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Abstract

Wireless Power Transfer (WPT) technology has experienced phenomenal success
in the application of wireless charging of smartphones. With the Qi Specification
becoming the dominant standard, wireless charging’s convenience goes beyond
cable-free charging to facilitate interoperability between chargers and devices from
different vendors.

For wireless charging to operate correctly, the power transmitter (charger)
and the receiver (user device) should communicate with each other. In the current
release of the Qi Specification (Rel 1.2.4), the communication is performed in the
same frequency band as the power transfer (in-band communication). Therefore,
the properties of the in-band channel determine the quality of the communication
link. However, since WPT has only become hugely popular in recent years, the
in-band channel has not yet attracted a lot of attention.

In this thesis, the focus is to measure and characterize the in-band channel for
scenarios of interest to wireless charging. To enable the channel measurement, a
custom-designed setup was made, allowing simultaneous measurements of currents
and voltages in the transmitter and receiver. Using this setup, the channel has been
characterized as a two-port network using Z-parameters. Observations regarding
the Z-parameters, as well as the power transfer efficiency, in various situations are
presented and discussed. The first harmonic approximation (FHA) based channel
model was applied and extended for the analysis of the results.

Major findings of the thesis include: 1) the amplitude of the imaginary part
of the Z-parameters is larger than the real part by one to two orders of magnitude
in the frequency of interest (80 to 500 kHz), setting a high accuracy requirement
of the measurement system, 2) Power transfer ratio behavior is dependent heavily
on WPT circuit parameters interacting with the channel parameters, pointing to
opportunities for optimization, 3) The effects of ferrites and foreign objects can
be included by extending the simple FHA based channel model with additional
coil(s) to model eddy current induced inductance change and resistive losses.
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Popular Science Summary

In recent years, the use of wireless power transfer (WPT) in mobile devices, like
cellphones, has become hugely popular. With companies like Google, Apple and
Samsung making use of the technology, WPT is expected to see increased usage
not only in cellphones, but in other areas as well, for example in the automotive
industry. WPT is in a sense a recent technology. The groundwork was laid in
the early 19th century, but practical applications have only become commercially
available on large scale in the recent decade.

WPT in its most common form is based on electromagnetic induction between
two coils. The magnetic field generated by a transmitting coil threads the receiving
coil, which causes a voltage to appear in the receiving coil. This voltage can
be used, for example, to charge a cellphone battery, and thus electrical power
can be transferred without the use of wires. This thesis work investigates the
characteristics of the coil-to-coil power transfer system by making measurements
of the voltages and currents in the coils in various different situations. With
the use of a custom made measurement setup centered around an oscilloscope,
the system has been measured with various distances and alignments between
the coils, at various levels of input power and frequency, as well as with nearby
metallic objects, so called foreign objects (FOs) or friendly metals (FMs), that can
potentially have huge effects on the power transfer.

The results are mainly in the form of Z-parameters, which describe how volt-
ages and currents are affected by the system. The findings show how the Z-
parameters, as well as the efficiency of the system, are affected by the environ-
ment in which the power transfer is taking place. Attempts have also been made
to model the channel through which power is transferred, based on circuit theory.
Some of the issues that have come up along the way and insights gained from
them during the execution of the study are also presented. It is hoped that the
investigation and its results will aid in future studies into the WPT channel.
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Chapter 1

Introduction

1.1 Background

Wireless power transfer (WPT) is a technology that has its roots in the early 19th
century, and can be traced back to Michael Faraday’s demonstration of electro-
magnetic induction in 1831 [1]. In his experiment, electric current was passed
through a coil with a ferromagnetic core, which produced a magnetic field in the
core. He showed that if the current, and hence the magnetic field, is time-varying,
then an electromotive force is induced in another coil with the same core.

In the late 19th century, Nikola Tesla had a grand vision of applying this
principle to transmit electrical power and information over large distances through
the air [2]. However, his vision was not realized, due to incorrect theoretical
understanding of the physical phenomenon behind WPT.

Since then, WPT has largely become a niche topic with limited practical ap-
plications. Early examples of commercially available products using WPT include
electric toothbrushes and electric razors, where the use of the technology was mo-
tivated by the need to minimize electrical hazards, as the devices are commonly
used in wet environments.

Now, in the early 21st century, WPT is becoming an increasingly relevant
technology, with various applications ranging from implementations in home elec-
tronic devices to medical devices [3]. It serves as a way to bypass wires in cases
where their use is impossible, or where they add needless complications to the
power transfer situation.

Importantly, it has become common to implement wireless charging in mobile
devices as a means to simplify the charging process [4]. Many manufacturers have
included wireless charging in their products, with the Qi Specification [5] being
the most adopted WPT standard. The Qi standard is developed by the Wireless
Power Consortium (WPC) [6], whose membership includes popular brands like
Apple, Samsung, and Huawei.

1.2 Motivation

In WPT systems, there is a need for the receiving device to communicate with the
transmitting base station. In the Qi standard [5], this is done using the so-called
in-band communication, where the data is sent using the same physical channel
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as is used for power transfer. There are various reasons why WPT systems would
benefit from higher data rates. Functions such as identification and authentication
require large amount of data to be transmitted, and establishing communication
more rapidly and reliably enhances the end user experience.

To improve the rate of which data is transferred, modulation schemes can be
implemented which allows for faster communication for the given circumstances.
To find the optimal communication scheme, knowledge about the physical channel
is essential. As the transmitting and receiving coils in a wireless power system
generally moves independently of each other, the channel is likely to differ to
some extent in each power transfer scenario. For instance, a smartphone using
Qi charging can be placed on a charging pad with various alignments between the
respective coils. Moreover, there can be metal objects such as coins and keys, which
are accidentally placed between the smartphone and the charging pad. According
to existing studies such as [7], such objects can affect the channel significantly.
However, detailed characterization of wireless power channels is not yet available.
Therefore, it is both interesting and practically important for this channel to be
known and its properties studied.

1.3 Objective

The primary objective of this thesis is to characterize empirically the in-band
communication channel for WPT applications. The focus is on practical wireless
charging scenarios. To accomplish this, the tasks include:

e Design of a measurement setup for in-band channels, including relevant
measurement scenarios.

e Measurement of in-band channels for different scenarios and parameters of
interest.

e Mathematical modeling of in-band channels, allowing for future link and
system level studies.

The first task concerned literature survey, preparatory research and simula-
tions, as well as design and setup of the measurement system. This task took
the longest time since there exists no dedicated method or equipment to perform
inductive WPT channel measurement for typical usage scenarios. Moreover, to
streamline data collection for many measurement scenarios of interest, significant
effort was put into automating the measurement process.

1.4 Structure

This thesis is organized in the following way. First, this introductory chapter
(Chapter 1: Introduction) describes the background and motivation for the thesis
project. This is followed by a chapter (Chapter 2: Theoretical Framework) describ-
ing the theoretical framework on which the project is based, including the theoret-
ical background to inductive power transfer. The subsequent chapter (Chapter 3:
Methodology) details how the project was carried out and the methodology that
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was used. Moreover, it describes the equipment and tools that were utilized in the
project. The results, with analysis and discussion, are presented in the following
chapter (Chapter j: Results). Finally, conclusions and suggestions for future work
are given (Chapter 5: Conclusions and Future Work).
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Chapter 2

Theoretical Framework

This chapter provides the theoretical framework for inductive WPT systems, de-
scribing key concepts in ideal as well as practical systems that are important for
understanding inductive WPT channels and their properties.

2.1 Self Inductance

A current running through a coil gives rise to a magnetic field according to Am-
pere’s circuital law [8]. The magnetic flux generated by a single isolated coil will
also pass through the coil itself. Faraday’s law of electromagnetic induction teaches
us that when a coil is subjected to a time varying magnetic field, it causes a voltage
to be induced over the terminals. The voltage will be induced as to oppose the
change in magnetic flux, as described by Lenz’s law [9]. An alternating current
(AC) through a coil will thus generate a magnetic field which impedes the current
running through it. The impedance Z in the frequency domain is described by

Z(w) = jwL [9, (2.1)

where w is the angular frequency, L is the self inductance of the coil. The
impedance Z is a measure of how the coil opposes the change in current by gen-
erating a magnetic field; and j is the imaginary unit.

2.2  Mutual Inductance

The magnetic field generated by the current flowing through one coil (the primary
or transmitting coil) can be linked to another coil (the secondary or receiving coil)
[8]. When the two coils are aligned such that the time varying magnetic field
generated by one coil is passing through the other, a voltage is induced in the
receiving coil [9]. Should the receiving coil be connected to some closed circuit,
the voltage can be used to drive a current through a connected load.

The mutual inductance M between two coils relates the magnitude of the
voltage induced in one coil V, (secondary coil) to the time-varying current I,
flowing through the other (primary coil). If the secondary coil is open circuited,
then the voltage across the secondary coil terminal (in frequency domain) is given
by
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VS = ZM(UJ)IP [V], (2.2)

where
Zy(w) = jwM [€). (2.3)

To define a unitless coupling factor k that quantifies the degree of inductive
coupling, M can also be expressed as

M = k\/L,L, [H], (2.4)

which is a function of both coils’ self inductances, L, and Lg, where L, is the
self inductance of the primary coil, and Ly of the secondary coil. The coupling
factor k is a measure of how much of the magnetic flux generated by one coil
links to the other coil [10]. k can take on a value between 0 and 1. A value of
1 means the coils are perfectly coupled and there is no leakage flux, which is in
reality unobtainable. In WPT systems, k is highly dependent on the distance
between and the relative alignment of the coils. A high coupling factor is achieved
in transformers by introducing a common ferromagnetic core to the coils. In WPT
systems, however, it is inconvenient to do so since the transmitting and receiving
coils are located in separate devices that do not share a common core.

2.3 Resonance in WPT Systems

As a coil inherently has finite self inductance, the current in the coil circuit is
naturally impeded. To obtain power transfer without an unreasonably high voltage
input, resonance can be introduced into the system [11].

On each of the transmitting and receiving side, a capacitor can be introduced,
as shown in Figure 2.1, such that the total series impedance becomes very low. The
reactances resulting from the capacitance (C') and inductance (L) can for a given
frequency, the so-called resonance frequency, cancel out each other, leaving only
the resistances (source resistance Rg or load resistance Ry) as the sole contributor
to impedance.

WPT as described in the Qi Specification uses resonance on both the transmit-
ting and receiving sides. Resonance frequency on each side calculated in a series
resistor-inductor-capacitor (RLC) circuit using the following equation:

1 1
hr=5-\1g H): (2.5)

To obtain the resonance frequency of the two-coil circuit in Figure 2.1, L and C'
in (2.5) are replaced by equivalent series inductance and capacitance as seen by
the source. Resonance allows for an induced voltage to generate a relatively large
current, providing power to the load according to P = I? - Ry, where I is the
current in the secondary coil. An example of how the power transferred to the load
(in a two-coil circuit) is affected by frequency for a given voltage input, is shown in
Figure 2.2. The system achieves maximum power transfer at around 115kHz. On
either side of the resonance peak, the impedance becomes increasingly large due
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O
——

Figure 2.1: Circuit schematic of WPT system including resonance
capacitors. ldeal circuit elements are assumed.

to increasing reactance caused by either the capacitance (lower than resonance) or
inductance (higher than resonance) dominating the total reactance.

Power in resistive load with system resonance

30
||"||
25 1 f
| |I
| |
20 ¢ | |I
s A
%3 15 | I',I Parameter | Value
& [ Vin 10V
10k I| III‘. Lp 15.4 uH
f \ Lg 15.3 uH
. | \ Cp 0.1 ,U,F
/ S~ Cs 0.1uF
. . H.___—_.____._'_.'_'—.——. k 0.9
00.5 1 15 2 25 3 35 4 45 5 Ry 200
Frequency / Hz «10%

Figure 2.2: Power consumed in the load for a con-
stant voltage input (V;,) of 10V, when res-
onance is present at both the receiving and
transmitting sides. The results are based on
the first harmonic approximation model de-
scribed in Section 2.4.
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2.4 First Harmonic Approximation Model

Figure 2.3 shows the first harmonic approximation (FHA) model used to predict
the behavior of a WPT coil system. The model is based on the fact that the induced
voltage can be modeled as a current driven voltage source [12]. The magnitude
of the induced voltages in the primary and secondary coils, respectively, depends
on the current on the opposite side, i.e., Is and I;, as well as on the mutual
inductance, M. Using basic circuit theory, a set of equations can be established
to describe the coil system:

Vi = jWLpll +](.¢}MIQ + Rpll [\/]7 (26)
Va = jwLslz + jwMIi + Rsls [V], (2.7)
B VinZo
h=z7 oar B (28)
—VinjwM
L= ————F——[A] 2.
2= 717 + 02 (2.9)

In these equations, w is the angular frequency and j is the imaginary unit. The

S

G, C
= ]

Figure 2.3: Circuit theory model of the WPT system shown in Fig-
ure 2.1. The dashed lines mark the physical boundaries of the
primary and secondary coils.

voltages V7 and V5 are the voltages over the primary and secondary coils, respec-
tively. I; and I, are the primary and secondary side currents, respectively. Z;
and Z, are the total series impedances on the primary and secondary sides, re-
spectively. The total impedance Z; on the primary side consists of the primary
coil self inductance L,, the resonance capacitance Cp, and the coil resistance R,,.
Z5 consists of the secondary coil self inductance Lg, the resonance capacitance Cy,
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the coil resistance R, as well as the load resistance Ry. The impedances are given
by:

1
Z1 = jwL — + R, [ 2.10
1 Jw P+ ]UJCp + P [ ]7 ( )

1
Zy = jwLs + —— + Ry + Ry [Q]. 2.11
P jws+jwcs+ s+ Rr [Q] (2.11)

An expanded version of the FHA model, including additional coils, is described
in Section 2.6.

2.5 Eddy Currents

Currents can be generated in a metal object, if the object is subject to an external
alternating magnetic field [9]. This phenomenon occurs when a voltage is induced
in the metal object, similarly to the current induced in a coil, such that the current
travels in a closed loop in the metal object. Due to the resistance in the metal,
the current can cause the metal object to heat up, thus consuming power.

In WPT scenarios, especially for the charging of small devices, metallic items
(termed "FOs") such as coins and keys may be found in close proximity to the
inductive coils, and thus are subjected to significant alternating magnetic field.
In addition, the transmitting or receiving device may contain metals within itself
(termed "friendly metals"). As the eddy currents can cause power to be consumed
in locations other than the load, there will be a mismatch between the power sent
by the transmitting coil and the power received by the receiving coil. Additionally,
the eddy currents generate their own magnetic field, which impacts the equivalent
self inductances and the mutual inductance of the coil system, as seen across the
coil terminals. As the additional magnetic field affects the voltage induced in
the transmitting and receiving coils, the apparent self inductance of the coils is
changed as a result.

2.6 Extended FHA Model

The basic FHA model described in Section 2.4 does not include everything that
can realistically be expected to affect the WPT system. The generation of eddy
currents in nearby objects imposes potential power losses which are not represented
in the model. To include these effects, an extended version of the FHA model
is proposed, which is expanded to include additional coils, approximating eddy
currents. A system with two additional coils is shown in Figure 2.4, in which the
additional coils can be used to represent eddy currents in, for example, the ferrite
material attached to the transmitting and receiving coils. The additional virtual
coils are each represented by an inductance (L3 or Ly), a resistance (R3 or Ry), as
well as a voltage source with a generated voltage related to the mutual inductance
between the virtual coil and each of the other coils.
The voltages of the system are described by the following matrix equation:
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74 Lp My Mz My| | L
Va My Ls Moz Moy| |12

_ v, 2.12
Vs Mz Mgy Lz Msy| |13 [Vl (2.12)
Vi My Myz Myz Ly n

in which M,,, is the mutual inductance between coils m and n. Further, M,,,, is
equal to M,,,, by reciprocity in a linear time invariant (LTI) system. The currents
in the system are given by

_ Vin — LyjwMyg — IzjwMi3 — IyjwMiy

I Al, 2.13
: 7 [A] (2.13)
—I1jwMs, — IsjwMsos — T4 jwM:
I, = 1Jwiloy 3JZUJ 23 — d4JW M4 Al (2.14)
2
—ljwMsy — IsjwMse — I4jwM:
Iy = 1JW V31 QJZOJ 32 4JW Vi34 [A]v (2_15>
3
—IjwMyy — IsjwMye — I3jwM.
I, = 1Jw Mgl 2JWiVI42 3JWiVi43 [A]: (2.16)

Zy

in which Z3 = R3 + jwlL3 and Zy = Ry + jwlL,.
Using substitutions, expressions for the primary side currents and source volt-
age can be obtained. These are presented in the Appendix, Section A.

An appropriate way to assign values to the additional coil parameters, R3, Ry,
L3 and Ly, as well as the respective mutual inductances, has not been found. It is
hoped that these parameters can be given values based on the material properties
and geometry of nearby objects in which eddy currents can be induced. It is still
interesting, however, to look at how these parameters appear in the expressions for

Z-parameters, which is discussed in Section 2.7, as well as in the Results chapter
(Chapter 4).

2.7 /Z-Parameters

Z-parameters, or impedance parameters, are used to describe the relationship be-
tween currents and voltages in an electrical network [13], and thus they can be
used to represent the input and output relationship of the primary and secondary
WPT coils, as depicted in Figure 2.5. In general, these parameters fully describe
the WPT channel, which is empirically studied in this thesis. Each Z-parameter
gives the contribution to the voltage on one side, from the current on the same or
opposite side.
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Figure 2.4: Extended FHA model of the WPT system, including two
additional coils. The dashed lines mark the physical boundaries
of the primary and secondary coils.
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The Z-parameter representation for a two-port network is described by two
linear equations in a matrix form, as follows:

Wj - E; Zﬂ E] V1. (2.17)

Figure 2.5: Two-port representation of WPT coils.

Using the basic FHA model described in Section 2.4, expressions for the Z-
parameters can be obtained:

le = jOJLP + RP [Q], (218) Zlg = jUJM [Q], (220)
o1 = jwM [Q], (219) Jog = ijS + Rg [Q] (221)

Using the model, Z1; and Zs, which gives the contribution to the voltage on
either side from the current on the same side, have an imaginary part and a real
part corresponding to the respective coil’s reactance from the self inductance, and
internal resistance. Z15 and Zs; only have a reactive part from the mutual induc-
tance of the system. For LTI systems, Z15 and Zs; are the same by reciprocity.

Real WPT scenarios are in general more complex than the simple model in
Figure 2.3, especially due to ferrite plates that are often attached to the coils, as
well as FOs found in the vicinity of the WPT system. Losses in the WPT, e.g.,
due to eddy currents in FOs, can show up as an increase in the real parts of Z
parameters, as any power loss in the channel must be represented as real power
consumption. These losses are approximated in the suggested extended model
described in Section 2.6, where additional coils are used to model eddy currents.
Using this model, the Z-parameters are:

7 = [jw3(L4M123 + L3M7y + LiM3, — LiLgLy — 2My3M14M34)

+ w?(RyM7s + RsM7y + RiM3, — L1LsRy — L1L4Rs — L3L4R,)
+ jw(L1R3Ry 4+ L3RRy + LyR1 R3) (2.22)

YR 3334]

/{WZ(M324 — L3Ly) + jw(L3Ry + LyR3) + R3R4} [,



Theoretical Framework 13

Zog = [jWB(L4M223 + LyM2, + LoyMZ, — Moz Moy My — LoLzLy)

+ w?(RyM35 + R3M3, + RoM3, — LyLsRy — LyLyRs — L3 Ly Ry)
+ jW(L2R3R4 + L3R2R4 + L4R2R3) (223)

+&&m}

/[WQ(M§4 — L3L4) + jw(LsRy + LyR3) + R3R4] (],

Zhg =2y = [jw3(M12M§4 — L3LyMi2 + LyMy3Mos
+ LaMyyMay — MizMag M3y — Mg Moz M3y)
+ w?(My3Maz Ry + M1y Moy Ry — LyMio R — LyMiaRy) (2.24)
+ joMiz R Ry

/ [wQ(M§4 — LyLy) + jw(LsRy + LyRy) + RsRy| (9.

2.8 Efficiency

The power transfer efficiency of the channel is the ratio of the real (or active)
output power in the receiving coil to the real input power in the transmitting coil:

& _ Re(VlIik)’ (2.25)
Pp  Re(VLI3)
where P, V and I are the are the real power, complex voltage and complex current
on the primary and secondary sides, respectively, and * is the complex conjugate
operator. The efficiency of the channel is not merely a property of the channel,
since is affected by circuit level parameters.
Using the basic FHA model described in Section 2.4, an equation for the
transfer ratio can be derived as

P

=5 = WACIMEL R,

Pp
/| (RpCELE + CEMERs + CRMER, )
+w?(RpCERE + 2RpCERs R + RpC%R] — 2RpCsLg)

+Rp]

(2.26)

As can be seen, the efficiency of the channel is dependent on channel param-
eters, most importantly the coil resistances, as well as circuit parameters such as
the load resistance and resonance capacitor on the receiving side. The efficiency of
the channel is reduced as power is consumed in the resistive parts of the coils. An
example of how the efficiency changes with frequency is seen in Figure 2.6, where
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two cases are displayed: one where the coil resistances Rp and Rg have a con-
stant resistance of 12, and one where they are modeled by fitting a second degree
polynomial function to data from measurements of the coil resistances taken with
an LCR meter. In the latter case, the resistance increases with frequency due to
skin effect, as is displayed in Figure 4.3 in the Results chapter.

Simulated power transfer ratio, PRx" PTx

Dgg T T T T T T T T

Constant coil resistances
Increasing coil resistances

0.98

0.97

0.96 |

095

Power Ratio

0.94

093

0.92 1 1 1 1 1 1 1 1
50 100 150 200 250 300 350 400 450 500

Frequency / kHz

Figure 2.6: Efficiency of the system with constant coil resistances, as
well as with coil resistances that are increasing with frequency
due to skin effect.



Chapter 3

Methodology

This chapter describes how the project was carried out, focusing especially on the
process that was used to obtain measurements.

An empirical approach was used to characterize the channel. The methodology
was based on making measurements of the channel in various scenarios, and using
the collected data to represent the channel as a two-port network via Z-parameters.
The data was also used to obtain the power transfer efficiency for each scenario. In
order to calculate Z-parameters, the magnitude and phase of voltages and currents
on either coil are needed. To collect the necessary data, a custom measurement
setup based on an oscilloscope was arranged, which was controlled by a PC running
Matlab scripts.

3.1 Approach

It is possible to make Z-parameter measurements in a number of ways. The ap-
proach that is used in this thesis work is based on directly measuring voltages and
currents, and their respective phases, using measurement devices (such as differ-
ential voltage probes) connected to an oscilloscope. Alternative methods include
the use of a vector network analyzer (VNA) or an LCR meter. An LCR meter
can measure the self inductances and mutual inductance of the system, as well
as the resistances of either coils, but there does not seem to be a straightforward
way to measure the mutual resistance, meaning that the real part of Z;5 and Zs
are not captured with this method. Moreover, an issue that arises with both the
LCR meter and the VNA is that the power that can be output from these devices
is significantly lower (generally less than 1 W) than the operating power levels of
WPT systems (up to 15 W in current Qi Specification devices). This limitation
can be addressed by introducing a power amplifier (PA) to the system. However,
the effect the PA has on the system has to be calibrated out in order for the
characterization to be accurate, which requires additional equipment, adding sig-
nificant complexity to the setup [14]. Further, including the PA puts the VNA and
LCR meter at risk of being damaged, as these are sensitive devices that normally
operate on low power.

Using an oscilloscope with measurement probes allows for currents and voltages
to be measured directly over the transmitting and receiving coils, enabling the
calculation of Z-parameters directly from these quantities.

15
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3.2 Measurement Setup

A schematic of the measurement setup is given in Figure 3.1. In order for inductive
power transfer to occur, a time varying current needs to be delivered to the primary
coil. A sinusoidal signal is generated by a function generator and fed to a PA. The
PA is connected in series to the primary (transmitting) coil and the resonance
capacitor. The voltage signal generated by the function generator is amplified
by a factor of 10, after which it drives a current through the primary coil. The
voltage over the primary coil is measured by a differential voltage probe, and the
current running through it is measured by a current measurement board. On the
receiving side, the secondary (receiving) coil is connected in series to a resonance
capacitor. Similarly to the transmitting side, the voltage over the secondary coil
is measured using a differential voltage probe. The current is measured using a
current measurement board, which leads the current to a connected resistive load.

Transmitting side Receiving side

Series Capacitor Transmitting Coil Receiving Coil Series Capacitor

e o
Voltage (“y, " . s s Voltage Load
Probe ! Probe  Resistance

Power , J
Amplifier = ! N

H Y
Current | Current
Board Board !

Function
Generator

{

Rasszacnnonneennomenennennnesana ) > Oscilloscope

PC

Figure 3.1: Schematic of the measurement setup.

3.3 Measurement Equipment

This section describes the equipment used for the channel measurements, which
included:

e 33250A Function Generator - Agilent
e LPAO5 Laboratory PA - N4L
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e DPO3014 Digital Phosphor Oscilloscope - Tektronix
e APO031 Differential Probe - LeCroy

e P5200A High Voltage Differential Probe - Tektronix
e LCR-8101G LCR Meter - GW INSTEK

e Transmitting and receiving coils

e Current measurement boards

e (Coil fixture

Qi Specification representative FOs #1, #2 and #4.

3.3.1 Function Generator

The 33250A Function Generator was used to generate a sinusoidal voltage signal
as input to the system. As the function generator is unable to generate large power
outputs, a PA was needed. The function generator can be controlled from a PC,
allowing for the input to be changed dynamically during measurements.

3.3.2 Power Amplifier

The PA used to deliver power to the system (i.e., LPA05 Laboratory Power Am-
plifier) has certain limits which in turn set limits regarding what frequencies and
power levels can be targeted for measurement. The PA has a power output limit of
90 VA and a voltage input limit of 4 V peak-to-peak, making the maximum voltage
output 40V peak-to-peak. At high frequencies and power levels the PA distorts
the signal, as described in Figure 3.2. This distortion becomes very apparent when
the output voltage is close to 40 V and high frequencies are used.

3.3.3 Oscilloscopes

To calculate Z-parameters, voltages and currents need to be captured for both
coils at the same time. Simultaneous capture allows for phase shifts between each
pair of the quantities to be recorded. An oscilloscope with four analog input
ports was chosen to do the measurements. Connected to the oscilloscope were
two differential voltage probes as well as the outputs on the current measurement
boards. Calibration was performed in order for the analog inputs to be scaled
correctly. The calibration was done by measuring the voltage and current over
a known resistance with a known voltage input and making sure the measured
values match the expected ones by adjusting the scaling for each probe on the
oscilloscope.

During the course of the project issues were found with the original oscillo-
scope (DPO3014), leading to different oscilloscopes being used (MDO3014 and
MSO46). As data was analyzed, it was found that the real part of Z-parameters
are very sensitive to measurement error, and require high accuracy equipment to
be measured properly. Two of the relevant oscilloscope specifications are the num-
ber of bits used for analog to digital (A/D) conversion, as well as the DC gain
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Figure 3.2: The dashed line shows the maximum voltage output
for a total harmonic distortion of less than 0.5%, for the B
version of LPAOQ5, which was used in the measurement setup.
The image is taken from the LPAO5 user guide [15].

accuracy. The original oscilloscope (DP0O3014) used 8 bits for A/D conversion
with a gain accuracy ranging from +1.5% to +2.5% depending on the scaling set
in the oscilloscope. The MSO3014 has the same vertical resolution and specified
gain accuracy as the DP0O3014, whereas the MSO46 has 12 bits for A/D conver-
sion, with a vertical resolution of up to 16 bits using oversampling, and a DC
gain accuracy of +£1.0% to +2.5%. The DPO3014 had issues causing significant
changes in measured values to occur as vertical scaling was changed, likely due to
different gain accuracies corresponding to different scaling.

3.3.4 Differential Voltage Probes

Two differential voltage probes were used to measure the voltage over the trans-
mitting and receiving coils. For the transmitting coil, AP031 Differential Probe
from LeCroy was used, and for the receiving coil, P5200A from Tektronix was
used. These probes were used because they were available at the time and deemed
sufficiently accurate for the purpose of the thesis work. Both probes report a gain
accuracy of £ 2%, which could be high enough to contribute to some of the issues
that were seen in the measurement results, namely in the real part of Z-parameters,
as small relative measurement errors can lead to large errors in the real part of
Z-parameters, which will be discussed further in Section 4.2.2.
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3.3.5 LCR meter

Coil parameters were measured using an LCR meter (LCR-8101G by GW Instek),
which were used as a reference and a point of comparison. The LCR meter was
used to measure the inductance and resistance of the transmitting and receiving
coils, as well as the mutual inductance between them at different distances. The
measurements were made at 100 kHz and 500kHz, as this thesis focuses on the
frequency range from 80-500 kHz, which will be discussed further in Section 3.5,
Measurement Scenarios.

The mutual inductance between the coils can be calculated by measuring the
equivalent inductance of the two coils when they are connected in series, such as
they are aiding or opposing each other [16], as shown in Figure 3.3. When the coils
are aiding each other, the inductance measured by the LCR meter is higher than
that of either coil separately, whereas when the coils are opposing each other, the
measured inductance is lower than that of either coil. One configuration can be
obtained from the other, by switching the input and output connections on one of
the coils. Using the measured inductances Lg;q and L,p, the mutual inductance

can be calculated as:
Laid - Lopp

M= 1 [Q]. (3.1)
Aiding Opposing
o [ °
°
LCR-Meter LCR-Meter

Figure 3.3: Coils connected in aiding and opposing configurations
for measurement of mutual inductance.

3.3.6 Transmitting and Receiving Coils

The coils used for transmitting and receiving are of the same type, with close to
identical characteristics. They are of model TDK 12F2-MA2 G and are manufac-
tured by TDK Corporation. They have a spiral structure with dimensions and
characteristics described in Table 3.1. Each coil has a layer of ferrite attached to
it, as can be seen in a picture of one of the coils in Figure 3.4. The purpose of the
ferrite is to improve the coupling between the coils, and the attached ferrite is of
Ni-Zn type.
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Inductance 10.7 uH
Resistance @ 100 kHz 100 m$2
Turns 12
Outer Diameter 46 mm
Inner Diameter 20 mm
Wire Diameter 1 mm
Layers 1
Ferrite Thickness 2.5mm
Ferrite Side Length 52.0 mm
Ferrite Relative Permeability 800
Ferrite Resistivity > 10° Qm

Table 3.1: Coil dimensions and parameters.

3.3.7 Coll Fixture

A fixture was constructed with the purpose of keeping the transmitting and receiv-
ing coils at specific vertical and lateral separation distances during measurements.
The fixture can be seen in Figures 3.5 and 3.6. Each coil is attached to one of
two surfaces in the fixture; one which can be moved laterally by turning a dial;
and one which can be moved vertically by inserting spacers. The lateral distance
could be changed between 0mm and around 35mm. The vertical spacers that
were used had a thickness of 1.5 mm, and the minimum distance from surface to
surface between the coils being 1.3 mm (as limited by the thickness of the black
plastic layer separating the two coil surfaces). The minimum vertical distance is
achieved by putting the upper coil directly on the black plastic layer below it. The
possible vertical distances between the coils were 1.3 mm as well as any multiple of
1.5 mm, which is the thickness of the vertical spacers, added to an initial distance
of 2mm. The initial distance is set by the upper coil being attached to the "default
position" of the transparent plastic layer shown in Figure 3.5.

3.3.8 Foreign Objects

Foreign objects (FOs) are metallic objects that can be found near real power
transfer situations and can have a negative impact on the WPT channel and the
efficiency of power transfer. The Qi Specification devises test scenarios involving
representative FOs, which are similar in size and characteristics to common house-
hold objects such as coins and key rings. The objects used in this investigation
are Qi Specification’s FOs #1, #2 and #4, which can be seen in Figure 3.7. Their
respective size and shape can be found in Table 3.2. Additionally, thermal probes
are incorporated in these objects to facilitate the thermal tests described in the
Qi Specification.



Methodology 21

Figure 3.4: One of the identical coils used for power transfer.

Figure 3.5: The fixture used to hold the coils and adjust distances
(top side).
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Figure 3.6: The fixture used to hold the coils and adjust distances
(bottom side).
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Figure 3.7: Photo of the FOs used. From left to right are FO #1,
#2 and #4.



Methodology 23

Object | Material | Shape | Diameter
#1 Steel Disc 15 mm
#2 Aluminum | Ring 22 mm
#4 Aluminum | Disc 22 mm

Table 3.2: FO sizes.

3.4 Simulations

A program was developed in Matlab R2018b to make simulations based on the
FHA model described in Section 2.4. The simulations allow for the calculations
of currents, voltages and phase relationships using the FHA model. Knowledge
how the voltage and current quantities relate to one another has been useful for
finding values of system parameters for the measurement setup. Additionally
the simulations were used as a reference for comparison with measurement data.
Differences that have been found between measured and simulated results have
triggered more detailed investigations, which have been useful both for gaining
insights into underlying physical phenomenon, as well as for finding potential issues
with the measurement equipment.

An example showing the result of a simulation of the current through a resistive
load connected to the secondary side can be seen in Figure 3.8. The table next to
the figure shows the simulation parameters.

Secondary side current

35
sl I
|
ol |
|‘ I‘ Parameter | Value
; 2r ‘ I‘ V]N 10V
g I Lp 15.4 uH
srep || 1 Lg 15.3 uH
I\I ‘I‘\\ | OP 0.1 ,U,F
! | ‘\ Cs 0.1 uF
. / ‘\\\\ ] k 0.73
- ] RL 209)

0 . . . . . . . .
50 100 150 200 250 300 350 400 450 500

Frequency / kHz
Figure 3.8: Simulated current through a resis-
tive load, based on the basic FHA model.

3.5 Measurement Scenarios

Measurements were made in various measurement scenarios at different operating
points. The scenarios were defined based on what might be relevant in realistically
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occurring charging situations, as well as on what might give interesting results.
The different scenarios were defined by the variations of the following parameters:

e Frequency: Measurements were made in the frequency range of 80 kHz to
500kHz. From 80kHz to 150 kHz measurements were made every 2.5 kHz.
In the range from 150 kHz to 500 kHz measurements were made every 17.5 kHz,
giving a total of 49 frequency points. The Qi Specification targets operation
in the 87-205 kHz frequency range, and much attention is being directed to
WPT applications with operating frequencies of up to 500 kHz. With this
in mind, and because the resonant circuits used in this thesis are tuned to
have a resonance frequency close to 100 kHz, with the effective impedances
becoming larger further away from the resonance frequency, 80kHz and
500kHz were was chosen as the lower and upper frequency limits of this
investigation.

e Levels of Power: The power levels being targeted were 1W, 3.5 W, 5 W
7.5W, 10 W, 14.5W and 15 W. Because of hardware limitations, data could
not be collected for the higher powers for every operating scenario. Frequen-
cies far from resonance, as well as low coupling factor, require large input
voltages in order to reach the higher power, beyond the 40V limit of the
PA.

e Coil Distance: The vertical and lateral distance between the coils were
varied using the coil fixture. The following tables shows the vertical and
lateral distances used with their corresponding coupling factors. For each
lateral distance, the vertical distance of 2mm is used. The vertical dis-
tance is measured from surface to surface between the coils, and the lateral
distance from center to center, as illustrated in Figure 3.9.

Vertical Distance k
1.3mm 0.89
2.0mm 0.78
3.5 mm 0.73
5.0 mm 0.65
6.5 mm 0.57
8.0 mm 0.50

Lateral Distance k

Omm 0.78
4.0 mm 0.82
8.0 mm 0.70
12.0 mm 0.52
14.0 mm 0.43

The coupling factors shown were calculated from measurements of self in-
ductances and mutual inductance taken with an LCR meter.
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Transmitting Coil

|

ry

Receiving Coil

Figure 3.9: lllustration of coil separation, where y is the vertical, sur-
face to surface separation distance, and x is the lateral, center
to center separation distance.

e Load Resistance: Measurements were made using loads with resistances
of 1092, 13Q and 20(). Measurements taken with two different loads were
needed in order to calculate Z-parameters. The 10 and 202 loads were
used in all Z-parameter measurements, with the exception of the FO mea-
surements, where the 10 and 13§ loads were used. The 13 load was
used instead of the 202 load to minimize measurement error, as having
two more similar loads requires a smaller change in the vertical scaling of
the oscilloscopes, and variations in scaling can lead to variations in gain
accuracy.

e Foreign Objects: FOs were put in the center between the transmitting
and receiving coils during the measurements, as depicted in Figure 3.10.
The objects that were used are Qi Specification representative FOs #1, #2
and #4.

Transmitting Coil

— Foreign Object

Surface

Receiving Coil

Figure 3.10: Illustration of placement of a FO.
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3.6 Measurement Process

In the interest of streamlining data collection, the measurement process was au-
tomated to some extent. To achieve this, a custom software was developed in
Matlab. The software was made to control the 33250A function generator as well
as the Tektronix oscilloscopes. For a given set of frequencies, the software would
ramp up the voltage at the coil system input until a target power level was reached.
Once reached, the oscilloscope would make a measurement and the data would be
saved. The voltage would then be further increased until all targeted power levels
were reached, after which the process would be repeated for the next frequency
point. Figure 3.11 shows how the voltage is ramped up for one frequency point.

Increase of Input Voltage

-
o
T

Input Voltage / V

05

0 5 10 15 20 25 30
Step

Figure 3.11: The voltage output from the function generator as it
ramps up to reach various power levels.

Each measurement made by the oscilloscope would result in a waveform cap-
ture, consisting of a collection of data points showing the magnitude of each mea-
sured quantity over a number of cycles. The result from a frequency sweep would
be a set of waveform captures, one for each measured quantity and power level,
over the target range of frequencies. The main drawback of taking measurement
at constant power levels is that the process is relatively time consuming, as the
voltage needs to be increased in steps in order for the desired power level to be
"found". A full measurement sweep including the full range of frequencies and
power levels could take up to 40 minutes. For measurements made with FOs, a
constant voltage was used, rather than constant power, both because the temper-
atures of the object became an issue, and in the interest of saving time.

In between frequency sweeps, one parameter of the setup would be manually
changed, such as the adjustment of the distance between the coils, or the adding
or removal of FOs.
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3.7 Data Analysis

The data collected from the oscilloscope consisted of data points representing the
magnitude of a voltage or current in the transmitting or receiving coils. A sine
wave was fitted to the captured data points, resulting in data in the form of

Asin 2nf -t + ¢), (3.2)

where A, f and ¢ are the resulting values, corresponding to amplitude, frequency
and phase respectively. The phase can be considered arbitrary on its own, but
it allows for phase differences to be calculated since the currents and voltages in
each coil is measured simultaneously. The currents and voltages were represented
as complex numbers, with the voltage over the primary coil being chosen as the
reference phase quantity, with it being defined as having no imaginary part.

From the complex voltages and currents, Z-parameters can be calculated by
rearranging (2.17). Four equations are needed for the four unknown Z-parameters,
meaning that two sets of voltages and currents are necessary. The Z-parameters
are calculated according to (3.3), (3.4), (3.5) and (3.6):

Vi —Zisl
Zn = % €], (3.3)
— Znl
Lo = ‘/2172211 €], (3.4)
Viglin = Viilio
Zig= ——— [Q .
27 Il — Inlns 2 (3.5)
Ty = Vaalor = Vorloy €. (3.6)

el — Iiila

In the equations for Zi2 and Zs1, Vi, is the voltage over coil m (primary or
secondary), from measurement set n. Measurements taken using two different
loads provided the two measurement sets. At first, data from two different power
levels were used to calculate the Z-parameters, however this proved unsuccessful
as changing power has no effect on the relationship between voltages and currents
(the observed small differences were due to experimental tolerances), and thus it
does not provide independent equations. According to (2.6), (2.7), (2.8) and (2.9),
both voltages and currents scale linearly with input voltage. For the voltages V;
and V, this can be made clear by substituting (2.8) and (2.9) into (2.6) and (2.7):

JwLpZs + w?M? + RpZs

Vi=YV, \% 3.7

= Vi 2L DL PV ey )
. jwMZy+w?LsM — RgM

Vo =Vin 717 T N [V]. (3.8)

Thus, using some input voltage Vi for the first measurement set, and a scaled
input voltage oV for the second measurement set, where « is some scaling factor,
means that V2 = aV,,; and I,,2 = al,,;. Substituting this into (3.5) and (3.6)
gives:
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o Viali1 — Virlio N aViily — Vinal N

0
Ty = _ — 2 0, 3.9
P Tl — InyIhg Iialsy — Ipraly; 0 ] (3.9)
Vaolor — Varloo  aVailay — Vorader 0
Toq = = = — [Q]. 3.10
T Tgly — Ll ali1lyy —Inadyy 0 ] (3.10)

Both Z15 and Z5; are thus undefined. Using different loads for the two measure-
ment sets works, as the voltages and currents scale differently with load resistance.

The power transfer efficiency of the channel was also calculated as the ratio
of the real power in the receiving and transmitting coils, as described earlier in
Section 2.8.
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Results

This chapter provides the results obtained from the voltage and current measure-
ments taken with the procedure described in the previous chapter. Specifically, the
results include real and imaginary parts of Z-parameters, as well as power transfer
efficiency (or ratio), of the two-coil system for different scenarios of interest. The
scenarios include different lateral and vertical separation distances between the
coils, and the absence or presence of different FOs between the coils. In addition,
some reference results obtained using an LCR meter are presented at the beginning
of the chapter for later comparison and validation.

4.1 Reference LCR-measurements

Using the procedure described in Section 3.3.5, measurements of coil parameters
were taken at various distances between the coils using an LCR meter. These
parameters are presented in Table 4.1 and Table 4.2, and corresponding Figure 4.1
and Figure 4.2, which show the inductances and resistances respectively, and in
which y denotes the vertical distance between the coil surfaces. The measurements
were taken at 100 kHz and 500 kHz and 0.5V input voltage.

The primary coil series resistance was also measured over a range of frequen-
cies, displayed in Figure 4.3, illustrating the increase in resistance due to skin
effect.

y Lp Lg M | k|
1.3mm | 21.8pH | 21.8 pH | 19.4 pH | 0.89
20mm | 182uH | 184 uH | 143 pH | 0.78
3.5mm | 15.3pH | 1564pH | 11.3pH | 0.73
5.0mm | 13.8pH | 14.0pH | 9.1 pH | 0.65
6.5mm | 128 uH | 129pH | 7.3 uH | 0.57
8.0mm | 122uH | 123 puH | 6.1pH | 0.50

Table 4.1: Inductances and coupling factors for various distances,
as measured by LCR meter

29
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Inductance / H

Figure 4.1: Inductances and coupling factor measured by LCR meter,
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for different vertical coil separations.
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Figure 4.2: Resistances measured by LCR meter, for different verti-

cal coil separations.
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Rp Rg Rp Rg

Y 1 100kHz | 100kHz | 500kHz | 500 kHz
1.3mm | 111 m€ | 109m | 452m | 442 mS)
2.0mm | 108m€ | 105m€) | 370mE2 | 365 mS?
3.5mm | 105m€ | 103m | 309me | 315m?
50mm | 103m€ | 101 m€ | 283 m€2 | 275mS?
6.5mm | 103m | 100m | 265mS) | 255 m?
8.0mm | 103m | 99m | 256 mE2 | 245 m?

Table 4.2: Coil resistances for various distances, as measured by
LCR meter

4.2 General Observations of Channel Measurements

As described in Chapter 3, to measure in-band communication channel subjected
to realistic WPT operating conditions, the setup involving voltage and current
measurements using a 4-channel oscilloscope was employed. Before detailed results
are presented and discussed for the different scenarios, some general observations
of the channel parameters, namely the real and imaginary parts of the channel
in Z-parameter representation as well as power transfer efficiencies, are given.
Particular attention is paid to unexpected behavior and corrective measures taken
to improve the results.

4.2.1 Imaginary Part of Z-parameters

711 describes the contribution to the voltage over the primary coil from the current
through it, whereas Zso describes the same relationship but for the secondary coil.
Z11 and Zs, have an imaginary part that was expected to be equal to the reactance
resulting from the self inductance of either coil.

Z15 and Zy1 were expected to be equal to each other due to reciprocity. They
describe the contribution to the voltage on one side due to the current on the other
side, and were initially expected only to have an imaginary part. Their expected
magnitude was the mutual inductance of the two-coil system M times the angular
frequency w.

The reactive parts of different Z-parameters can be seen to be linearly in-
creasing with frequency in Figure 4.4. The plot shows the imaginary parts of the
calculated Z-parameters (based on measured coil voltages and currents) in a case
where both coils are well aligned and have a distance of 3.5 mm in between, with
an input power of 1W. A more inclined slope corresponds to a higher mutual
inductance or self inductance, and average inductances can be calculated from
the displayed data by assuming the theoretical linear relationship between the
measured reactance and the mutual or self inductance according to X = jwM or
X = jwL. There is a slight difference between the measured reactances in Zi
and Zo1, which can likely be attributed to measurement error, an issue that will
be explored further in the analysis of the real parts of the Z-parameters.
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Primary coil resistance measured with LCR meter
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Figure 4.3: Primary coil series resistance, as measured by LCR me-
ter.
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Figure 4.4: Imaginary parts of Z11, Z12, Zo1
and Zsy, measured with input power of
1W and at 3.5mm vertical distance be-
tween the coils.
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422 Real Part of Z-Parameters

Any non-zero real parts of the Z-parameters in the two port representation points
to power loss in the channel. The main source of power loss was initially thought to
be the inherent resistances in the wires that were formed into the coils. However,
the measurement results suggest that additional sources of power loss can be found
in the channel. Specifically, the real parts of Z15 and Z; has been measured to
be non-zero, when coil resistances can only be expected to affect Z1; and Zos.

The real parts of the Z-parameters calculated from measurements were found
to be noisy and highly sensitive to measurement error. The general trend seen in
the real parts of the Z-parameters is that of increasing resistance with frequency,
which is to be expected as skin effect causes resistance in wires to increase with
frequency. One example of the real part of Z;; can be seen in Figure 4.5. Simula-
tions based on the basic FHA model described in Section 2.4 shows that relatively
small relative errors in the absolute values of some measured quantities (i.e., pri-
mary and secondary side current or voltage) translate to large relative errors in
the real part of the Z-parameters. As an example, a simulation of the real part
of Z11 can be seen in Figure 4.6, where a random error between 0 and +1% of
the total magnitude of each current and voltage over the primary and secondary
coils has been added to the respective quantities for each frequency point. Figure
4.6 also shows the series resistance of the coil measured with the LCR meter for
comparison. The added errors, despite being small in comparison to the total
magnitude of the voltage and current quantities, lead to a large relative error in
the real part of Z;1, which increases at higher frequencies.

The real parts of the Z-parameters represent a relatively small part of the
absolute magnitude of the Z-parameters, as the real parts are generally on the
scale of hundreds of milli-ohms, whereas the imaginary parts are on the scale of
tens of ohms over the frequency range of interest, causing noise to be present to a
high degree in the real parts, but not in the imaginary parts. Further, simulations
suggest that the sensitivity to noise increases at higher frequencies, due to the
linear increase in the imaginary part (reactance) with frequency making the real
part becoming even smaller in proportion to the absolute value of the complex
impedance. This causes the larger spikes that can be seen in Figure 4.5 and that
are characteristic of the collected measurement data.

The real parts of Z15 and Zs; for a specific set of parameters are plotted in
Figure 4.7. In a reciprocal system, Z15 and Z; can be expected to be the same,
as is the case for the FHA models described in Section 2.4 and Section 2.6. The
differences seen in Figure 4.7 is likely connected to measurement error, as different
measured quantities were used to calculate these parameters.

Using the basic FHA model described in Section 2.4, the real parts of Z15 and
Z91 are both zero for any frequency, whereas in the extended model described in
Section 2.6 there are frequency dependent terms in the real parts of Z15 and Zs;.
This suggests that without nearby coils or objects which can consume power in
the generated magnetic field, the real parts of Zi5 and Z3; should remain zero,
which is not the case in the measured parameters. A possible explanation for
the non-zero real parts of Z15 and Zs; is that power is consumed in the ferrites
attached to the transmitting and receiving coils, as the ferrites are the only objects



34

Results

Real part of Z11

097

0.7

0.6

05}

Resistance / Q1

04

03[

0.2

0 1 1 1 I 1 1 1
50 100 150 200 250 300 350 400 450

Frequency / kHz

Figure 4.5: Real part of Z;1, measured with input power 3.5W and
at 3.5 mm vertical distance using MSO3014.

Simulation of the real part of Z11 with added noise
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Figure 4.6: Real part of Z;; simulated with added noise, and mea-
sured with LCR meter.
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in close proximity to the power transfer system with any real potential to support
eddy currents. Taking the real parts of the expressions for Z15 and Z5; from the
extended FHA model, we get:

Re(le) = Re(Zgl) = [u)4 (M13M23M3?4R4 + M14M24M§4R3
— Ly Mi3MoyMzq Ry — LsMyyMosMsy Ry — Ly M3 Moy M3y R
— LyMyg Moz Msy Ry + LiMy3Mos Ry + LiM1a Moy Ry)

+ w? (M14M24R§R4 + M13M23R3RZ)}
/{w4(L§L§-2L3L4AQQ-+A4§)

+ w2 (L3RS + L3RS + 2M3, RaRy) + RERS] (9,

(4.1)

which shows resistance being highly frequency dependent. The high resistivity

of the ferrite material should inhibit the formation of eddy currents, meaning the

expected power loss in the ferrite sheets is very low, and hence this loss is unlikely

to result in a contribution to the resistive parts of the Z-parameters exceeding the

contribution of the inherent coil resistance, which is in many cases seen in the

measurement results. Again, the general noisy nature and inconsistency in the

real parts of the Z-parameters make it difficult to draw strong conclusions based
on this aspect of the measurement results.

16 Real parts of 212 and Z21
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Figure 4.7: Real parts of Z15 and Z51, measured with input power
3.5W and at 3.5 mm vertical distance using MSO3014.

Some likely sources of measurement error can be found in the properties of
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the oscilloscopes used, specifically the number of bits used for A/D conversion, as
well as the DC gain accuracy. The vertical scaling used during a measurement
decides how many volts or amperes correspond to each possible conversion level
(i.e., quantization interval); ideally the full range of possible levels should be used
to minimize quantization error. Using the oscilloscope DPO 3014, different trends
could be observed in the measured Z-parameters depending on whether the vertical
scaling used by the oscilloscope would be similar for both sets of measurements
(using different loads) for some specific voltage or current. A mechanical change
could be heard in the oscilloscope as scaling was changed above or below a certain
voltage or current value. Significant changes in the real part of Z-parameters could
be observed if one set of measurements was taken above and one was taken below
this value, for some measured quantity. This can be observed in Figure 4.8, where
significant jumps and changes in trend can be seen around 200 kHz and 250 kHz.
It is reported in the oscilloscope data sheet that gain accuracy may change with
vertical scaling.

1 T T T

Real part of Z11

Resistance / Q2
[4,]
T

-35

4 . . . . . . . .
50 100 150 200 250 300 350 400 450 500

Frequency / kHz

Figure 4.8: Real part of Z1;, measured with input power 3.5W and
at 3.5 mm vertical distance using DPO3014.

Changing the oscilloscope to MSO3014 improved the results as there was no
sudden drastic change in trend, however, the noise remained. Further, an addi-
tional oscilloscope was used, the MSO46, which has up to 16 bits vertical reso-
lution, providing significantly improved accuracy. Measurements made using the
MSO46 shows much less noise, however, the measured real parts of Z-parameters
has values which are not within the range that may be reasonably expected. Mea-
surements of the real part of Z-parameters using MSO46 can be seen in Figure 4.9,
which shows the resistance corresponding to Z1; reaching above 2.5Q at high fre-
quencies, whereas Zso takes on negative values, which makes little physical sense
as it would imply that power is generated rather than consumed as currents travel
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through the receiving coil. Measurements with the LCR meter show the resistance
of the coils to be below 500mf2 at 100 kHz and 500 kHz.

3 Real Parts of Z-Parameters

Resistance / {1

100 150 200 250 300 350 400 450 500
Frequency / kHz

Figure 4.9: Real parts of Z-parameters, using an input voltage of
15V, and a vertical coil separation of 3.5 mm, from measure-
ments taken with the MSO46 oscilloscope.

Despite multiple attempts, a complete explanation of the peculiar behavior
seen in the real part of Z-parameters is still elusive. Simulations using the basic
FHA model show, however, that some relative error (e.g., 1%) present in one
measured quantity (such as the voltage over the transmitting coil) in one data set
(using one of the two different loads needed for two data sets) but not the other,
gives simulation results with similar trends to the measured results. This can be
seen in Figure 4.10, in which Z;; has been simulated based on the basic FHA
model. In the simulation, the resistances of the primary and secondary coil have
been fitted to the data from LCR meter measurement of the coil series resistance
(shown in Figure 4.3), and a constant relative error of 1% has been added to the
primary coil voltage. The simulated resistance in Z;; with the added error has a
large deviation from the case with no added error, with it taking even negative
values and reaching a magnitude of more than ten times the case with no error.
With the error added to the primary coil voltage, Zso and Zi5 are unaffected
whereas 71 and Zo; are affected, showing that the Z-parameters are affected
differently by the errors added to different quantities. The Z-parameters measured
using MSO46, shown in Figure 4.9, have behavior that could be explained this
way. Quantization error from the oscilloscopes is very likely to differ for each
data point, and as such can be expected to be different in the two data sets
needed for Z-parameter calculation, giving rise to the noise that can be seen in
measurements taken with the 8-bit oscilloscopes. On the other hand, MSO46 has
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very little quantization error, and as such there is very little noise in the real part
of the Z-parameters, as opposed to the trend seen in Figure 4.5. Nonetheless, its
results in Figure 4.9 remain problematic. These observations seem to suggest that
a systematic error (or bias) in the measurement of a voltage or current quantity
(rather than quantization error) may be responsible for the unexpected results
seen in Figure 4.9.

Further, simulations where the same relative error is present in both mea-
surement sets do not give the large deviations shown in Figure 4.10. It is thus
important when measuring the Z-parameters to make sure that the measurement
conditions do not change between measurement sets. As the magnitude of voltages
and currents change between measurement sets due to the load changing, small
offset errors, or changes in gain accuracy due to changes in vertical resolution could
provide enough relative error to be highly noticeable in the results. As such, it is
possible there is such systematic error(s) in the measurement setup. One possible
source of error, other than the oscilloscopes, is the differential voltage probes used
for measurement, as they have a reported gain accuracy of #+ 2%, which could
contribute to the unexpected results.

Real part of Z11 with and without added error
35 T . . T . . . :
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Figure 4.10: Real part of Z;; with and without error added to the
primary coil voltage, obtained from simulations.

4.2.3 Power Transfer Efficiency

Power can be calculated from the voltage across- and current through a coil. With
good coupling, the calculated power in the receiving coil is expected to be similar to
that of the transmitting coil (but with reversed sign, as the receiving coil appears
to be generating power, whereas the transmitting coil appears to consume power),
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since the power that is seen going out from the receiving coil must also be seen
going in to the transmitting coil. With ideal coils, the ratio of the received to
transmitted power should remain 1, granted that there is no nearby object picking
up some amount of the transmitted power. Realistically, both coils will have some
amount of internal resistances, causing power to be lost to heating as the current
travels through it. For this reason the power transfer efficiency will always remain
below 1.

The reduction in power transfer efficiency from 1 happens largely due to the
power loss in the resistive parts of the transmitting and receiving coils. However,
the power ratio is also dependent on the circuit elements outside the coil-to-coil
channel, such as the load resistor and the resonance capacitors, since these external
elements influence the equivalent resistances as seen into the coil terminals. Figure
4.11 shows the power ratio for one case. Simulation result based on the basic FHA
model (using similar parameter values) is also displayed, with the expression used
for the simulated power ratio being (2.26), and the coil resistances used in the
simulation being values from the measurements with the LCR meter. Interestingly,
the peak efficiency does not occur at the resonance frequency, but instead it occurs
at a slightly higher frequency. Resonance frequency for either side is calculated to
be around 100 kHz, around which the currents peak, whereas the simulated peak
transfer occurs at around 150 kHz. This is not surprising, since the coupling factor
was measured by LCR meter to be 0.73 for this scenario, according to Table 4.1,
so the presence of the secondary circuit loads the primary circuit and modifies its
resonance behavior (and vice-versa). Moreover, it should be noted that maximum
transfer ratio does not mean that maximum power is delivered to the load for some
set voltage input, rather it only implies minimum percentage of power loss in the
transfer.

4.3 Impact of Varying Input Power

Measurements have been done at different levels of power input to the transmitting
coil, ranging from 1 W to 15 W. No significant impact from varying power input in
the WPT channel has been observed in the Z-parameters. Differences in the mea-
sured results from using different input powers would indicate non-linearity in the
system, something that can potentially be caused by non-linear components, e.g.,
the ferrite layers. However, with the measurement sensitivity that was available,
no such non-linearity was seen in the Z-parameters. Nevertheless, the efficiency
of the WPT system can be seen in Figure 4.13 to decrease slightly with increased
input power.

A possible explanation for the decreased efficiency is that the increased power
causes heating in the coils, which can increase their resistance, and thus reduce
efficiency. The power that goes into heating the primary and secondary coils is
given by P = I?Rp + I?Rg, and the exact temperature reached by the coils
depends on the specific heat of the coil material, the structure and layout of the
coil, and the surrounding temperature. The increase in resistance in a conductor
due to changes in temperature is mostly linear, and can be approximated by

R=Ryes[1+ (T —Trey)] (9, (4.2)
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Figure 4.11: Power transfer efficiency for one scenario with 3.5mm
vertical distance between coils, and 1W power in the trans-
mitting coil, which a load resistance of 10€Q2. Measured and
simulated results are displayed.

where 7" is the material temperature, 7;.. s is the temperature at which the material
has some reference resistance R,.s, and « is the temperature coefficient for the
material, which is 0.004041 for copper (at 20°). A temperature increase of a few
degrees would thus lead to an increase in resistance in the order of tens of milli-
ohms, which can explain the observed decrease in efficiency, as the coil resistance
has been measured to be between 110 m€2 and 350 m{2 depending on the frequency
for low power (less than 1 W).

4.4 Impact of Varying Distance

4.4.1 Imaginary Parts of Z-parameters

Changing the distance between the coils was found to affect both the mutual
inductance and the self inductance of either coil. Figures 4.15 and 4.14 show
the measured reactance corresponding to Z;; and Z;5 for various distances. The
average mutual inductance and self inductance can be calculated from the Z-
parameters, and these values are displayed alongside the plots.
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Absolute Value of Z11 for Different Power Levels
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Figure 4.12: Absolute value of Z;; for different levels of power,
using a vertical coil separation of 3.5 mm.
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Figure 4.13: Power transfer efficiency for different power inputs,
with 3.5mm vertical distance between the coils, and a load
resistance of 10 ).
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Figure 4.14: Imaginary part of Z15 for different
vertical distances between coils.
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Figure 4.15: Imaginary part of Z;; for different
vertical distances between coils.

Y M
1.3mm | 22.3 puH
2.0mm | 16.4uH
3.5mm | 13.2uH
5.0mm | 9.8 uH
6.5mm | 8.4uH
8.0mm | 7.1uH

Y Lp
1.3mm | 24.4pH
2.0mm | 19.2uH
3.5mm | 16.8 uH
5.0mm | 14.7uH
6.5mm | 14.0 uH
8.0mm | 12.7uH

The mutual inductance increases as the distance between the coils decreases,
as seen in Figure 4.14. Not only the mutual inductance increases with decreased
distance, but also the self inductances of either coil, as can be seen for the primary
coil in Figure 4.15. This shows that the self inductance is not merely a property of
the coil, but is also affected by the ferrites in the system. When one coil is moved
closer to the other coil, the distance between the coil and the layer of ferrite
attached to the opposite coil is also decreased, which causes an increase in self
inductance. Because of the ferrites’ effect on the coil inductances, the relationship
between coil separation distance and self/mutual inductance becomes difficult to
quantify.
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Y LP LS M12 M21 Mavg ‘ k ‘
1.3mm | 24.4pH | 244pH | 223puH | 21.8H | 22.1 4H | 0.90
20mm | 192pH | 19.1pH | 16.4pH | 15.6 pH | 16.0uH | 0.84
3.5mm | 16.8pH | 16.8pH | 13.2pH | 12.8 pH | 13.0uH | 0.77
5.0mm | 14.7pH | 143 pH | 9.8pH | 9.8uH | 9.8uH | 0.68
6.5mm | 14.0pH | 13.5pH | 84puH | 85uH | 84pH | 0.61
80mm | 127pH | 127pyH | 71pH | 6.6pH | 6.9uH | 0.54

Table 4.3: Inductances and coupling factor calculated from Z-

parameters, for vertical coil separation with distance y. Mg,
is the average of M15 and Mo;.

«10°5 Inductances for vertical coil separation distances
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Figure 4.16: Calculated inductances for different vertical coil sep-
aration distances. M is the average of M5 and My, and it
corresponds to Mg,4 in Table 4.3.
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Table 4.3 shows the inductances calculated from the Z-parameters, for various
vertical distances y, and for a power input of 1 W. The inductances and coupling
factors are all higher than the corresponding values obtained from measurements
made with the LCR meter. The inductances are between 2% and 12% higher
than the same inductances measured by the LCR meter. The accuracy in the
measurement equipment, i.e. the gain accuracy in the oscilloscope and probes,
may have contributed to this discrepancy. As the measurements were taken at
different times, coil positioning is likely also a cause of discrepancy. For example,
if the coils are slightly further apart during the measurement made with the LCR
meter, it would cause a decrease in the measured self inductance.

Changing the lateral positioning of the coils has a similar effect on the Z-
parameters to changing the vertical distance. The imaginary part of Z15 can be
seen in Figure 4.17, in which x denotes the lateral offset between the center of
the coils. The calculated self inductances for either coil, the mutual inductance,
and the coupling factor for different lateral coil separation distances can be seen
in Table 4.4 and Figure 4.18. The self inductances can be seen to be increasing
as the offset between the coils is increased, until they reach a peak and start to
decrease.

Imaginary Part of 212 for Different Lateral Distances
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Figure 4.17: Imaginary part of Z;5 for various
lateral distances, using an input power of
1W, and a vertical distance of 2.0 mm.

442 Real Parts of Z-Parameters

The measurements made using the LCR meter, displayed in Table 4.2, shows the
resistances of the coils increasing as the coils get closer to each other. This is
especially noticeable at higher frequencies. The same trend can be seen in the real
parts of Z1; and Zss for higher frequencies. Figure 4.19 shows the real part of 71,
in which the resistance increases with increased distance for lower frequencies, and
decreasing with increased distance for higher frequencies.
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Figure 4.18: Calculated inductances for different lateral coil sep-
aration distances. M is the average of Mis and My, and it
corresponds to Mg, in Table 4.4.
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T Lp Lg M, My Mag | k|

0 mm 192pH | 19.1pH | 16.4pH | 15.6 uH | 16.0H | 0.84
40mm | 193pH | 19.0pH | 158 pxH | 155 pH | 15.7pH | 0.82
80mm | 20.0pH | 194pH | 14.0pH | 13.8pH | 13.9pH | 0.70
120mm | 19.1pH | 188 H | 10.2pH | 10.2 xH | 10.2 uH | 0.54
140mm | 184pH | 185uH | 7.6 pH | 7.7puH | 76pH | 0.41

Table 4.4: Inductances and coupling factor calculated from Z-
parameters, for lateral coil separation with distance z. Mg,
is the average of Mi5 and Mo, .

4.4.3 Power Transfer Efficiency

Increasing the distance between the coils has the effect of reducing power transfer
efficiency, as can be observed in Figure 4.20. Both the maximum efficiency and
the rate at which the efficiency is decreased with increasing frequency is increased.
The decreased mutual inductance, lowered due to the increased distance between
the coils, as well as the increased distance between coils and ferrites, leads to a
decrease in efficiency, as can also be seen in (2.26). Further, although not entirely
clear from Figure 4.20, the frequency of peak efficiency has been observed to
change with distance, shifting toward higher frequencies with increased coil-to-
coil distance. This can be made clearer by smoothing the curve using smoothing
splines, as shown in Figure 4.21.

4.5 Impact of Foreign Objects

Transferring power in the presence of a metallic object can have a significant
impact on the transfer system. In this investigation, Qi reference FOs #1, #2
and #4, described in Section 3.3.8, were placed in between the transmitting and
receiving coils (one at a time), aligned laterally in the center between the coils. The
measurements were taken using the MSO46 oscilloscope, with a constant voltage
input of 15V, and a vertical distance of 3.5 mm between the coils, with the FO
directly in the middle. For the two measurement sets required for the calculation
of the Z-parameters, load resistances of 10 and 13 €2 were used.

451 Imaginary Part of Z-Parameters

The impact of the FOs on the mutual- and self reactance of the WPT system
can be seen in Figures 4.23 and 4.24, with the corresponding tables providing the
average inductance values. There is a significant decrease in both mutual- and
self inductance when a FO is present, with FO#4, the aluminum disc, having the
largest impact.

Similarly to the suggested use of coils to model eddy currents in ferrites, the
same FHA model can be used to model eddy currents in FOs. Using one of the
additional coils in the expanded FHA model to represent a FO, and removing
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Power transfer ratio, PRx / PTx
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Figure 4.20: The power transfer efficiency for various vertical dis-
tances, using a power input of 1W, and a load resistance of
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Figure 4.21: The power transfer efficiency for various vertical dis-
tances using smoothing splines, using a power input of 1 W, and
a load resistance of 10 ).
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the second additional coil as depicted in Figure 4.22; the expressions for the Z-
parameters in Section 2.7, equations (2.22), (2.23) and (2.24), can be examined to
gain an idea of how a FO may impact the Z-parameters. Taking the imaginary
part, and setting M,,4 to 0, gives the following expressions:

w3L3M2
Im(Zy,) = wlp — ———13_ 1) 4.
m( 11) wihp OJ2L§+R§ [ ]7 ( 3)
UJ3L3M2
Im(Z9s) = wlhg — ———12_ Q) 4.4
m( 22) whlg w2L§+R§ [ ]a ( )
w3 Ly My3Mas3
Im(Zi9) = wMijs — —————— [Q]. 4.5
m(Z12) = whMhs LI+ R [€2] (4.5)

In these equations, it can be seen that the inductances are decreased with
increased coupling to the additional coil representing the FO, as well as with de-
creased resistance of the object. High resistivity in materials impedes the formation
of eddy currents, hence decreasing their impact on inductances.

- V3 3
AW I
Rs 3
Vars [
JjwLs

(]

Figure 4.22: FHA model with an additional coil used to model eddy
currents in a FO.
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Figure 4.24: Imaginary part of Z;; with differ-

ent FOs present.

45.2 Real Part of Z-parameters

250 300 350 400 450 500

Object ‘ M12
Not present | 11.9uH
FO#1 10.9 uH
FO#2 7.14 uH
FO#4 6.35 uH
Object ‘ Lp
Not present | 16.1 uH
FO#1 14.9 uH
FO#2 11.2uH
FO+#4 10.3 pH

The real part of the Z-parameters Z15 and Z1; can be seen in Figures 4.25 and 4.26.
The resistances, which were measured using the MSO46, using load resistances of
102 and 13 €, are for both parameters considerably high, both in cases with and
without FOs. The real part of Z1; can be expected to be close to that of the
inherent resistance in the primary coil, measured with LCR meter to be below
0.5 for the 100-500 kHz range, whereas the Z-parameter measurements show a
resistance of around 2.75Q at 500kHz, which is much higher than what can be
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expected, as measurements made with the LCR meter shows a significantly lower
value, as seen in Table 4.2.

Although the uncertainty in the accuracy of the real parts of the Z-parameters
makes it difficult to draw strong conclusions, nevertheless, from a relative stand-
point, the observation shows the presence of FOs increases the resistance in Zi»
(compared to no FO), as power is lost in the transfer between the coils. FO#1,
the steel disc, which has the lowest impact on the imaginary parts, has the most
significant impact on the real parts. Figure 4.26 shows that the resistance in 77,
is decreased when FO#2 and FO#4 is introduced at higher frequencies (from
200 kHz for FO #4 and 300 kHz for FO#2). This result is counter intuitive, since
eddy currents in the FOs should add to the resistance as seen by the transmitting
coil.

Similarly to the case of the imaginary parts of the Z-parameters, the expres-
sions for the Z-parameters in Section 2.7 from the extended FHA model, modified
to include only one additional coil, can be studied with respect to the real parts:

Re(Z11) = Ry + S+ R [, (4.6)
w2M2 R3
Re(Z22) = Ra + WﬁRQ [€2], (4.7)
3 3
w?Mi3Mo3R3
Re(Z19) = ————=— [Q]. 4.8
e( 12) WQL% + R% [ ] ( )

The expressions show that resistance is increased with higher coupling to the
FO.

453 Power Transfer Ratio

The efficiency of the system is impacted negatively by the FOs as can be seen in
Figure 4.27. This is because the power consumed in the object directly affects the
efficiency of the system (less percentage of the power is transferred to the receiving
coil). Decreasing the mutual inductance between the transmitting and receiving
coils also has the contributes to the decreased power efficiency, similarly to when
distance between the coils is increased, as discussed in Section 4.4.3. Interestingly,
the frequency of peak power transfer efficiency can be observed to shift to higher
frequencies with the presence of FOs. This is due to the reflected impedance from
the FO changing the loading conditions as seen from the input terminals of the
transmitting coils. The imaginary parts of Z1; and Zss are reduced, effectively
reducing the series inductance of the primary and secondary sides, and thus in-
creasing the resonance frequency f, according to (2.5).
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Conclusions and Future Work

5.1 Overall Conclusions

A measurement setup based around an oscilloscope has been made and used to
measure the Z-parameters of the WPT coil-to-coil channel for various usage sce-
narios. The method has been validated for correctly extracting the Z-parameters
of the channel. However, the accuracy of the measurements has been found to
be lacking in certain regards, especially in obtaining the real parts of the Z-
parameters. The analysis shows that this is at least in part due to the real parts
of the Z-parameters (i.e., resistances) being significantly lower in magnitude than
the imaginary part (i.e., the reactive counterpart). The resulting large dynamic
range in the extracted parameters points to the requirement for highly accurate
measurement instruments, including the oscilloscopes and the differential voltage
probes. Simulations have shown that large errors can be present in the real parts
of Z-parameters if there is a relatively small error in one of the two measurement
sets needed for the Z-parameter calculation. It is thus highly important to keep
measurement conditions and equipment accuracy consistent over different sets of
measurement. Further tests using an oscilloscope with higher signal amplitude
resolution (12-bit digitizer) resulted in reduced measurement noise. However, sys-
tematic errors were present in the measured quantities (which resulted in e.g.,
negative resistances) for some scenarios. This could be attributed to the accu-
racy problem in the voltage probes used. Due to time limitation, voltage probe
calibration had not been investigated in detail.

Despite the accuracy issue, certain conclusions can still be made regarding
the behavior of the channel in different scenarios. As can be expected, the self
inductance of the coils as well as the mutual inductance have been shown to be
affected significantly by the distance between the coils, as well as by the presence
of foreign objects (FOs). The real parts of the Z-parameters have also been shown
to change with the presence of FOs, and, interestingly, with distance between the
coils, a phenomenon that could possibly be explained by varying power loss in the
ferrite layers attached to the coils with coil separation distance. The collected data
also reveal that, for the transmitter power (up to 15W) and frequency range (up
to 500kHz) considered, the channel Z-parameters remain stable (from magnitude
of impedance point of view), indicating the potential nonlinear components in the
system (e.g., the ferrite layer attached to each coil) do not significantly affect the

23
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linearity of the system under these operating conditions.

The power transfer efficiency of a WPT system is determined only in part
by channel characteristics, most importantly the internal coils resistances. It has
been observed to peak at frequencies higher than the resonance frequencies of the
primary and secondary sides. Analysis of this phenomenon using an analytical
model (FHA) showed that this behavior is tied to the reflected impedance on
the primary side changing the load conditions as seen from the input terminals,
modifying the resonance behavior. As the coupling of the coils changes (e.g., due
to coil separation distance or presence of FOs), the frequency for peak efficiency
can therefore shift.

Another important take away is that the basic FHA model can be used to make
predictions of the WPT system. Simulation results obtained using this analytical
model agree fairly well with the measured results. There are, however, some dis-
crepancies, some of which can be attributed to eddy current losses. Therefore, the
model has been extended to include two virtual coils to account for eddy current
losses in the ferrite layers and the FOs. Although no attempt has been made to
investigate in detail the new parameters of the extended model (for example, the
resistance and self-inductance of the virtual coils), it was used to find expressions
showing the dependencies among the quantities of interest. For example, it shows
that the primary side self impedance (Z1) has a nonzero real part in the presence
of a FO, which increases with stronger coupling to the object.

Apart from proposing an extended model to account for realistic channel ef-
fects, the collected data of the WPT channel for a variety of usage scenarios have
been stored in a database. These frequency-dependent Z-parameter data can be
easily integrated with a circuit simulator for link and system level studies of in-
band communications at the frequency range of interest. For example, the Qi
Specification employs frequency shift keying (FSK) modulation for the forward
communication link (power transmitter to receiving device), and the measured
channel can be used to investigate the impact of different channel effects (e.g.,
without and with FOs) on the bit error rate for a given transceiver architecture.

5.2 Possible Future Work

To improve on the results, similar measurements can be done with more accurate
and well calibrated equipment. A better characterization of the WPT coil-to-
coil channel would require more measurement, accuracy in the calculation of the
real parts of the Z-parameters, and thus further investigations into the equipment
required to achieve this would be required. Part of this effort could be directed to
performing further analysis of the sensitivity of the real parts of the Z-parameters,
and to what extent they are affected by noise and measurement error.

A further look into power loss due to eddy currents is also an interesting aspect
for future work, both for cases with FOs, as well as with ferrite shielding. It could
be investigated how well, and if, eddy currents induced in objects near the WPT
channel can be modeled and parameterized as virtual coils using knowledge of
material properties, such as resistivity and permeability, of the nearby object(s).

Beside a deterministic approach, another approach common to wireless com-
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munication channel modeling is statistical modeling. For example, based on a pool
of channel data, some statistics (typically second order statistics) can be extracted
to capture the characteristics of the channel in a statistical sense. This approach
facilitates a more compact representation of the channel, and it may also lead to a
better understanding of the underlying physics of the channel. Since channel data
have already been collected, some standard statistical channel modeling techniques
can be applied to extract the parameters of some statistical WPT channel models.
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Appendix A

Current and Voltages in the extended FHA
model

The following expressions for currents and voltages in the extended FHA model,
discussed in Section 2.6, are obtained through substitution of the virtual coil cur-

rents, (2.15) and (2.16), into the expressions for primary and secondary coil voltage
and currents, (2.12), (2.13) and (2.14).

I = Vin | = 2j0* MasMaa Mg + 02 ZaM3, + Zs M, + ZoMR) + ZoZs 7
/[W4(M122M3?4 + M7 M3y + MisM3,
— 2Myo M3 Mog My — 2Myo Mya Moz Msy — 2M13M14 Moz Moy)
+ jw (=2My2 M13 M3 Zy — 2M19M14 My Z3
— 2My3MyaMsyZoy — 2Moz Moy M3y Z)
+ WA (Z3Z4 My + Zo Zu M3y + ZoZs My + Z1 Zy M3y + Zy Zs My, + Z1 ZoM3y)
+ Z1Z2Z3Z4} [A]
(A1)

I, = - Vin {jw?’(Mlegil — M3y MygMay — Msg M4 Mos)
+ w? (M3 Moz Zy + Myy Moy Z3) + jWM12Z?,Z4}

/[w4(M122M§4 — 2Myo M3 Moy Mzg — 2Myo Mya Moz M3y
+ MEMZ, — 2My3 My Moz Moy + M M)
+ 2jw? (= Mo MisMa3 Zy — Mio My Moy Zs
— MigMyaM3zaZy — Mog Moy MsyZy)
+ (23 ZsMEy + ZoZyMEy 4 ZoZs MR, + Z1 ZyMis + Z1 Z3s M3, + 7y Zo M3))
AR
(A.2)
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Vi =Vin+Vin [(LPW +Z1j — jRp)
: {2w3M23M24M34 + A (ZaM2 + Zs M2, + ZoM2,) + jzzzgz4}]
/[W4(M122M3?4 — 2Myo My3 Moy Mszy — 2Myo My Moz Msy
+ ME MG, — 2My3 My Moz Moy + M7 M3,)
— 25w (Mg M3 Moz Zy + MyosMyy Moy Zs + MygMyyMsy Zo + Moz Moy Msy Z1)
+ w(Z3Z4 M3y + ZoZyMis + ZoZ3 M}y
21 Z4AM2 + 2y Zs M2, + 21 ZaM2,) + 21222324} V]

Vo=Vin - w[(Rs — s +ij5)
: {jw2(M13M24M34 + Myy Moz Msy — Mo M3,)
— w(MigMog Zyw + My Moy Zsw) — jM12Z3,Z4H
/{W4(M122M§4 — 2Myo My3 Moy Mszy — 2Myo My Moz M3y
+ M M3, — 2My3 My Moz Moy + M7y M3,)
— 25w (Mg M3 Moz Zy + MyosMyy Moy Zg + MigMyy M3y Zo + Moz Moy Msy Z1)
+ W (Z3Z4 M3y + ZoZa My + ZoZs MY,

V22 M2 + 2y Zs M2, + 21 ZaM2,) + 21222324} V]
(A.4)
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