discrepancies when comparing measurements and simulations

can be explained as described in Section 3.5.
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Figure 4.1: Peak S21 of the simulated system varying distance between
plates. The inductors Leomp, and Leoomp, are kept as 40 pH, while Cy and Cy
are equal to 1 nF

Since no component was changed in the system, as the distance between
plates increases, the efficiency drops. In order to improve this value, it is
necessary to redesign the components of the system based on the fact that
Cpiates decreases as the plates are placed farther apart. However, these is a

limit to the improvement possible due to variation in the system’s components.

4.2 Smaller Receiver Plate

When the receiver plate has its dimensions reduced, the capacitance Cpjutes
will decrease based on Eq. (2.14), which means that the resonance frequency
will increase if no component is changed. Fig. 4.2 illustrates the system
with asymmetric capacitive plates. The receiver plate is conceived as a 20x20
cm plate, while the size of the transmitter plate is varied to understand the

system’s behavior.
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Figure 4.2: Simulated system with asymmetric plates. The receiver plate has
dimensions of 20x20 cm, while the transmitter plate will be varied

Fig. 4.3 presents the simulation results for the system provided in the
previous image. In this simulation, the inductors were kept constant at Lcomp,
= Lcomp, = 40 pH, while Cy = C3 = 1.5 nF. Then, the transmitter plate had
its dimensions increased equally in the x and y directions, always resulting
in a Tx-Plate with a square shape. Moreover, for simplicity, these simulation
results do not take into consideration the resistance added by the compensation

inductors.
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Figure 4.3: Simulation of the system with asymmetric plates. The receiver
plate is kept with 20x20 cm, while the dimensions of the Tx-Plate are varied.
The compensation inductors Lcomp, and Leomp, are kept with 40 pH, and
the resonant capacitors are Cy = C5 = 1.5 nF

In the previous image, it is visible that the smaller capacitance between the
plates resulted in a higher resonant frequency for the system. Additionally, if
no other part of the system is changed, it is noticeable that a bigger plate on
the transmitter side will only impact the efficiency of the system, not changing
its frequency response. This happens because the overlapping area between
the plates is constant in all these cases, not altering C'pigses-

In order to adjust the system to the new value of Cpjqes, the inductors
Lcomp, and Legmp, must be changed to compensate for this variation. Fig.
4.4 shows the impact of changing the compensation inductors. When the Rx-
Plate is reduced, the capacitance between the plates decreases, which means
that higher compensation inductors are required to achieve resonance at the
desired frequency. However, there is a limit of improvement in the S21 that
can be achieved with this approach. Again, the capacitors Cy and C5 are
maintained as 1.5 nF. The receiver plate is kept with 20x20 cm, as in the
previous example, while the transmitter plate has the greatest dimensions
ever simulated (60x60 cm). Again, the resistance added by the compensation

inductors is not considered in these results.
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Figure 4.4: Simulation of the system with asymmetric plates. The receiver
plate is kept with 20x20 c¢m, while the dimensions of the Tx-Plate are
maintained as 60x60 cm. The compensation inductors Leomp, and Leom,y, are
varied simultaneously, and the resonant capacitors are Cy = C3 = 1.5 nF

The improvement limit achievable by adjusting the compensation induc-
tors happens because of the electric fields that close the circuit (represented
as Cparasitic) flowing between the transmitter and receiver open-ends of the
fragments of resonator. As bigger the transmitter plate gets when compared
to the receiver, the longer the path that electric fields must overcome to close
the circuit, which means that more losses will occur in the system due to
minimized closed field lines.

Fig. 4.5 depicts an example of electric field comparison. The image 4.5a
shows the fields for a system where both plates have the same size (45x45
cm). It is visible that the fields go around the plates and close the circuit,
guaranteeing the higher efficiency in this case. The image 4.5b shows a system
with the same conditions of the first one, but now the receiver plate is reduced
to 20x20 cm. From this case, it is obvious that the magnitude of the field that

reaches the receiver is smaller than the previous case.
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Figure 4.5: Electric field comparison between symmetric and asymmetric
plates
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Therefore, in order to have a high efficient system with a transmitter sig-
nificantly larger than the receiver, a different approach must be used. One

option to overcome this problem is presented in the next section.

4.3 Transmitter Plate Conceived as Multiple
Transmitter Cells

In this section, a different structure is proposed in order to allow the use of a
transmitter plate that is relatively larger than the receiver one, while keeping
the efficiency similar to the case when both plates have the same size. The
transmitter was divided into multiple Tx-Cells, with gaps between them to

allow the field to pass through the middle of the plate, as depicted in Fig. 4.6.

Figure 4.6: Simulated system with multiple Tx-Cells in a 3x3 configuration.
Each Tx-Cell has a 10x10 cm capacitive plate, with a 1 cm gap to a metallic
ring of 5 mm width

In the previous image, a transmitter composed of multiple cells is presented.
Each one of these cells is composed of a 10x10 ¢m metallic plate. Then, each
plate is surrounded by a metallic ring that has 5 mm of width, having an air
gap of 10 mm between the ring and the plate.

The theory behind this system is that the capacitive plates are responsible

for transferring the forward electric field, while return electric field (generated
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by the parasitic capacitance Cpgrqasitic) Will be guided by the metallic rings to
pass through the placed air gaps [56]. This allows a shorter return path to the
fields, increasing the system’s efficiency. In the system proposed in Fig. 4.6,
the fragment of resonator SC} is connected in series with the compensation
inductor L¢omp,. This inductor is then directly connected to all the plates of
each Tx-Cell, in a parallel configuration.

At the beginning, this system variation is conceived using the previously
defined values of Lcomp, = Loomp, = 40 pH, and Cy = C5 = 1.5 nF, without
taking into account the resistance added by the inductors. Then, the induc-
tance of the system is varied (as depicted in Fig. 4.7). Since the capacitance
between the plates Cpjaes is smaller now, an increase in the compensation
inductors is expected.

X:6.33
Y: -1.806

6 6.2 6.4 6.6 6.8 7
Frequency (MHz)

Figure 4.7: Varying compensation inductors of the 3x3 structure, while
keeping the resonating capacitors fixed at 1.5 nF

From the previous image, it is visible that the best efficiency occurred when
the compensation inductors were equal to 50 pH, resulting in a S21 = -1.806
dB. However, the resonant frequency is slightly lower than desired. Thus,
further variation of parameters is performed with the system by adjusting the

resonating capacitors Cy and Cj, as shown in Fig. 4.8.
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Figure 4.8: Varying resonating capacitors of the 3x3 structure, while keeping
the compensation inductors fixed at 50 pH

The previous simulation results show that resonating capacitors of Cy = Cj
= InF are able to increase the S21 of the system to -1.359 dB, while shifting

the frequency towards the desired one.

4.3.1 Increasing Quantity of Transmitter Cells

Since the 3x3 system, containing nine transmitter cells in total, was able to
efficiently transfer power to the receiver, an increase in the number of trans-
mitter cells is performed. Now, a 5x5 system will be analyzed, containing 25
transmitter cells. In this version of the system, all the transmitter cells are
exactly identical to the ones described in the previous section. Fig. 4.9 depicts

the simulated 5x5 system.
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Figure 4.9: Simulated system with multiple Tx-Cells in a 5x5 configuration.
Each Tx-Cell has a 10x10 cm capacitive plate, with a 1 cm gap to a metallic
ring of 5 mm width

Fig. 4.10 contains the preliminary simulation results for the system with
25 transmitter cells. Firstly, as in the previous section, only the compensation
inductors are changed, while keeping the capacitors Cy and C3 constant at 1
nF, which was the best capacitor value obtained for the previously explained

3x3 system.
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Figure 4.10: Varying compensation inductors of the 5x5 structure, while
keeping the resonating capacitors fixed at 1 nF

In the previous image, it is visible that the efficiency dropped to values
that cannot be improved by only changing the inductors and capacitors in
the system. Similarly to the system with a solid plate, the electric field has
to travel a significant distance to reach the other side of the system, creating
losses. Thus, variations on the capacitor will not be showed, since it was
already proven previously that changing this component alone would not be

enough to bring the efficiency back up.

Adding Multiple Compensation Inductors

In order to overcome the losses still present in the 5x5 topology, a new approach
to the same system is tested. Before, only one single compensation inductor
Lcomp, was connected to all Tx-Cells. This makes the receiver resonant with
all of these structures simultaneously. Therefore, the electric field still travels
to the end of the edge of the transmitter structure.

Thus, one can assume that if the receiver is only resonant to the transmitter
cells that are placed immediately below it, the fields would not propagate
to the very last cell of the transmitter unit. In order to achieve such goal,
the compensation inductor Loy, is fragmented into multiple compensation

inductors, one for each Tx-Cell.
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Then, simulations are performed in order to determine the best value for
these new multiple compensation inductors on the transmitter side, while
maintaining the receiver inductance as before (Loomp, = 40 pH). These re-
sults are provided in Fig. 4.11. It is important to clarify that both resonant
capacitors Cy and C5 are always altered simultaneously. The compensation

inductors are only evaluated separately in the present section.
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(a) Inductance of each one of the multiple compensation inductors is equal to 30
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(b) Inductance of each one of the multiple compensation inductors is equal to 40
uH

Figure 4.11: Simulations of the 5x5 system, fragmenting Lcomp, into multiple
compensation inductors. Both resonant capacitors are varied simultaneously,
while the compensation inductor Lcomp, = 40 pH

These results evidentiate that it is possible to achieve high efficiency with
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a transmitter structure significantly larger than the receiver device. Also, in
the future, the desired frequency of 6.78 MHz can be easily obtained by fine
tuning the values of the compensation inductors and resonant capacitors to
values between the ones provided in Fig. 4.11a and Fig. 4.11b.

Additionally, it is important to mention that although the efficiency of the
5xH system with multiple compensation inductors is impressive, this result
does not take into consideration the resistance added by the inductors to the
system. Since the quantity of inductors increases significantly, and their values
would result in a high ESR at this frequency, in reality, the performance of

the system would be remarkably worse than the ideal case.

4.4 Varying Position of Receiver

The final analysis of the capacitive resonant single-conductor system presented
in this document is the variation of the receiver structure positioning on top
of a transmitter unit significantly larger than the receiver device.

Such investigation is made using the 3x3 Tx-Cells transmitter structure
obtained in Section 4.3, and the 5x5 Tx-Cells transmitter structure using mul-

tiple inductors obtained in 4.3.1.

4.4.1 3x3 Structure

The position of the receiver device is simulated in this section for the 3x3
transmitter structure. Considering the center of the middle cell as the origin
of the system, the center of the receiver is varied from this point. In Fig. 4.12,
the farthest simulated position from the origin is depicted. In this case, the

distance from the center of the receiver to the system’s origin is 70 mm.
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Figure 4.12: Simulation of the 3x3 system, varying the receiver’s position

Fig. 4.13 shows the simulated results obtained over the entire distance
from the system’s origin to its edge, in a diagonal manner. In other words,
when the receiver is moved, it will have a placement delta equal in the z and

y directions simultaneously.

S21 (dB)

Distance (mm) 0 6 Frequency (MHz)

Figure 4.13: 3x3 System Varying Receiver Position

The previous result proves that no matter the distance that the receiver is

placed from the center, its efficiency will remain significantly high.
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4.4.2 5x5 Structure With Multiple Inductors

Now, the same analysis made for the 3x3 system is performed for the 5x5
system, using multiple compensation inductors.

The receiver is moved in the same fashion of the previous section. The
maximum variation (illustrated in Fig. 4.14) corresponds to a delta of 150

mm in the x and y directions, simultaneously.

Figure 4.14: Simulation of the 5x5 system with multiple compensation
inductors, varying the receiver’s position

Fig. 4.15 shows the simulated results obtained over the distance from the
system’s origin to its edge, in a diagonal manner. Again, it is noticeable that
the receiver can be placed anywhere on top of the transmitter structure, and

still be able to receive a significant amount of power.
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Figure 4.15: 5x5 System Varying Receiver Position

However, as visible in the previous image, different locations on top of the
5x5 structure create changes in the resonant frequency of the system. This is
due to the fact that depending on where the receiver is standing, it will be
on top of a different quantity of transmitter cells, which would change Cpgtes.
Therefore, an adaptive matching circuit is of interest to bring the resonance
back to the desired one. This circuit will be explained in the next chapter,

and applied to a regular 2-coil inductive link, to show its behavior.

4.5 Chapter Summary

Further variations of the capacitive resonant single-conductor structure were
performed in this chapter. Firstly, the distance between the capacitive plates
was altered, in order to demonstrate the drop in efficiency as this gap increases.

Then, the system was tested using asymmetric plates, having a receiver de-
vice much smaller than the transmitter. These results show that the structure
is not capable of maintaining a high efficiency in this case, due to the fact that
the electric fields around the system would have to transpose a larger distance
to close the circuit, generating losses on the way.

In order to allow efficient power transfer using asymmetric plates, a dif-

ferent approach is explored. The transmitter plate is redesigned as multiple
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transmitter cells in parallel. Such structures have air gaps that permit a shorter
path for the electric field.

Furthermore, the addition of multiple compensation inductors is studied in
the case where multiple Tx-Cells are used. These inductors allow the receiver
to only resonate with the transmitter cells that are directly bellow it, so that
the electric fields would not have to travel all the way to the edge of the

transmitter unit.
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Chapter 5

Adaptive Impedance Matching

In order to develop a more efficient WPT system, it is desirable to utilize
matching and tuning circuits. However, the source, load and coils impedance
might change depending on a variety of conditions, such as: different receiver
devices loading the system, strange objects in the vicinity of the structure, user

touching the system, etc. Thus, an adaptive matching circuit is of interest.

5.1 Developed Circuit

Most of adaptive matching circuits are composed of a bank of capacitors acti-
vated by switches, like MOSFET’s or relays. Although such approaches pro-
vide relatively low complexity, there are a few disadvantages in using them.
First, in order to obtain a system highly adaptable, multiple capacitor values
and switches are required [57], generating a circuit that occupies a significant
PCB area [58]. Additionally, switches, relays and MOSFET’s [57]-[59] usually
have a limited lifetime, which is not desired for real applications. Finally, these
components rarely provide good efficiency, while working at medium and high
power and at the MHz frequency range [57].

Additionally, varactors are widely used to perform adaptive matching and
tuning. Varactors are voltage controlled components, that change their capaci-
tance based on the voltage that is applied to them. However, such components
have extremely limited capacitance ranges, are not able to handle significant
amounts of power, and cannot be used in wide frequency ranges [60], [61].

Thus, a different approach using transistors is going to be explored in this
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thesis.

Transistor-controlled variable capacitors (TCVC’s) were recently presented
in literature [62]. However, this technology has only been explored as a way to
create a variable-controlled oscillator (VCO). Therefore, a circuit adaptation is
going to be proposed in order to apply the concept provided by [62] to perform
coils matching and tuning.

The developed circuit is provided in Fig. 5.1. One can observe that due
to the reduced number of components in the circuit, its complexity and size
are relatively minimized. Furthermore, such technique provides continuous
variation in the capacitance, opposed to the flat steps of variation provided by

regular switching capacitor banks.

Load

Figure 5.1: TCVC Schematic

Basically, the capacitance variation is obtained by changing the equivalent
capacitance (Cg,) that the TCVC circuit provides, by changing the amount
of time that the transistor is conducting current. As the base voltage Vpe in-
creases, the amount of time that the transistor conduces also increases, if this
component is working on its active region. When the applied voltage reaches
a level that corresponds to the maximum collector current, the overall capaci-
tance of the TCVC circuit will be maximum, which means that Cg, = C,,. If
Vpe is reduced to bellow its cut-off region, the transistor will not conduct at
any time, which makes Cg, equal to C,, and Cyyy, in series. Therefore, the

higher the control voltage is, the larger Cg, becomes.
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5.1.1 Theoretical Modeling of the Adaptive Matching
Circuit

In the proposed adaptive matching circuit, it is desirable to establish the rela-
tion between the continuous voltage Vpe applied to the base of the transistor
and the equivalent capacitance Cg, that this voltage will create on the circuit.
In order to find the relationship between these two variables, a method similar
to the one used in [62] will be utilized.

Firstly, it is important to determine that the transistor must be working
on its active region in order for this circuit to work. Therefore, the following

equations can be used:

_ VBB - VBE _ VDC - VBE (5 1)

I
b Rp Ry

I = B, = 52

In the previous equations, [, and I. are the currents applied to the base
and collector of the transistor, respectively. Vzpg is the voltage applied to the
base of the transistor, which will be related to the continuous voltage Vpeo
and the base resistor Rg. The voltage Vgg is the one across the base and the
emitter of the transistor. Lastly, 8 is the current gain between the collector
and the base of this component.

The proposed circuit has basically two possible states: when the diode is
on, and when the diode is off. Fig. 5.2 shows the equivalent circuit of both

cases.
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Figure 5.2: TCVC schematic in both states of the circuit

Because the diode is conducting during the negative cycle of the AC source,

the voltage v;, is inverted to account for this case in the previous images.

Fig. 5.3 displays the typical waveforms for different voltages over the circuit

presented in Fig. 5.1.
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Figure 5.3: Typical Waveforms of the Circuit
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From the previous waveforms and circuits, one can observe that the diode
will stop conducting when ¢;, reaches zero; this will occur when v;,, achieves
its minimum at ¢ = 7/2w. The total time that the diode conducts is expressed

by Eq. (5.3).

Teon = toff — ton (5.3)

When the diode is off (as in Fig. 5.2b), the transistor is modeled as a cur-
rent source on the circuit. Assuming that v;,(t) = —A;,sin(wt), the following

equations can be obtained:

dt dt dt
et w(—A;)cos(wt) (5.5)
icdown (t) = Zm(t) + ic<t) (56)
dUC’down (t) o Zm<t) + Zc(t) Zm(t) — dvcd"—w"(t)odown — ic(t) (57)

dt  Chown dt

dvcup(t) _ iin(t) _ d’UCdown(t) Cdown . ic(t) (5 8)
dt Cup dt  Cup  Cup '

Substituting equations (5.5) and (5.8) in Eq. (5.4), one can obtain the

following equation:

d/UCdown (t) _ WAinCOS(wt)Cup + Zc(t)

= 5.9
dt Cup + Odown ( )

Integrating the previous equation, gives the following expression:
v, (1) = SanSit)Cop t+ K (5.10)

Cup + Odown Cup + Odoum

Now, it is necessary to determine the value of the constant K in the previ-

ous equation. Since the diode is off at this stage, from the waveforms presented
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in Fig. 5.3, one can observe that for this condition v¢,,, = 0andt = —37/2w.

This gives the following expression:

1o _ —AinCup + L(37/2)
B Cup + C(down

In order to find when the diode starts to conduct (¢,,), it will be necessary

(5.11)

to apply the Taylor series to Eq. (5.10), which gives that sin(wt,,) = wtop.
Additionally, the voltage v¢,,,,, will be equal to zero at this stage as well. This

gives the following expression:

¢ ~ K(Cup + Cdoum)
on Ameup + Ic

Substituting equation (5.12) and t,ff = 7/2w on Eq. (5.3), one can obtain

(5.12)

the following relationship:

T —~ K<Cup + Cdown) l
T ApwCop + I, 2w

(5.13)

Substituting equations (5.11) and (5.2) in the previous equation, the rela-

tion between T,,, and Vpc can be established as follows:

o AinCupr ﬁ3ﬂ'

~ Vbc—VBE 2w m
Teon = —4,-Gu oo e + 5 (5.14)
Vbc—-VBE

Now, it is necessary to identify the relationship between the time that the
diode in conducting (T.,,) and the final equivalent capacitance of the circuit
(CEq>

Firstly, the absolute value of the electric charge and discharge of the match-

ing circuit is derived (|JAQrcve|) based on the waveforms provided in Fig. 5.3.

|AQTC'VC| = |AQD0N| + |AQDOFF| (515)

In the previous equation |AQp,,| and |AQp,,.| are the values of the
electric charge and discharge of the circuit when the diode is on and off, re-
spectively. From Fig. 5.3, it can be seen that the diode will be on from wt,,

to m/2, with v;, decreasing. Therefore, |Qp,,| can be obtained as follows.
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/2
IAQpyy| = —/ Con(—Ainsin(wt)) d(wt) (5.16)

tOTl

IAQ Doy | = ConAin(1 — sin(wt,,)) (5.17)

Meanwhile, the capacitor is off from —37/2 to wt,,, which is divided into
two parts: from —37/2 to —7/2, and from —7/2 to wt,,, with v;, increasing
and decreasing, respectively. Additionally, the value of the electric charge and
discharge caused by the current source i, must be added to obtain the final

|AQpypr|- This gives the following equations:

—7/2
18Qporsl = [ CogslAusint)d(u) (5.18)
—3m/2
wlon
— / Copr(=Apmsin(wt))'d(wt)
—7/2
(, wtop, + 3%/2)
+ [ do———
w
_ . Wiop +37/2
|AQDOFF| = CoffAin(3 + SZTL(CUton)) + (Zc%> (519)
Substituting (5.17) and (5.19) into (5.15), the following result can be ob-
tained:
|AQTCVC’| :Am |:300ff + Con + (Coff — Con)sin(wton)] (520)

(. Wion + 37T/2>
+ |2
W

Additionally, it is necessary to establish the values for C,, and Cyy;.

Con = Cup (5.21)
CupCly

C,pp = ——uwdown 5.22

1 Cup + C(cloum ( )
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Now, one must determine the value of the electric charge and discharge of

the equivalent capacitance (Cg,) on the system.

/2
AQey,| = /_ Ci, (— Apsin(wt))d(wt) (5.23)

3r/2
w/2
— / Cg,(—Ainsin(wt))'d(wt)
—7/2
|AQcy, | = 4CE, Ain (5.24)

Finally, by equating (5.24) and (5.20), one can obtain the relation between
Cg, and t,y,.

_ 3Cof5 + Con + (Copp — Con)sin(wi o) N ie(ton + 37/2w)

C
Eaq 4 4A,,

(5.25)

By substituting (5.2) into the previous equation, the following relation can

be obtained:

_300ff + Con + (Coff - Con)sin(wton)
" 4
B(ton + 3m/2w)(Vbe — VaE)
4A;, Ry

CE

(5.26)

With these equations, the final circuit components can be chosen, so that
the system can work at 6.78 MHz, and the final equivalent capacitance can be

calculated based on these electronic components.

5.1.2 Built Circuit

Using the previously obtained equations, and the values of components as
presented in Table 5.1, the relation between Vpc and Cg, can be calculated,
simulated and measured (Fig. 5.4).

The calculations were performed as explained in the previous section, while
the simulations were made using the Keysight ADS software. The measure-

ments were done utilizing a Keysight DSOX3034A oscilloscope, a RIGOL
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DG4102 signal generator, and a Ct-2 current probe. In simulations and mea-
surements, the current on the diode (i4) is utilized to obtain the conduction
time of the diode (Tio,). Then, this time is used to obtain the equivalent
capacitance of the circuit, following Eq. (5.26).

Table 5.1: Parameters of the Matching Circuit

Cup 1 nF
Odoum 680 pF
Ry 12 k2
Diode HSMS-2820
Transistor | 25SD1623S-TD-E

1 L] L] T T L]

% Calculated 1
0.9 H& Simulated 7]
Measured

Ce (nF)

0'2 L L L
0 0.5 1 1.5 2 2.5 3

Voo )

Figure 5.4: Comparison between calculated, simulated and measured results

The previous image demonstrates that the built circuit follows the same
curve obtained from simulations and calculations. Small variations are due to
the current gain of the transistor (/3), which varies among similar components.
Furthermore, the fact that the conduction time of the diode is slightly larger
in the simulation and measurements also affects the equivalent capacitance of
the entire circuit (Cf,), resulting in the presented discrepancies.

From Fig. 5.4 one can observe that the equivalent capacitance to the

TCVC varies between 0.3 nF and 0.9 nF, as expected from the provided theory.
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Additionally, the 10% tolerance of the used capacitors [30] also affects the final
results.

The following figure depicts the simulated waveforms of the circuit, using
the real models of the components mentioned in Table 5.1, with Vpe = 2.1
V. It is visible that the main difference between the real case (Fig. 5.5) and
the ideal case (Fig. 5.3) is that, in reality, the current on the capacitor Cypun
will not drop instantaneously to zero as soon as the diode starts to conduct.
This occurs because of the characteristics of the diode, which creates small
variations in 7T,,, also contributing to the capacitance discrepancies previously

presented in Fig. 5.4.
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(b) Currents over the diode (i4) and over the capacitor Cyown (ic,,,,, )
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Figure 5.5: Waveforms of the simulated circuit, with Vpe = 2.1V
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5.2 Adaptive Matching Applied to Regular 2-
Coil Inductive Power Transfer

Finally, the designed circuit is applied to an inductive link. Since the designed
capacitive resonant single-conductor system cannot operate with enough power
to test the adaptive matching circuit, a regular low-Q resonant inductive topol-
ogy is used instead. This system (as depicted in Fig. 5.6), is comprised of a
parallel-parallel tuning configuration of capacitors added to the coils.

The capacitor C; on the transmitter coil is kept constant at 1.47 nF, while
the receiver capacitor (5 is placed in parallel with the proposed adaptive
matching. The coils have the following characteristics: D = 120 mm, d =
1.29 mm and N = 1, while maintaining 20 mm of distance between Tx and
Rx devices. It was decided to place the adaptive circuit on the receiver side
of the system due to the fact that the resonance of the receiver coil is the one
that dictates the behavior of the entire system [63]. In other words, the peak

efficiency of the system always occurs at the resonance of the receiver device.
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Figure 5.6: Schematic of the adaptive matching circuit applied to a regular
low-Q inductive topology

When the voltage Vpe of the adaptive matching is varied, the equivalent
capacitance Cg, changes. The previous system is simulated with the obtained
capacitance range presented in Fig. 5.4, in order to demonstrated its ability
to shift the resonant frequency of the entire system, as well as improve the

link’s efficiency.
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Figure 5.7: Simulated efficiency and resonance of a regular low-Q inductive
topology with the proposed adaptive matching circuit

From the previous image it is visible that when the parallel association
of Cg, and Cy reaches values close to 1.47 nF, the efficiency of the link is
maximum, since the transmitter and receiver would be working at the same
frequency (approximately 7.4 MHz in this case). This means that C'z, would
be equal to 0.47 nF, which can be obtained by applying a base voltage of Vpeo

= 0.6 V to the transistor of the adaptive matching circuit.

5.3 Chapter Summary

In this chapter, an adaptive matching circuit is proposed using transistor-
controlled variable capacitors. In this topology, a capacitor is added in parallel
to a transistor. As the base voltage of the transistor increases, the time that
this component is conducting also rises, as long as it is working on its active
region. By changing the duration that the transistor’s conduction, the amount
of time that the capacitor has current passing through it also varies, which
modifies the overall capacitance of the circuit.

Firstly, equations are derived in order to determine the relationship be-
tween the base voltage of the transistor and the equivalent capacitance of the
system. Then, simulations are performed to confirm the calculations. Finally,

the circuit is built and measured in reality, demonstrating that such circuit is
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capable of varying its capacitance in the desired way.

Furthermore, the adaptive matching circuit is applied to a regular 2-coil
IPT system, in order to show that this circuit is able to change the resonance
of the inductive link, by varying the resonant capacitor of the receiver coil.

Consequently, improving the efficiency of the power transmission.
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Chapter 6

Conclusion

Current existing inductive and capacitive power transfer technologies lack the
ability to properly power a device with a solid metallic case. Therefore, this
thesis proposes a mixture of these methods, combined with a single-conductor
topology, in order to allow such feat. Each of these technologies is briefly
introduced in Chapter 1, explaining why they are not suitable alone to charge
an electronic device with a metallic cover. Furthermore, a first overview of the
proposed system (the capacitive resonant single-conductor) is presented in the
same chapter.

In Chapter 2 each component of the capacitive resonant single-conductor
system is individually analyzed in details. This chapter contains all the justi-
fications for the design decisions made in this project. Moreover, the system
utilizes a high-Q resonant inductive topology composed of one coil and one res-
onator on each side of the system. These parts will be responsible to efficiently
transfer the power to the capacitive resonant single-conductor structure.

The capacitive resonant single-conductor structure, as a whole, is finally
analyzed in Chapter 3. All parameters of the final system are theoretically
deducted, simulated and measured. It is visible that the designed system is
able to provide significantly high power transfer efficiency, in theory. How-
ever, because extremely large inductors are required to achieve resonance, the
ESR that they add to the system is responsible for drastically decreasing the
efficiency in reality.

Chapter 4 contains possible variations to the system presented in Chapter
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3. The distance between capacitive plates is analyzed, as well as the use of
asymmetric plates in the system. Since the current version was not able to
provide high efficiency power transfer when the transmitter plate was much
larger than the receiver plate, a new topology is presented. The transmitter
plate is fragmented into multiple smaller Tx-Cells, allowing the electric field
to pass through the middle of the plate. Additionally, multiple compensation
inductors were also tested, willing to achieve resonance between the receiver
unit and only the transmitter cells that are directly positioned beneath it.
Finally, in Chapter 5, an adaptive matching circuit is proposed, so that
the system would be able to self-adjust its resonance in the future, in order
to compensate for impedance variations. The proposed circuit is composed of
a transistor-controlled variable capacitor. This circuit provides a simpler and
smaller design, when compared to regular switching and varactor approaches,
due to the fact that it can vary the overall capacitance of the system by chang-
ing the amount of time that the transistor is conducting. This is performed by
changing the base voltage of such component, which allows a linear capacitance

variation in the circuit.

6.1 Future Work

Although the entire analysis of a WPT system capable of transmitting power
to an electronic device with a metallic cover was performed, it is visible that
the proposed system requires improvements in order to be recommendable for
high power commercial applications. This is due to two main concerns: the
significantly high electric field intensity around the system, and the impressive
losses added by the ESR of the required compensation inductors in the system.

In the future, reductions in the electric field intensity can be performed
by changing some parameters of the proposed system. For example, if the
capacitance between the open-ends of the fragments of resonator increases,
this field will be reduced. Additionally, shielding techniques might also be
applied to the system.

Furthermore, in order to reduce the ESR added by the compensation in-
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ductors, smaller inductances are required. To achieve this, coils with higher
self-inductances can be designed, so that the single-conductor structure will
not require such high compensation values in order to resonate at the desired
frequency. Also, some techniques may be employed to adjust the capacitance
between the plates, to achieve this goal as well.

Even though the system outlined in this thesis has improvements to be
made, it is a remarkable advance in the current field, by providing a system
capable of powering electronic devices with a metallic embodiment, and by

allowing significant misalignment between transmitter and receiver units.
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