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Abstract

Wireless power transfer (WPT) is short-distance magnetic coupling between transmitter
and receiver coils that allows electrical energy to be transferred without a direct wired connection,
which consequently offers a safer environment. However, there are serious risks associated with
external metallic objects (EMOs) in the system's operating area, such as the possibility of causing
fire from overheating brought on by eddy currents. By putting forth a unique sensing coil-based
External Object Detection (EOD) technique, this thesis tackles the crucial problem of EMO
detection. The method uses five open-circuited single-turn sensor coils to track changes in
electromagnetic parameters brought on by EMO-induced eddy currents, including resistance,
mutual inductance, and self-inductance. The technique ensures safety prior to high-power charging
in WPT system specifically for EVs by assessing these variations and accurately identifying EMOs

while running at pre-startup power levels.

In order to assess the system's reaction to various EMO scenarios, such as different shapes
(such as coins, cans, and spoons), sizes, and frequency spectrum, the research combines
mathematical modeling with Finite Element Analysis (FEA) simulations using Ansys Electronics
Desktop. The method's robustness is confirmed by experimental validation, which was carried out
over a frequency range of 80-90 kHz and shows strong detection accuracy under misalignment
settings. Reliable detection of EMOs is made possible by the results, which reveal sequent error

values below 1 % in EMO-free situations and escalating to 3-12 % in EMO-present cases.

The study also investigates EMO localization via spatial error mapping, demonstrating
increased sensitivity at higher elevations and central locations. The transmitter-side exclusivity and
power-level invariance of the suggested approach make it easier to deploy in stationary EV
charging infrastructure. This work enhances the practical deployment of WPT systems by
improving safety and reliability, opening the door for wider implementation in sustainable
transportation. To further enhance dynamic performance, future developments might incorporate

hybrid sensing approaches or machine learning for adaptive calibration.
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Chapter 1 — Introduction

1.1 Background

Transferring energy from a single source to the load without the use of wires is known as
wireless power transfer (WPT). There are two types of WPT: far-field WPT or microwave power

transfer and near-field WPT [1, 2].
1.1.1 Far-Field WPT

Far-field WPT techniques, also known as microwave power transfer, are a type of power
transmission technique in which information and power are transmitted using radio waves whose
wavelengths fall within the microwave category. A microwave generator, receiving antenna, and
transmitting antenna make up microwave power transfer system. In microwave WPT, there is no
magnetic coupling between the transmitting and receiving antennas. The main drawback of
microwave power transfer is its high-power transmission, which is unsafe for people and does not
comply with high power radio wave regulations [3, 4]. However, due to its working principle, far-
field WPT systems advantage relies on its charging distance which can be realized in the cases of

transferring energy from solar power satellite in space to the ground [5].
1.1.2 Near-field WPT

Near-field WPT techniques use electric fields with capacitive coupling between electrodes

and magnetic fields with inductive coupling between coils to transfer power over short distances.

1.1.2.1 Capacitive Power Transfer (CPT)
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In CPT systems the transmitter and receiver coils are made up of two pairs of metal plates
that make up the coupling medium [6]. An appropriate insulator or dielectric is applied to the
connection plates. The plates have the appearance of a capacitor that is loosely connected. Bipolar
and unipolar capacitive interfaces are the two varieties [7]. An electric field forms between the
transmitter and receiver side plates of the capacitor when electrical energy is applied to the
transmitter plate. A displacement current flows between the transmitter and receiver as a result of
the electric field. An equivalent series resistance and an equivalent series inductance make up the
capacitive interface. The self-resonant frequency of the coupling capacitor is the frequency at
which the corresponding internal series inductance creates a series resonant circuit [8]. The benefit
of resonance is that it allows for maximum power flow, and resonating parts let the fundamental
component flow while acting as a filter to exclude higher order harmonics. Because capacitive
power transfer systems are resonant in nature and have a major advantage over inductive power
transfer systems in reducing electromagnetic interference (EMI), the converters in these systems
operate in either zero voltage switching (ZVS) or zero current switching (ZCS), which makes them

incredibly efficient [9].

1.1.2.2 Resonant-Coupled Inductive Power Transfer (RC-1PT)

Inductive Power Transfer (IPT) is the process of transferring power through magnetic
fields. The primary coil's alternating current generates an alternating current on the receiver coil

side [10, 11].

Since it employs strongly coupled magnetic resonance, RC-IPT is an enhanced version of
IPT that performs best over midrange distances when compared to other WPT techniques. Because

the magnetic flux density in IPT decreases quickly along the range gap, power transferring
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efficiency decreases at a rate that is a cubic of the distance between coils [12]. To address these
issues, the highly resonant WPT approach is useful because it uses the resonant coupling to
strengthen standard induction. The capacitor can be used in the system to minimize the amount of
reactance and maximize the power transmission capacity [13]. The primary determinant of this
method's overall performance is the quality factor, which is inversely proportional to the circuit's
capacitance, consequently meaning the smaller the capacitance, the higher the overall efficiency

becomes [14, 15].

1.2 Problem Definition

WPT systems have their own problems that need to be fixed even though they offer a safer
environment. One of the problems is when an external object (EO), like keys, coins, or tiny animals,
is present in the system's operating area. Due to the working conditions of the system, which
include high power levels and the presence of strong AC electromagnetic fields between coils, the
presence of EO may lead to potentially dangerous situations. External metal objects (EMOs) and
external living objects (ELOs) are the two types of EO. While the presence of LOs can lead to

blood pressure issues or vertigo, the presence of EMOs in the system can result in fire hazards [16].
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Figure 1.1: External metal object in the WPT system for an EV

External object detection (EOD) techniques are being researched to stop these situations.
Metal object detection (MOD) and living object detection (LOD) are two types of EOD techniques
that are based on the physical characteristics of the object [17]. The goal of MOD techniques is to
locate metallic objects within the system's operating space. These techniques fall into three primary
categories: sensor-based, sensing coil-based, and parameter-based. The three MOD approaches
were compared in a study by [18]. The parameter-based approach, which has the advantage of not
requiring extra equipment or costs and having a longer detection time than other approaches, works
by examining changes in the system's own parameters. However, it is inapplicable in high-power
applications, which is a critical component for EVs, and its efficacy declines in misalignment
situations. The lack of a proven sensing coil design that will function regardless is the only
drawback of the sensing coil-based approach, which can detect EMOs in misalignment situations
and run at high power levels when compared to the parameter-based approach. Lastly, the sensor-

based approach offers better accuracy and identification in misalignment situations due to its
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reliance on external sensors. To accurately identify EMO, it also necessitates higher costs and
reliance on the operating environment. Since LOD techniques use a CPT system to identify LOs
that is inappropriate for this project's situation, they cannot be targeted EOs in this project. The use

of the sensor-based approach to EOD is another factor.

1.2 Aims and Objectives.

This research study proposes sensing coil-based method of external object detection and its
sensitivity analysis over the range of frequencies. The project aims to provide important insights
for the creation of future WPT systems that can function reliably and effectively in dynamic

frequency situations by tackling these goals.

1.3 Thesis Outline

First, the thesis project aims to achieve the visualization of how EMOs affect the original
magnetic flux distribution and to investigate the induced eddy currents over the EMOs by
employing FEA. FEA technique is performed using Ansys Electronics Desktop software on the
system with different cases considering different shapes and types of EMO at the frequency range
from 10 kHz to 1 MHz and from 80 kHz to 90 kHz. Thus, the effects on the transferring efficiency
and the variation of self- and mutual-resistances and inductances are analyzed across the frequency
band. For the proposed WPT-EOD system an equivalent electrical circuit with and without
presence of EMO is derived. By applying matrix reduction method, the effects of the EMO are
shown on the base system parameters. A thorough analysis of both the original and modified ECPs
is conducted. Finally, the accuracy of the proposed EOD technique is going to be validated by
fabricating an experimental setup. Additionally, the localization of the EMO from the experimental

setup measurements are carried out.
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Chapter 2 — Literature Review

2.1 Living Object Detection (LOD)

The LOD technique is a significant component of EOD, as it can negatively impact living
organisms, including humans, by inducing dizziness, altering blood pressure, and disrupting organ
function [18]. The LOD method in [19] is based on two sensors that detect the presence of LO in
the system by measuring ultrasonic distances. Increased reliability necessitates the incorporation
of more sensors. An alternative approach to discover LOs inside the system is to employ a distinct
sort of WPT system, specifically a CPT system. In [20], resonance CPT was introduced,

demonstrating the system's capability to identify living tissue under simulated settings.
2.2 Metal Object Detection (MOD)

The goal of MOD techniques is to locate MO within the system's working region. These

techniques fall into three primary groups: parameter-based, sensing coil-based, and sensor-based.

2.2.1 Parameter-Based Method

Eddy currents are produced in the MOs located in the area between the transmitter and
reception coils, which is loaded with powerful AC magnetic fields. Eddy currents in MOs then
produce a new magnetic field that is opposite to the transmitter coil's initial magnetic field.
Furthermore, the existence of MOs in the system alters a number of electrical properties, including
the impedances of the transmitter and reception coils. These variables include coil quality factor,
voltage, current, and transfer efficiency. MOs can be identified by monitoring and evaluating
changes in these parameters [18]. The subsequent figure depicts the influence of the MOs, where
Ioaay, By, and B,,, denote the eddy currents generated in the MO, the original magnetic field, and

the counteracting magnetic field produced by the MO, respectively:
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Transmitter coil

Figure 2.1: Schematic of the eddy current effect of a metal object in WPT systems

Recent works on the parameter-based method has increasingly employed algorithms,
classifiers, and various methodologies to enhance the analysis of fluctuating parameters inside the
system influenced by EOs. The analytical computation of impedance variation on the transmitter
side of the system, utilizing high-frequency excitation from an auxiliary supporting circuit, was
introduced in a work by [21], which encompasses both offline and online methods of MO detection.
The offline approach detects without utilizing the receiver side of the device, while the online
method detects MO using both coils. Consequently, in both instances, minor molecular orbitals
were discernible when the excitation frequency precisely matched the self-resonant frequency of
the system. A long short-term memory classifier utilizing a feature extraction method is employed
to detect the existence of the MO in the system by analyzing 298 signals obtained from
measurements of the transmitter inverter current. The findings indicate a 95 % accuracy of the EOD
method. Another method outlined in [22] employed dual frequency tuning for detection, aiming to
maintain a low detection current, hence enhancing system power efficiency. While the proposed

approach can efficiently detect MO, the distance between coils and the overall dimensions of the
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system are unsuitable for practical applications. A unique method for applying bifurcation to a
system, which measures the peak amplitudes of currents on the primary side at the resonant
frequency to detect MOs, is detailed in [23]. The authors state that the suggested method is more
trustworthy than other alternatives, as it relies solely on measurements from the transmitter side
and operates under bifurcation phenomena. The study in [24] presents a real-time enhancement of
the EOD approach with a PSO algorithm, incorporating a fitness function that evaluates both
projected and actual measurement outcomes from voltage and current readings on the primary side.
The method offers two metrics: one assesses the presence of MOs, while the other measures their
influence on the system. The primary influence on the system comprises a copper plate, an iron

coin, and a copper coin.

2.2.2 Sensing Coil-Based Method

Currently, the most widespread and extensively discussed MOD technique is the sensing
coil-based approach. Because MO alters the magnetic field in the system, its presence can be
detected by measuring the induced voltage's parameters at the sensing coil. Because it uses changes
in magnetic fields to detect EMOs, this technique is also known as the field-base method. This
approach can be divided into three subcategories: combined, active, and passive. The passive
approach, which is limited to the resources that the system initially provided, uses the transmitter
coil's generated voltage in the sensing coil and no external power sources to detect EMOs. Passive
systems, however, are unable to detect MOs prior to the transmission process. However, by
employing external power sources, the active method is able to excite the sensing coil and identify

EMOs prior to the transmission process. Both approaches are used in the combined method [18].
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Figure 2.2: Schematic of the implementation of the sensing coil in WPT systems

Even though this approach is widely used, the following problems are still present when
looking at the state of the art: The presence of blind areas on the sensing coils, where EMO
identification is impossible due to environmental, design, and positioning issues: 1. Parking
position or misalignment of both coils may make it difficult for the sensing coil in the system to
identify EMOs; 2. Expand the scope of the experimental tests by considering the EMOs in addition
to the changing parameters of the sensing coils; 3. The lack of universal assessment or testing

procedures [25].

Sensing coils positioned perpendicular to the transmitter coil is a recently proposed
technique that solves the aforementioned problem [26, 27]. The following are some benefits of the
suggested design: By adding short sensing coils to the system, it: 1) eliminates blind areas; 2)
maintains detecting accuracy in cases of misalignments between the main system coils; and 3)

provides decoupling between the sensing coil and the main system coils. Because the sensing coils
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are made as a two-layer PCB, the method is therefore economical. The MOD algorithm proposed
in [28], which is based on multivariate normal distribution, greatly enhances the ability to detect
EMOs in the corner sections of the detection coil when compared to conventional detection
techniques. A 19 mm dime was used to test the system configuration. Eight small, simple sensor
coils are wound around the transmitting coil in [29] in order to identify and locate EMOs. The
change in mutual inductance between each sensing coil and transmitter coil is then detected. The
EMO position on the space was determined in the experimental setup, and it was found that the
presence of the EMO alters mutual inductance by 40-80 %. Feature extraction from a self-excited
oscillation circuit is the basis of another suggested MOD technique [30]. Compared to other
geometric coil designs, the suggested method's single rectangular coil offers superior detection
accuracy and dependability. Following six experimental configurations with various EMO
locations within the system, in the work of [30] it was determined that establishing particular
threshold detection ranges of frequency and amplitude differences can result in a practical MOD
technique. This thesis project was primarily inspired by another study of [31], which measured the
deviation from a standard electromagnetic model caused by EMO in the system using MOD. The
suggested method works at different detection power levels and can handle coil misalignment

situations up to 10 cm.

2.2.3 Sensor-Based Method

The sensor-based MOD technique primarily employs additional sensor devices,

complicating system design but facilitating accelerated and broader detection capabilities [18].
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Figure 2.3: Sensor-based MOD in WPT systems

The present study on this technique showcases an integration of hardware sensors and
machine learning algorithms that enhance overall efficacy. In [32], he proposed the safeguarding
of living entities and explosive ordnance disposal within a wireless power transfer system utilizing
a singular sensor, a FLIR Lepton thermal camera, alongside several deep learning models to
evaluate system enhancement and performance. The simulated human hand was reliably detected;
nevertheless, enhancements in subsequent actions were still necessary. MOs were identified in 35
milliseconds at safe temperature levels, allowing human contact without risk of injury. The
identical idea was utilized in [33], whereby a thermal infrared image sensor, an ARM
microcontroller, and image processing methodologies were employed in the proposed system. MOs
as large as half a coin were recognized at a distance of 15 cm within 0.5 seconds, with a temperature
differential of 7 °C between the MO and the background being adequate for detection. A distinct
methodology employing hyperspectral imaging techniques and machine learning is proposed in

[34]. The proposed technique can differentiate MOs in the system due to the distinct features of
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each material. The system achieves a 100 % recognition rate for MOs, including its capacity to

detect small-sized items.

2.2.4 Comparison of MOD Methods

Following an examination of recent research on the three MOD approaches, an overview

of their operational principles, advantages, and disadvantages is provided in Table 2.1:

Table 2.1. The comparison of MOD methods.

MOD methods

Operating principle

Advantages

Disadvantages

Parameter-based

Examining the electrical
properties of the system
resulting from variations in
the self-inductance of the
coils

e The system is self-
sustaining,
necessitating no
supplementary
equipment or costs;

e High detection time.

Challenging to
recognize MOs in
misalignment situations;
Inappropriate for high-
power applications.

Sensing coil-
based

Through the examination of
the induced voltage,
induced current, and
impedance of the sensing
coil

e Tolerance for
misalignment;

e Capability to detect
small-sized MOs;

e Functions at various
power levels.

Necessity for consistent
design to eradicate blind
spots.

Sensor-based

Assess or observe
variations in the physical
characteristics of a system
utilizing external sources.

o Extensive detection
range;

¢ Functions effectively
despite misalignment;

e High accuracy.

Elevated costs
compared to
alternatives;
Performance impacted
by external factors;
Complexity in circuit
implementation due to
size.

Table 2.1 illustrates a comparison of the three MOD approaches. The parameter-based

technique functions by examining variations in the system's characteristics, offering benefits such
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as the absence of supplementary equipment and costs, as well as enhanced detection time relative
to alternative methods. Nonetheless, its efficacy diminishes in instances of misalignment and is
inapplicable in high-power applications, a critical consideration for electric vehicles. The sensing
coil-based approach, in contrast to the parameter-based method, can detect MOs in misalignment
scenarios and functions at elevated power levels; nevertheless, its sole drawback is the lack of a
universally applicable sensing coil design. Ultimately, due to its reliance on external sensors, the
sensor-based approach offers enhanced precision and diagnosis in instances of misalignment.
Nonetheless, it necessitates more expenses and reliance on the operational environment to

accurately diagnose MO.

The comparison between LOD and MOD methods is not conducted since LOD employs a
different sort of WPT system, specifically CPT, in contrast to MOD methods. In all MOD

techniques, the system functions based on IPT.
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Chapter 3 — Research Methodology and Modelling

3.1 WPT-EOD Method

In this thesis work, Electromagnetic EOD method applying five open-circuited single-turn
sensing coils to modify existing transmitter current is utilized. In this regard, geometric parameters
and sense coil voltages, which capture the electromagnetic couplings between the transmitter,
receiver, and sense coils are necessary for the modification. When an external object is present, the
transmitter coil current modification becomes inaccurate due to emerging of a sequent error caused
by the geometric parameters not having the additional coupling from the eddy winding in the
foreign object. The sequent error, which arises from a foreign object due to additional
electromagnetic coupling, is useful as a detection metric. The genuine Tx coil current is measured
independently and compared to the reconstructed Tx coil current [31, 35].

The main reason for choosing Electromagnetic EOD method applying five open-circuited
single-turn sensing coils as the main method for the project was because of its advantages over
other methods, such as:

1) Power level invariance, leading to the low-power startups before charging EV.

2) The ability to identify EMOs in the cases of lateral misalignment up to 10 cm.

3) The ability to detect EMOs within the operating area of the system with no blind areas.

4) Reliance only on the transmitter side of the system.

The proposed method suggests utilizing five sensing coils to accurately perform EOD. The
efficiency of the proposed method is maintained by the employment of five sense coils, which
allows the system to precisely modify the transmitter coil current even in the cases of misalignment

up to 10 cm with receiver coil, leading to successfully reducing the sequent error that may arise
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from such cases. The inclusion of more sensing coils in the system would result in insignificant
increment performance of the system.

The pre-startup power level of 10W was selected for the purpose of identification of EMOs.
The system may safely scan for EMOs at this power level without subjecting them to the high-
power levels, which are required for properly charging EVs. Due to invariance to the operating
power levels, this characteristic gives an opportunity to identify EMOs safely without causing any
risks to the system.

Because of its stationary nature and benefits it provides for identifying EMOs in a WPT
system, the transmitter coil was selected for measurement. In WPT systems, like EV charging
stations, no one have an access to the transmitter coil, which is stationary. Additionally, because
the receiver coil may move or misalign while in use, using only the transmitter coil removes the
requirement to measure or access it. Since just the transmitter coil's characteristics and sensing coil

voltages need to be monitored, this simplifies and strengthens the system architecture.

3.2 Modelling of WPT-EOD System

Figure 3.1 shows a schematic of the proposed WPT-EOD system studied in [31]. Series-
series topology, that connects single capacitor in series to a magnetic coil at both transmitter and
receiver side is used due to its widespread usage in IPT systems [36]. The first part of the system
consists of a voltage source from which the main power is distributed and an inverter that converts
DC from the source into AC. In the second part of the system, transmitter coil is present with its
corresponding compensating capacitor. The third part consists of five single-turn open-circuited
sensing coils. Next part is the receiver part that consists of receiver coil and its corresponding
compensating capacitor. In the fifth part, rectifier is present which transforms incoming AC into

DC. In the last part of the system, the converted DC starts to charge the battery by passing through
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the noise filter created by the capacitor and inductor. Between sensing coils and receiver parts EMO

is placed.
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Figure 3.1: Schematic model and structure of the WPT-EOD system

The planar spiral coil design was selected as the primary design because of its widespread
use [37]. Note that Litz wires, namely the skin effect, reduce AC winding losses, which is the
reason they employed rather than a single solid wire. The phenomenon known as the "skin effect"
occurs when most AC current running through a wire is carried on its surface rather than in the
cross-sectional center, leaving only a tiny amount of current in the wire’s core [38].

Transmitter coil is chosen as the reference for the current measurement to track the main
changes in the system due to the fact that, in the system of EV wireless charging, transmitter coil

remains stationary and close to the sensing coils, which lead to a more accurate result.
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Figure 3.2: Equivalent electrical circuit of proposed resonant coupled wireless power transfer system

with five sensing coils and external object

Configuration and basic schematics of the studied WPT-EOD system are shown in Figure
3.1, while the equivalent electronic circuit depicting the components and variables of the system
operating at 85 kHz is shown in Figure 3.2. Rt and Ry are the resistance, L and L are the self-
inductance, and C; and C; are the compensating capacitor of the transmitter and receiver magnetic
coils. EMO is modeled by an equivalent eddy current circuit which has also couplings with other
magnetic coils and sense coils and includes a self-inductance and resistance respectively denoted
by Le and Re. Additionally, each sense coils have a self-inductance of Lsx and resistance Rsx, where
X refers to each of the five sense coils. The mutual inductance between the transmitter and receiver
magnetic coils and external object is denoted as Mie and Mre. As for the mutual inductance
between transmitter and the open-circuited sense coil voltages can be denoted as Mts1, Mis2, Mis3,
Mt s4, and Mss. The mutual inductance between receiver and the open-circuited sense coil voltages

can be denoted as Mrsi, Mrs2, Mrs3, Mrsa, and My ss. The mutual inductance between EMO and
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sense coil voltages are Mg;s1, Mes2, Mes3, Mes4, and Mgss. Lastly, the mutual inductance between
each of sensing coils with each other denoted as Ms1s2, Ms1,s3, Mst,s4, Ms2,s3, Ms2,s4, Ms2,s5, Ms3 54,
Ms3.s5, and Mss ss.

The inverter voltage (V;) displayed on the transmitter side is generated by applying a half-
cycle at a designated duty cycle for both switching pairs of the inverter's diodes, [S1, S2] and [S3,
S4], and may be expressed as V; = (4/m)V;,<0°, where Vin is the DC link voltage of the inverter.
The formula for the inverter current (1) is I, = |I;|& — 6;,,, where |I| is the current magnitude and
0;,, is the inverter system's input impedance angle. Furthermore, Fig. 4 shows the conducting
resistance of the inverter's switching diodes as 2rps.

At the receiver side, the voltage and current at the rectifier terminal are expressed as V; =
(4/m)Vpae + 2Vp)x — Og and I = (1t/2)Ipq: & — B (Where 65 > 0), respectively, which provide
correlated values when they are in phase at the fundamental frequency. The rectifier system's input
impedance angle is denoted by 6. Vhat and lpat represent the voltage and current levels of the
battery, respectively. R, = V,/I; = (8/7?) (Vpae + 2Vp) /Ipqe: can therefore be used to determine
the load resistance as seen by the AC terminal of the rectifier. 2Vp accounts for the forward voltage
drop in the rectifier circuit.

Once the input inverter's voltage in fundamental frequency and the passive elements in
Figure 3.2 are obtained, first, the system without the EMO can be analyzed. The phasor currents
can be described using the system's matrix model calculations, which are shown in equations (3.1)
to (3.9). The angular switching frequency of the inverter is represented by the symbol ws in these
formulas. The phasor currents of the transmitter and receiver coils, and induced eddy current in
EMO are denoted by Iy, Ir, and Ig, respectively, in (3.1). By substituting the elements of each

element in the matrix, it is evident that each diagonal element of the matrix is the complex numbers
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with real and imaginary parts, due to them having their respective resistances of the coil, inverter

and load.
[ Zte  Zisx  Zir)
Vt 1X5 It
I\./EZ;C — {sv_th st,sx st,r \9 (3.1)
5x1 5x1 5X5 5x1 5x1
0 Zr,t Zr,sx Zr,r I,
——
- 1x5
-1
BRAE
7%X1 7%X1 7%X1
Zip =2 + R, + ! + jw.L (3.3)
tt = 4Tps t w,C, JWsLy .
T . .
Zisx = [st,t] = [_]Wth,sl' ey _]Wth,SS] (3.4)
Zt,r = Zr,t = _stMt,r (3-5)
st,sx(i’ i) = jwsLg; + Ry (3-6)
st,sx(i:j)li:tj = st,sx(jr i)liij =stMsi,sj (3.7)
T B . T
st,r = [Zr,sx] = []WsMsl,r: ---']WsMss,r] (3-8)
Z..=R.+ R, + 1 + jw.L (3.9
rr — I\r L stCr JWsLy .

Next, using the system matrix without the presence of EMO, the equations for the sensing

coil voltages Vs, Vs, Vis, Via, Vs and inverter current I, is derived as follows:

Vex = Itst,t + 0 * st,sx + Irst,r (3.10)

O == ItZT',t + O * ZT,SX + ZT,TIT' (3.11)
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Zyt
L. =— - 3.12
o=l (312)
Z
Vox = Itst,t — I ZLIst,r (3-13)
rr
Lo tlivy — Lot
v, = 1t< sx,t r,rZ rt sx,r) (3.14)
rr
Vox = [Vsli V2, Vs, Vsa, VSS]T (3-15)

Using linear combinations of every sense coil voltage, first, simplify the equations by
introducing geometric parameter a,, where x corresponds to each one of the open circuited sense
coil voltages and then derive transmitter current /,:

st,tZr,r - Zr,tst,r

- 3.16
- Z, (316)
ay = [ay, a3, a3, a4, as] (3.17)
5
1 1
h =-§:E:L§ﬂh ==§(v;1a1'FLG2a2'Fb23a3'+lé4a4'kv25a5) (3.18)
i=1

As for the case of the presence of EMO in the operating area of the system, the matrix is

going to expand with the addition of the induced eddy current on EMO, denoted by Ig:

[ Zee Lt i
’ \-fg’f Zt,r Zt,E
1X
Vt 7 7 st,r st,E It
sx,t SX,SX = ‘—— —— 0
I il T |
—
sal=|%" 5 5x1 (3.19)
0 Tt r,SX 1
e Zrr Z r
0 1x5 rr r.E IE
ZE,t ZE,sx ZE,r ZE,E
N —
1x5

oJ-[e] I
8X1 8X1 8x1
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Zt,t = ZrDS + Rt +

Zegp = Zpy = —jWwsMy
st,sx(i’ i) = jwsLg; + Ry

st,sx(i»j)liqtj = st,sx(jr i)li:ﬁj = JwsM; s

st,r = [Zr,sx]T = [stMsl,r' ---'stMSS,r]T

Zoxp = [ZE,sx]T = [stMsl,E' ---ersMSS,E]T

ZT‘,T = RT+RL +

+ jwglL
jwsC, I

Zr,E = ZE,r = stMr,E

Zpg = Rg + jwgLg

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)

(3.26)

(3.27)

(3.28)

(3.29)

(3.30)

(3.31)

The objective is to analyze and derive the equations for the transmitter current and sensing

coil voltages with the presence of the EMO to observe the changes it causes. It can be done by

applying matrix reduction method, where Ie is going to be expressed in terms of I: and ;.

ZE,tIt + ZE,sx * 0+ ZE,rIr

1
E Zgp

- ! 14 ! -
Zt,t Zt,sx Zt,T'

v !

Vt 1X5 It

! li li
Vgx — st,t st,sx st,r 0
— | — | ~——~ N—— —— -
5x1 5x1 5%5 5x1 ||5%1

’ ’ ’ !

0 Zr,t Zr,sx Zr,r IT
N——

- 1X5 -

(3.32)

(3.33)
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, ZipZiy
Zie =Zpy 7 (3.34)
EE
! ! T Zt,EZE,
Zt,sx = [ sx,t] = Zt,sx - 7 = (3-35)
E,E
’ ’ Zt,EZE,
Ziy =Lyt =Zgy 7 - (3.36)
EE
, ZsxgZg,
st,sx = st,sx - SxZ = (3-37)
E,E
1] / T Z ,EZE,
st,r = [Zr,sx] = st,r - st 4 (3.38)
EE
yAYA
Z7",r = Zr,r - leE BT (3.39)
E,E
Zl,=2rps + R, + + jwsl +LM§E
tt DS t jw.C, JWsLly Ry + jwilg
2ng2 202
Wy MtERE 1 , Wg MtELE
= 2rps + R; + - - +jws| Ly — —/————— 3.40
ps TR TRz 2z T, TS| T REvwil (3.40)
Added self Substracted self
resistance inductance
2
, 1T . Wy Mgy g My g
Zé,sx = [Zt,sx] = _]Wth,sx + RSE -If;WSLE
_ WeMg sMygRy W Mgy g My pLg
- R2 272 —JWs | Mesx — 2 272 (3.41)
5+ wély R + wély
Introduced mutual Substracted imaginary

resistance term
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2
W Msx,EMr,E

T
Zl o = |Z! = jwM - -
T,5X [ sx,r] JWsMy o5 RE +]W5LE

2 2
Wg Msx,EMr,ERE . Wy MSX,EMT,ELE
= - JWs Mr,sx

3.42)
2 2712 2 272 ( )
Rg + wéls Rg + wéls
Introduced mutual Added imaginary
resistance term
Zi =R+ Ry, +— + jwsL, + wi My g
ror — f\r L . str .
jwsCy Rg + jwsLg
2172 / 272
Wg Mr ERE 1 Wg Mr ELE
=R, +R, + : _ +jws| L, - —T=— (3.43)
" R2 + w2l%2 = jw,C, R2 + w2lL%
~———— —m —
Added self Substracted self
resistance inductance
wZM, g M
Z[ — Z[ — —jW M _ N t,EYrE
tr Tt sier —RE + jwiLp
2 2
Ws My g M, g RE . WMy g M, gL \
=T TRz rwzz Vs M, + TRE L Wil (3.44)
gt wslg E T Wslg
Introduced mutual Added imaginary
resistance term

As a result of the performed analysis, by comparing the derived expressions of (3.41),
(3.42), (3.43) and (3.44) with (3.4), (3.8), (3.9), and (3.5) respectively, it is evident that the
proximity effect and the presence of EMO brings in mutual resistance between transmitter and each
of sensing coils, transmitter and receiver, and transmitter and receiver and each of sensing coils.
As for the cases of transmitter and receiver coils, mentioned effects increment the self-resistances
and decrement the values of self-inductances. Those changes in the equations were the outcome of
the self and mutual properties of the eddy currents and affect all the parameters of the reduced
impedance matrix. To examine to what extent it affected the system, 3-D FEA is performed in the

following section.
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Apply the same analysis performed for the system matrix of the system without EMO by

deriving the equations for the sensing coil voltages Vi, Vs,, Vis, Vsa, Vss and inverter current I,

Vox = Iézéx,t + 0% Zgesx + [ Zgxr (3.45)
0 =12, +0% 2o + 201! (3.46)
IL=-1==t 3.47
T t Z,;.‘,r ( )
171 ' ZT",t ’
Vex = I sxt I; ZTst,r (3.48)
rr
Z oz + 7. 7!
v, = It’ < sxtlrr , rt sx,r) (3.49)
Zr,r
Vex = [Vsb V2, Vs, Via, VSS]T (3-50)

Using linear combinations of every sense coil voltage, first, simplify the equations by
introducing adverse geometric parameter a;., where x corresponds to each one of the open circuited

sense coil voltages and then derive transmitter current I; with the presence of EMO:

! ! ! !
_ st,tZr,r + Zr,tst,r

' 3.51
4 - (35D
ay = [ay, az, a3, a4, as] (3.52)
5
1 ! 1 ! ! ! ! !
I =2 ) Vst = g (Vea@h + Via@s + Vi@ + Vsaly + Vss) (3.53)
i=1

It is apparent that, the magnetic couplings relation between the transmitter, receiver and
sensing coils are contained in geometric parameters, which are first calibrated in the base model and
then recorded. Following calibration, transmitter coil current and sensing coil voltage readings are

used. By employing the first calibrated geometric parameters, the transmitter coil current is
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reconstructed from a linear combination of the sensing coil voltages. An external object in the
electromagnetic space creates a sequent error from the increased coupling between the foreign object
and other coils. EOs are recognized from the sequent error between the measured and reconstructed

transmitter coil current.

Sequent error can be denoted as €j,, where the percentage error depends on the geometric

parameters ; and a,, can be written as follows:

Ir — 1

* 100(%) (3.54)

€Ep =
T

where I, refers to the calibrated transmitter current by sense voltages and I is the transmitter

current readings from the current sensor.

3.3 Finite Element Analysis on the Effects of EMO on the WPT-EOD

System

Proposed WPT-EOD system undergoes a thorough 3-D eddy current FEA. There are four
scenarios for the conducted simulations that are present in the Figure 3.3. In the first case scenario
the simulation is conducted without any EMO and for the other three cases, EMO were chosen as
such, so that their dimensions were varied from each other. In the simulation environment, the
transmitter and receiver coils are excited with a 5 A simultaneously in the frequency range from

10 kHz to 1 MHz and from 80 kHz to 90 kHz.
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Case 1 Case 3
No EMO

Pressed tin can
h=82mm r=29.32mm

Case 2 \ J Case 4

100 KZT coin Aluminum Spoon
h=1.9mm r=12.25mm h=0.92mm 1=148mm

Figure 3.3: Four simulation cases in Ansys Electronics Desktop

For the simulation purposes, transmitter and receiver coils have the same base geometry
with a space turn of 2 mm, an inner radius of 100 mm, a strand number of 100, and a turn number
of 20. Considering the taken geometry of the coils, outer radius of both coils equals to about 200
mm. The distance between transmitter and receiver coils is chosen to be 15 cm because it suits the
ground clearance of the EVs in the industry such as Nissan Leaf [39]. Regarding single-turn open-
circuited sensing coils, they were placed above the transmitter coil in the height of 2 cm. Each
EMOs are placed 4 cm above transmitter coil. The first sensing coil has a radius of 200 mm and
each subsequent coils have a radius reduced by 10 mm from the previously placed sensing coil.

The example of the simulation setup with the presence of EMO is illustrated in Figure 3.4:
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Ansys

Figure 3.4: Simulation setup of the case 4 in the Ansys Electronics Desktop

The acquired data from the ANSYS Electronics Desktop for the case of no EMO of the
sense coil voltages and, self-inductances and resistances for the wide range of frequencies from 10
kHz to 1 MHz, where each case were differentiated by 50 kHz and its visualization can be seen in

Figure 3.5 and Figure 3.6:
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Figure 3.5: Self-inductance of (a) Transmitter coil, (b) S1 coil, (c) S2 coil, (d) S3 coil, (e) S4 cail,

and (f) S5 coil over the range of frequency from 10 kHz to 1 MHz
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Figure 3.6: Self-resistance of (a) Transmitter coil, (b) S1 coil, (c) S2 coil, (d) S3 coil, (e) S4 coil,

and (f) S5 coil over the range of frequency from 10 kHz to 1 MHz
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As for the frequency range from 80 kHz to 90 kHz, the results for the self-inductance and

resistance are present below in the Figure 3.7 and Figure 3.8:
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Figure 3.7: Self-inductance of (a) Transmitter coil, (b) S1 coil, (c) S2 coil, (d) S3 coil, (e) S4 coil,

and (f) S5 coil over the range of frequency from 80 kHz to 90 kHz
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Figure 3.8: Self-resistance of (a) Transmitter coil, (b) S1 coil, (¢) S2 coil, (d) S3 coil, (e) S4 coil,

and (f) S5 coil over the range of frequency from 80 kHz to 90 kHz



40

Looking at the results of collecting data from the FEA technique, it can be seen that over
the wide range of self-inductance of each coils stays the same, which shows that the self-inductance
parameter of the coil itself is not dependent of the frequency at which the system operates, which
Is also shown in equation below:

L= N2(D; + N(D,, +s) — 5)*
~ 60(D; + N(D,, + s5) — 5) — 44D;

(3.55)

This is Wheeler’s high-accurate formula for computing self-inductance of a core-less flat

spiral coils [40].

Another conclusion that we can make is that self-resistance parameter of the transmitter
coil becomes higher in the presence of the EMO and it stays that way across the range of
frequencies, whereas the sensing coils’ self-resistance parameter becomes smaller in the presence
of EMO with the very small change at the lower frequencies and higher change at the highest

frequencies.

Regarding the proposed methods ability of EOD across the range of frequencies. As the
proposed method suggests, in order to obtain the geometric parameters a;, they need to be
calibrated in the base model of the system where no EMO is present. Using FEA technique, the
data of the induced voltages in sense coils were collected across the wide range of frequencies.
From the collected data across frequencies, which is labeled as n, the matrix for the voltage, a data
vector for the current in transmitter coil, and a data vector for the geometric parameters are created:

V =

i(fy) - Vs(f1)]
: g : (3.56)

VR - Vs(f)
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Iy = [IT(fl) ---IT(fn)]T (3.57)

a=[a;a,a3a,as]” (3.58)
After the parameters were established, the geometric parameters can be found using the

method of least-squares:

a=VTV) W, (3.59)

For the case of wide range of frequency, which is from 10 kHz to 1 MHz, the geometric
parameters were calibrated using five sensing coil voltage and transmitter current readings across

frequency spectrum (3.59), and EOD is performed using equation (3.54) in Figure 3.9:

a = [4.068754,107.1975,101.1746, —45.8134, —162.794]
1200
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eD (%)
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200

0 100 200 300 400 500 600 700 800 900 1000
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Casel Case 2 Case 3 Case 4

Figure 3.9: Sequent error results of the four simulation cases over the range of frequency from 10 kHz

to 1 MHz
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And for the case of ranging frequency from 80 kHz to 90 kHz, using the same approach the

geometric parameters were calibrated and obtained values are as follows:

a = [419.2887,—492,164.4657,39.59464, —124.874]
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Figure 3.10: Sequent error results of the four simulation cases over the range of frequency from 80

kHz to 90 kHz

By comparing two cases of varying frequency, as it can be observed from Figure 3.9, the
large range of frequency the proposed detection strategy falls apart and becomes unreliable,
whereas in the case of smaller in comparison frequency range such as shown in Figure 3.10, the
results show clear distinction between the Case 1, which is without the presence of EMO and the
other three case, where EMO takes part in the system. This can be explained by the Faraday’s Law

of Electromagnetic Induction, where the induced voltage of a coil is magnetic flux dependent,
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where in turn magnetic flux is magnetic field dependent by making the induced voltage value

proportional to the operating frequency of the transmitter side of the system [41]:

vo-_n%® (3.60)
T dt '
® = B xS * cos(0) (3.61)

That is the reason, as the operating frequency increases, the induced voltage values increase
too, leading to a large value difference between the induced voltage values at 10 kHz and 1 MHz,
which in turn makes it hard to derive geometric parameters that will work across the large range of

frequency.
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Chapter 4 — Experimental Setup

4.1 Information on the setup

The experimental setup for the proposed system is shown in Figure 4.1. The setup consists
of 1) EL302RT Triple Power Supply device which serves a purpose of energizing the inverter with
12V and to be an input power source for the system; 2) Full-Bridge Inverter that transforms DC to
AC; 3) Main setup that consists of transmitter, receiver and five open-circuited sensing coils; 4)
Full-bridge rectifier circuit that transforms induced AC voltage and current in the receiver coil into
DC; 5) BK PREDCISION 8600 DC Electronic Load modifying which system’s imaginary load is

created; 6) HDO8108R 1 GHz High Definition Oscilloscope is used to measure data from the

sensing coil voltages and transmitter currents.

Figure 4.1: The experimental setup of the proposed system: 1) power supply; 2) inverter; 3) coil setup;

4) rectifier; 5) electronic load; 6) oscilloscope.
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The assembled experimental setup undergoes four testing cases similarly to the ones that

were carried out in the previous sections:

Casel Case 3
No EMO

Pressed tirn can
h=8mm r31mm

Case 4

1 TRY coin Aluminum Spoon
h=1.9mm r=13mm h=1.5mm |=144mm

Figure 4.2: Four experimental cases for the experimental setup

The close-up of the main setup is shown in Figure 4.3. As it can be seen, main setup consists
of four layers, where transmitter coil is set at the bottom first layer, five open-circuited sensing
coils are located above first layer, creating the second layer, third layer which is made for the EMOs

to be placed at, and the last top layer is the receiver coil.
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Figure 4.3: Coil setup of the proposed EOD method: 1) transmitter coil; 2) five open-circuited sensing

coils; 3) space for EMO; 4) receiver coil.
Transmitter and receiver coils were made with the outer radius being 13 cm, inner radius
being 9 cm, number of turns being 15, strand number being 160 and wire diameter being 1 mm,
and with space between wires being 0.4 cm. The radius of the sensing coils starts from 13 cm and
decreases by the 1 cm with next sensing coil, which is in our case are 12 cm, 11 cm, 10 cm, and 9
cm.

4.2 Measurement of Coil Parameters

One of the main goals of this experimental setup is to measure self-inductances and self-
resistances of the transmitter and sensing coils in four cases in the frequency spectrum from 80

kHz to 90 kHz:
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Figure 4.4: Measurement of self-inductance of (a) Transmitter coil, (b) S1 coil, (¢) S2 coil, (d) S3 cail,

(e) S4 coil, and (f) S5 coil over the range of frequency from 80 kHz to 90 kHz
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Figure 4.5: Measurement of self-resistance of (a) Transmitter coil, (b) S1 coil, (c) S2 coil, (d) S3 cail,

(e) S4 coil, and (f) S5 coil over the range of frequency from 80 kHz to 90 kHz
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As a result, without EMO, no frequency dependency is explored as previously stated by the
Wheeler’s formula (3.55). It is also proven in the sensing coils as well but with small deviations
occurred due to eddy current-induced changes. In the case of self-resistance values, they increase
as the frequency becomes higher due to skin effect even with the use of Litz wires. Additionally, it
can be seen that in the presence of EMO the value is tend to increase. Case 4, which is the case of
Aluminum spoon also shows higher increment in self-resistance that the other EMO cases due to
it covering larger surface area, whereas the higher impact on the self-inductances is caused by the
tin can.

4.3 MOD at Constant Current and Constant Input Power Cases

The next experimental procedure is to perform MOD over the frequency spectrum from 80
kHz to 90 kHz. In the case of experimental setup, due to technical reasons, it is unable to perform
WPT over the spectrum of frequencies by managing to simultaneously maintain transmitter current
of 2 A and input power level at 10 W. Due to this reason, it was decided to perform two
experimental procedures with maintaining transmitter current of 2 A and in the other procedure to
maintain input power at 10 W over the span of frequencies from 83.3 kHz to 86.9 kHz. The reasons
for this specific frequency range also lies in the technical reasons, where PWM signal, which is
generated using Arduino Uno is able to produce only specific values of frequencies, such as 83.3
kHz, 84.1 kHz, 85 kHz, 85.9 kHz and 86.8 kHz.

In the first experimental procedure, where the 2 A of transmitter current is maintained
across frequencies the obtained geometric parameters and the sequent error results are as follows:

a = [—5.232483625,—-0.497182242,—-2.097068643, 8.366829842,1.352582627]
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Figure 4.6: Sequent error results of the four experimental cases over the range of frequency from 80
kHz to 90 kHz at 2 A transmitter current

As a result, the experimental measurements prove the theoretical analysis by showing the
sequent error values at near zero area, whereas the values at the presence of EMO is much higher,
which makes it easy to distinguish the EMO.

For the next procedure, the measurements are done over the spectrum of frequency while
maintaining the input power of 10 W. The obtained geometric parameters and the sequent error

results are as follows:

a = [—0.40182235,0.1431038,0.0724854, 1.39473783, —0.58554156]
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Figure 4.7: Sequent error results of the four experimental cases over the range of frequency from 80
kHz to 90 kHz at 10 W transmitter current

Comparing the results with the previous procedure of the maintained transmitter current of
2 A, it can be seen that even if it is distinguishable whether the EMO is present or not, the difference
between the values is more distinct in the procedure with the 2A of transmitter current.

4.4 Localization of the EMO

Additional experimental procedures were performed in terms of localization of the EMO
object at different heights and different locations from the center of the systems’ operating area.

The figure below, demonstrates the measurement points of the experimental setup:



52

1:25

Figure 4.8: Different measuring points of the experimental setup for the localization purposes
The reason for choosing specific points of height in the figure above is due to the usage of
tin can as EMO for these experimental measurements and excessive heights levels are not possible.
In the Table 4.1, the heatmap of the sequent error is calculated using (3.54) at the different points
in the experimental setup and shown as:

Table 4.1. The sequent error values at different points of the experimental setup

eD (%) Ocm 3,75 cm 75cm |1125cm| 15cm
6cm |0,613941 | 0,101289

5cm | 0,570676 | 0,393918 | 0,2314324 | 0,215687 | 0,186743
4cm |1,094192|1,075085 | 0,9843253 | 0,060868 | 1,152817

In Table 4.1, the values are indicated from the white to the red color, which is the lowest to

the highest sequent error respectively. By analyzing the values, it can be seen that the at the edge
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of the sensing coils and at the lowest height point tin can is less detectable, but as the height point
goes up, the closer to the center tin can located the less it is detectable compared to the other points
at that height level. Also, it can be pointed out that tin can is identified better at the center when
the EMO is at lowest height point compared to the highest point. The reverse happens at the edge
of the operating area, where EMO is more detectable at the highest height point compared to the

lower points.
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Chapter 5 — Discussion

In WPT systems, the suggested sensing coil-based approach for EMO detection shows
desirable outcomes, especially in the 80-90 kHz frequency range. The sequent error metric, which
is based on differences between measured and reconstructed transmitter currents, accurately detects

the presence of EMOs, according to experimental validations and FEA simulations.
5.1 MOD on the Frequency Spectrum

The FEA and experimental findings verify that the operating frequency has a significant
impact on the method's accuracy. The sequent error for Case 1 or without EMO in simulations (see
Figure 3.10) at the frequency spectrum of 80-90 kHz was closer to 1 %, whereas in the cases with
EMO displayed sequent errors in the range from around 70 % to 90 %, with the tin can (Case 3)
being more detectable than the other cases.

However, over a wider frequency spectrum from 10 kHz to 1 MHz, the sequent error values
of without EMO case is distinguishable yet non-reliable as in the other cases the sequent error
linearly rises up to around 500 % with the outlier of around 1000 %. This behavior can be explained
due to frequency-dependent effects, including skin effect and eddy current losses.

Additionally, the EOD method was experimentally tested with the first case having
constant input power of 10 W and the other case having constant transmitter current of 2 A over
the range of frequencies from 83.3 kHz to 86.9 kHz. As a result, constant transmitter current case
being better by having lower no EMO case sequent error values and having higher sequent error

values of EMO cases compared to the constant power case.
5.2 Sensitivity Analysis on the Parameters of the System

Throughout the studied frequency ranges, it is observed that the self-inductance of

transmitter and five sensing coils demonstrated no frequency dependence. This is consistent with
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presented Wheeler's formula (3.55), which describes spiral coil self-inductance as geometry-
dependent and mainly frequency-independent. It is also confirmed by experimental measurements,
where it can be seen that the values stay at the same value with negligible changes occur due to
real world possible loose connections.

Regarding self-resistance values across the frequencies, it can be seen that due to the skin
effect the value of it increases despite utilizing Litz wires. Additionally, looking at the self-
resistance values of transmitter coil, we can observe that the most change is caused by the spoon,
which consequently means that the more surface are the MO covers the higher its impact on the

self-resistance value of the coils.
5.3 Localization and Spatial Sensitivity

After measuring tin can at different height levels and off-center levels, the sequent error
values were calculated. According to the obtained results at the lowest height level of 4 cm above
transmitter coil the sequent error values at the near center positions (0 cm and 3.75 cm) are higher
than the values at higher heights. However, as the height becomes more, the sequent error values
become higher the near edge positions (7.5 cm, 11.25 cm and 15 cm) than the values at the lower

heights.
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Chapter 6 — Conclusion and Future Work

This thesis introduces a reliable sensing-coil approach for identifying EMOs in WPT
systems for EVs, tackling significant safety issues related to overheating hazardous cases caused
by eddy currents. The suggested system employs five open-circuited single-turn sensing coils. By
measuring the induced voltages in sensing coils and current in transmitter coil, the system can be
calibrated and sequent error value can be calculated. The sequent error value is aimed to show the
system deviation from the calibrated model, hence indicating EMO in the system. The proposed
method operates at a pre-startup power level of 10 W, facilitating safe environmental scanning
prior to the initiation of high-power EV charging.

To validate the proposed method, the study combines experimental setup, 3D-FEA
performed in Ansys Electronics Desktop software, and theoretical modeling to establish
relationships between EMO and coils. Four scenarios of no EMO, a coin, a tin can, and an
aluminum spoon were assessed using FEA simulations over frequency ranges of 10 kHz-1 MHz
and 80-90 kHz. The findings showed clear sequent error patterns, with errors falling to 1 % in the
absence of EMOs and increasing to 70-90 % in their presence. The shorter frequency spectrum
from 80 to 90 kHz performed well because at wider frequency ranges instability occurred due to
eddy current losses and skin effect, which made it more difficult to calibrate geometric parameters.

The observed changes in coil parameters have shown that the self-inductance values are
frequency independent and only affected by the presence of the EMOs, whereas the self-resistance
values of the coils are affected by the frequency and the EMOs, which in turn makes self-resistance
values affect the calibration process more than the self-inductance values.

The experimental setup performs EOD at 83.3 kHz to 86.9 kHz frequency range with two

different cases of having constant transmitter current of 2 A and constant input power of 10 W. As
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a result, the maintaining constant transmitter current across the range of frequencies performs better
than maintaining 10 W of input power. Additionally, experimental procedures aimed at spatial
sensitivity were performed where it was identified that the closer EMO is located to the transmitter
coil the better it is detectable at the center of the coil. Inversely, when EMO is located higher from
transmitter coil then it is better detection values at the edges of the coil. Spatial sensitivity provided
insights towards technique’s performance on the real-world scenarios like variable ground
clearance and uneven terrain.

Future study may expand upon the analysis on the diverse types of EMOs in terms of how
the size or the various material of the EMO affects the system or more identifiable. Also, the
proposed method does not distinguish between harmless objects and hazardous ones, which may
lead to false positive cases. The previous research on the proposed technique do not address the
cases of multiple object scenarios. Testing such cases such as multi-object presence of small
metallic objects could reveal useful insights on techniques detection performance. There is still an
existing issue with the possible moving objects or objects that may accidentally appear after
calibration is done. For such cases, the real time calibration techniques can be proposed to avoid
such cases. Additionally, how the various environmental cases such as the presence of dust and

water may affect performance of the EOD.
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