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Abstract

Inductive coupling wireless power transfer (WPT) technology is gaining increasing
popularity in recent years, especially in the field of wireless charging of portable
devices. Although the principles behind WPT systems can be explained using
well known results from electromagnetic theory, many questions remain regarding
the behavior of such systems. This thesis focuses on identifying and analyzing
the most important parameters of such system, with emphasis on the coupling
factor. Algorithms to calculate the coupling factor and other parameters based on
mathematical models of physical phenomena are developed and presented. This
algorithm development is also called the analytical approach. For the coupling
factor part, a commercial electromagnetic simulation software (Ansys Maxwell)
was selected to validate the results obtained from the corresponding algorithm
and also evaluate the performance of general-purpose simulators suitable for use
in this field. For other WPT system parameters, the algorithm was compared to
the results from LTspice. The results obtained from the developed algorithms and
simulations are compared to measurement results collected from real transmitter
and receiver coils. The results show that both the analytical and simulation ap-
proaches can provide estimated parameter values of interest that are close to the
empirical values, with percentage error being in the low single digits in most sce-
narios. However, the developed algorithms are more specialized, and hence easy
to implement and computationally more efficient. Consequently, they can be used
to generate larger amounts of data for detailed analysis and characterization of
WPT systems with relative ease.
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Popular Science Summary

Wireless charging is a popular new feature for electronic devices such as smart-
phones and tablets. This technology eliminates the need of carrying multiple power
adapters and cables. What’s more, wireless chargers can be embedded in furniture
in places such as hotels, restaurants and libraries, and clients need only take out
their devices and put them in a designated spot to charge them. The same wireless
power transfer (WPT) technology has also been used in other applications such
as powering kitchen appliances and charging electric vehicles. Due to the growing
interest in this field, it is important to clearly understand the relationship between
the different parts of WPT systems.

This thesis project focuses on identifying the most important parameters of
WPT systems and studying how such systems respond to changes in any one of
these parameters. The emphasis is on the coupling factor, which measures how
much of the energy transmitted reaches the receiving device. The thesis work
was commissioned by nok9 AB, a Swedish company with headquarters on Malmö
that builds and sells the equipment used to verify if wireless chargers comply
with the Qi Specification, which is the dominant wireless charging standard today.
For this study, relatively simple algorithms are developed analytically based on
mathematical models of WPT systems. Commercial simulators are also used for
comparison. Simple real systems are also built, and the parameters under study
are measured, to validate the analytical and simulation results.

The data collected are presented in graphical forms, to show how WPT sys-
tems respond to changes in parameters such as relative position of transmitter and
receiver coils, input voltage, as well as receiver and transmitter coil geometries.
Comparison with measurements shows that both simulations and the proposed
analytical methods achieve acceptable accuracy on most occasions. This is impor-
tant, because it demonstrates that the relatively simple algorithms of the analytical
approach can be successfully used to study WPT systems. They could be used to
decrease the cost associated to developing new devices, by reducing the reliance on
building prototypes. Furthermore, the algorithms developed in this thesis project
can be as accurate as commercial simulation software, and can be faster to run for
the cases considered in this study. However, the current version of the algorithm
for coil parameter calculation cannot take into account the presence of other ob-
jects. Similarly, the algorithm for calculating WPT system behavior assumes a
simplified WPT system. These limitations present opportunities for future work
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Chapter1
Introduction

1.1 Background

Wireless power transfer (WPT) or wireless power transmission refers to any energy
transmission method in which the receiving and transmitting devices are not con-
nected using wires. The first experiments regarding WPT are usually attributed
to Nikola Tesla, the famous Serbian-American inventor. Tesla wanted to distribute
energy wireslessly all over the globe. Although he did not manage to do so, he did
succeed in demonstrating a few early WPT systems. According to contemporary
press, he managed to light two 50 watts incandescent lamps, 42 kilometers away
from the transmitting station [1]. Interest in the field increased after World War
II . A key event was the 1964 demonstration of a microwave based system used
to power a small helicopter, such that it did not need to land to refuel. This
experiment introduced the rectenna, or rectifier antenna, a component later used
in many systems [2]. William C. Brown did some modifications on the original
rectenna, and his 0.1 square meter version got NASA’s attention. The agency
funded several studies in the field, with the goal of applying the technology to
solar energy collection [2].

With the exception of Tesla’s experiments, all of these studies dealt with what
is known as far-field WPT, in which energy is transmitted via electromagnetic
radiation (e.g. microwaves or light). Although far-field WPT has proven useful in
high power military, industrial and space applications, it is not without drawbacks.
On the technical side, it requires very efficient power sources and rectifiers for
the transmitter and receiver, and beam-forming antennas. Historically, cost of
development and deployment has been high. Safety is also a concern, due to the
risk of exposure to high levels of radio frequency electromagnetic radiation [3].The
aforementioned limitations make using this technology in consumer applications
unfeasible.

On the other hand, WPT is becoming very popular for consumer applications
today. It is used for charging cellular phones, smart watches, laptops, tablets
and others small size devices. However, it is near-field WPT, in which energy
is transformed through electrodynamic or electrostatic induction, which is used
in these cases. In fact, the application of near-field WPT has been extended to
charging or powering other electronic devices such as blenders, mixers and other
kitchen devices, as well as higher-power machines such as electric cars [3].
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2 Introduction

Due to the rapidly-growing popularity and fast increase in the number of use
cases of near-field WPT technology, the need arose to design a standard that
would allow compatibility between different devices. The most popular one is the
Qi Specification. The Qi Specification is developed and promoted by The Wireless
Power Consortium (WPC) [4]. WPC is a worldwide organization supported by
more than 600 companies. The Qi WPT system uses inductive and resonant cou-
pling technologies. Inductive power transmission systems consist of two inductive
coils, one of them called the power transmitter (PTx) coil and the other called the
power receiver (PRx) coil. These coils are magnetically coupled. Therefore, when
an alternating voltage is applied to the PTx coil, a voltage is induced on the PRx
coil [5]. It is common to use resonant circuits in inductive coupling transmission
systems due to the resulting improvement in the transferred power [6].

The Qi Specification establishes the allowed power levels, the operating fre-
quency range, coupling requirements, communication protocol and other details
necessary for the correct operation of near-field WPT systems. The Specification
is divided into four parts. The first part covers the electrical, mechanical and
thermal characteristics of both PTx and PRx coils, and this part is called Primary
Interface Definition in the Qi Specification. The second part, called Secondary
Interface Definition, establishes the requirements and limitations of the interface
between the WPT system and its environment. The third part is called Compli-
ance Testing and it is only available to WPC members. The last part contains
examples, to help design power transmitters and power receivers. Parts 1, 2 and
4 are also available as a published standard by the International Electrotechnical
Commission (IEC).

The current version (1.2.3 public version and 1.2.4 member version) of the Qi
Specification allows for fast charging (transmission and reception of up to 15 watts
of power), foreign object detection and an identifier for power receivers (WP-ID)
[7].

1.2 Motivation

When compared to the traditional wired power approach, WPT brings many ben-
efits. It can eliminate the, sometimes hazardous, messes of cables in homes and
offices. Restaurants, hotels and airports can use this technology to allow their
clients to charge their smartphones everywhere without having to carry charg-
ers or power banks around. Furthermore, it deals with the problem of having
to own and carry several incompatible cables, which is useful for travelers. And
these benefits do not only apply to smartphones: the market for wireless charging
(and powering, in general) is growing and it includes wearable devices such as
smart watches, smart eyewear and others devices for health and fitness purposes.
The basic principles behind inductive coupling have been well studied. It can
be explained using Faraday’s law of electromagnetic induction. However, many
interesting research questions remain concerning the design and optimization of
inductive coupling WPT systems. As these systems become more common, it is
important to understand them in detail.

Half of the thesis work is focused in a specific variable of these systems: the
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coupling factor or coupling coefficient.The coupling factor is determined by the
physical configuration of a PTx coil and a PRx coil. Even with the exact same
PTx and PRx coils, the coupling can be different every time the devices are paired,
due to different relative coil positionings. With a standard like Qi there are many
different PTx and PRx product executions from different manufacturers. Every
unique combination of these PTx and PRx products can give a different coupling
factor. That makes coupling very important to understand as a WPT parameter.

1.3 Goals

The main goal of this thesis is to analyze WPT systems. This is achieved by:

• Analyzing how the coupling factor, one of the key parameters of WPT sys-
tem, responds to changes in other parameters such as the relative position
between coils, coil size and coil shape.

• Developing a method to calculate the coupling factor between two coils.
There are many studies on this subject, specifically on how to calculate
it using the relationship between mutual inductance, self-inductances and
coupling factor as well as applying integration methods. In this project, the
focus is on developing a method to calculate the coupling factor between
coils of arbitrary geometries.

• Identifying other key parameters of WPT systems through modeling and
parametric studies.

• Modeling the coils and full WPT systems using electromagnetic simulation
software.

• Validating the methods and models developed through hardware implemen-
tations and measurements.

1.4 Structure

This report is divided into 5 chapters, including this introductory one. The fol-
lowing chapter details the mathematical framework used to study WPT systems,
presenting the models and equations that will be referenced throughout the rest
of the document. Chapter 3 describes the methodology used in the study. It
contains sections describing the numerical algorithms developed from the mathe-
matical models, as well as the simulation models and real systems built in order
to evaluate the accuracy of the algorithm. Chapter 4 presents the results obtained
from the three approaches mentioned and compares them. Finally, the report ends
with the conclusions derived from these results and a discussion of possible future
work.
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Chapter2
Theoretical Framework

This chapter covers the theory behind the electric circuit and magnetic field phe-
nomena studied in this thesis. It starts with an explanation of the terms from
electromagnetic theory that the reader needs to know in order to understand the
concepts involved in the study of WPT systems. A brief description of energy
transfer methods follows, with emphasis on inductive coupling, the method stud-
ied in this project. Then, the electric circuit issues behind a general WPT system
will be described. After that, the usual method used to analytically calculate the
coupling factor will be explained.

2.1 WPT Systems

When studying WPT systems, the most important part is the energy transfer
method used. As mentioned before, inductive or magnetic power transfer is one
form of energy transfer through free space using electromagnetic (EM) fields. En-
ergy transfer methods are usually classified in two categories: far-field and near-
field. In the case of far-field methods, electromagnetic radiation is used. This type
of WPT is also called "beamed power transmission" [2], because it relies on direc-
tional antennas for efficient energy transmission and reception. Common radiation
types used are microwaves and light. On the other hand, near-field methods refer
to energy transmission via electromagnetic induction. This category is further
subdivided depending on the type of field used to induce energy. If electric fields
are used it is electrostatic induction, and if magnetic fields are used it is elec-
trodynamic induction. Again, there are two types of electrodynamic induction:
inductive coupling and magnetic resonant induction [8].

Inductive coupling consists of transferring energy through magnetic fields and
can be explained using Ampere’s circuital law, Faraday’s voltage induction law and
Lenz’s law. Ampere’s circuital law establishes that a current-carrying conductor
produces a magnetic field. Faraday’s law states that if the magnetic flux changes
with time, a voltage is induced in any conductor placed in the vicinity of the source
inductor. And, according to Lenz’s law, "the polarity of the voltage is such that a
current is generated on closing a circuit whose induced magnetic field opposes the
original magnetic field" [9].

In an inductive coupling WPT system, energy is transfered from the PTx coil,
which carries a current (I) that generates a magnetic field (B). The target coil,

5



6 Theoretical Framework

PRx, is placed close to this coil. Figure 2.1 shows a basic system, where each coil is
a filamentary loop. In real systems the transmitter, the receiver or both coils can be
spiral coils, have multiple layers and different geometries (circular and rectangular
being the most common ones). Some transmitters can even be composed of more
than one coil. The magnetic field generates a current in the second coil. The
magnetic flux amount transferred depends on the coupling between the two coils,
and this flux generates the mutual inductance. Part of the flux of the primary
coil does not link to the second one, and generates leakage inductance (Ll) [9].
Another concept to keep in mind is magnetized inductance (Lm), which is used to
analyze circuits with transformers. This will be explained later in this section.

Figure 2.1: Basic model of inductive coupling.

Besides inductive coupling, there is also the concept of magnetic resonant
induction. In this case the transmitter, the receiver, or both, are resonant circuits.
A resonant circuit is formed by a combination of inductance, capacitance and
resistance. Figure 2.2 shows a basic model of this type of circuits, with an inductor
(of inductance L), a capacitor (of capacitance C) and a resistor (with resistance R).
It is a series resonance circuit. This type of circuits have a current behavior like
the one shown in Figure 2.4. The current is maximum at the resonant frequency,
which is reached when the total reactance of the circuit is zero. Some important
definitions in this part are:

The capacitive reactance is given by:

XC = − 1

ωC
(2.1)

The inductive reactance is given by:

XL = ωL (2.2)

The reactance is zero when the magnitude of the inductive reactance is equal
to the magnitude of the capacitive reactance, because they cancel each other due
to the phase difference being 180 degrees.

The resonant frequency of a circuit like the one shown in Figure 2.2 is given
by:

ωo =
1√
LC

(2.3)

Another important concept in resonant circuits is the quality factor represented
by Q. The quality factor is the ratio of the energy stored in reactive components
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Figure 2.2: Magnetic res-
onant induction cir-
cuit model.

Figure 2.3: Resonant circuit’s current.

of the circuit to the amount of input energy dissipated as heat in the circuit. The
Q value is given by:

Q =
XL

R
(2.4)

Figure 2.4 depicts the current flowing through the inductor as a function of
frequency for several resistances. A high Q value results in a narrower curve, in
other words, a more selective circuit. When R is smaller the Q value is higher,
and vice versa.

Figure 2.4: Resonant circuit’s current with different R values.

When the transmitter’s resonant frequency is equal to the receiver’s resonant
frequency then the frequency at which the transmitter can transfer the highest
power coincides with the one at which the receiver can receive the highest power.
Resonant coupling is used in wireless power transmission to improve the amount
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of power transmitted in comparison to only inductive coupling. The use of reso-
nant circuits allows for an increase in the range of operation, which is useful for
applications such as portable device chargers, where there is a separation distance
between the transmitter coil and receiver coil. For this reason any Qi transmitter
and receiver work in inductive coupling and resonant coupling modes. An example
of devices where only inductive coupling is used are electric toothbrushes.

Figure 2.5: Block diagram of a WPT system.

Real inductive coupling WPT systems have a complex structure. Figure 2.5
gives a block diagram of this type of systems. Note this is a simplified version
and circuits used to communication between the transmitter and receiver are not
considered. The transmitter side can be divided into three blocks. The first one
represents the power supplier and voltage regulators needed to feed the resonant
circuit. The second one comprises the circuits needed to convert the power supplied
to the signal desired, either by modifying its frequency or magnitude. In the real
case, the input signal shape is usually square because it is easier to generate a
square wave than a sinusoidal wave. This part includes a half bridge or full bridge
inverter. The last block represents the resonant circuit formed by the coil, a
capacitive element whose value is the one necessary to get the desired resonant
frequency and a resistive part that represents the circuit losses. The receiver side is
formed by a resonant circuit, a rectified circuit and the load. The rectified circuit
can comprise of diodes or switches. This circuit changes the polarity of the input
signal to positive or negative. In some cases, a smoothing capacitor is added after
the rectifier step. This capacitor is used to store energy and it discharges slowly,
which reduces the signal ripple and leads to a smooth DC output voltage. Figure
2.6 illustrates a common setup for this type of circuits.

For theoretical reasons, a simplified circuit will be used in this project. This is
also referred to as the First Harmonic Approximation (FHA) model. Thus model
only considered the fundamental frequency and simplified passive components.
This circuit scheme is displayed in Figure 2.7. It is formed by a primary and
a secondary resonant circuit, a power source and a load. Each resonant (RLC)
circuit comprises of a coil (L), a capacitor (C) and a resistor (R) that represents the
equivalent series resistance (ESR). The subindex p or s indicates if the component
belongs to the primary or secondary side.

2.1.1 Equivalent model

The transmitter and receiver coils together form a transformer. Therefore, the
equivalent circuit model used in the analysis of transformers can be used. In
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Figure 2.6: A common rectified circuit

Figure 2.7: Simplified WPT model

this case there is no core and the air gap length is larger than for traditional
transformer, then the leakage flux will be higher. A model which considers leakage
inductance must be used. This equivalent model is displayed in Figure 2.8. To
arrive at this model one needs to convert the transformer created by Lp and Ls in
the original model into a "T" equivalent circuit using the magnetizing inductance
(Lm) and the leakage inductances (LLp and LLs). It is also necessary to add the
reflected impedances that represent the secondary side, with an apostrophe added
to each of these terms to differentiate them from the original parameters in Figure
2.8. This model was taken from [10].

Figure 2.8: Equivalent WPT model
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In this case, the turns ratio is given by:

n =

√
Ls

Lp
(2.5)

The magnetizing inductance is given by:

Lm = kLp (2.6)

where k is the coupling factor for the given coil configuration. The coupling factor
will be explained in detail in the next section. The leakage inductance is given by:

LLp = Lp(1− k) (2.7)

LLs = Ls(1− k) (2.8)

Reflected impedances

Besides leakage inductances and magnetizing inductance, an ideal transformer is
added to the model used for transformers [11]. Reflected impedances must be used
to take this voltage transformation into account in the equivalent circuit. The
primary side variables remain the same, but the secondary side impedances seen
by the primary circuit must be calculated. The impedances from the secondary
side (denoted with apostrophe) will appear as n2 times lower on the primary side:

L′LS =
1

n2
(LLS) (2.9)

C ′S =
1

n2
(CS) (2.10)

R′S =
1

n2
(RS) (2.11)

Z ′L =
1

n2
(RL) (2.12)

The equivalent model simplifies the derivation of mathematical equations,
which in turn facilitates the study of the dependencies between variables ana-
lytically and numerically.

The following equations can be derived using the equivalent model:

• Load voltage vs. input voltage

VL = VinZL

√
Lp
Ls

skLp
Zs + skLp

(2.13)

where Zp is the impedance seen by the primary source and is given by

Zp =
1

sCp + sLp(1− k) + Zs ‖ Zlm +Rp
(2.14)
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Zs ‖ Zlm is the impedance of magnetizing inductance in parallel with the
receiver impedance. Zs is given by

Zs =
s2LpLsCs(1− k) + sCs(ZL +Rs)Lp + Lp

sLsCs
(2.15)

Zlm is given by
Zlm = sLm (2.16)

and s is defined as
s = jω (2.17)

• Primary current vs. load resistance

Ip =
Vin
Zp

= Vin

(
Lp
s3LsCsk(1− k) + s2Csk(ZL +Rs) + sk

s2LsCs + sCs(ZL +Rs) + 1

)
+ Vin(sCp + sLp(1− k) +Rp) (2.18)

• Primary current vs. coupling factor

Ip =
Vin

−k2s2Ls AB + k((sRs + sZL + 1
Cs

)AB − sLp) + C
(2.19)

where A, B and C are given by

A = CsL
2
p (2.20)

B = sCsLpLs + CsLpRs + CsLpZL +
Lp

s
(2.21)

C = sLp +Rp +
1

sCp
(2.22)

These equations were chosen because they show the mathematical relation
between parameters which were studied in a real experimental setup. They were
taken from the same internal document where the model was defined and verified.

2.2 Coupling Factor

As was said before the magnetic flux amount transferred from the PTx coil to
the PRx coil depends on the coupling between the coil inductors. How much the
coils are coupled is expressed by the coupling factor, commonly represented by k.
This parameter takes values between 0 and 1, where k equals to 1 means maximum
coupling. k depends on many variables. From previous works, it is well-known that
the coupling factor decreases when the distance z between the coils is increased.
The k factor also depends on the geometry of each coil, that is the coil shape,
number of turns, number of layers, space between turns and relative dimensions
of each coil. Common k values are between 0.3 to 0.6 [12].
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The coupling factor is defined by the following equation [13]:

k =
M√
LpLs

(2.23)

where M is the mutual inductance and Lp and Ls are the self-inductances of the
PTx and PRx coils.

The value ofM depends on the coils’ respective geometries and their positions
relative to each other. To get this value the well-known Neumman’s formula for
mutual inductance can be used. This formula is given by [14]:

M =
µo
4π

∮
Cs

∮
Cp

dlpdls
r

(2.24)

where dlp and dls correspond to differential lengths of the paths that describe
each coil, r is the distance from each dlp to each dls and µo is the permeability of
vacuum, which is equal to 4π × 10−7H/m.

There are many previous studies based on numerically solving Equation (2.24).
Some values are tabulated in [15]. In [15], only consider the following geometries
are considered: circular filaments, circular coils of rectangular cross section and
solenoids.

Other more recent works derive closed form solutions for circular filaments
arbitrarily positioned in space using the method of vector potential (e.g. [16]), or
the equations for magnetic force [17]. All of these approaches use the elliptical
integrals to solve the problem.

In the case of coaxial circular filamentary conductors the solution of this inte-
gral is given as a function of the elliptical integrals [14]:

M = µo
√
ab

[(
2

c
− c
)
K(c)− 2

c
E(c)

]
(2.25)

where a and b are the radii of the two coils, h is the vertical (z) distance between
them, K(c) and E(c) are the complete elliptic integrals of the first and second
kind. They are given by:

K(c) =

∫ π/2

0

1√
1− (sin(φ)c)2

hφ (2.26)

E(c) =

∫ π/2

0

√
1− (sin(φ)c)2hφ (2.27)

c =

√
4ab

(a+ b)2 + h2
(2.28)

The solution of equation (2.24) in the case the filamentary conductors with
lateral misalignment is given by [14]:

ML =
µoab

2π

∮
Cp

cosβ√
abL

G(r)dφ (2.29)
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where
G(r) =

(
2

r
− r
)

(r)− 2

r
E(r) (2.30)

r =

√
4abL

(a+ bL)2 + h2
(2.31)

bL =
√
b2 + d2 + 2db cosφ (2.32)

tanβ =
d sinφ

b+ d cosφ
(2.33)

and d is the lateral distance between the axes of the two coils and variable φ rep-
resents the angular displacement used to describe the current path on the second
coil.

From these examples the reader can deduce that the complexity of these solu-
tions increases when more complex cases are considered. For example, the solution
in the angular misalignment case is more complex than the ones shown above. An-
other issue with this type of solutions is that they are only applicable to specific
geometry types (mainly circular ones). If the shape of one of the coils is rectangu-
lar, a common shape in product implementations of WPT systems, the solutions
presented above are not valid.

Another important aspect in the analysis of WPT systems is how much the
coupling factor changes in the presence of materials, either an increase when a
material like ferrite is placed over one or both coils or a decrease when a metal
like aluminum is placed between the two coils. Examples of previous works on this
topic are [18] and [19]. Both studies propose that the mutual impedance between
two inductors is the sum of the mutual impedance without the metal plus the
impedance due to the presence of the metal [19]. The decrease in coupling factor
due to the presence of metals is due to the phenomenon of eddy currents. When
metals are placed in the vicinity of the transmitter coil, the alternating magnetic
field generated by this coil will produce eddy currents in the metal. This current
generates a magnetic field that opposes the exciting magnetic field. Therefore the
magnetic field which affects the receiver coil will be the source magnetic field minus
the eddy current field. This phenomenon decreases the efficiency of the system.
On the other hand, when materials with very large permeability (e.g. ferrite) are
placed at the bottom of a coil, the magnetic field transmitted is increased due to
the ferrite redirecting most of the magnetic field to the coil’s top side.
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Chapter3
Methodology

Three methodologies or approaches to analyze the parameters were used in this
project: analytical, simulation and measurement. These are applied to both cou-
pling factor and WPT system analyses. The first approach consists of doing direct
analysis on the parameters based on the theory behind each phenomenon. The
second part consists of creating models using specialized software to simulate the
parameters’ behaviors and validate the theoretical results. The last part is used
to confirm the results from the first two by comparing them to the practical, real
case. The tools and software used are explained in the following sections.

3.1 Coupling factor

3.1.1 Analytical approach

The PTx and PRx coils used in WPT systems can have many different geome-
tries. One of the goals of the project was to develop a general analytical method
to compute the coupling factor between two current paths when geometries and
positions are known.

As was said in Section 2.2, previous works focused on giving a closed form
formula to get the coupling factor (k). That becomes impractical when the coils
have different geometries because it is necessary to solve integral (2.24) for each
geometry. Moreover, closed form expressions may not be possible when irregular
geometries are needed, and when it becomes important to also consider the ter-
minals (feed lines) to the coils. For this reason, the goal in this project was to
develop a more general and practical method. The method developed is based
on solving the aforementioned integral numerically. The tool used to achieve it is
MATLABR©. This is a well known programming platform and language used in
science and engineering. The MATLAB language is matrix-based, which simpli-
fies implementing math heavy algorithms [20]. For detailed information about the
MATLAB platform, the reader can consult its online documentation [21].

The algorithm implemented to numerically perform the integral consists on
splitting the current path into small pieces (differential element in length) and
evaluating the integrand in expression (2.24) for each differential length. In this
way, any coil geometry and even the terminals can be taken into consideration.

To account for the presence of plates of other materials placed "behind" a coil,

15
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the method from [19] was employed. However, this can only be used with planar
circular coils. The following equation is used:

Mtotal = jωM + Zt (3.1)

where Mtotal is the mutual inductance, Zt is the contribution from the plate, ω is
the angular frequency, and M is the mutual inductance without taking the plate
into account. Zt is calculated using the method described in [19], but it does not
account for coil terminals. M is calculated using the algorithm described in this
section instead, which takes in account the coil terminals. Therefore, some error
is expected in calculating Mtotal, since Zt had not been modified to include the
effect of the coil terminals.

The algorithm’s inputs are: the coil’s shapes and the separation between them.
This separation is represented by d and h values for the horizontal and vertical
planes, respectively (see Figures 3.1 and 3.2). The shape is represented by a list of
3-dimensional coordinates (i.e. a discretization of the real shape). Since circular,
spiral and square coils are common, the program can generate the coordinate
list automatically if the user selects one of these shapes and specifies some related
parameters. For example, if a spiral coil is desired its shape in 2D polar coordinates
is modeled by the Archimedean spiral equation (3.2). Here a and b are real numbers
that determine how many turns the spiral has and the distance between turns [22].

r = a+ bθ (3.2)

Real coils have terminals to connect to the power source (or load), and in some
simulation software such as LTspice R©, sink terminals are necessary for magnetic
simulations. With the implemented algorithm, there is a lot of flexibility when
describing the overall shape of each coil, which makes it easy to consider the
contributions from the coil terminals. In order to find out if these terminals impact
the variables under study, the algorithm was executed with and without them and
the results were compared to the measured values.

Figure 3.1: Vertical distance h
between coils

Figure 3.2: Horizontal separa-
tion (or lateral displace-
ment) d between coils’ cen-
tral axes

To calculate the coupling factor using equation (2.23), the self-inductance of
each coil has to be determined first. The formula to get the the self-inductance
follows the same mathematical idea as the one for mutual inductance, and thus the
same algorithm is used to calculate it. The main difference is that both current
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paths are the same (since the flux going through the coil with the flux-generating
current is of interest). One problem with reusing the mutual inductance algorithm
is that integral (3.13) has a singularity when r = 0. Therefore to calculate the self-
inductance it is necessary to run this algorithm for several small values of h instead
of 0, and with those results the value when h = 0 is numerically approximated by
extrapolation.

3.1.2 Simulation approach

Simulators enjoy widespread use in the electronics design space, both in indus-
try and academia, because they can be used to find out the characteristics of
the designed devices without investing the money needed to built prototypes that
may not work. They allow visualization of how the components react to varia-
tions in different parameters, like applied voltage and frequency. They are also
used to change physical, electrical and magnetic characteristics of the device un-
der study and then to reassess its performance. Thus, engineers can make more
informed decisions when selecting materials and choosing between competing de-
signs. Nowadays, many software packages for electromagnetic field simulation are
available. Some examples are COMSOL Multiphysics, CST EM STUDIO R© and
ANSYS Maxwell R©. The last one was chosen to validate the values from the ana-
lytical approach.

Ansys is a comprehensive program for 3D design and simulations in the fields
of fluids, electronics, semiconductors, structural analysis and embedded software,
among others. The electronics suite can simulate antennas, automative radars,
RF and microwaves, low-frequency electromagnetics, power electronics and others.
Ansys Maxwell, used during this thesis work, was developed for static, frequency-
domain (low frequency) and time varying electromagnetic and electric field simu-
lation. It contains several solvers, including the magnetostatic and eddy currents
solvers used in this project [23].

The magnetostatic solver, as its name implies, assumes the magnetic field
is constant. This makes it less accurate than the eddy currents solver for low
frequency cases, but it is more computationally efficient. The frequency range
used during the experiments is around 100 kHz. In this range, the wavelength is
around 3 kilometers, calculated using the relation λ = ν

f where ν and f are the
phase speed (i.e., 3 × 108m/s in vacuum) and the frequency of the wave. The
maximum distance between the coils considered was 15 mm, which is very small
when compared to the wavelength, so the magnetostatic solver’s assumption is
reasonable and thus it can be used. However, this solver was not accurate enough
to study the effects of metals placed close to the coils. The eddy currents solver was
used for this kind of scenarios. This solver computes steady-state, time-varying
(AC) magnetic fields at a given frequency. For the most part, the same models
defined for use with one solver can be reused for the other, and only new excitation
sources had to be defined.

After choosing the correct solver, the next step is to create the structure to
be simulated. The base structures considered were based on predefined struc-
tures included in the program. There is a library of common materials such as
copper, ferrite, FR4, etc. The calculation domain for the simulation was marked
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with a vacuum box surrounding the structure. DC current sources were used as
excitations for each coil when the magnetostatic solver was selected, and AC cur-
rent sources were used with the eddy currents solver. The simulations had to be
fine tuned in order to run them on the available computer resources, due to high
memory usage. For example, the mesh was modified to be finer in the regions
containing the coils and coarser in the rest of the calculation domain.

Models to calculate both the self-inductance and the mutual inductance were
built, and will be explained in detail in Section 3.1.2. In Ansys Maxwell the
user can specify sets of values for variables and run simulations for each value
in the set without having to manually redefine the model for every value, and
this functionality was used extensively in the mutual inductance case. Like in
the analytical approach, two variables were defined: h and d, which represent
the vertical distance and the lateral displacement, respectively. Figure 3.3 shows
several instances of the same model obtained by changing the value of h.

(a) h = 2.45mm. (b) h = 5 mm.

(c) h = 10 mm. (d) h = 15 mm.

Figure 3.3: Different Ansys Maxwell models obtained by varying a
parameter. In this case the vertical distance (h) is changed.

For more information about modeling and simulation using Ansys Maxwell,
the reader should check the Ansys Maxwell Getting Started Guides or the Maxwell
Online Help. These materials can be accessed from the software.

Description of magnetics simulations

This section shows some example simulations built with Ansys Maxwell for the
purpose of evaluating different quantities (e.g., self and mutual inductances). Each
model consists of a description, a list of related coil parameters and a figure. The
first two models, designed to calculate self-inductances, were built to evaluate the
performance of the simulator and learn how to use it.

I) Self-inductance (Magnetostatic solver)
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(a) Square coil
A square coil (on PCB) was built to validate the performance of the
simulator with a geometry different from the traditional circular shape.
The coil is shown in Figure 3.4. The materials selected for the coil are
the same as the ones used for flexible PCBs. That is, the coil metal is
made from copper (of bulk conductivity 5.8 × 107 S/m) and the rest
of the board from polyamide (of relative permitivity 4.3 and dielectric
loss tangent 0.004). Other physical characteristics are listed below:
• Inner radius: 19.5 mm
• Turns: 8
• Wire thickness: 0.5 mm
• Space between turns: 0.5 mm
• Size of PCB: 150 mm × 90 mm
• Thickness of PCB: 0.05 mm

(b) Spiral coil with ferrite
This is a two-layers spiral coil with a thin ferrite plate in the bottom.
The conductor is made from copper and the dimensions of the coil
correspond to the Qi Specification for TPT2 [24]. Figure 3.5 shows the
resulting model.

Figure 3.4: Model to calculate
self-inductance of a square
coil.

Figure 3.5: Model to calculate
self-inductance of a coil on
a ferrite plate.

II) Mutual inductance (Magnetostatic solver)

(a) One loop coil: The one-loop case is only interesting as a theoretical
exercise, since it is unlikely to be found in real systems due to its low
inductance. Two examples were analyzed. The first one (see Figure 3.6)
corresponds to the scenario when the wire thickness is 0.5 mm. Then
the wire thickness was increased to 0.7 mm, to study how wire thickness
affects the mutual inductance and validate the analytical approach.
The conductors were made from copper and their radius was 20 mm.
The separation distance between the two coils in Figure 3.6 is 5 mm.
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Figure 3.6: Model to calculate
mutual inductance between
two one-loop coils.

Figure 3.7: Model to calculate
mutual inductance between
two spiral coils. Each one
has 10 turns.

(b) Spiral coil: Figure 3.7 shows the 3D model created in Ansys to get
the mutual inductance between two spiral coils on PCBs. Copper was
selected as the material for all coils, and they had an FR4 plate in the
bottom, to simulate some PCB coils that were built to compare the
simulations with real measurements. More details about the physical
coils are included in Section 3.1.3.

III) Mutual inductance (Eddy current solver) As was explained before, some
simulations were done to investigate how the coupling factor changes when
there are metals close to the coils. If we want to study the effect of external
materials the eddy currents solver must be used. This simulation model is
based on Type 1 coils (with the distance between the coils being 3 mm).
The dimensions of Type 1 coils will be given in Section 3.1.3. A flat metal
cylinder was added between the coils, and it has the following characteristics:

• Metal: Aluminium

• Relative permeability (µr): 1.000021

• Bulk conductivity: 3.8× 107 S/m

• Diameter: 2 mm

• Height: 2.90 mm

Figure 3.8 shows the resulting model.

3.1.3 Measurement approach

In order to validate the analytical and simulation approaches described earlier,
real models were built to collect measurements for comparison. The purpose of
this section is to describe the coils built to study the coupling factor behavior
and the procedure used to collect measurements. Four different spiral coil types
were used, with the purpose of observing the changes in the coupling factor from
reasons other than changing the relative position of the coils. For example, the
different types enable an evaluation on how the coupling factor reacts to changes
in the number of loops or the coils’ dimensions. Some measurements were realized
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Figure 3.8: Model to calculate mutual inductance in presence of
an aluminium cylinder.

with square coils to analyze how the algorithm works with other geometries than
circular coils.

Materials and Equipment

1. PCB circular spiral coils
It was essential to control the vertical distance between two coils and the
horizontal distance (or lateral displacement) between the axes of two coils,
and to be able to repeat experiments under the same conditions. At first,
the coils were made using wires, but the measurement results were unstable.
Therefore, PCB coils were built instead, using spacers to adjust the rela-
tive positions between two coils. Thus, the positions could be modified as
necessary and the coils kept in place for any number of measurements. Mea-
suring using coils with a single or a few turns would be useful for evaluating
how well the algorithm performs in each scenario. As was said before, four
different coil types were considered. Their characteristics are listed below:

• Coil Type 1
Maximum outer radius: 20
Number of turns: 10

• Coil Type 2
Maximum outer radius: 20
Number of turns: 1

• Coil Type 3
Maximum outer radius: 20
Number of turns: 10

• Coil Type 4
Maximum outer radius: 10
Number of turns: 1

All of the types share the following characteristics:

• Spacing between turns: 0.178 mm
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• Track width: 0.5 mm

• Copper thickness: 0.2 mm

• Substrate material: FR4

Note that the copper thickness is included in the radius (i.e. the radius
is measured from the center of the coil to the most distant edge of the
wire). When trying to simulate the coils or to calculate the coupling factor
analytically, half of the wire thickness has to be substracted from the radius
so that the filamentary wire model aligns with the center of the wire instead.
The choice of track dimensions is based on having a geometry as close as pos-
sible to the one used in the simulation models, as well as achieving constant
current density. Ideally, track width and wire thickness would be equal, but
0.5 track width and 0.2 wire thickness was the best option offered by the
PCB manufacturer.
Figure 3.9 shows the PCB coils designed for this project.

(a) Type 1 (b) Type 2

(c) Type 3 (d) Type 4

Figure 3.9: PCB circular spiral coils designed.

2. PCB square spiral coil

Outer diameter: 42 mm

Spacing between turns: 0.5 mm



Methodology 23

Track width: 0.5 mm

copper thickness: 0.035 mm

Number of turns: 8

Substrate material: Polyamide

Figure 3.10 shows the PCB square spiral coil used.

Figure 3.10: PCB square spiral coil

3. LCR meter
Two different tools were used to measure the necessary values, in order
to be able to verify them by comparing the two reported values. Since
measurements on different equipment are always slightly different, this also
ensures that the algorithm developed is not biased towards a particular tool.
Measurements were also repeated with two pairs of coils, to minimize the
impact of errors in the physical setups.
The LCR meter were used to get measurements are:

• GW-Instek LCR-8101G

• Keysight Technologies E4980A

4. Ferrite plates

• Size: 106× 106 or 53× 53

• Relative magnetic permeability: 2300

• Resistivity: 500Ω.cm

Procedure

Four measurements were needed to get the coupling factor between two coils:

• The primary coil inductance when the secondary coil is in open circuit.

• The secondary coil inductance when the primary coil is in open circuit.
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• The equivalent inductance when Lp and Ls are in series-aiding configuration.

• The equivalent inductance when Lp and Ls are in series-opposing configu-
ration.

The voltage used is 500 mV and the frequency is 100 kHz for all measurements.

To calculate mutual inductance one starts from the equations for two inductors
in series (terminal voltages for a two-coil system) [25]:

v1 = jωL11i1 + jωL12i2 (3.3)

v2 = jωL21i1 + jωL22i2 (3.4)

where L12 = L21 = M is the mutual inductance.
Figure 3.11 shows two inductors in series-aiding and series-opposing configu-

ration. The equations for each case are:
In series-aiding configuration:

i2 = i1 (3.5)

vaid = v1 + v2 (3.6)

vaid = jωLaidi1 (3.7)

In series-opposing configuration:

i2 = −i1 (3.8)

vopp = v1 − v2 (3.9)

vopp = jωLoppi1 (3.10)

From the equations for the first configuration it can be shown that [25]:

Laid = L11 + 2L12 + L22 (3.11)

And from the equations for the second one [25]:

Lopp = L11 − 2L12 + L22 (3.12)

From equations (3.11) and (3.12), the mutual inductance is given by:

M =
Laid − Lopp

4
(3.13)
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Figure 3.11: Left: Inductors in series-aiding configuration. Right:
Inductors in series-opposing configuration.

3.2 WPT systems

A similar framework as for studying coupling factor was used to study WPT sys-
tems. First, an analytical approach to represent the system based on the existing
theory was developed. Then, a simulator was chosen, to see how well the analytical
approach compares with a simulation approach. Finally, a real system was built
to collect measurements for comparison with the results from the analytical and
simulation approaches.

3.2.1 Analytical approach

The equations corresponding to the equivalent model presented in Section 2.1.1,
were used to build a MATLABR© script to study WPT.

The tf command from the Control System ToolboxR© was used to create the
polynomial transfer function of the system [26]. After that, the bode command
was used to generate data to create a bode plot [27]. This command takes a set
of frequencies and the transfer function as input and returns the magnitude and
phase of the function’s response.

In the developed script the user needs to specify the frequency range, number
of sample for that frequency range, input voltage, inductance of the coil, capaci-
tor value and ESR value for both the primary and secondary sides (Rp and Rs),
the load value and the system’s coupling factor. These values are used to cal-
culate the primary and secondary resonance frequencies and the quality factor
of each side. The transfer function is created using the relations for leakage in-
ductances and magnetizing inductance given in Section 2.1.1 and applying the
reflected impedance concept. All system variables can be plotted. The primary
coil current (Ip) and the load voltage (VL) were of special interest for this project
and were compared with the values obtained from the real system. Figure 3.12
shows an example output from the script, when the input parameters are given by
the following values:

fmin = 50 kHz, fmax = 150 kHz, Vin = 3 V, Cp = 0.486 × 10−6 F, Lp =
5.14 × 10−6 H, Rp = 0.0391 Ω, Cs = 0.491 × 10−6 F, Ls = 5.10 × 10−6 H,
Rs = 0.0396 Ω, ZL = 10.5 Ω, k = 0.656.

Resonance split

A Python script was written to find out the minimum load value at which the
resonance split phenomenon does not occur. The scripts uses a computer algebra
library to find the expression for primary coil current as a function of load starting
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Figure 3.12: Waveform from MATLAB script corresponding to
the primary coil current.

from the same equations used to model the WPT system. The derivative of the
expression is found, in order to find its stationary points. If resonance split has not
occurred, the expression will have a single real positive stationary point, a global
maxima. If the phenomenon does occur, it will have three real positive stationary
points instead, corresponding to two local maxima and a local minima in between.
Thus, one can analytically determine if resonance split occurred by counting the
number of such points. The numerator of this derivative is a polynomial of degree
56, so it’s roots can only be found numerically. The script repeats this procedure
for a sequence of load values, to find the point in which the number of local maxima
changes. Note that this method does not only count the local maxima, but it also
finds the frequencies at which they (and the local minima, if it exists) occur.

3.2.2 Simulation approach

The second approach used to analyze WPT system behavior was simulations us-
ing LTspiceR©. LTspice is a SPICE (Simulation Program with Integrated Cir-
cuit Emphasis) simulation program developed at Linear Technology (now part of
Analog Devices) [28]. With this tool analog circuits can be modeled with the
schematic/symbol editor and the signals through the circuit can be analyzed us-
ing the waveform viewer. The software has a library with common components
such as resistors, inductors, capacitors and others. It includes functionalities for
multiple types of analysis, such as transient analysis, AC analysis, DC sweep and
stochastic noise analysis [29]. For this investigation the first two types were used.

Figure 3.13 shows a generic inductive coupling WPT system modeled using
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LTspice. Using the K-statement, the program allows easy modeling of transformers
[30]. The parameters used in this directive are the primary coil inductance, the
secondary coil inductance and the coupling factor.

Figure 3.13: LTspice model of a generic WPT system.

Figure 3.14 shows the primary coil RMS current obtained from LTspice with
the same parameters as those used in the previous section.

Figure 3.14: Waveform from LTspice corresponding to the primary
coil RMS current.

3.2.3 Measurement approach

The final part of the project involved taking measurements of a real WPT system.
This section describes the setup and materials used.

The first step was creating resonant circuits for the transmitter and receiver
sides. The PCB coils described in Section 3.1.3 were used. However, Types 2,
3 and 4 were not used for this WPT system study due to their low inductance.
This is an issue because if the inductance is low, the mutual inductance will be
low as well, which in turn means the voltage induced in the secondary side will
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be low. This is problematic because measuring a low signal is more error prone.
Another problem with using these coils is that the resonant frequency chosen for
each resonant circuit was 100 kHz, because this is within the frequency region used
by all Qi devices. The corresponding inductances for the coils were around 5 µH
for Type 1, 0.2 µH for Type 2, 1.3 µH for Type 3, 0.1 µH for Type 4. To create
a circuit that resonates at 100 kHz, it is necessary to use a larger capacitance,
around 0.49 µF for Type 1, 11.5 µF for Type 2, 1.8 µF for Type 3, 20 µF for
Type 4. Components with such high capacitance are uncommon. NP0 and X7R
ceramic capacitors were used, both being fairly common options. NP0 capacitors
were used due to their stability, as their capacitance does not change when a
voltage is applied. It is common to find these capacitors with values of a few nF.
The X7R capacitors are highly dependent on the applied voltage, but it is easier
to find larger capacitance values when compared to NP0 capacitors. When the
resonant circuit was built with a PCB coil Type 1, X7R capacitors were originally
used, but the system did not behave as expected. Then, the X7R capacitors were
replaced with NP0 capacitors and the behavior improved.

After the resonant circuits were built, the system was completed by adding
a voltage supplier to the transmitter side and a load to the receiver side. The
signal going through the circuit can be measured using an oscilloscope at different
nodes of the circuit. In this project however, the WPT system parameter values
were measured using CATS

TM
II, a testing system developed, manufactured and

marketed by nok9 AB. This system is formed by two tools: Mobile Device Tester
(MDT) and Base Station Tester (BST). These tools were used because they include
functionality easily accessible through a graphical user interface (GUI) to make
frequency sweeps when using MDT or measure some parameters at receiver side
using the oscilloscope integrated into BST.

The MDT was connected to the resonant circuit. Figure 3.15 shows the setup
used. The PRx coil was connected to the BST and an external load was connected
as well. The external load is variable, so different values can be chosen.

The MDT’s GUI also allows the input voltage, frequency and other parameters
of the input signal to be set, and it can measure the primary coil current and
voltage. Like MDT, BST has a GUI where the user can change some parameters
in the secondary side and it can measure and show the coil current and voltage as
well as rectified current and voltage (over the load).
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Figure 3.15: Measurement setup for WPT system parameters.
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Chapter4
Results

This chapter presents the results obtained for the analytical, simulation and mea-
surement work performed for this thesis. Similarly to previous chapters, it is sep-
arated into two sections. The first section contains the plots and tables built with
coupling factor values and/or mutual inductance values from different scenarios,
for the purpose of comparisons. These values were obtained using the developed
algorithm, the simulator and the measurement tools, as described in Chapter 3.
The second part presents the results from studying WPT systems. As in the first
section, results from the analytical model, simulations and measurements were
compared. In both sections, results are followed by short discussions about the
values obtained.

4.1 Coupling factor

The coupling factor values obtained from measurements are used as the reference
values to evaluate the accuracy of both the algorithm developed and the simulation
software used. For a few cases measuring the values directly was impractical (e.g.,
single-loop coils) due to sensitivity limitation of the measurement equipment, so
the analytical and simulation results were compared directly to verify that their be-
haviors are similar. After demonstrating the accuracy of the developed algorithm,
more values are calculated using it, to study the behavior of the coupling factor in
greater detail. Although the algorithm is not expected to provide the exact values
(i.e., some errors exist), many coil configurations can be quickly evaluated without
the need fabricate and measure them, saving both time and money.

4.1.1 Analytical approach results

To validate the algorithm, it is necessary to show the correlation between its out-
put values and those obtained by measurement. For circular and spiral coils, 200
points were used to represent the shape of every loop, and the length of a differ-
ential segment was set as 0.01 mm. These parameters were selected after initial
experimentation with the algorithm showed an acceptable speed-accuracy tradeoff,
but it is not claimed here that they are optimal. Unless stated otherwise, terminals
were included in the calculation. The procedure used to take measurements with
real coils is explained in Section 3.1.3.

31
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As mentioned in Section 3.1.3, two different LCR meters were used to measure
the coupling factor from two identical pairs of coils for different lateral displace-
ments (the two pairs are different from each other only due to fabrication toler-
ances). Figure 4.1 shows the results from one experiment, given here only as an
example (hence no discussion will be provided for this case). In this plot, both
the receiver and transmitter coils are Type 1 coils with 10 turns and 20 mm outer
radius (for both samples 1 and 2). The different curves correspond to k measured
with each LCR meter for both pairs of coils. Since the same value is measured 4
times, it is easy to detect and avoid big measurement errors.

Figure 4.1: Comparison between the analytical results and the
measurement results obtained with two different measure-
ment tools and two pairs of coils (of identical type and con-
figuration), for different lateral displacements and h = 2.45.

The coupling factor depends on the coils’ shape and relative distance. Exper-
iments were run in which only one of the variables was changed, to study it in
isolation. Again, the values were compared with the analytical results from the
algorithm.

Figure 4.2 shows the coupling factor from coils with 10 turns and 20 mm
outer radius (Type 1). The graph illustrates how the coupling factor changes as
a function of the lateral displacement (d) in mm. Three different scenarios are
included, each one corresponding to a different vertical distance (h) value. Curves
calculated using the analytical approach are compared with measurement results.
To make the graph easier to understand, it includes only measurements from a
single pair of coils (sample set 1) using a single LCR meter (E4980A). Based
on recorded data, the worst error was around 5.66% with LCR-8101G, which
corresponds to an absolute error of 0.032, and was around 5.04% (absolute error
of 0.011) with E4980A. This plot can be used to analyze both the algorithm’s
performance and the coupling factor behavior. As can be expected, k decreases
when d increases, because the receiver coil moved away from the region where
the magnetic field is stronger, and hence the coupled flux became smaller. The
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same happened when h was increased. The figure also shows that as the vertical
distance h increases, the variation due to horizontal movement d is smaller.

Figure 4.2: Change in k for different vertical distances (h), over
different lateral displacements (d). Results from analytical
approach and measurements are presented.

Figure 4.3 presents k values as a function of the vertical distance h. The PTx
and PRx coils are the same. It shows results from pairs of coils with radii of 20 mm
(Type 1) and 10 mm (Type 3). In both cases the coils have 10 turns. As before,
only the results from a single LCR meter and a single coil pair are shown. When
the radius is smaller, the coupling factor is also smaller. The difference in coupling
factor decreases as h becomes larger. If this distance continues to increase, the
coupling factor converges to 0 for both types of coils. As for the performance
of the algorithm, it can be seen that the analytical and measured curves are in
close agreement with each other. The largest error overall found for the 20 mm
coils was 3.87% equivalent to an absolute error of 0.01074.In the 10 mm case, the
largest overall error was as high as 22.2%, corresponding to a 0.01315 absolute
error, which was obtained with the LCR-8101G. For the E4980A, the largest error
of the 10 mm case was 5.14%, corrresponding to an absolute error of 0.01284.

Figure 4.4 is similar to the last one. Again, the variables under study are h and
the outer coil radius. This time however, the number of turns is one. As before,
the coupling factor decreases as the radius decreases. However, the analytical and
measurements results differ more from each other in this scenario. This is because
the lesser number of turns leads to smaller self and mutual inductances, making
these values more sensitive to measurement tolerances. The biggest relative errors
are 12.48% and 52.20% for the 20 mm and 10 mm coils respectively, corresponding
to absolute errors of 0.0079 and 0.0178. The largest errors occur when the coils
are farthest away, since at that point the k values being measured are very small,
and thus there is more uncertainty in the measurements (due to limited sensitivity
of the LCR meters).

The next case considered, shown in Figure 4.5, is when the PTx has a larger



34 Results

Figure 4.3: Comparison between results from analytical approach
and measurements with Type 1 (radius 20 mm) and Type 3
(radius 10 mm) coils.

Figure 4.4: Comparison between results from analytical approach
and measurements with coils with 20 mm and 1 turn and
coils with 10 mm radius and 1 turn.

radius (20 mm, i.e., Type 1) than the PRx (10 mm, i.e., Type 3). In general, the
coupling factor decays with increasing d for different h values. However, when h
is smaller (i.e., 2.45mm) the behavior of the coupling factor as a function of d is
different. In this case the function is not decreasing monotonically. It reaches its
highest point at between 5 mm and 10 mm of lateral displacement. To explain this
phenomenon, Figures 4.6 and 4.7 show a top view of pairs of coils, where the coil
size is equal in the first one and different in the second one. If both coils have the
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same size, the maximum coupling occurs when their centers coincide. When the
sizes are different, the highest coupling factor occurs when the center of the smaller
coil is closer to the edge of the bigger one, where the magnetic field is stronger.
However, when h is increased, the magnetic field strength is again largest along
the axis of the larger coil, similar to the case of similar size coils.

Figure 4.5: Comparison between results from analytical approach
for different h values when the PTx has radius 20 mm and
PRx has radius 10 mm.

Figure 4.6: Misalignment between coils with equal dimensions.

To find out if including the terminals increased accuracy, the algorithm was run
with and without them and compared to the measured values (used as reference
values). Table 4.1 shows the relative errors for several values of h, for a pair of Type
1 coils with no lateral displacement. The real values were measured from a single
pair of coils with E4980A. Including the terminals improves the agreement between
analytical and measured results substantially when h is small (the measured values
are higher), but the difference is small in the other cases.

Past research, as in [14] and [16] focused on finding formulas to calculate the
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(a) d = 0 mm (b) d = 5 mm (c) d = 10 mm (d) d = 15 mm

Figure 4.7: Misalignment between Type 1 and Type 3 coils.

h [mm] Error with terminals [%] Error without terminals [%]
2.45 0.078 2.92
5 1.21 1.25
10 2.32 2.32
15 1.09 1.08

Table 4.1: Relative error for the algorithm with and without termi-
nals.

mutual inductance between circular coils, so the ability to calculate it on coils
with other geometries is a significant improvement. To test the algorithm with
non-circular coils, it was applied to a pair of square coils. The specifics of the
square coils are given in Section 3.1.3. Table 4.2 presents the values calculated for
two values of the vertical distance h, along with the measurements from both LCR
meters. The coils were horizontally aligned (i.e., d = 0 and there was no rotation
relative to each other). As can be seen in the table, good agreement is obtained
between analytical and measurement results, especially when E4980A is used in
the measurements.

4.1.2 Coupling factor in the presence of materials

Only four configurations were considered to study the effect of materials on cou-
pling factor. Type 1 PCB coils were used both for the transmitter and receiver.
In each case, a ferrite plate was placed "behind" the transmitter, on the side op-
posite to the receiver. Two different plate dimensions were considered, 53 mm x
53 mm and 106 mm x 106 mm. The thickness for both plates is 2.5 mm. The
other parameter that was varied was the vertical separation h between the coils,
both 2.45 mm and 5 mm were used. Table 4.3 shows the results of this study. As
said in Section 3.1.1, the algorithm used to account for the presence of the ferrite
plate (based on the method in [7]) assumes that the plate’s width and length are
infinite. Because of this, the calculated value is closer to the measured one when
the bigger plate is used. As explained in Section 3.1.1, minor error is also expected
from the algorithm not taking into account of the coil terminals in the calculation
of the effect from the ferrite plate.
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4.1.3 Accuracy of simulation software

Section 3.1.2 presented several simulation models designed in Ansys Maxwell. This
section shows the results of running simulations based on these models. When pos-
sible, they were compared to physical measurements. For the mutual inductance
comparison of single-loop coils, obtaining good accuracy from real measurement
was problematic, so for these cases the simulation results served as the reference
values for comparison with the results from the analytical approach.

I) Self Inductance
As explained in Section 3.1.2, the first few models were designed to calculate
self-inductance, namely one with a square coil (see Figure 3.4) and one with
a two-layer coil with ferrite in the bottom (see Figure 3.5), with the two-layer
coil following the dimensions of the Qi Specification. The simulations with
these models were executed and the self-inductances found were compared
with the values measured from the real coils. The results are shown in Table
4.4. The error in the values calculated using the simulations was around 1%
of the measured values.

Coil Simulated
value [H]

Measured
value [H]

Error
[%]

Absolute
error [H]

Square Coil 4.06×10−6 4.01×10−6 1.02 4.08×10−8

Ferrite 2.44×10−5 2.46×10−5 0.76 1.88×10−7

Table 4.4: Self-inductance values from Ansys Maxwell and measure-
ments.

II) Mutual Inductance
The first cases considered for mutual inductance calculation concerned single-
loop coils. Coils with 0.5 mm and 0.7 mm wire thickness were simulated.
The single-loop cases are the hardest ones to validate with real measure-
ments because the coil inductance is low and that leads to larger errors due
to limited sensitivity of the LCR meters, as was already mentioned in Sec-
tion 4.1.1. Therefore, the simulation results were compared with those from
the algorithm instead. The results in Table 4.5 correspond to the scenario
when the wire thickness is 0.5 mm, and those in Table 4.6 correspond to the
scenario with the wire thickness of 0.7 mm. Although the values obtained
from the analytical approach do not match completely with simulated val-
ues, the comparison allows for a quick evaluation of the usefulness of either
method in providing consistent results. As can be seen, the higher the mu-
tual inductance, the more similar both values are. However, for the range of
parameters studied here, the difference is never larger than 10%.
The second set of simulations built to calculate mutual inductance used cir-
cular spiral coils (Type 1), already shown in Figure 3.7 and described in the
previous chapter. The results from these simulations are presented in Table
4.7. Notice that in this particular case, the error is smaller when the mutual
inductance is smaller, and the values reported by the different tools used are
also closer.
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h [mm] d [mm] Analytical
approach,
value [H]

Simulation approach

Value [H] Error
[%]

Absolute er-
ror [H]

2 0 6.00×10−8 5.97×10−8 0.41 2.48× 10−10

5 0 3.77×10−8 3.66×10−8 2.83 1.07× 10−9

10 0 2.22×10−8 2.09×10−8 5.96 1.32× 10−9

15 0 1.45×10−8 1.31×10−8 9.61 1.39× 10−9

Table 4.5: Comparison of mutual inductance between algorithm and
Ansys Maxwell for single-loop cases with wire thickness of 0.5
mm.

h [mm] d [mm] Analytical
approach,
value [H]

Simulation approach

Value [H] Error
[%]

Absolute er-
ror [H]

2 0 6.04×10−8 6.21×10−8 2.85 1.72× 10−9

5 0 3.76×10−8 3.80×10−8 1.11 4.23× 10−10

10 0 2.13×10−8 2.24×10−8 4.97 1.12× 10−9

15 0 1.46×10−8 1.33×10−8 8.95 1.31× 10−9

Table 4.6: Comparison of mutual inductance between algorithm and
Ansys Maxwell for single-loop cases with wire thickness of 0.7
mm.

Another scenario simulated in Ansys Maxwell included a metal object (an
aluminium cylinder). As was explained in Chapter 3, it is necessary to use
a different solver (eddy currents instead of magnetostatics) in this case. The
setup applicable for both simulation and measurement is given in Section
III. Table 4.8 shows the results. As it can be seen, the simulation results
are closer to the measured ones when the metal object is not included. This
could be caused by limitations in the simulation software, it may also happen
in part due to measurement tolerances. In any case, the largest deviation
between the results with the metal object is still less than 8%.

Figure 4.8 shows the results of all methods used to get the coupling factor for a
pair of Type 1 of coils (20 mm, 10 turns). Note that the values from the algorithm
developed during this project are slightly closer to the measured values than the
simulated ones when the distance h is smaller. However, the absolute differences
are small and become even smaller as h increases. The larger discrepancy of the
simulated values may be due to improper modeling (i.e., geometry of the coils not
reflecting that of the real coils) rather than intrinsic limitations of the simulation
program.

In particular, a characteristic of the models built using the simulator is that
the wires have a circular cross section. Since the real coils are built on PCB,
the cross section of the conductor is rectangular, and its width and height are



40 Results

h
[m

m
]

d
[m

m
]

Sim
ulation

approach
[H

]
M

easured
L
C

R
-8101G

E
4980A

V
alue

[H
]

E
rror

[%
]

A
bsolute

error
[H

]
V
alue

[H
]

E
rror

[%
]

A
bsolute

error
[H

]
2.45

0
3
.6
5
×

1
0
−
6

3
.3
9
×

1
0
−
6

7.72
2
.6
2
×

1
0
−
7

3
.3
9
×

1
0
−
6

7.88
2
.6
7
×

1
0
−
7

5
0

2
.4
5
×

1
0
−
6

2
.3
3
×

1
0
−
6

4.85
1
.1
3
×

1
0
−
7

2
.3
4
×

1
0
−
6

4.40
1
.0
3
×

1
0
−
7

T
able

4.7:
C
om

parison
of

m
utual

inductance
betw

een
results

from
A
nsys

M
axw

ell
and

m
easurem

ents
for

Type
1
coils

Sim
ulation

approach
[H

]
M

easured
value

L
C

R
-8101G

E
4980A

V
alue

[H
]

E
rror

[%
]

A
bsolute

error
[H

]
V
alue

[H
]

E
rror

[%
]

A
bsolute

error
[H

]
W

ithout
M

3
.3
2
×

1
0
−
6

3
.3
7
×

1
0
−
6

1.44
4
.8
4
×

1
0
−
8

3
.3
7
×

1
0
−
6

1.40
4
.7
2
×

1
0
−
8

alum
inum

k
6
.6
7
×

1
0
−
1

6
.6
9
×

1
0
−
1

0.31
2
.0
7
×

1
0
−
3

6
.5
5
×

1
0
−
1

1.82
1
.2
0
×

1
0
−
2

W
ith

M
2
.5
4
×

1
0
−
6

2
.3
6
×

1
0
−
6

7.85
1
.8
5
×

1
0
−
7

2
.3
5
×

1
0
−
6

7.96
1
.8
7
×

1
0
−
7

alum
inum

k
5
.7
5
×

1
0
−
1

5
.6
0
×

1
0
−
1

2.65
1
.4
8
×

1
0
−
2

5
.5
3
×

1
0
−
1

4.04
2
.2
3
×

1
0
−
2

T
able

4.8:
Sim

ulations
and

m
easurem

ents
w
ithout

and
w
ith

a
m
etalobject

in
the

tw
o-coilconfiguration.



Results 41

Figure 4.8: Comparison between results from analytical approach,
measurements and simulations with coils with 20 mm radius
and 10 turns (Type 1 coil).

restricted to certain values. An assumption commonly used is that the current
density is constant. For this to hold, the ratio of width to height should be 1:1,
but the manufacturer could deliver coils with a ratio of 5:2 at best. This could
cause some of the differences in the results shown.

4.2 WPT

After focusing on the couple factor in the previous section, this section examines
other important parameters of WPT systems. A WPT system is analyzed as an
electrical circuit. As in the previous study of inductances and coupling factor,
three different approaches were used.

4.2.1 Load voltage (VL) variation with coupling factor (k)

Figures 4.9, 4.10 and 4.11 show the load voltage as a function of frequency for
different relative positions between the PTx and PRx coils (and thus different
coupling factors). Measurements were taken from pairs of coils of the same size
(Type 1 coils) and of different sizes (Type 1 and Type 3 coils). Note that the
printed coils on the two PCBs faced each other at h = 0 mm and d = 0 mm and
the coil surfaces were only separated by protective laminates of thickness 0.01 mm.

Notice that the voltage is always higher when the coupling factor is higher.
In general, the coupling factor increases when the PTx and PRx coils are placed
closer to each other and are well aligned to each other. The increase does not
appear to be constant, since the curves have slightly different shapes. However,



42 Results

they are not intersecting in the given frequency range, which means that increasing
the coupling factor reliably increases voltage.

Figure 4.9: Load voltage for coils of the same size with vertical
distance (h) equals to 2.45 mm for different lateral displace-
ment (d) values.

Figure 4.10: Load voltage for coils of the same size with lateral
displacement (d) equals to 0 mm for different vertical dis-
tance (h) values.

If only the h value is changed, the coupling factor has the same behavior for
both similar and different PTx and PRx coils. The further away the coils are, the
smaller the coupling and the load voltage. On the other hand, lateral displacement
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Figure 4.11: Load voltage for coils of different sizes with vertical
distance (h) equals to 2.45 mm for different lateral displace-
ment (d) values.

d between similar PTx and PRx coils provides a monotonic decrease in coupling
and hence load voltage, whereas dissimilar PTx and PRx can show a different
behavior of coupling and load voltage over d depending on the h value (as seen
in Figure 4.5 as well as Figure 4.11. In short, the load voltage follows closely the
behavior of the coupling factor.

Figure 4.12: Load voltage for coils of different sizes with lateral
displacement (d) equals to 0 mm for different vertical dis-
tance h values
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Analytical and simulation methods to calculate WPT system parameter values
were described in Section 3.2. The results obtained from those methods are shown
in Figures 4.13 and 4.14. As it can be seen from the plots, both the simulations and
the algorithm are more in agreement with the measurements when the frequency
is higher. Note that the results from the analytical and simulation approaches are
more similar when compared to each other than when compared to the measured
values. This is plausible as they are likely applying the same equations for the
calculations. The difference observed when comparing to the real measurements
at lower frequencies (close to the resonant frequency) is caused by the components’
resistance, which increases when currents flow through them.

Figure 4.13: Comparison between the results from each approach
used in this project. Load voltage for coils of different sizes
with vertical distance (h) equals to 2.45 mm for different
lateral displacement (d) values.

4.2.2 Primary coil current (Ip) variation with coupling factor (k)

Figures 4.15 and 4.16 show the measured primary current values. The measure-
ments were done on Type 1 coils as PTx and PRx. For low frequencies, the primary
current decreases as the coupling factor increases, but for high frequencies the op-
posite is true.

The primary side coil current is given by Ip = Vin/Zp. Since the input voltage
was the same for all the measurements, the different behaviors seen in the figures
must be caused by the impedance seen by the primary side, Zp. As in Section
2.1.1, Zp is a function of both the coupling factor k and the impedance of the
secondary side Zs. According to data collected using the analytical approach, the
imaginary part of Zs changes its sign in observed range of frequencies from negative
to positive (i.e., the reactance goes from capacitive to inductive). This triggers the
change in the behavior of Zp (and Ip) as a function of k: for lower frequencies Zp
increases when k increase; for higher frequencies, Zp increases when k decreases.
The different curves intersect each other due to this change in impedance.
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Figure 4.14: Comparison between the results from each approach
used in this project. Load voltage for coils of the same size
with lateral displacement (d) equals to 0 mm for different
vertical distance (h) values.

Figure 4.15: Primary coil current for coils of the same size with
vertical distance (h) equals to 2.45 mm for different lateral
displacement (d) values.

4.2.3 Primary coil current (Ip) variation with load (ZL)

The primary coil current increases when the load increases for frequencies close
to resonant frequency, as seen in Figure 4.17. This may be caused by a change in
the behavior of the real components when the frequency is close to the resonant
frequency. For frequencies farther away from that point, the primary coil current
is lower when the resistance is larger. Again, measurements were done using Type
1 PTx and PRx coils. Further study using the analytical model showed that for
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Figure 4.16: Primary coil current for coils of the same size with
lateral displacement (d) equals to 0 mm for different vertical
distance (h) values.

the frequency values at which the primary coil currents coincide, the impedances
seen by the primary side coil also coincide.

Figure 4.17: Primary coil current for different load values.
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4.2.4 Sensitivity

Initially, a problem occurred while building the measurement setup due to the use
of low quality capacitors, as mentioned in Section 3.2.3. Figure 4.18 shows how the
current in the transmitter changes by changing the type of capacitor. The circuit
is more selective (i.e., the curve is steeper) when higher-quality NP0 capacitors
are used. Note that all measurements in this section were done on Type 1 PTx
and PRx coils.

Electronic components can have small factory defects, and measurement tools
also introduce errors. Problems with some components encountered during the
course of this project raised the question of how sensitive WPT systems are to
changes in specific parameters, in order to find out if these small errors could affect
system performance. Figures 4.19 to 4.23 show how the load voltage changes when
the values for specific parameters vary between ±5% of the parameters’ nominal
values. Since the results presented in the previous sections show that the WPT
system analytical model is reasonably accurate, it was used to generate the data
for these plots. This way the parameter values could be easily changed.

Figure 4.18: Current in the transmitter side with X7R and NP0
capacitors.

Figure 4.19 shows the load voltage when Lp varies. These curves have similar
shapes but the resonant frequency decreases as Lp increases. Varying Cp causes a
similar effect, as can be seen in Figure 4.20.

When Ls varies the change in the load voltage is observed in Figure 4.21
to be smaller than the one caused by modifying Lp. In this case, the resonant
frequency does not change, but the bell-like part of the curve gets slightly wider
as Ls increases. Using simulations and the analytical model it can be verified that
the stronger sensitivity towards Lp occurs even when Ls ≤ Lp. However, this may
be due to the fact that the equivalent model introduces a new variable Lm (the
magnetizing inductance) that depends on Lp but not on Ls. On the other hand,
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Figure 4.19: Load voltage for coils of the same size with lateral
displacement (d) equals to 0 mm and vertical distance (h)
equals to 2.45 mm for different values of Lp in the range ±5%
of its nominal value.

Figure 4.20: Load voltage for coils of the same size with lateral
displacement (d) equals to 0 mm and vertical distance (h)
equals to 2.45 mm for different values of Cp in the range ±5%
of its nominal value.
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if Cs changes in the ±5% range, no significant change in the load voltage occurs
(see Figure 4.22).

Figure 4.21: Load voltage for coils of the same size with lateral
displacement (d) equals to 0 mm and vertical distance (h)
equals to 2.45 mm for different values of Ls in the range ±5%
of its nominal value.

A change in the load ZL within the considered ±5% range of its nominal value
does not produce significant changes in the load voltage, as shown in Figure 4.23.
However, the maximum amplitude increases slightly as the load increases, which
also leads to a slightly steeper slope and hence a slightly higher Q value.

It is well known that the performance of WPT systems heavily depends on the
coupling factor, and by extension on all the variables that are used to determine
it. However, small scale changes in k do not cause abrupt changes in the load
voltage, as can be seen in Figure 4.24. As in the case of Ls, only the width of
the bell-like curves varies slightly with k. The data generated shows that, in these
particular cases, when only small variations of 5% or less of the nominal value are
considered, WPT performance is more sensitive to changes in the primary side
parameters Cp and Lp than to changes in Ls, Cs, ZL or even k.

4.2.5 Resonance split frequency

The following parameters were used in the method developed to study the reso-
nance split frequency explained in Section 3.2.1.

Vin = 2.45 V, Cp = 0.486 µF, Lp = 5.141 µH, Rp = 0.391 Ω, Cs = 0.491 µF,
Ls = 5.10 µH, Rs = 0.396 Ω.

Figure 4.25 shows the primary coil current calculated using the above param-
eters and k equals to 0.658. In the plot, resonance split starts to occur at around
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Figure 4.22: Load Voltage for coils of the same size with lateral
displacement (d) equals to 0 mm and vertical distance (h)
equals to 2.45 mm for different values of Cs in the range ±5%
of its nominal value.

a load of 2 Ω. The developed script returns 2.36 Ω as the smallest value where
resonance split does not happen. Figure 4.26 shows the primary coil current for
a similar set of parameters, but when the coupling factor takes the lower value
of 0.388. In this case, the minimum load value before the resonance split phe-
nomenon appears is lower, i.e., 1.26 Ω (obtained according to the method used).
This matches the notion that if the coupling is very low then the load will hardly
affect the transmitter side, because both circuits will work as independent systems.
This result also demonstrates that it is not possible to determine the starting point
for resonance split based only on Ls, Cs, Lp and Cp, because if k changes that point
will also change. Analytically, the derivative used to find the number of peaks in
the function includes all of these parameters, so the positions of the maxima and
minima also depend on all of them.



Results 51

Figure 4.23: Load Voltage for coils of the same size with lateral
displacement (d) equals to 0 mm and vertical distance (h)
equals to 2.45 mm for different values of ZL in the range
±5% of its nominal value.

Figure 4.24: Load voltage for coils of the same size with lateral
displacement (d) equals to 0 mm and vertical distance (h)
equals to 2.45 mm for different values of k in the range ±5%
of its nominal value.
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Figure 4.25: Resonance split phenomena when k = 0.658.

Figure 4.26: Resonance split phenomena when k = 0.388.



Chapter5
Conclusions and Future Work

5.1 Conclusions

One of the goals of this project was to study how accurate commercially available
electromagnetic simulation programs are for modeling WPT systems. The sim-
ulator selected to model and simulate WPT coils proved to be useful to analyze
different parameters such as self inductance, mutual inductance and coupling fac-
tor. By using the Eddy currents solver a more in depth study is possible, since
more variables can be taken into account, like frequency and Eddy current losses.
The presented results show that the simulator is an appropriate tool to study
alternative system designs and components without having to manufacture pro-
totypes. However, when deciding between software such as Ansys Maxwell and
other approaches (like the algorithms developed based on an analytical model)
many factors have to be taken in account. Commercial software tends to be ex-
pensive. Furthermore, running simulations on more general-purpose electromag-
netic simulation software tends to be computationally intensive and can take a
long time.

For its part, the algorithm developed to calculate the coupling factor based on
the analytical model showed good agreement with other approaches in the cases
considered. Note however that this approach relies on several assumptions. The
dependency on frequency is ignored, and the current path is taken as a filament
in the middle of the wire. Self-inductance has to be numerically approximated,
which adds another source of errors. The current algorithm is also not able to
consider objects surrounding the coils. Circular coils (or any coils with non-straight
sections) are approximated using a discrete sequence of points, and the number of
points used can affect the results. This problem does not occur with geometries
that can be accurately described with straight line segments, where it is only
necessary to specify the starting and ending points. Still, the results obtained
were satisfactory. This analytical approach is more limited when it comes to
dealing with a more general coil setup, due to the aforementioned assumptions,
but for its specific purposes it offers a more efficient alternative when compared
to using a full blown electromagnetic, both in cost and in computation time. For
comparison, calculating the mutual inductance between two Type 1 coils takes 55
minutes in Ansys Maxwell and around one and a half minutes using the analytical
method presented in this report.
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As for the behavior of the coupling factor, as expected it proved to be very
sensitive to the relative positions of the transmitter and receiver. When both coils
are the same size, the coupling factor is almost halved if the lateral misalignment
is close to half of their outer radius, when the vertical distance is fixed at 2.45
mm. An increase in vertical distance from 2.5 mm to 5 mm reduces the factor by
around 20%, with no laternal misalignment. However, the results also show that
an increase in lateral misalignment does not necessarily imply a smaller coupling
factor. The effect lateral displacement has depends on the relative dimensions of
the coils. Although fewer scenarios were designed to study how the coupling factor
is affected by the presence of metal plates, the few tests carried out show that both
Ansys Maxwell and methods from previous works can handle these scenarios with
reasonable accuracy, at least for the case of ideal circular coils.

The simple analytical model for WPT systems was shown to offer reasonable
accuracy, taking the measurements done as the reference values. Therefore, the
corresponding equations can be used to describe the relationship among the pa-
rameters and predict their behavior. Similarly, LTspice proved to be a useful,
easy to use tool. A single model can be easily used to generate data for several
different values of its input parameters. Its waveform viewer enables quick vi-
sualization of the circuit’s AC signal at the desired points. It can be concluded
from the results that the load voltage versus frequency curves have a similar shape
for different coupling factors, the difference being that the curves are effectively
frequency translated versions of one another. The measured load voltage results
match the observed behavior of the coupling factor from simulations. On the other
hand, the shape of the primary coil current changes more significantly when the
coupling factor varies. Both the coupling factor and the load affect how narrow
the bell-like curve is, indicating their effect on the Q factor of the WPT circuit.

An important practical aspect of WPT systems found during this project is
the importance of choosing appropriate components and knowing how they behave
under the conditions of interest. There will always be small differences between
components that should have similar characteristics due to design limitations and
manufacturing tolerances. But this must be checked and kept under control, be-
cause small modifications in some parameters can greatly affect system perfor-
mance.

The results from this project support the need to have a standard that specifies
the characteristics of each part of a WPT system. Small variations in coil align-
ment, coil size or the distance between coils (which originates for example from
the protective cover of a mobile phone), and the materials used by devices that
use WPT, can have a significant impact on the coupling between the transmitter
and receiver. Therefore, they affect the performance of the whole system.

Different tools can be used to to analyze these systems. During this project
we have verified that both the simulators used (Ansys Maxwell and LTspice) and
the mathematical models used to analytically calculate values are coherent with
collected measurements. These tools can be of great value in a field where proto-
typing can be time consuming and measurements are noisy.
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5.2 Future work

Understand the behavior of the variables in inductive coupling WPT systems and
how they interact with one another was one of the objectives of the thesis project.
Due to time constraints, the number of variables included and the complexity
of these systems, many ideas where left out and can serve as the starting point
for future projects. For example, the algorithm to calculate the coupling factor
can be improved. One could try to find the optimal number of points needed
to describe certain geometric shapes. It can be extended to handle non constant
current densities. Another option is to try to model the effect of the different
types of wires commonly used to manufacture coils. The method can be further
validated with test cases including new geometrical shapes. It can also be used to
find equations to calculate the coupling factor for specific shapes, by generating
enough data to fit a function to it.

This project only considered one case regarding the use of ferrite plates. Specif-
ically, it considers when a ferrite plate is placed behind one of the coils (i.e., not
the side facing the other coil). The authors of [19], who came up with the ana-
lytical formula for the single-ferrite case, have also extended it to handle the case
with ferrites behind the other coil as well. The code written could be extended to
include this new functions. Another possible area of improvement would be to try
to extend these functions to handle materials between the transmitter and receiver
or in other positions and then analyze how this affects the coupling factor. This
would be especially interesting due to the current need to increase the efficiency
of WPT systems and the fact that mobile phones contain metal parts that can
affect performance. It would also be useful to find equations like the ones in [19]
for other geometries, since those are designed for circular coils.

During the analysis of WPT systems, many interesting observations were
made. The mathematical equations and the relationship among the variables were
verified. The sensitivity of certain circuit components within the system was ob-
served, and knowing beforehand which parameters are more delicate can help the
design of transmitters and receivers. But there are many other useful studies to
be done. An example is the study of the split resonant frequency phenomenon. It
was not possible to find a closed form function to calculate at which point it starts
happening. From a completely analytical point of view, the researcher can try to
find solutions for the polynomial expression found, or at least a way to count its
stationary points.

As explained in Section 2.1, real WPT systems have a complex structure. For
this project it was decided to use a simplified model, where neither the converter
nor the rectifier circuit was considered. A logical next step would be to model
these elements as a function of frequency and add them to the models used in this
project. If this is achieved, the load voltage can be calculated more accurately.
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