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Hepiinyn

21 cOyypovn ETOYN, N EXITAKTIKT VAYKT) Y10 TEXVOAOYIEG PUMKEC TTPOG TO TEPPAAAOV 001 YNOE OTNV
EUPAVION KOU TOV  TOAAUTAOCIOOUO TOV  MNAEKTPIKAOV  OYNUATOV, ONUATOOOTAOVINS L0
TOPAOEYLOTIKN OAAOYT] OTOV TOUED TV PETOPOPDOV.M10 GILUAVTIKY] KAVOTOUi0 G QUTOV TOV TOUEN
elval n avamtuén NAEKTPIKOV OYNUATOV ACOPLOTNG POPTICNC, ) OTTOLN EXEL CLYKEVIPMGEL GTLOVTIKN
Tpocoyn yw €pgvva kol avamtuén. O TpOTAPYIKOG OTOYOG CLTOV TOV KOWOTOU®MV gival o
LETPLACUOG TOV EKTOUTMV At TO GUUPATIKG OYNLOTO, TOTOOETOVTAG TA NAEKTPIKA OLTOKIVITO GTO

HEALOV TV LETAPOP®V Kol SLUPBAALOVTOC G évav To PLOGIUO KOGLO.

Ta niekTpikd avtokivnTa KATOTAGGOVTOL KUPIOSG 6€ dV0 KVPLEG KATNYOpies: LPPLOKA Kot QpLy®dS
niektpikd ovtokivinta. Ta vPPOIKA MAEKTPIKA OLTOKIVIITO YPNGIULOTOOHV €VO. GLUVOLOGUO
KIVIITNPOV ECAOTEPIKNG KOADOTS KO TNYDOV GLVEXOVS PEVUOTOG EML TOV OYNLATOG TOGO Y10, TNV TPOMOT)
0G0 Kot yuo. T POPTIGT, TPOGPEPOVTAG L0 LETAPATIKN TEYVOLOYIQ TPOS TNV TANPN NAEKTPOKivION.
Amd v GAAN mAevpd, To apy®g nAekTpokivinTa oynuota Pacsifovtarl anokAeloTikd o eEMTEPIKES
YEG evEPYELNG, KAIoTOVTOG avayKaio TN xpNnon eEEOIKEVUEVOV POPTIGTOV Y10, TNV OVOTANPOGCT)
TV pmatoplov toug. Ilapd v evpeion vioBEtnon g aydyywng @optiong, N HéBodog avtm
TAPOVGLALEL APKETEG TPOKANGELS, OGS 1 AVAYKN Y10 QLUGIKEG GUVOEGELS, 01 Omoieg Umopet va etvat

JVOKIVNTEG KO U1 TPOKTIKEG.

H acVppotn petapopd evépyelog avadetkvOETOL OC ol TOAAG VTOGYOUEVT AVOT), TOPOVGIALOVTOGC
ONUOVTIKES TPOOSOVS GTNV ATOJOTIKOTNTA, GTNV avoyN TG AovOaGUEVNG EVOVYPALLLIOTG KOl GTOVG
LELOUEVOLS XpOVOVS POpTIoNG. Ot BeATIDOOELS 0VTEG Elval amOTEAEGHO EKTETAUEVOV TPOCTOOELDV
épeuvag kol avamTuEng, pe otdY0 VO KATOOTEL M achpUoT QOPTIoN O)l AmAMG Hio. Pldcyun

EVOAAOKTIKY] ADGT, OAAG Lol TPOTILMUEVT LEBODOG Y1 TN POPTION TOV NAEKTPIKMV OYNUATOV.

H mopovca dumlopotikny efetaler ) texvoloyion SLVOUIKNG (OPTIONG T®V MAEKTPOKIVNITOV
OYNUAT®V, OVTILETOTILOVTAG TNV EMEIYOLGN OVAYKN LEIMONG TOV EKTOUTMOV Kol TV amofAntov. H
EUQaoN OIVETOL TNV AVOAVGOT EYKATOCTAGE®MY OGVPUATNG POPTICNS OYNUATWV GE GEVAPLO SOVVOLIKNC
(QOPTIONG, LLE GTOYO TNV TPOGOUOIMOT) TPAYLATIKOV KATAGTACEMVY Y10, TNV OAOKATNPOUEVT KOTAvON o
KoL TNV avantuén TpakTikov Avcemv. To Bewpntikd vrofabpo mov mapéyetor ivor anapaitnto yo
NV €0pOimOT TNG KATAVONGNG Kot TN O10GPAAMOT TNG OKPIPELNS TOV AMOTEAECUATOV, OTOTEADVTOG

10 OgpéMO v 6TO 0TO10 PUTOPOHV VO 01KOSOUN B0V TPOKTIKEG EQPUPUOYES.

Ot mpocopolmcelg Taifovv KaBoploTikd pOAO GE VTN TNV £PEVVA, GTOYEVOVTAG OTNV KOTAVONOT TNG
CLUTEPIPOPEG EVOC OLVOLIKOD GLGTHHOTOS POPTIONG TOV YPTCLOTOLEL TNV TEYVOAOYI ETAYWYIKNG
LETOQOPAG EVEPYELNG [LE GLVTOVIGHO. MEGH OTMOV TOV TPOGOUOIMGEMY, 1 OUTAMUOTIKY epyacio

ToPEXEL TOADTIUES YVOGELS GYETIKA LLE TO TAG 01 LETAPOAEG GTO SLAKEVO KO TNV KOKT vOvypdppuon

MAAA, Tunua H&HM, AumtAwuartikn Epyacia, NikoAaou NikoAaog 6
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empedlovv v anddoon Tov cuoTHUATOG, Bétovtag Tig Pacelg Yo pelhovtikég e€eAilelg kot

BeAtioTomOMm0ELS.

Ev xatoxk)eidl, n mopodoo SMA®MUATIKY €pyociot ¥PNOIUEVEL OC OAOKANPOUEVOS 00MYOS Ko
EPELVNTIKY BACT Y10 TNV KOTOVONOT KOL TNV TPODONGT NG TEYVOAOYING TMV NAEKTPIKAOV OYNUAT®OV
acHPUATNG POPTIONG, UE WlaiTEPN EUPAOT) OTN SLVOUIKT GOPTIoN. YToypapupilel ) onpacio g
OLUVEYOVG KOWVOTOMIOG Kol €PEVVOC OTOV TOUEN aLTO Yo, TNV 1KAVOMOINGoT TOV OVEAVOUEVOV
OTTOUTICEWV Y10, BUOCIUES Ko 0mOO0TIKEG AVGELS PeTapopdv. Ot cuvey{opeves TPoomAdELIES £PEVVOC
Kot avamtuéng etvar (OTIKNAG oNUOGIOG Yol TNV OVTILETOTION TOV VEIOTAUEV®OV TPOKANGE®V, TN
Bedtiowon Tov eMOOCEDOV KOl TNG AGPAAELNG TOV GLGTHLOTOS Kl TN O0GQAAIOT) TNG TPOUKTIKNG

EPAPLOYNG AVTAG TNG TEYVOAOYIOG GE TPAYLLOTIKES GUVONKEC.
A&Eearg — KAEWO10,

Hlektpicd avtoxivnta, AcOppata cvotipote @options, Apodio eroaywyn, Movtelomoinon,

[Ipocwpoimwon.
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Abstract

In the contemporary era, the imperative for environmentally friendly technologies has led to the
advent and proliferation of electric vehicles (EVs), marking a paradigm shift in the transportation
sector. A significant innovation in this domain is the development of electric wireless charging
vehicles, which has garnered considerable attention for research and development. The overarching
aim of these innovations is to mitigate emissions from conventional vehicles, positioning EVs as the

future of transportation, and contributing to a more sustainable world.

EVs are predominantly classified into two main categories: hybrid and pure EVs. Hybrid EVs utilize
a blend of internal combustion engines and on-board DC sources for both propulsion and charging,
offering a transitional technology towards full electrification. Pure EVs, on the other hand, rely solely
on external energy sources, necessitating the use of specialized chargers to replenish their batteries.
Despite the widespread adoption of conductive charging, this method presents several challenges,

including the need for physical connections, which can be cumbersome and impractical.

Contactless power transfer (CPT) emerges as a promising solution, showcasing remarkable
advancements in efficiency, misalignment tolerance, and reduced charging times. These
improvements are the result of extensive research and development efforts, aiming to make wireless

charging not just a viable alternative, but a preferred method for EV charging.

This thesis delves into the dynamic charging technology of EVs, addressing the urgent need to reduce
emissions and waste. The focus is on analyzing wireless vehicle charging installations in dynamic
charging scenarios, aiming to simulate real-life situations for a comprehensive understanding and the
development of practical solutions. The theoretical background provided is essential for solidifying
understanding and ensuring accurate results, forming the foundation upon which practical
applications can be built.

Simulations play a crucial role in this research, aiming to understand the behavior of a dynamic
charging system that utilizes resonant inductive power transfer technology. Through these
simulations, the thesis provides valuable insights into how variations in gap and misalignment affect

the system’s performance, setting the stage for future developments and optimizations.

In conclusion, this thesis serves as a comprehensive guide and research basis for understanding and
advancing the technology of electric wireless charging vehicles, with a particular focus on dynamic
charging. It underscores the importance of continuous innovation and research in this field to meet
the growing demands for sustainable and efficient transportation solutions. The ongoing research and
development efforts are crucial for overcoming existing challenges, optimizing system performance

and safety, and ensuring the practical implementation of this technology in real-world scenarios.

MAAA, Tunua H&HM, AumtAwuartikn Epyacia, NikoAaou NikoAaog 8
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INTRODUCTION

In modern times, the need for technologies that protect the environment is becoming increasingly
important. So electric vehicles (EVs) are coming to serve those needs. Continuous research and
development have resulted in a key breakthrough that allows power to be delivered without the use
of wires, and as a result of this, electric wireless charging vehicles are becoming more and more a

subject for research, study and improvement.

The goal is to decrease the emissions caused from conventional vehicles. Bearing that in mind and
having increased well-to-wheel efficiency EVs are viewed as the future of transportation. There are
many types of electric vehicles. The two main categories are the hybrid EVs and the pure EVs. Hybrid
EVs using a small size internal combustion engine for traction and charging the on-board energy
sources, as well as on-board DC-sources like batteries. In the other hand pure EVs need to receive

energy from the grip through on/off-board chargers in order to charge the batteries.

Batteries and ultra-capacitors can be recharged using conductive or contactless methods with on-
board chargers. Wires are used in conductive charging to connect an electric vehicle's charger to the
power grid supply. Despite being widely used, conductive charging has drawbacks such as the
requirement for connecting wires, galvanic separation for on-board electronics, elevated weight and

bulk of chargers, and the matter of safety in wet conditions.
The constraints of contactless power transfer (CPT) have improved as a result of research articles
published in recent years, including improvements in power transfer with efficiency, improvements

in misalignment tolerance, and reductions in charging time.

Subject of the thesis

The subject of the thesis is the study of EVs and especially the dynamic charging technology of them.
The necessity for lowering the emissions and reducing wastes, makes the study of wireless vehicle

charging installation in dynamic charging an important and topical issue.

Purpose and objectives

The purpose of the thesis is to analyze the wireless vehicle charging installation in dynamic charging
and to simulate as close as a real situation in order to be able to identify if it is possible or not, to
create systems like that in the real world.

The objectives of this thesis include
* The creation of a guide in wireless charging technology as well as EVs.

* The correlation between gap, misalignment with efficiency of a power dynamic charging system.
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* The creation of a useful model that can be easily adjusted and utilized for simulations in order to
optimize the dynamic wireless technology.

Methodology

The initial step was to gather material and understand it. Next, the creation of a theoretical background
for a complete understanding of wireless charging systems and electric vehicles. Then a mathematical
model and a model in the MATLAB/Simulink environment was created. Last but not least a test was
made to ensure the correct operation of the model and any errors were addressed. Finally, the

simulations were conducted which led to the conclusions.

Innovation

The thesis serves as a comprehensive guide and research basis for understanding and advancing the

technology of electric wireless charging vehicles, with a particular focus on dynamic charging.

Structure

The thesis consists of 6 chapters.

Chapter 1 introduces a theoretical background of basic electrical and electronic engineering that is

going to be needed for this thesis.

Chapter 2 presents targeted knowledge on wireless charging systems, methods of charging, the

separation of static and dynamic wireless charging as well as some standards for EVs.

Chapter 3 delves into the creation of a dynamic wireless charging model, the theoretical knowledge

of the parts that contains.
Chapter 4 presents the simulations and the results.
Chapter 5 analyses each simulation.

Chapter 6 concludes the thesis by reviewing the contributions. Suggestions for future research in this

field are stated as well.
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1 CHAPTER 1: Theoretical Background

1.1 Overview

Studying projects can be challenging and a theoretical background is necessary in order to remember
or learn something valuable, leading to more accurate and solid results. This chapter is going to be

the theoretical guide that this project may need.

1.2 Passive Components at RF

Lumped (physical) capacitors, inductors, and resistors are not the "unadulterated” components that
are thought to function at lower frequency ranges when operating at radio frequencies. Their
real essence at greater frequencies includes unwanted capacitances, inductances and resistances, as
can be seen in Fig. 1.1; these should be taken into account while designing, reproducing, and

formatting any wireless circuit.

In order to reduce losses caused by lead inductance at frequencies that are considered microwaves,
all part drive lengths need to be restricted. Additionally, the board that interfaces such uninvolved
parts should be converted into transmission line structures. The typical structure is microstrip, that
maintains a 50ohm constant impedance throughout its length without adding inductance or
capacitance. "Surface mount devices" (SMDs) are ideally suited for diminishing this lead length, and

along these lines the series inductance, of any part (Fig. 1.2).

Given that the part's effective operating frequency rises as its size decreases, it is necessary for all
lumped components to have as small of a physical structure as possible as the frequency at which
each wireless circuit operates increases. This is because a smaller package reduces harmful distributed

reactances as well as parallel or series resonances.

COMPONENT LF BEHAVIOR HF BEHAVIOR RESPONSE
WIRE A A A II A P
CAPACITOR

I |
1] I

INDUCTOR —«/w—ﬁ{'g z
Y YT

RESISTOR

|
R

_)\M(_

Figure 1.1 The actual behavior of a component at low frequencies (LF) and high frequencies (HF) [1].
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(Cotter W. Sayre, Complete Wireless Design, 2001, page 2)

Figure 1.2 Resistor mounted on the surface [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 2)

1.2.1 Resistors

As the frequency of operation is increased, the real value of a resistor will start to decline, as shown
in Fig. 1.3. This is due to the dispersed capacitance, which shunts the signal around the component
and is always essentially in parallel with the resistor, reducing the resistance's effective value. This
dispersed capacitance, as depicted in figure 1.3, becomes increasingly problematic as both the
frequency and resistance levels rise. A resistor with a high value might lose a significant amount of
the indicated resistance that is shown at relatively low microwave frequencies due to this capacitive
effect; if it is not of the high-frequency, thin film variety. Furthermore, the additional reactive effect
is insignificant in helping the resistor in keeping its indicated resistance value because the series

inductance of the leads of surface mount technology resistors is often fairly low.

‘ - T~

o | NN NERN
Bos I — VWA
L] . 1 S S, N S
<
| 10K 1K % 100 10 |
! -
D |
1 10 100 1,000 10,000
FREQUENCY (MHz)
Figure 1.3 DC resistance to AC resistance ratio of an SMD resistor as frequency rises [1].
(Cotter W. Sayre, Complete Wireless Design, 2001, page 3)
1.2.2 Capacitors

When choosing capacitors for RF and microwave applications, consideration should be given to both

the cost and temperature tolerance of the component as well as its ability to work at such high
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frequencies appropriately. A capacitor has an unwanted lead inductance, as Fig. 1.1 illustrates, and
as the frequency rises, the capacitor's properties start to deteriorate. This impact is generally
articulated assuming the lead inductance resounds with the capacitance of the actual capacitor,
bringing about a series reverberation or an overall reactance close to 0 ohms (make a capacitor be at
resonance mode, may additionally be intended: a capacitor with 0 imaginary part is the kind that
creates low impedance which is ideal for coupling and uncoupling at elevated frequencies by bring
at resonance its own parasitical inductance along with its own little worth of stamped capacitance at
a frequency of interest.). It is crucial to ensure that the circuit's original frequency does not exceed
the capacitor's series resonance since the capacitor is going to turn more inductive rather than
capacitive over the specified frequency of resonation. It is crucial for coupling and uncoupling
capacities, while a capacitor for adjusted circuits ought to have a series resonance easily above its
planned frequency. The capacitor is nearer its inductive area the higher its value is, which also
decreases the amplitude of this series resonance. As a result, an average larger inductance will be
displayed by a greater-value capacitor as opposed to a lower value capacitor. Due to this, a trade-off
must be made regarding the capacitor's series resonance and capacitive reactance in coupling
operations. To put it another way, assuming the capacitor is selected to function as a jO type, a
coupling capacitor that is predicted to have a capacitive reactance valued at 0.1 ohm at the frequency
that matters could in fact be a considerably worse option compared to a capacitor which has a

capacitive reactance valued at 5 ohm.

Only specific types of capacitors can operate over real-world temperature variations and at greater
frequency ranges while yet retaining an acceptable amount of capacitance tolerance. The different
types of capacitors and how they are used in wireless circuits are covered in the sections that come

next:

Electrolytic capacitors made of tantalum or aluminum are both used for exceptionally low ranges of
frequency coupling and uncoupling purposes. As [1] said: “They have poor equivalent series
resistance (ESR) and high DC leakage through the dielectric, and most are polarized. However, they
possess a very large amount of capacitance per unit volume, with this value ranging from greater than
22,000 uF down to 1 pF for the aluminum types. Aluminum electrolytics have a limited life span of
between 5 to 20 years while tantalums, with their dry internal electrolyte, have a much longer
lifetime—and less DC dielectric leakage”. Unluckily, tantalums have a lesser maximum operating
voltage rating and a fewer variety of values (in the range of 0.047 ~F and 330 ~F). Metallized film
capacitors are frequently employed for low-frequency uncoupling since they are typically effective
up to roughly 6 MHz. These capacitors, which come in the polystyrene, metallized paper,
polycarbonate, and MylarTM (polyester) families, have capacitance ranging of 10 pF to 10 F. The

MAAA, Tunua H&HM, AumtAwuartikn Epyacia, NikoAaou NikoAaog 25



Study and simulation of wireless vehicle charging installation in dynamic charging — model construction

dielectric layers are able to be finely metallized to create metallized film capacitors. Silver mica
capacitors are a more seasoned, less utilized sort of high recurrence capacitor. An older, less common
kind of high-frequency capacitor is the silver mica capacitor. They feature a capacitance ranging from
2 to 1500 pF, with a low ESR, and good thermal stability.

Leaded ceramic capacitors are integral components in radio frequency (RF) circuits, functioning
effectively up to frequencies as high as 600 MHz. These capacitors manifest in two primary
configurations: the single-layer ceramic disk and the multi-layered, monolithic ceramic structure.
Their capacitance values span a broad spectrum, ranging from 1.5 picofarads (pF) to 0.047
microfarads (uF). The dielectrics in these capacitors are categorized into three distinct grades, each

suited to specific operational requirements.

The first category, COG (NPO), is optimized for applications where temperature stability and precise
capacitance values are paramount. These capacitors exhibit superior tolerance, typically 5 percent or
better, and offer capacitance values between 10 and 10,000 pF. The second category, as [1] said:
“X7R types, with less temperature stability and a poorer tolerance (£10 percent) than COG (with
available values of 270 pF to 0.33 uF); and Z5U types, which are typically utilized only for bypass
and coupling because of extremely poor capacitance tolerances (+20 percent) and bad temperature

stability (with a range of values from 0.001 to 2.2 uF)”.

However, in the realm of microwave frequency applications, Surface-Mounted Device (SMD)
ceramic and porcelain chip capacitors have become predominant, suitable for RF circuitry up to
approximately 15 GHz. Despite their high-quality design for RF and microwave applications, these
chip capacitors must maintain relatively low capacitance values to ensure optimal functionality at
higher frequencies. This necessity arises from the inherent increase in internal inductance of the
capacitor with elevated capacitance values. Typically, a maximum of 10 pF or less is utilized in

circuits, contingent on the frequency requirements.

These microwave chip capacitors are available in both multi-layer and single-layer configurations.
Multi-layer types are commonly provided in standard SMD packages, whereas single-layer
capacitors, due to their non-standard SMD casings, pose more challenges in board mounting.
Nevertheless, single-layer capacitors are capable of operating at substantially higher frequencies,

potentially reaching tens of GHz, albeit with a reduced capacitance range.

Additionally, certain ceramic and porcelain microwave SMD capacitors incorporate a microstrip
ribbon in their structure. This feature facilitates more efficient bonding to the microstrip transmission

lines on printed circuit boards, enhancing their integration and performance in complex RF circuitry.
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1.2.3 Inductors

In the context of high-frequency applications, inductors often encounter an unintended phenomenon
known as distributed capacitance. This capacitance exists in parallel with the inductor's inherent
inductance (as illustrated in Fig. 1.1). Consequently, there exists a specific frequency at which the
inductor's inductance and the distributed capacitance achieve parallel resonance. This resonance
manifests as a pronounced peak in impedance at the resonant frequency. Ideally, this impedance

would be infinitely high, barring the presence of minimal wire resistance in series with the inductor.

The frequency at which this resonance occurs is termed the Self-Resonant Frequency (SRF) of the
inductor. For effective functionality in a tuned resonant circuit, the SRF must substantially exceed
the operational frequency of the circuit, ensuring the maintenance of appropriate impedance levels
within the resonant tank circuit. To mitigate the effects of distributed capacitance and thereby elevate
the SRF, high-frequency RF inductors are designed with compact form factors. However, this design

choice inversely affects the maximum attainable inductance.

As [1] said: “An inductor parameter that is especially important for tuned circuits is the Q, or quality
factor, of the inductor. The Q indicates the quality of the inductor at a certain test frequency; Q equals
the inductive reactance divided by the combined DC series resistance, core losses, and skin effect of
the coil. At low frequencies Q will increase, but at high frequencies the Q of an inductor will begin
to decrease as a result of the skin effect raising the resistance of the wire. (Even while this is occurring,
the distributed capacitance is also decreasing the desired inductance of the coil. Thus, the Q will soon

reach zero, which is the value at its SRF).”

The DC series resistance of the coil, measurable via a standard ohmmeter, represents the intrinsic
resistance of the inductor's wire. This resistance not only influences the Q factor (particularly in small,
high-value, high-frequency inductors where it can be relatively significant) but also contributes to a
notable DC voltage drop across the inductor. This aspect is crucial in applications where excessive
DC voltage drop can result in erratic circuit performance due to reduced bias voltages available to the

active device.

Finally, high-inductance coils at high frequencies are susceptible to significant losses stemming from
the coil form. These losses, encompassing hysteresis, eddy currents, and residual losses, become so
pronounced that air-core inductors are often the only viable option. This is due to the minimal loss

effects associated with air-core materials compared to other core types.

Design of Inductive Coils: In certain instances, particularly within the scope of small-scale projects

or prototypical developments, the requisite specification or variant of an inductor may not be readily
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accessible. Under such circumstances, it becomes necessary to engage in the design and fabrication

of a custom inductor.

When considering the construction of a high-frequency, single-layer air-core coil, typically
configured as a helical structure, the determination of the requisite number of coil turns to achieve a

specific inductance value can be computed through a designated formula.

(1.1)

B \]L[(18d) + (400)]
B d

Where n=the quantity of single layer turns needed to achieve the desired inductance (L).

L=desired inductance of the air coil, uh

d=diameter, in inches, of the inside of the coil (the same diameter as the form used to

wind the coil)

I=length, in inches, of the coil (if this length is not met after winding the turns, then

spread the individual coils outward until this value is reached)

However, it needs be noted that the equation is precise only if the length of the coil is no less than
half as long as its diameter, and precision degrades when frequency is raised to a very high frequency
(VHF) range and higher. This is a consequence of the conductor thickness's excessive rise with coil
diameter. To avoid turn-to-turn shorts, only varnished ("magnet") wire should be used when creating

coils.

Toroids are inductors made from ferrite or powdered iron cores that are formed like doughnuts (Fig.
1.4). Ferrite toroidal cores can operate at frequencies as little as 1 kHz and as high as 1 GHz, however
the highest frequency that can be achieved with a given toroid depends on the type of ferrite material
used in its manufacture. The majority of toroidal designs are low- to medium-power, lower-frequency

ones.

Attributable to their minimal magnetic flux leakage and diminished sensitivity to mutual inductance,
toroidal inductors are regarded as essential components. In contrast to air-core inductors and
transformers, which may necessitate protective measures or alterations to their layout on the printed
circuit board (PCB) to prevent electromagnetic interference, the circular geometry of toroidal
inductors inherently minimizes the emission of radio frequency interference into adjacent circuits.
This characteristic of toroidal inductors enhances their effectiveness, given that nearly all the
magnetic flux is contained within the core, facilitating the transfer of energy from the primary

winding to the secondary without significant losses.
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Additionally, toroidal inductors find applications in the attenuation of low-frequency disruptions
caused by transmission systems, effectively preventing the transmission of electromagnetic noise
along power conductors into sensitive electronic equipment. By integrating toroidal inductors in a
series configuration within power supply lines, a substantial portion of this electromagnetic

disturbance is suppressed.

The physical dimensions and material composition of a toroid's core are indicative of its properties.
For example, a toroidal core with the designation FT-23-61 suggests that the toroid has a ferrite
composition with an exterior diameter of 0.23 inches and utilizes ferrite material denoted by the
classification '61'. The designation T' typically infers a toroidal shape, as opposed to alternative core

geometries.

Figure 1.4A toroid core Inductor [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 6)

Ferrite-based toroidal cores suitable for applications up to 1 GHz are available, with the requisite
inductance per turn (AL) values specified in microhenries (uH) for 100 turns of wire enveloping the
core, accessible within the core's technical datasheet. When fabricating a ferrite toroidal inductor or

choke, the core dimensions must be chosen to provide sufficient space for the anticipated wire turns.

To determine the precise number of wire turns needed to achieve a given inductance for a ferrite

toroidal coil, one may employ the following calculation:

fL
N =100 [— (1.2)
AL

Here N=the quantity of turns of a single-layer coil necessary to procure the target inductance
L.

L=inductance desired for the coil, uH

A_=value, as read on the core’s data sheet, of the chosen size and powdered-iron mix of
the core, uH per 100 turns
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In the scenario where a ferrite toroidal core is being conceptualized, the engineer would apply the
following mathematical expression to compute the necessary turns:

L
N =1000 [— (1.3)
,IAL

Where N=the count of single-layer windings required
L= the inductance aimed for in millihenries (mH)

A_= the inductance factor provided in the core’s datasheet, which corresponds to the
specific core dimensions and ferrite composition, expressed in millihenries per 1000
windings.

Inductive core values, denoted as A, typically exhibit a tolerance range of £20 percent. It is crucial
to ensure that the core material does not reach saturation under excessive power conditions, whether
from direct or alternating current sources. Fabricating a single-layer toroidal inductor or transformer
should be done with a gap of 30 degrees between the start and finish of the winding, as depicted in
Fig. 1.5, to curtail distributed capacitance, thereby optimizing the Quality Factor (Q) of the inductor.
The composition of the core material is selected to define the upper limit of the operating frequency

for the core.
1.2.4 Transformers

RF transformers are frequently bought as complete units, although they can be built in a toroidal

shape as well (Fig. 1.6). In low-frequency radio systems, most air cores have been replaced by toroids

PO

SDDl

o

Figure 1.5 Correct methodology for toroidal inductor coil winding [1].

as interstage transformers (Fig. 1.7).

5@&

(Cotter W. Sayre, Complete Wireless Design, 2001, page 8)
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Figure 1.6 Transformer creation utilizing a toroid [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 8)
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Fjgure 1.7 Impedance matching with a toroidal transformer [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 8)

When suitably selected for material properties, toroidal transformers are adept at serving as
broadband transformers with operational limits extending to 1 GHz. Yet, the interwinding capacitance
becomes increasingly significant as the operational frequency of the broadband transformer ascends.
This inherent capacitance acts to diminish the upper frequency limit of the transformer's performance.
Mitigation of such effects may be achieved through the utilization of a core with enhanced
permeability, facilitating the attainment of the same reactance with fewer windings and consequently

reducing distributed capacitance at elevated frequencies.

For toroidal transformers, at the foundational frequency of use, the reactance values of both the
primary and secondary windings must surpass the combined reactance of the transformer's source and
load by a factor of four or greater. Specifically, the primary winding reactance (Xp) ought to maintain
a minimum of 200 ohms, and similarly, the secondary winding reactance (Xs) should uphold 200
ohms at the minimum frequency of operation. For example, with a primary to secondary ratio of 1:1,
if a 50-ohm amplifier is connected at the primary and a 50-ohm antenna is linked to the secondary,

these conditions should be met.
For the construction of a toroidal transformer, the following procedural steps are advised:

1. Compute the transformer's secondary and primary reactances at the lowest frequency.

MAAA, Tunua H&HM, AumtAwuartikn Epyacia, NikoAaou NikoAaog 31



Study and simulation of wireless vehicle charging installation in dynamic charging — model construction
Xp =4 %X Zoyr (1.4)

Xs=4XZy (1.5)

where  Xp = the stipulated primary reactance at the transformer's minimum operational
frequency
Zout = impedance post the previous stage
Xs = mandated secondary reactance at its minimum frequency
Zin = impedance before the subsequent stage
2. Proceed to evaluate the inductance of the primary and secondary windings.

Ly = =2 (16)
i 27 fLow '
and
Ly = =28 (17)
s 27 fLow '

3. Select a core with a high permeability, the smallest size possible, and the capacity to function at

the desired frequency. Then, determine the number of primary and secondary turns needed.

L
Ng =100 |- (1.8)
AL
Or
L
Ng = 1000 A—S (1.9)

L

Lp
Np = Ny s (1.10)

4. Lastly, wrap the toroid with the primary in a single layer. At one end, coil the secondary over the

primary winding (Fig. 1.8). Step-up transformer windings should be reversed.
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Figure 1.8 Illlustration of optimal toroidal transformer winding technique [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 10)

1.3 Semi-Conductors
1.3.1 Introduction

Semiconductor technology, in contrast to the vacuum tubes used historically, presents compactness,
reliability, robustness, and operates with minimal bias voltages. These semiconducting devices are
employed for a multitude of functions including the amplification, modulation, and detection of
electrical signals, in addition to generating radio frequency (RF) through oscillation. Integral to the
functionality of integrated circuits, semiconductors are the cornerstone upon which contemporary
wireless apparatuses are built. Presented here is a concise synopsis of the prevalent semiconductor

elements.
1.3.2 Diodes

PN junction diodes. The creation of PN junction diodes (Figure 1.9) involves the union of N-type
and P-type semiconductor substances. In the N-type region, an abundance of electrons exists as the
principal charge carriers, whereas holes, which are the minority carriers, are considerably less
prevalent. The process known as doping introduces foreign atoms into the intrinsic semiconductor
matrix, resulting in an imbalance of charge carriers: an increase in electrons for N-type and a
proportional increase in holes for P-type. This is typically achieved by incorporating pentavalent

impurities for N-type and trivalent for P-type, compared to silicon's tetravalent structure.

In this context, the flow of current in P-type semiconductors is predominantly facilitated by the
movement of holes, while in N-type semiconductors, it is the electrons that chiefly contribute to
conductivity. With zero applied voltage across a diode (Figurel.10), diffusion causes electrons to
migrate towards the P-type region, and holes towards the N-type, leading to the formation of a
depletion zone at the PN junction, characterized by a scarcity of free charge carriers and the

establishment of an electric field.
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The inherent electric field within the depletion zone of a silicon-based PN junction typically presents
a potential barrier of approximately 0.7 V, which acts to obstruct the free movement of charge
carriers, thereby maintaining the equilibrium. Augmenting the majority carrier concentration in this

region would be counteracted by the electric field of the potential barrier.

When the diode junction is subject to forward bias, the potential barrier is diminished, facilitating
charge carrier recombination and allowing current to flow (Figure 1.11). The positive terminal of the
bias repels holes toward the junction, while the negative terminal attracts electrons, culminating in

the flow of charge and the establishment of an electric current across the junction.

'Nlup’“

Figure 1.9 Semiconductor diode [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 11)
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Figure 1.10 A diode in unbiased condition with depletion region [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 11)

The depletion region will start to grow if a reverse bias is supplied to a diode's terminals, as seen in
Figure 1.12. This results from the positive terminal of the battery drawing in electrons while the
negative terminal draws in holes, making the diode serve as an extremely high resistance. Only a tiny
amount of leakage current will continue to pass through the diode at this point. When breakdown or
the barrier potential reaches the bias potential, the depletion region will keep growing until the diode

is damaged or destroyed by unchecked reverse current flow.
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According to the characteristic curves for a standard silicon diode (Figure. 1.13), no matter how much
the forward current increases, a forward-biased silicon will constantly experience a voltage drop of
about 0.7 V. diode. This is due to the diode's semiconductor materials' low intrinsic value of dynamic

internal resistance.
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Figure 1.11 Diode conducting under forward bias [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 12)

For low-current circuits, small diode packages made of plastic and glass (Figure 1.14) are used,
whereas power diodes are utilized for large forward currents of up to 1500 A.

Several of the significant rectifier diodes parameters are as follows:

The greatest forward current that a diode may handle before suffering damage to its semiconductor

material is known as Irvax).
When in reverse bias, a diode's temperature-dependent reverse leakage current (Ir)

The maximum reverse voltage that ought to be applied across a reverse biased diode's terminals is

known as PIV.

Zener diodes (Figure 1.15) exploit the capacity of a diode to endure reverse bias through avalanche
breakdown without damage. Variations in the current passing through the Zener diode do not affect
its voltage drop, making it suitable for voltage regulation in electronic circuits (Figure 1.16). The
breakdown voltage of a Zener diode, denoted as Vz, is critical as it specifies the voltage at which it

conducts in reverse bias. Each Zener diode, even with the same nominal VVz, may activate at a slightly
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different voltage due to manufacturing variances, which is why these diodes are available with various
tolerance levels, including 20%, 10%, 5%, and 1%.

Temperature fluctuations can alter the voltage ratings of Zener diodes, which is essential for precision
circuits. To address this, variants such as temperature-compensated Zener diodes have been

developed.

Key specifications of Zener diodes include the following:
e Izm, the maximum current the diode can carry before failure.
e Vg, the Zener voltage that remains constant with varying current levels.
e |, the operating current to maintain the diode in its Zener region.

e Pg, the maximum power the diode can dissipate without exceeding its thermal limits.
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Figure 1.12 Reverse-biased diode showcasing leakage current dynamics. [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 13)
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Figure 1.13 Characteristic response curves of a silicon diode [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 13)

i

Figure 1.14 Various diode package types: small signal, power, and bridge rectifiers. [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 14)

_NI_““.! P

Figure 1.15 Zener diode schematic representation [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 14)
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Figure 1.16 Characteristic performance curves of a Zener diode [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 14)

Varactor diodes. Much like Zener diodes when operated in reverse bias, varactor diodes (Figure
1.17) also exhibit similar behavior. This characteristic can be harnessed beneficially in varactors. It
is known that a capacitor's capacitance diminishes with an increase in the dielectric's width.
Conversely, a decrease in the width augments the capacitance. In varactor diodes, the depletion zone
acts as the dielectric. When reverse bias is applied, this zone becomes broader, which in turn reduces
the capacitance as shown in Figure 1.18. Conversely, a decrease in reverse bias will have a direct
effect; it narrows the depletion zone and thus enhances the diode's capacitance. In the case of a
particular type of varactor, known as the abrupt varactor, these changes in capacitance with respect
to reverse voltage can be quite significant. Figure 1.19 illustrates how the capacitance varies in

response to the changes in the diode’s reverse voltage.

Figure 1.17 Schematic symbol for a varactor diode [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 15)

Circuits that necessitate a voltage-variable capacitance, like voltage-controlled oscillators and tunable
resonant filters, utilize varactors (VCOs). For practically any RF application, they are readily

available in a wide range of capacitance values.
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Figure 1.18 The formation of the virtual dielectric in a varactor diode with two different reverse bias voltages: (a) low

capacitance; (b) high capacitance [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 15)
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Figure 1.19 Capacitance versus the applied reverse voltage for a varactor diode [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 16)

PIN diodes incorporate a distinct intrinsic layer situated between a layer doped positively and another
doped negatively. These diodes are versatile, serving in roles such as RF signal attenuators and
switches. The crucial parameter that determines the operational frequency range of a PIN diode is its
carrier lifetime. Below a certain frequency threshold, the PIN diode behaves like a conventional PN
junction diode. However, PIN diodes stand out by performing differently than standard PN junction
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rectifiers when it comes to high-frequency applications (exceeding 50 MHz), where they function
more like resistors that are controlled by the current passing through them.

The resistance characteristics of PIN diodes are markedly different from those of typical PN junction
rectifiers. They have a variable resistance range that can be finely tuned from approximately 12 ohms
to an upper limit reaching tens of kilo-ohms, all controlled via a DC bias current. This bias current is
the key to the diode’s switching capabilities, allowing it to alternate between a state of minimal
resistance (activated) to one of substantial resistance (deactivated). Constant adjustment of this bias
current is essential when the PIN diode is employed as an adjustable attenuator, as it does not operate
in fixed resistance steps but rather adjusts continuously across the spectrum of its resistance
capabilities. The behavior of a PIN diode's resistance in response to varying forward-bias conditions

and its impact on RF resistance is graphically depicted in Figure 1.20.
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Figure 1.20 PIN diode forward-bias current and RF resistance [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 17)

Schottky diode. The Schottky diode is made of a metal that is layered on a semiconductor material,
causing the development of an electrostatic boundary among the Schottky barrier. Microwave
sensors, dual modulators, harmonic oscillators, rectifiers, and mixers all use these diodes. Some
Schottky diodes are mechanically robust, have a low forward barrier voltage, and also can operate at

frequencies up to 100 GHz.

Zero-bias A sort of diode having a very low forward voltage is a Schottky. Their I-V graphs, which

indicate their low forward voltage and the resulting forward current, are shown in Figure 1.21.

Gunn diodes. Within the domain of microwave frequencies, Gunn diodes are capable of functioning
as oscillators. These components can achieve oscillation at frequencies surpassing 100 GHz when

optimally positioned within a resonant cavity that is compatible. The precise oscillation frequency is
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contingent upon the duration it takes for an electron to traverse the Gunn diode. As the operational
frequency of the Gunn diode rises, the physical thickness of the diode must be reduced, which

concurrently limits its ability to dissipate power effectively.

Step-recovery diodes. A unique type of diode utilized in some microwave frequency-multiplication
systems is called step-recovery diode (SRD). The SRD performs this purpose by alternating between
low and high impedance states. This phase transition might take place in as little as 200 picoseconds,
generating a very slight pulse of energy. The best way to understand an SRD is to think of it like a

capacitor which retains a charge before rapidly discharging it to produce a pulse rich in harmonics.

1.3.3 Transistors

Bipolar junction transistor (BJT). NPN or PNP doped areas, with NPN being perhaps the most
prevalent, make up a bipolar transistor. Charges are provided by the emitter and are controlled by the

base. The collector gathers the charges that have not yet reached the base.

100

-
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Figure 1.21 Characteristic I-V curves of a Schottky diode under zero-bias [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 18)
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Figure 1.22 The current flow through the emitter, base, and collector of a bipolar NPN transistor [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 18)
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For the foundational design of a basic amplifier, the silicon NPN transistor depicted in Figure 1.22 is
configured with its emitter linked to the negative voltage supply and its collector connected to the
positive supply, establishing a condition known as reverse bias for the collector. In this architecture,
the minimal width of the base region and its limited hole concentration prevent substantial
recombination, ensuring the majority of electrons injected from the emitter traverse the base to reach
the collector. This mechanism, where over 99 percent of the charge carriers (electrons) injected into
the base continue to the collector, results in a negligible base current compared to the emitter and

collector currents, a consequence of the transistor's inherent biasing.

Current amplification in a transistor adheres to a proportional relationship, evident from the fact that
increases in base current proportionally augment both the emitter and collector currents. This
relationship indicates that a minimal increase in base current yields a smaller yet amplified increase
in collector current. Amplification occurs when the collector current is directed through an output

resistance, generating an amplified voltage.

In a common-emitter transistor configuration, external signals fed into the base-emitter junction
encounter minimal resistance, enhancing the admittance of both DC bias and superimposed signal
voltages. This is observable in Figure 1.23's graphical representation of the transistor's operational

characteristics, showing how the input signal modulates the transistor’s current.

The potential across the transistor's emitter-base junction must surpass approximately 0.6 V for
silicon devices before significant current conduction commences. The base bias circuitry is tasked
with maintaining this threshold. A semiconductor is capable of amplifying voltages within the active
region delineated by the boundaries of saturation and cutoff, offering a finite voltage amplification

range.

The operation of a Bipolar Junction Transistor (BJT) can be interpreted as a device where the current
regulation is determined by the base current. The low base current modulates the considerably larger
emitter-to-collector current, enhancing the output voltage when this collector current is directed

through an output load resistance.

Certain high-frequency power transistors may possess intrinsic impedance designed to elevate their
ordinarily minimal input and output impedances, which are often as low as 0.5 ohms. Meanwhile,
some metal-can transistors are constructed with a quartet of leads, one of which is affixed to the metal

enclosure and grounded, functioning as a shield against radio frequency interference.
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Figure 1.23 The characteristic curves for a bipolar transistor [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 19)

Listed among the standard specifications for Bipolar Junction Transistors (BJTS) in technical data

sheets are:

e The breakdown voltage from collector to base, denoted as V(gr)cso, represents the maximum

voltage the collector can withstand from the base before breakdown occurs.

o The absolute maximum power dissipation, Ppomax, is the peak power a transistor can dissipate

at a standard ambient temperature of 25°C without incurring damage.

e Tymax) indicates the maximum temperature the internal semiconductor junction can sustain

before thermal failure.
e The peak allowable collector current is specified as lcgax).

« The transition frequency, or fr, is the frequency at which the transistor operates with a unity

gain, also related to the gain-bandwidth product.

e The frequency at which the transistor's current gain drops to 70.7% of its value at low

frequencies is termed the beta cutoff frequency, fz.

« The leakage current, Iceo, is the current that flows from the emitter to the collector when the

base is open, and it is contingent on temperature variations.
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Figure 1.24 Internal structure and current flow in a J[FET device [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 21)
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Figure 1.25 Performance curves for a Junction Field-Effect Transistor [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 21)

Junction field-effect transistor (JFET). The input gates of a JFET have an extremely high low-
frequency input resistance because they are constantly reverse biased, making them voltage regulated.

Although they produce less inner noise than a BJT and can tolerate inputs of up to several volts (as
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opposed to a bipolar transistor's few tenths of a volt), junction field-effect transistors exhibit lesser

voltage gain and also more signal distortions.

A JFET's structure is comprised of a gate, a source, and a drain, as seen in Fig. 1.24. The drain-to-
source voltage (VDS) of the JFET leads the source to be more negative than the drain due to the
voltage biasing of the terminals. This enables the drain current (ID) to pass via the N channel from

source to drain.

In the absence of a bias voltage at the gate, a JFET is normally on device, as shown by the JFET
curves in Fig. 1.25. By doing so, the greatest JFET current (IDSS) is able to pass from the source
towards the drain. The depletion region (DR) begins to form inside the N channel of the JFET when
a negative voltage (VGS) is applied to the gate and source. As a result of this N channel depletion
region's insulating properties, the N channel continues to narrow even as the JFET becomes more and
more reverse biased and depleted of all available charge carriers. As the resistance of the channel
increases, the JFET's output current through its load resistor decreases, lowering the output voltage
of the device across this resistor. As [1] said: “As the negative gate voltage of _Vgs is increased, the
depletion region continues to widen, decreasing current flow even further— but a point is ultimately
reached where the channel is totally depleted of all majority carriers, and no more current flow is
possible. The voltage at which the current flow stops is referred to as Vesoorr). In short, the Vgs
successfully controls the JFET’s channel resistance, and thus its drain current. However, it is
important that the drain-to-source voltage Vps should be of a high enough amplitude to allow the
JFET to operate within its linear region, or above pinch-off (Vp). Pinch-off is simply an area where
the drain current will stay constant even if the drain-to-source voltage is increased; now only the gate-
to-source voltage can affect the drain current.

A few of the more common JFET parameters are:|”
Ipss, the maximum JFET drain current possible (with a VGS at 0 V)
gm Or gss, the transconductance gain (or ID/ VGS), measured in siemens or mhos
Vbsmax), the maximum safe drain-to-source voltage
Vp, the pinch-off voltage, the minimum VDS required for the JFET’s linear
operation

Pp, the JFET’s maximum power dissipation rating

Metal-Oxide-Semiconductor Field-Effect Transistors (MOSFETS) are fabricated from metal-
oxide and silicon and feature a gate architecture insulated from the drain, source, and channel,
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yielding an active component with an exceptionally high DC input impedance. Nevertheless, the input
impedance is not limitless due to the operational characteristics determined by the device's

configuration.

Within MOSFET technology, two operational states exist: the enhancement mode, where the device
is normally non-conducting, and the depletion mode, in which the device is typically conducting.
Voltage application at the gate of an N-channel MOSFET in depletion mode modulates the drain
current (Figure 1.26), (Figure 1.27). Incrementing the negative voltage at the gate of the MOSFET to
a more positive direction induces a state where no significant drain current exists due to the absence
of charge carriers. However, as the gate-to-source voltage (VGS) moves toward a more positive value,
the conduction process commences. Unlike Junction Field-Effect Transistors (JFETs), an N-channel
MOSFET's drain current continues to increase with a positive VGS and does not peak at zero voltage.

The flow of charge carriers at maximum positive VGS results in the maximum drain current.

Depletion MOSFETSs are preferred in applications that demand low noise production, such as wireless
communications. An example is the dual-gate MOSFET (Figure 1.28), which incorporates two gates
within a single device architecture and is often utilized in Automatic Gain Control (AGC) amplifiers

and mixers due to its ability to manage the drain current with precision.
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Figure 1.26 Cross-sectional view of an N-channel depletion-mode MOSFET [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 23)
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Figure 1.27 The characteristic curves of an N-channel depletion-mode MOSFET [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 23)
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Figure 1.28 Symbolic representation of a dual-gate MOSFET [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 23)

As previously indicated, the enhancement-mode kind of MOSFET, also known as the E-MOSFET
(Figure 1.29) is a typically off transistor. Therefore, as illustrated by the characteristics of Fig. 1.30,
essentially no source-to-drain current is flowing since there is no bias across the E-gate. MOSFET's
However, nearly any positive voltage applied across the gate will result in the creation of a channel
connecting the source and drain of the device (Figure. 1.31). An N-channel is thus formed inside the
P-type substrate as electrons are drawn to the gate. This causes an ongoing current flow by allowing

electrons to move constantly in the direction of the positively charged drain.

MAAA, Tunua H&HM, AumtAwuartikn Epyacia, NikoAaou NikoAaog 47



Study and simulation of wireless vehicle charging installation in dynamic charging — model construction

INSULATION

Figure 1.29 The internal structure of an enhancement mode MOSFET [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 24)

an
oo
~ o Mos =45V
(%=
Ip Viog = +4\V
mh
= Vies = +3V
oy
Vs = +2V
Fat]
Vas = +1V

o

a1 13 20 25 30 35 40 45

Vos

Figure 1.30 The characteristic curves of an enhancement-mode MOSFET [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 24)
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Figure 1.31 The formation of the N channel in an E-MOSFET’s substrate by a positive gate voltage [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 24)

MAAA, Tunua H&HM, AumtAwuartikn Epyacia, NikoAaou NikoAaog 48



Study and simulation of wireless vehicle charging installation in dynamic charging — model construction

Nevertheless, a 1-V gate threshold voltage must be reached before any appreciable drain current can
flow in enhancement-mode MOSFETS. In order to maximize gain and output power, enhancement
mode MOSFET power devices actually need to apply a positive gate bias to pass through this gate
threshold voltage. Due to this bias requirement, an E-MOSFET cannot operate as a Class C power

amplifier by simply applying a zero gate bias to its input, unlike a BJT.

Enhancement-mode MOSFETS are integral to digital integrated circuitry, functioning as voltage-
controlled devices within power amplifiers across a spectrum of frequencies, encompassing high,
very high, and extremely high-frequency domains. Their superior performance compared to
traditional BJTs is attributed to their more favorable gate-driven input impedance, enhanced power-
handling capabilities, and a greater resilience against deviations in load impedance. Additionally,
MOSFETSs inherently have a positive temperature coefficient at elevated current levels, which
mitigates the risk of thermal runaway—a scenario where increased temperature leads to a self-
sustaining increase in current. This characteristic obviates the potential for a MOSFET to succumb to
thermal runaway, consequently reducing the need for additional temperature control mechanisms.
MOSFETSs also exhibit a higher intrinsic gain per stage compared to BJTs and present a relatively
consistent input impedance across a range of input drive levels. However, they can be susceptible to

damage under high-stress conditions, such as when exposed to static discharge.

N-channel MOSFETS, frequently employed in radio frequency (RF) applications, and particularly
those operating in Class B and Class C amplifiers, exhibit a reduction in gain at lower frequencies—
a phenomenon not typically seen in depletion-mode power MOSFETSs. Additionally, when compared
to BJTs, MOSFETs may demonstrate suboptimal performance regarding intermodulation distortion

(IMD) when the devices are driven in parallel configurations.

SiGe BiCMOS technology combines silicon-germanium (SiGe) with complementary metal-oxide-
semiconductor (CMOS) technology. The synergy of SiGe with CMOS underpins the functionality of
SiGe BiCMOS.

Silicon-germanium heterojunction bipolar transistors (SiGe HBTSs) merge silicon (Si) with
germanium (Ge) to create devices that can operate at considerably higher frequencies due to their
increased gain bandwidth product. This results in a higher operating frequency threshold compared
to standard silicon-based transistors. Despite a slight reduction in noise performance and a minor
compromise in reliability, SiGe HBTSs are expected to see improvements in these areas in the near

future.

The capabilities of Gallium Arsenide (GaAs) in facilitating high-frequency operations are now

achievable with Silicon-Germanium (SiGe) technology at a cost reduction, estimated to be a fraction
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of that associated with GaAs fabrication. SiGe also benefits from less complex manufacturing
processes and improved yields compared to GaAs. There is a consensus among several industry

analyses that for frequencies below 60 GHz, SiGe may eventually supplant GaAs entirely.

The integration of microwave RF front-end components alongside baseband and intermediate-
frequency (IF) processing on a single chip is now feasible, thanks to advancements in CMOS and
SiGe technologies. This integration paves the way for more cost-efficient semiconductor devices.

Manufacturing costs and component counts for mass-produced electronics such as smartphones,
direct-conversion receivers, GPS devices, wireless local area networks (LANSs), and other systems

with integrated high-volume circuits are projected to decrease significantly.

The strategic significance of SiGe BiCMOS technology has prompted numerous prominent firms to

invest in proprietary foundry licenses from IBM for its development and implementation.

The initial offerings, which include lower-density components that are poised to replace GaAs-based
devices, are presently available. The prospect of higher-integration devices, which will serve as the
core technology in widespread mobile communications, promises future enhancements in cost-

effectiveness and operational efficiency for wireless networks.

The initial goods, which are small-density components aimed to replace GaAs devices, are currently
becoming available. Higher-integration devices, with cellular phones as the main market, will
inevitably be developed, lowering cost and raising efficiency in many high-volume wireless

networks.

1.4 Micro strip
141 Introduction

Microstrip technology, as illustrated in Figure 1.32, serves a variety of roles, including acting as
transmission lines, substituting for passive components, tuning electrical circuits, and functioning as
filters with high quality factors for microwave frequencies on printed circuit boards. High-frequency
surface-mount components such as capacitors, resistors, and transistors can be affixed directly onto
the printed circuit board’s microstrip layer, which is typically comprised of copper or gold, due to the

microstrip’s characteristic low attenuation and the straightforward nature of its application.

Since microstrip is an unshielded, unbalanced transmission line, it can emit RF radiation. The
radiation produced by a correctly ended microstrip is, nevertheless, fairly minimal. Similar to
microstrip, stripline (Fig. 1.33) is installed between a PCB's metallization layers and doesn't radiate
due of its balanced twin ground planes. The printed circuit board substrate for microstrip and stripline
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is typically made of Teflon, polystyrene, or fiberglass. Microstrip is simpler and less expensive to

produce than stripline since it can be made using regular PCB manufacturing methods.

Low-impedance microstrip lines are wide, while high-impedance microstrip lines are narrow. The
conductor width, dielectric thickness, and dielectric constant all influence the characteristic
impedance of microstrip. The fact that the impedance of microstrip does not vary with frequency or
line length, however, is its most crucial feature. Microstrip and stripline are designed with
characteristic impedances that range from 10 to 100 ohms, with 50 ohms being the typical value for
transmission line application. In frequencies of functioning at 150 MHz and above, microstrip is

particularly prevalent.
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Figure 1.32 Microstrip, showing the dielectric and conductive layers [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 26)
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Figure 1.33 Stripline, showing the dielectric and conductive layers [1].
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(Cotter W. Sayre, Complete Wireless Design, 2001, page 27)

14.2 Microstrip as transmission line

In microwave circuitry, the use of microstrip lines with a characteristic impedance of fifty ohms, and
a specified nominal width, is a standard practice to obviate the presence of inductive or capacitive
effects along its length. This design consideration ensures the minimization of signal reflection and
impedance mismatch losses between discrete circuit elements. Matched impedance conditions
between the microstrip and the connected sources and loads ensure that power dissipation occurs

primarily through resistive losses rather than reflected energy.
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The effective permittivity encountered by a microstrip line deviates from the substrate's relative
permittivity due to dielectric flux leakage into the material and surrounding airspace, resulting in a

perceived dielectric constant that is a hybrid of the two environments.

To diminish electromagnetic interference and crosstalk, transmission lines on a PCB should be
separated by a distance of no less than twice the line width and should be routed to avoid parallel
runs. Implementing a ground trace between closely run microstrip lines can further mitigate the
likelihood of signal interference. Design strategies also call for the avoidance of impedance
discontinuities and the reduction of electromagnetic radiation, which can be induced by abrupt

changes or discontinuities in the microstrip path.

Furthermore, when designing microwave circuits with microstrip lines, it is imperative to consider
the waveguide effect. Protective metal enclosures for microstrip lines or their associated circuitry
should be designed to prevent unintended waveguide behavior, which could significantly alter signal
characteristics. The strategic design can overcome these issues, ensuring the integrity of the

microstrip's function.

Microstrip transmission line design. To acquire the desired impedance, input several microstrip

widths into the following equation.

377
Zo = (1.11)
W .
(F + 1) E, +JE,
where Z, = typical microstrip impedance, in ohms

W = the microstrip conductor's width (use same units as h)

h = a substrate's thickness between the ground plane and the microstrip conductor (use

same units as W)

E, = board material's dielectric constant

a b

Figure 1.34 Guidelines for managing bends in microstrip lines: (a) mitered bend; (b) curved bend [1].
(Cotter W. Sayre, Complete Wireless Design, 2001, page 28)
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143 Microstrip as equivalent components

At microwave frequencies, microstrip transmission line sections on PCBs can be combined to create
distributed components like inductors, transformers, and capacitors. A thin trace can be used to create
a series or shunt inductor, a large trace can create a shunt capacitor, and changing the size of the

microstrip can create a transformer (Fig. 1.37).

Distributed equivalent component design. The comparable component effect will gradually deviate
from that of an ideal lumped component if a distributed component is made more than 30 degrees out
of the 360 degrees of total wavelength. Simply divide 30 by 360 to find the distance between 30
degrees and 360 degrees. Then, multiply this result by the signal's actual wavelength on the PCB,
bearing in mind that the wavelength of the signal on the substrate will differ from its wavelength if it

were going through a vacuum.

50 0 100 ohms ' 500

100 ohms

|||-—€

Figure 1.35 A distributed inductor [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 29)
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Figure 1.36 A distributed capacitor [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 29)
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Figure 1.37 Application of a distributed transformer for resistive load matching [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 29)

To determine the velocity at which a signal propagates along a microstrip line, one must consider the
actual wavelength in the medium, which is subject to reduction by the microstrip's substrate material,
known as the velocity factor (Vp). Given that the signal traverses both the dielectric of the microstrip
and the air above it, the effective dielectric constant (Eerr) must be computed to ascertain the signal's

velocity:

z —Er+1+ E, —1 1
b =~ - — (1.12)
L+

In this expression:
e Egppp isthe perceived dielectric constant by the microstrip.

e E, isthe actual dielectric constant of the substrate material on which the microstrip is
fabricated.

e hrepresents the height of the substrate separating the microstrip's top conductor from the

ground plane.

o Wi is the width of the microstrip's conductive trace.

Then:

1

1.13
VEErr 13

VP =

Here, Vp, is the fraction of the speed of light in a vacuum that the signal attains.
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The wavelength of the desired signal in a vacuum can then be calculated accordingly.

11,800
Avac = 7 (1149

The constant 11,800 is utilized to convert frequency in gigahertz to wavelength in mils, where the
speed of light in a vacuum is factored in. To ascertain the wavelength in mils for a signal traversing

the microstrip, one multiplies the phase velocity (Vp) by the wavelength in a vacuum (Avac):
A=V, X dyac (1.15)

For the design of distributed parallel (shunt) capacitors, the reactive impedance (Xc) can be

determined by the standard formula:

¥ - 1
¢ 2nfc

(1.16)

When considering a 30-ohm microstrip impedance, specific calculations are needed to ascertain the
appropriate width of the microstrip for this characteristic impedance. Utilizing online calculation tools
or appropriate formulas will yield the necessary dimensions for the microstrip.

To enhance the transmission line's performance, a shunt capacitor, which is designed to have an
ungrounded open end, may be connected in parallel to a 50-ohm microstrip line through a small
interconnecting section. Optimally, dividing the capacitor and positioning each half on opposite sides

of the transmission line can further improve performance.
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T .
Figure 1.38 Confijgurations of a distributed capacitor: (a) single unit; (b) dual unit equivalent; (c) lumped element equivalent
1]

(Cotter W. Sayre, Complete Wireless Design, 2001, page 31)
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Figure 1.39 (a) A series distributed inductor; (b) equivalent lumped circuit [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 32)

Third, use the following formula to determine the length of microstrip necessary to create a capacitor

with the value X c, as found above:

Arctan 30
X, B (1.17)
360 X A = Length
where Xc = Required capacitive reactance in the distributed circuit, expressed in ohms

Length = microstrip Length in mils needed to simulate a lumped component of value Xc

(never to exceed 30 degrees, or 12 percent of 1)

A= wavelength of the desired frequency for the desired substrate (or¥, x ; see formulas

above), in mils

Series inductor. The analogous series inductor is positioned between other distributed or lumped

components, as depicted in Fig. 1.39, or in series with the 50-ohm microstrip transmission line.

First, using the standard formula, compute the reactance at the frequency of interest while knowing

the inductance that the distributed inductor must have.
X, = 2nflL (1.18)

Second, the substrate's used dielectric should be 100-ohm microstrip (Z. 100 ohms). Utilize one of
the various microstrip calculation tools that are freely available online, or use the microstrip formula

above to calculate the microstrip width necessary for this 100-ohm value.

Third, determine how long a microstrip must be to function as an X, inductor:

Arctan @

f (1.19)
360

X 1 = length
where X, =Required capacitive reactance in the distributed circuit, expressed in ohms
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length = microstrip length in mils needed to simulate a lumped component of value x,

(never to exceed 30 degrees, or 12 percent of A

A= wavelength of the desired frequency for the desired substrate (ory, x ; see formulas

above), in mils

Parallel (shunt) inductor. A through connects the equivalent shunt inductor's grounded end (also
known as a grounded stub) to the PCB's ground plane, as depicted in Fig. 1.40. A distributed

equivalent capacitor to ground can also be used to RF ground it, as will be demonstrated.
First, using the following formula to get the shunt inductor's reactance at the frequency of interest
given the necessary inductance for the circuit:

X, = 2nfL (1.20)

Second, the substrate's dielectric should be 100-ohm microstrip (Z. = 100 ohms). Utilizing one of the
various microstrip calculation tools that are freely available online or by using the microstrip equation

previously mentioned, compute the microstrip width necessary for this 100-ohm value.

Third, determine the length of the microstrip needed to convert it into an inductor with the value x;.

XL
Arctan 100
360

X 1 = Length (1.21)

Where X, =Required capacitive reactance in the distributed circuit, expressed in ohms

Length = microstrip Length in mils needed to simulate a lumped component of value X,

(never to exceed 30 degrees, or 12 percent of 1)

A= wavelength of the desired frequency for the desired substrate (ory, x ; see formulas

above), in mils

500 500

Figure 1.40 (a) A shunt distributed inductor; (b) equivalent lumped circuit [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 29)
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Choke. Distributed choke is designed to provide RF grounding by connecting to the ground through
a via or through a distributed or lumped capacitor (Figure 1.41), (Figure 1.42). The width of the choke
on the substrate matches that of a microstrip line designed to have a 100-ohm impedance, which
corresponds to the microstrip's impedance characteristics rather than a choke's equivalent inductance
value. Accurate microstrip dimensions for this specific impedance can be obtained by leveraging
computational tools available online or by applying empirical formulas tailored for microstrip design.
The physical length of the distributed choke is engineered to be one-quarter of the wavelength (/1/4)
at the operating frequency, resulting in an electrical length of 90 degrees. When integrated into a

distributed circuit at precisely 4/,, the choke behaves as an open circuit at its resonant frequency.

Furthermore, this methodology can be adapted to create an equivalent choke in the bias decoupling
circuits. Such a choke, demonstrated in the associated figure, utilizes the quarter-wavelength principle
to act as a low-impedance path to ground for RF while providing decoupling for DC biases. The
choke's widened structure is instrumental in reducing its impedance, allowing it to act effectively as
a shorted stub at the quarter-wavelength, thereby ensuring RF grounding and DC decoupling in the

circuit design.
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Figure 1.41 Distributed DC bias decoupling [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 34)
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Figure 1.42 (a) A distributed choke; (b) equivalent lumped tank circuit; (c) a lumped choke [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 34)
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Figure 1.43 (a) Distributed DC bias decoupling; (b) equivalent lumped circuit [1].
(Cotter W. Sayre, Complete Wireless Design, 2001, page 35)
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Figure 1.44 (a) A distributed transformer for resistive transformations; (b) equivalent lumped circuit [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 36)

Transformer. In the context of transformers, specifically the narrowband type as depicted in Figure
1.44, terminations are exclusively resistive. These terminations can be amongst various impedances
of microstrip lines, between pairs of resistive elements, or between a pair of reactive elements where
the reactance is compensated by discrete components such as capacitors or inductors. The length of
the transformer is engineered to be a quarter-wavelength (/1/4), corresponding to a phase shift of 90
degrees. The impedance transformation characteristic of the device is given by the geometric mean

of the impedances of the primary and secondary lines, as expressed by the formula:

Z = JRiR, (1.22)

Once the impedance has been calculated, determine the necessary width of the Z section by using one
of the various microstrip calculating tools that are freely available online or by using the microstrip
equation above.

Microstrip component equivalency issues. Only the specific dielectric constant, frequency
and board thickness utilized in the initial equivalency calculations will allow inductors,

capacitors, transformers and parallel and series tank circuits to operate.

To preserve the effectiveness of the lumped element model in circuit design, the physical dimensions
of equivalent capacitive and inductive components should be confined to less than one-eighth of the
wavelength (4). This constraint is crucial due to the velocity factor, which dictates the effective
wavelength within the substrate medium, modifying the actual wavelength experienced by the signal
compared to free space. All components distributed along the microstrip are influenced by the
frequency and the dielectric constant of the substrate, as these parameters dictate the phase velocity
(Vp) of the signal.
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The integrity of the electric field around the microstrip is susceptible to disruption from the leakage
field around the etched copper, which may lead to impedance variations. To mitigate this, it is
recommended that shielding be placed no closer than ten times the substrate's thickness from any

microstrip-based distributed inductors, capacitors, and the microstrip transmission lines themselves.

Furthermore, as the width of the microstrip conductor increases, there is a subtle adjustment in the
calculations for the signal's phase velocity. This adjustment is due to one boundary of the microstrip
where the electric field, generated by the propagating signal, is bordered not by the dielectric and

ground plane, but by the open air environment.

Fabricating a distributed network of capacitors and inductors for use in a three-pole low-pass filter
configuration requires precise calculations, as depicted in Figure 1.45. This figure exemplifies both
correct and erroneous methodologies. In Figure 1.45a, calculated lengths of 0.246 inch for series
inductors and 0.425 inch for the parallel capacitor are presented, demonstrating accurate microstrip
placement for the inductive and capacitive elements. The resulting dimensions of the microstrip
elements are functionally viable for the depicted filter design. Notably, the actual length of the
capacitor is marginally greater than anticipated, in contrast to Figure 1.45b, where the inductors are

significantly shorter than the calculated values.

For ensuring the intended circuit functionality, the dimensions of each distributed element must be
meticulously calculated to avoid discrepancies that could lead to circuit malfunction.

When considering distributed circuit elements, it's imperative to account for the capacitive effects
introduced by open stubs. Such stubs can exhibit an electrical length approximately 5% longer than
their physical length on the printed circuit board (PCB), potentially affecting the resonant frequency.
This discrepancy can be corrected by adjusting the physical length of the open stubs, removing the

excess 5% to align with the desired electrical performance.
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Figure 1.45 Microstrip component layouts: (a) effective design; (b) ineffective design [1].

(Cotter W. Sayre, Complete Wireless Design, 2001, page 37)
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2 CHAPTER 2: Wireless Charging

2.1 Overview

In this chapter, wireless charging will be analyzed. There will be a general reference to wireless
charging. Static and dynamic charging are the two categories of wireless power transfer and needed
to be studied in depth. The last goal of this chapter is to provide information about EVs charging

standards.

2.2 Introductory remarks

A high-frequency power converter produces high frequency ac power, which is fed to the transmitter
in a typical WPT. The transmitter creates a voltage within the receiver by coupling with it through a
magnetic, electric or electromagnetic field. Through the use of a power converter, the voltage induced
at the receiver is sent to the load in order to adapt the voltage to the requirements of the load. Figure

2.1 shows the diagram of contactless power transfer [2].

Control Bidirectional Communication Control

Circuit z — Circuit

1L 11

P C li C li P
AC mains@ ower oupling oupling ower

Converter Device Device Converter

Y
Y

Load

VWV

-
P .
|

Transmitter Receiver

Figure 2.1 Typical diagram of contactless power transfer [2].

For better understanding in the next subchapters electricity, magnetism, electromagnetism,

magnetic induction, resonance and resonant magnetic coupling will be condensed.

2.2.1 Electricity

Electricity is defined as the presence or flow of charged particles. Electrons flow (current) through a
conductor just like a wire [3]. Electricity represents a form of energy characterized by the flow or
movement of electrons between two points in the presence of a voltage disparity, thereby enabling

the creation of an electric current.
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2.2.2 Magnetism

A moving electric charge's or a particular material's ability to exert an attracting or repulsive force on
an object is known as magnetism. Permanent magnets are objects with a constant magnetic field, just
like the magnetic field of the earth. Alternating current (AC) flowing through a wire can produce
oscillating magnetic fields, which change over time. Illustrations of the magnetic field lines are
frequently used to depict and visualize the intensity, direction, and magnitude of magnetic fields
(figure 2.2) [3].

)

£

Figure 2.2 Magnetic lines [3].

2.2.3 Electromagnetism

The combination of an element's magnetism and electricity produces electromagnetism, a
fundamental force in nature. It is often termed as electromagnetic force. The electromagnetic fields
are produced by electrical conductors interacting with electrically charged particles and uncharged
magnetic force fields. Electromagnets are devices that, when electricity is applied, produce an

electromagnetic field. [3].

2.2.4 Magnetic induction

As [4] said: “Induction of magnetism in a body when it is in a magnetic field or in the magnetic flux

set up by a magnetomotive force”.

A very effective device for creating or capturing a magnetic flux is a loop or coil composed of
conductive elements such as copper and carrying alternating current (AC). A conductive loop will
produce an oscillating magnetic field close to it if it is linked to an AC source of power. If an
additional conducting loop is located near sufficiently to the first, it may "catch" some of the
fluctuating magnetic field, which causes the second coil to produce or induce an electric current.
Devices could be powered by the second coil's current production. Magnetic induction, a well-known
term for this form of electrical power transmission from one loop or coil to another, is used to describe

this process [3].
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2.2.5 Resonance

Resonance is a characteristic that can be found in a wide range of physical systems. It can be viewed
as the frequency where the energy can be added to an oscillating system most effectively. An
oscillating system that utilizes both potential and kinetic energy is a playground swing. The swing's
length determines how quickly the kid swings back and forth. If the youngster correctly syncs his arm
and leg motion with the movement of the swing, he can help the swing move higher. The child's
modest movements effectively transfer energy to the swing, which is swinging at its resonance

frequency [3].

2.2.6 Resonant Magnetic Coupling

When two items exchange energy through their fluctuating or oscillating magnetic fields, it is known
as magnetic coupling. When the two items' inherent frequencies are almost same, resonant coupling

happens [3].

2.2.7 Wireless power transfer methods

As [5] said “Since the introduction of wireless charging systems for EVs, four methods for the design
of WEVCS have been utilised: traditional inductive power transfer (IPT), capacitive wireless power
transfer (CWPT), magnetic gear wireless power transfer (MGWPT) and resonant inductive power
transfer (RIPT).”

2.2.8 Inductive Power Transfer

Nikola Tesla pioneered the development of Traditional Inductive Power Transfer (IPT) in 1914 as a
means to transmit power wirelessly. The fundamental block diagram of Traditional IPT is illustrated
in Figure 2.3, serving as a foundational element in various Electric Vehicle (EV) charging
infrastructures. IPT technology has undergone extensive testing and application across a broad
spectrum, ranging from milliwatts to kilowatts, facilitating the contactless transfer of power from a
source to a receiver. As [5] said: “In 1996, General Motors (GM) introduced the Chevrolet S10 EV,
which was charged by the magne-charge IPT (J1773) system to provide level 2 (6.6 kW) slow and
level 3 (50 kW) fast charges [3]. The primary coil, known as a charging paddle (inductive coupler)
of the magne-charge, was inserted into the vehicle charging port where the secondary coil received
power and allowed to charge the EV”. A significant milestone in IPT technology occurred when the
University of Georgia demonstrated a 6.6 kW Level 2 EV charger, operating at a frequency of 77
kHz and compatible with battery voltages ranging from 200 to 400 V. This universal IPT solution
incorporated a 10 KVA coaxial winding transformer, offering notable advantages such as a

customizable power range and enhanced flexibility in inductive coupling design. [5].
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Figure 2.3 Block Diagram of Typical IPT [5].
2.2.9 Capacitive Wireless Power Transfer

The cost-effectiveness and simplicity of Capacitive Wireless Power Transfer (CWPT) technology,
facilitated by sophisticated geometric and mechanical configurations of coupling capacitors, prove
highly advantageous for low-power applications, including portable electronic devices, mobile phone
chargers, and rotating machinery. Figure 2.4, as [5] said: “shows a typical schematic diagram of the
series resonant circuit based CPWT. In the CWPT, coupling capacitors are utilised to transfer power
from the source to the receiver instead of using coils or magnets. The main AC voltage is applied to
an H-bridge converter though power factor correction circuitry. High-frequency AC generated by the
H-bridge passes through coupling capacitors at the receiver side. Unlike the IPT, the CWPT operates
for both high voltage and low current. In order to reduce impedance between transmitter and receiver
sides at the resonant arrangement, additional inductors are added in series with the coupling
capacitors”.This configuration facilitates soft switching within the circuitry. Similarly, the received
AC voltage is converted to DC for the battery system or load through rectifier and filter circuitry. The
efficacy of power transfer in CWPT is predominantly determined by the size of the coupling capacitor
and the distance between the two plates. CWPT demonstrates exceptional performance and superior
field constraints when the air gap is minimal. However, its application in Electric Vehicles (EVs) has
been limited thus far due to the requirement of large air gaps and high-power levels. Recommended
air-gap decrease and elevated capacitance coupling methods for the rotating mechanism. To reduce
the air distance between the two connecting plates, it is suggested to use the bumper bar of the vehicle
as a receiver. At the 540 kHz operating frequency, a static laboratory model with a power output of
>1 kW was demonstrated with around 83% efficiency from the DC supply to the battery bank.
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Figure 2.4 Block Diagram of CWPT [5].

2.2.10 Magnetic Gear Wireless Power Transfer

Magnetic Gear Wireless Power Transfer (MGWPT) stands apart from both Capacitive Wireless
Power Transfer (CWPT) and Inductive Power Transfer (IPT), as depicted in Figure 2.5. As [5] said:
“In this method, two synchronised permanent magnets (PM) are positioned side-by-side in contrast
to other coaxial cable based WEVCS. The main power as the current source is applied to the
transmitter winding to produce a mechanical torque on the primary PM. With the utilisation of the
mechanical torque, the primary PM rotates and induces a torque on the secondary PM through
mechanical interaction. In two synchronised PMs, the primary PM works as the generator mode and
the secondary PM receives power and delivers it to the battery through the power converter and
BMS”. A laboratory prototype of MGWPT, with a capacity of 1.6 kW, has been developed,
demonstrating effectiveness over an air gap distance of approximately 150 mm. However,
incorporating this technology into both static and dynamic applications presents numerous
challenges. Rotators experienced synchronization speed loss at 150 Hz, significantly impacting power
transmission. Continuous speed adjustment is required, facilitated by an advanced feedback system
from the battery side to the primary side, to prevent exceeding the upper power limit. The power
transfer capability diminishes with increasing axis-to-axis separation between the primary and
secondary PMs, as coupling between the synchronized windings decreases abruptly. Consequently,
while suitable for stationary WEVCS, MGWPT poses significant challenges for dynamic
applications. [5].
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Figure 2.5 Magnetic Gear WPT Diagram [5].
2.2.11 Resonant Inductive Power Transfer

When it comes to creating power electronics and wireless transformer coils, the RIPT is among the
most well-known and sophisticated variations of the conventional IPT. The RIPT for electric
vehicles is schematically depicted in Figure 2.6. As [5] said: “Like other WPTSs, the main AC voltage
is converted into the HF AC source and supplied to the transmitter or primary winding. The receiver
or secondary coil receives power via varying magnetic fields. The received power is converted to DC
for the battery bank of the EVs through additional power electronics and filter circuitry”. In
comparison to the conventional IPT, extra compensation networks are added to the main and
secondary windings in series and/or parallel topologies, not just to provide the resonant scenario

shown in (2.1) but also to lower additional losses.

1

Dy 21)

fr(p,s) =
21\ Ly s Cps

As [5] said: “where f r is the resonant frequency of the primary and secondary coils, and L and C are
the self-inductance and resonant capacitor values of the transmitter and receiver coils, respectively.
When the resonant frequencies of the primary and secondary coils are matched together, efficient
power transfer is possible. The operating frequency of the RIPT ranges from tens of kilohertz to
several hundred kilohertz. The magnetic flux generated at this frequency range, without any magnetic
core, has a significantly adverse effect on the mutual inductance and hence the reduction of the
coupling coefficient (k). The value of the coupling coefficient in the RIPT varies from 0.2 to 0.3 due
to the minimum height clearance requirement of the EVs, which is 150-300 mm.” The coupling
coefficient can be determined using Eq. (2.2). As [5] said: “Lp and Ls are the selfinductance of the

transmitter and receiver coils, respectively. Lm is the mutual inductance between the two coils. If the
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primary and secondary coils are strongly coupled, the mutual inductance value would be higher, and

vice versa.”

22)

The coupling ratio of the wireless transformer architecture is enhanced by using magnetic ferrite cores
in a range of configurations. Skin and proximity impacts can have a significant influence on the
conversion efficiency at high frequencies. Individually insulated thin coiled wire-based litz cable is
typically taken into account when designing in order to prevent such issues. Additionally, this can
lower the parasitic resistance and raise the coil's quality factor (Q). The Q can be determinate by
utilizing the (2.3). The frequency (f) and self-inductance (L) of the main or secondary coil are

determined by Eq. (2.3), and the coils' resistance is indicated by R.

_ wlys  21f Ly,

Q= =
Ry R

(2.3)
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Figure 2.6 RIPT Block Diagram [5].
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Figure 2.7 Topologies (a) Series-Series, (b) Series-Parallel, (c) Parallel-Series, (d) Parallel-Parallel [5].

Figure designated as 2.6 illustrates the integration of compensation capacitors, configured in both
series and parallel arrangements, on the transmitter and receiver ends within static electric vehicle
(EV) wireless charging systems to establish Resonant Inductive Power Transfer (RIPT). Figure 2.7
delineates four distinct compensation network topologies, denoted as series-series (SS), series-
parallel (SP), parallel-series (PS), and parallel-parallel (PP). Source-side compensation is essential to
nullify the phase disparity between the current and voltage, thereby reducing reactive power at the
source. Incorporation of a secondary compensation network is pivotal for augmenting power transfer
to the load and enhancing system efficiency. The topology selection for the compensation network is
predicated on the specific operational demands of the Wireless Power Transfer (WPT) system. PS
and PP configurations in the Wireless Charging Systems (WCS) are engineered with protective
measures to prevent source coil activation in the absence of the receiver coil. While this ensures
operational safety, the system's power transfer capability may be compromised due to misalignment
between the source and receiver coils. These configurations necessitate additional series inductors to
modulate the source current within the resonant circuit. Capacitance values are contingent upon the
magnetic coupling coefficient and the system's quality factor. In SP-compensated WCS, the primary
compensation capacitance is unaffected by mutual inductance, thereby facilitating superior power
transfer compared to systems with varying mutual inductance. Nevertheless, it is highly sensitive to
load variations. The SS topology is particularly advantageous for EV applications due to two primary
benefits: firstly, the capacitance values at both the source and receiver are invariant with respect to
load conditions and mutual inductance, allowing the resonant frequencies of both sides to be solely
dependent on their respective self-inductances. Secondly, such systems sustain a unity power factor
by consuming active power at the resonant frequency since the impedance reflected from the receiver
coil does not contribute an imaginary component to the transmitter coil. Consequently, an SS

topology-based WCS can be a more effective charging mechanism for batteries, potentially providing
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consistent voltage and current. An additional table enumerates the various advantages and attributes

of the differing compensation networks employed in EV WPT systems [5].

Table 1[50]
Advantages and attributes of compensation networks
Attributes SS SP PS PP
Power transfer capability H H L L
Sensitivity of power factor over distance L L M M
Alignment tolerance H H M L
Impedance at resonant state L L H H
Frequency tolerance on efficiency L H L H
Suitable for EV application H H M M
H: High, M: Moderate, L: Low
Table 2 shows the characteristics of applicable topologies for compensation.
Table 2
Compensation topologies characteristics [52]
Applicable
Topologies for Characteristics
compensation
Receiving . -
. . . . Appropriate  Misalignment Power P.Fvs
Sending side capacitor 5|d<? Load for WCV tolerance tranfer  distance
capacitor
Sseri'e s ! ! 0l H H H L
eries
(55) w?* L w? * L, Q,
Series-
1 1
Parallel — —7 ‘*"Q* Ly H H H L
(SP) w? * (Ll — —) 2 z
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eries > Z >
(PS) w? * (L1 - %) w®* L, Q2
Ly * Ry
1
Parallel- M4
— % R?
Parallel , M2\ I3 1 w* L, M L L M
pp) ¢ *<L1 ‘E) WM wisl,  +Q
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L: Low level, M: Medium level, H: High level

2.2.12

Comparison of methods

In the realm of Wireless Power Transfer (WPT) methodologies for Electric Vehicles (EVs), a

comparative analysis reveals a spectrum of efficiencies, costs, and complexities. Four predominant
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technologies—Inductive, Capacitive, Permanent Magnet, and Resonant Inductive—are juxtaposed

on the basis of various performance metrics.

The Inductive WPT approach is characterized by its moderate to high efficiency and cost, paired with
a medium level of Electromagnetic Interference (EMI). Operating within the 10-50 kHz frequency
range, it exhibits a balance in terms of size, design complexity, and power level, rendering it highly
compatible with Wireless Electric Vehicle Charging Systems (WEVCS).

Contrastingly, the Capacitive method demonstrates lower efficiency and cost while maintaining a
medium EMI profile. Functioning at a higher frequency domain of 100-600 kHz, this technology
benefits from minimal spatial volume, yet its design intricacy and power output are moderate,

translating to a modest suitability for WEVCS integration.

The Permanent Magnet variant, while spanning a broad frequency range from 0.05 to 500 kHz, is
marked by lower efficiency and a notable cost premium. It is distinguished by its substantial EMI,
size, and design complexity, which collectively contribute to a reduced adaptability for WEVCS,
paralleled by a moderate to low power delivery capacity.

Resonant Inductive technology, on the other hand, asserts itself with medium to high efficiency and
a corresponding cost. It is advantaged by a low EMI signature within a 10-150 kHz operational
bandwidth. This method strikes a median in size and design complexity while offering a moderate
power level. Notably, it is deemed highly suitable for WEVCS applications.

In summation, when considering the suitability for WEVCS, Inductive and Resonant Inductive
methods are superior, attributed to their higher efficiency metrics. Capacitive and Permanent Magnet
methods, albeit economical, exhibit constraints in efficiency and WEVCS compatibility. Therefore,
the selection of an appropriate WPT technology necessitates a balanced consideration of efficiency,

cost, operational frequency, EMI, and system integration compatibility.

Table 3 [50]
Overview of different methods of Wireless Power Transfer (WPT) for EVs.
WPT Performance Frequency Brice Size/ Complexity | Power Suit];clobrility
ici Volume of design Level
methods Efficiency EMI Range (kHz) g WEVCS
Inductive M/H M 10-50 M/H M M M/H H
Capacitive L/M M 100-600 L L M L L/M
Permanent L/M H 0.05-0.500 H H H M/L L/M
magnet
Resanant M/H L 10-150 M/H M M M/L H
inductive

Table 4 confirms that the more suitable method of wireless power transfer for EVs is the inductive

couple, as it is considered the only applicable technology for eRoad.
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Table 4 [51]

Comparisons of characteristics of wireless charging technologies.

Charging Ch_ar_ging Power Air gap Applicable for
Tchnology Efficiency Tollerance eRoad
Microwave 76% 1.4kW 10 cm No
Capacitive 83%-90% 3kwW 15-30 cm No
Magnetic Gear 81% 1.6kW 15¢cm No
Inductive Coupled 71%-96% Up to 250kW 7.5-50 cm Yes

2.3 Static wireless charging

All EVs experience issues with their batteries, such as their large weight, high expense, a lengthy
charging process, and a limited driving range. The configuration a route’s availability of a significant
number of electric charging stations considered to be a practical solution to this issue. Because wired
chargers are stationary, a vehicle must stop at a charging point for charging purposes. Additionally,
the mechanical Connectors need to be regularly serviced. Dealing with the wiring and mechanical
connectors provide a risk, especially in both wet and dry conditions. The deployment of a wireless
network can help solve these issues. An EV must still need a stationary wireless charging method
to halt for charging, but maintaining and connecting movable connectors are not a hassle.

An EV must be positioned on the wireless charger at a charging station in order to be charged utilizing
the IPT static wireless charging method. It is not necessary for the battery or the car to be physically
connected to the charging system. To a limited extent, misalignment between the assembly mounted
on the EV and the charging surface is permissible. Given that the car is stopped for a set period of
time, this strategy is suitable for use in offices and shopping centers. Similar to conductive charging
technologies, this method requires a sizable battery pack. Large battery issue is helped by a dynamic

charging method [6].

2.4 Dynamic wireless charging

The WPT technology is most suited for dynamic wireless charging since it enables the charge of the
vehicle when it is in motion. Additionally, this extends its range, reduces the driver and passengers
time, and enhances their safety. Since charging no longer requires mechanical connectors, the cost of
maintenance is also decreased. One approach of using EVs is to charge them using roads dynamic
WPT. With this technique, the WPT dynamically charges the EV and does not need much time to
complete charging. This method enables charging for public transportation to occur even when a
passenger exits or boards a taxi or bus. Highways could potentially make advantage of this concept.
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EVs can be reliably charged along some routes. This will decrease the vehicle's weight, complexity,
starting cost, and battery pack size. Utilizing this method also extends range. For dynamic charging,
there are two different kinds of magnetic couplers. A single longitudinal coupler is set down in the
first form, whereas the coupler is separated into segments in the second version. Comparing the
segmented coupler to the longitudinal coupler, it is more beneficial. With the segmented coupler
technique, just the segment that houses the vehicle's current receiving system is powered up. Power
losses are lessened as a result. High initial costs, the need for construction to be dispersed maybe
along highways, and challenging scheduling planning are issues associated with this technology. Just
a few dynamic charging systems are currently on the market, and this approach is still under
development. A suggested methodology is side LCC. This method can be used to get around IPT

charger issues.

Low efficiency represents one of the main drawbacks of dynamic wireless power transfer. Numerous
technologies, including effective pickup modules, compelling pickup tuning, pickup voltage schemes,
and resonant inverters for wireless power exchange, have been presented to obtain higher transfer

efficiency.

2.5 Projects of dynamic wireless charging

Dynamic wireless charging represents a groundbreaking approach in the evolution of electric vehicle
technology, aiming to address the critical challenge of range anxiety and charging convenience. This
innovative concept leverages inductive charging systems. Key projects in this field are exploring
various technical aspects, such as the optimization of coil alignment, efficiency of power transfer,
and integration with existing road infrastructures. These projects are critical in demonstrating the
feasibility of dynamic wireless charging systems in real-world scenarios, and they contribute
significantly to the development of sustainable transportation solutions. By potentially enabling
continuous charging, these systems could revolutionize the electric vehicle industry, enhancing the
usability of electric vehicles and supporting the transition to a more environmentally friendly mode
of transportation.

Table 5 presents a summary of eRoad Projects for field test and evaluation with valuable information
about efficiency, power, air gap and frequency.

Table 5
Summary of eRoad Projects for Field Test and Evaluation [53,54,55,56]
Organization Project Country Cost Air Gap Efficiency Power Frequency
KAIST OLEV " 5outh Korea . 10 cm 80% 3KW 20 kHz
1st gen.
OLEV South Korea - 17 cm 72% 6 kW 20 kHz
2nd gen.
3? dLgEe\r/1 South Korea  $1M/lane-km 17 cm 71% 17 kw 20 kHz
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OLEV

South Korea - 20cm 83% 15 kw 20 kHz
3rd+ gen.
OLEV 0
Ath gen. South Korea  $0.85M/lane-km 20cm 80% 25 kw 20 kHz
OLEV South Korea - 20 cm 71% 22kwW 20 kHz
5th gen.
Bombardier . €3.25- 0
(Scania) Primove Germany 6.15M/lane-km 6-10 cm 90% 200 kw 20 kHz
Oak Ridge United 0
National Lab WPT States €1.32M/lane-km 7.5¢cm 95% 20 kw -
Fabric Victoria Spain - 15cm 83% 50 kW 26 kHz
Utah State United 0 30-50 20-140
University WPT States i 25-38 cm 90% kW kHz
VICTORIA/ . : : 1520cm  85%  S0KW 26 kHz
Endesa
INTIS - - - 10 cm - 30 kw 30 kHz
UTokyo - - - 12cm 89-93% 2x12 kW 85 kHz
50 kW 3
RTRI - Japan - 7.5¢cm 70-85% x 16.7 10 kHz
kw
ORNL - - - 10cm 75% 1.5 kW 23 kHz
Fabric — 12.5¢cm - 0 20 kW -
Qualcomm i France i 17.5cm 80% 40 kW i
20 kW x
Fabric - Italy - 25cm 70-80% 3-100 10-150
kHz
kw
ORNL - - - 12.-17 cm 90-95% 20 kW 22-23 kHz
University of New 0 20-30
Auckland ) Zealand i 50 cm 85% kw 12.9 kHz
Railway
Technical - Japan - 0.75cm - 50 kW 10 kHz
Research
Institute
Flanders
Drive with . . . 10cm  88-90%  80KW 20 kHz
industries and
universities
EV System
Lab & Nissan - - - 10 cm >90% 1KW 90 KHz
Research
Center
North
Carolina State - USA - 17 cm 77-90% 0.3 kW 100 kHz
University
Table 6
Electreon Projects [57]
Project Country Period Cost Size
Tel Aviv Israel 2020-2022 - 700 meters of wireless Electric Road for dynamic
University charging of e-bus, ad part of a 5km route between
Station university bus terminal and railway station, with
additional static wireless charging at the station
Tel Aviv Israel 2021-2026 $9.4 M Static wireless charging at bus terminals, starting
Commercial with Reading Terminal in Tel Aviv, for 200 e-
Deal buses
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Arena of the Italy 2020-2023 - Initially, 1.05 km of wireless Electric Road for
future dynamic charging of an e-bus and passenger
electric vehicle, followed by additional integration
for an e-van and a static wireless charging station
in later phase

eCharge (BASt) | Germany 2021-Tobe | - 100m of wireless Electric Road for dynamic
confirmed charging of e-van

Smartroad Sweden 2019-2023 $14.8 M | Initially 1.65 km of wireless Electric Road for

Gotland dynamic charging of e-bus and heavy-duty e-
truck, as part of a 4.1 km rout between the airport
and town center, followed by an additional static
wireless charging station in later phase.

Port of Germany 2020-2026 - Initially, 100m of wireless Electric Road for

Karlsruhe dynamic charging of an e-bus with additional

(EnBW) static wireless charging station at the client's

facilities, followed by an additional 500m of
wireless electric Road in later phase

Michigan DOT USA (Michigan | 2022-2024 -

Central Sation & 1.61 km of wireless Electric Road for dynamic
Michigan charging of multiple vehicle types, with additional
Avenue) static wireless charging station in the vicinity
ASPIRE USA 2022 -
Demonstration 50m of wireless Electric Road for dynamic
Utah charging of an e-truck
Electra Afikim Israel 2022-Tobe | -
Commercial confirmed Static wireless charging at the Afikim bus
Deal lot/terminal in Rosh HaAyin for 30 e-buses
EIMPOWER Germany 2024-Tobe | -

100 km of wireless Electric Road for dynamic

confirmed ; . .
charging of multiple vehicle types
Balingen Germany 2022-2023 | - 101 km of wireless Electric Road for dynamic
(ELINA) charging of an e-bus, with additional static
wireless charging stations along the bus route
Trondheim Norway 2024-Tobe | - Wireless Electric Road for dynamic charging of an
Electric Road confirmed e-bus
Charge as you France 2024-Tobe | - 2 km of wireless Electric Road for dynamic
Drive confirmed charging of e-bus and heavy-duty e-truck, with an
additional static wireless charging station
SITEC China 2023-Tobe | - Tens of kilometers of wireless Electric Road for
(Shandong confirmed dynamic charging of e-bus and heavy-duty e-
Province) truck, with up to hundreds of additional static
wireless charging station deployed throughout
several phases
BDX Sweden 2024-2026 -

Two static wireless charging spots for last mile
delivery e-van

Electreon technology is vehicle and Original Equipment Manufacturer (OEM) agnostic, indicating
its compatibility with any road vehicle equipped with an Electric Vehicle (EV) battery, including e-
trucks, e-buses, e-taxis, e-vans, and passenger EVs. The technology operates on the principle of
inductive coupling, involving roadway infrastructure composed of copper charging coils, termed
"segment” coils, embedded beneath the asphalt. These coils, when in proximity to copper coils
installed in the "receiver" beneath the vehicle, generate a magnetic field that facilitates the wireless
transfer of electricity. The roadway coils are connected to the electrical grid and wirelessly transmit
electricity to the receiver mounted on the vehicle, which then channels the electricity to the EV battery
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for charging. Electreon entire system is designed to be completely subterranean, eliminating the
presence of exposed wires, cords, or infrastructure. This significantly reduces maintenance needs,

wear and tear, weather damage, and risks of vandalism.

Recent reports, particularly from a project in Sweden where temperatures can be extremely low,
underscore the technology's capability to function effectively in various weather conditions and real-
world roadway scenarios. These reports highlight the system's ability to maintain the road’s structural
integrity, even with the frequent passage of heavy vehicles over the segment coils installed underneath
the asphalt.

2.6 Electric Vehicles Charging Standards

For portable electronics like cell phones, there were no power standards even at the start of the twenty-
first century. This led to various plugs for several phone models. There have been attempts to establish
a unified standard for wirelessly charging electronic gadgets in order to avoid such issues. Progress
in this field was only partially realized, though, as three guidelines for wireless power transfer had
been created by 2015: the QI standard, the Power Matters Alliance (PMA) and the Alliance for
Wireless Power (A4WP). However, the last two (PMA and A4WP) later united to become the AirFuel
Alliance standard in 2015 [7].

2.6.1 The QI standard

The Wireless Power Consortium created the first wireless power transfer standard, known as the Qi
standard (from the Chinese for the flow of life energy), which was released to the public in 2008.
Then, in 2010, an upgraded version of this guideline became available. Nokia was the producer who

promoted this standard. Later, more well-known businesses joined this standard.

This standard, which is devoted to such transfer based on IPT technology, is the leading one for
energy transfer. This standard enables the charging of devices with a rated power of 5 to 15 W, such
as smartphones. To compensate, attempts are being undertaken to raise the charging capacity from
30 to 60 W, which will enable the wireless power supply of electrical devices with higher power
requirements, such as laptops and tablets. However, this standard has limitations, including heating
since temperature affects how well energy is transmitted, the requirement for adjustments (such

equalizing the transmitter and receiver), and the ability to charge only one device.

According to the QI standard, three transmitter types—guided positioning, free positioning (shifting
the primary coil), and free positioning—can be used to achieve the required charging effect (the
QI coil matrix) [7].
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26.1.1 Guided Positioning

This standard instructs the user whether the locations of the primary and receiver match. In case of a
mismatch, the client is instructed on how to reposition the receiver and transmitter in order to ensure
the most effective charging. The magnet within the transmitter pulls the receiver carrying the
magnetic attractor, making the correct matching feasible. Figure 2.7 depicts a sample of this kind of

transmitter.

In accordance with the Qi-guided positioning standard, this figure shows a typical setup of the

transmitter and receiver for power transfer. As can be seen, a magnet M located inside the coil in the

Transmiter Receiver

Figure 2.8 Guided Positioning Transmitter [7].

middle of the transmitter is responsible for drawing the attractor found inside the receiver to it. In this
instance, positioning the magnet directly over the attractor will guarantee a flawless alignment of both
coils [7].

2.6.1.2 Free Positioning—Moving the Primary Coil

In this instance, the orientation of the receiver is carried out by adjusting the primary coil's location
to move it toward the receiver in order to appropriately align the transmitter and the receiver (Figure
2.8). To that aim, a receiver identification and tracking system is built within the transmitter. The
transmitter advances the coil on the primary winding side toward the receiver once it has located the

receiver. The utilization of just one coil in the transmitter is a benefit of this approach, just like in the
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scenario of guided location. The adoption of a suitable mechanism that enables altering the horizontal
position of the coil in the transmitter is necessary for the precise modification of the distance between

the coils.

The x- and y-axes in figure 2.8 show that the coil may be moved either horizontally or vertically
based on where the receiver is [7].

Figure 2.9 Free positioning transmitter-Moving the Coil [7].

2.6.1.3 Free Positioning—Coil Matrix

This kind of transmitter has a number of coils arranged in an array covering the whole surface. The
transmitter and receiver are set up differently in this scenario. The coils are placed in layers, typically
creating three layers, to achieve a uniform distribution of the magnetic force. The magnetic field
produced by the sandwiched coils is comparable to the magnetic flux produced by the alternatives
that were previously mentioned. This sort of transmitter has the benefit that the transmitter and
receiver can be placed anywhere as long as they are inside the range of the magnetic force, therefore
accurate alignment of their positions is not necessary. The difficulty of executing serial and multilayer
placing of the transmitter coils on the PCB, and maintaining the quality at a sufficient level, is a
drawback of this technique. Figure 2.9 depicts an illustration of how a transmitter with coils grouped

in layers might be implemented.
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Figure 2.10 Free Positioning Transmitter-Matrix Coil [7].

This figure depicts a transmitter with several stacked coils covering the whole surface of its enclosure.
These coils can't travel in the receiver's direction. On the other side, the transmission of electricity
starts as soon as the receiver comes into contact with the magnetic flux produced by a few of the

transmitting coils (such as those highlighted in yellow).

2.6.2 AirFuel Standard

The PMA, a nonprofit group that created an energy transfer procedure utilizing both IPT methods,
introduced the Power Matters Alliance Standard. The AirFuel Alliance standard was established, as
was previously noted, as an outcome of the merger of the PMA organization and the A4WP. Very
well-known companies have all implemented this standard. The AirFuel Standard now focuses
primarily on RF energy resonance and AirFuel Resonant technology. The AirFuel Resonant standard
has the benefit of being less expensive and easier to scale than inductive power transfer solutions, as
well as being simpler to set up. It was noted that governmental and private infrastructure in Asia uses
AirFuel Resonant technology. Using this method, energy may be transmitted at a frequency of 6.78
MHz over long ranges (up to several meters) between transmitter and receiver.
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3 CHAPTER 3: Dynamic Charging System Analysis

The development of electric vehicles (EVs) has been a major area of focus in the automotive industry
due to concerns about climate change and air pollution [8]. One of the key challenges facing EVs is
the limited range of the vehicles on a single charge. To address this challenge, dynamic charging
systems (DCS) have been proposed, which allow for charging of the EV battery while the vehicle is
in motion. DCS can potentially extend the range of the vehicle, making it more practical for long-

distance travel [9].

This chapter aims to provide a theoretical analysis and modeling of a dynamic charging system for
electric vehicles. The chapter will begin with a literature review of the current research in the field,
followed by an overview of the key concepts and technologies related to dynamic charging systems.
The theoretical analysis and modeling will then be presented, including the development of
mathematical models for the components of the system and the integration of these models into a
complete system using MATLAB/Simulink [10]. Finally, the chapter will discuss the implications of
the findings for the design and operation of dynamic charging systems, as well as the limitations of

the study and recommendations for future research [11].

3.1 Overview

Dynamic charging systems have been the subject of significant research in recent years, with the aim
of extending the range and practicality of electric vehicles [12]. Early research focused on developing
inductive power transfer (IPT) technology, which enables the transfer of electrical energy wirelessly
between two coils [13]. Since then, researchers have investigated various approaches to dynamic

charging systems, including track-based, road-based, and hybrid systems [14].

Recent advancements in dynamic charging systems have focused on improving the efficiency and
safety of the technology. For example, researchers have developed more efficient power electronics,
better communication systems between the charging infrastructure and the vehicle, and improved
methods for controlling the power transfer between the coils [15]. Additionally, researchers have
investigated the impact of dynamic charging systems on the grid, considering issues such as grid

stability, load balancing, and the integration of renewable energy sources [16].
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Dynamic charging systems consist of several components, including the primary and secondary coils,
power electronics, and communication systems [17]. The primary coil is typically installed in the
charging infrastructure, while the secondary coil is mounted on the underside of the electric vehicle.
When the vehicle is positioned over the primary coil, an alternating magnetic field is created, inducing

an electrical current in the secondary coil, which is then used to charge the battery [18].

There are several approaches to dynamic charging systems, including track-based, road-based, and
hybrid systems. Track-based systems use conductive rails to transfer electrical energy to the vehicle,
while road-based systems use embedded coils in the road surface to charge the vehicle wirelessly.
Hybrid systems combine both approaches, with conductive rails used for high-power charging and

embedded coils used for low-power charging [19].

3.2 Theoretical Analysis

The foundation of dynamic charging lies in wireless power transfer (WPT) principles. Unlike
traditional charging methods that require physical connectors, WPT facilitates the transmission of
electrical energy through electromagnetic fields. This not only enhances the convenience factor but
also promises continuous vehicle operation, minimizing the interruptions commonly associated with

conventional charging stations [5].

Power electronics form the backbone of the energy conversion and regulation process in DCS [20].
Components such as rectifiers, inverters, and DC-DC converters are integral to this system. They
ensure that the energy flow between the primary and secondary coils is not only stable but also

maximally efficient [21].

321 AC Source (Grid):

The grid is the primary source of electrical power in most countries. It consists of power generation
stations, transmission lines, and distribution networks. The AC source in our model represents the

final distribution phase, delivering standardized voltage and frequency to consumers [22][23].

3.2.2 Rectifier

Rectifiers can be single-phase or three-phase, depending on the AC source and the required DC
output. They use semiconductor devices, primarily diodes, to allow current flow in only one direction,
effectively converting AC to DC [24][25].
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3.2.3 High-Frequency (HF) Inverter

The HF inverter's role is to produce a high-frequency AC waveform from the DC output of the
rectifier. This is achieved using switching devices like MOSFETSs or IGBTs. The high frequency is
essential to reduce the size of the transmitter coil and improve the efficiency of energy transfer
[26][27].

3.24 Transmitter and Receiver Coil

The coils operate on the principle of magnetic resonance. The transmitter coil, when energized by the
HF inverter, creates a magnetic field. The receiver coil, tuned to the same frequency, captures this
field. The efficiency of this energy transfer depends on the coupling coefficient between the coils and
their design [28][16].

3.25 Vehicle Rectifier

The vehicle rectifier, similar to the primary rectifier, converts the high-frequency AC from the
receiver coil back into DC. This DC is then used to charge the EV's battery. The design considerations
for this rectifier include minimizing losses and ensuring compatibility with the battery's charging
specifications [24][29].

3.2.6 Li-ion Battery
Lithium-ion batteries are favored in EVs due to their high energy density, long cycle life, and

decreasing costs. The battery management system (BMS) ensures safe charging and discharging,

prolonging the battery's lifespan [30][31].

3.3 Modeling

Creating a comprehensive model of a dynamic charging system requires the integration of various
parameters [32]. These include the specifications of the coils embedded in the road and those attached
to the EV, the intricacies of the power electronics involved, and the dynamics of the vehicle itself.
Such a model offers a holistic view, encompassing both the electrical and mechanical dimensions of

the charging process [11].

In this study the focus will be on the electrical dimensions of the charging process.

3.31 Power Electronics Model

The power electronics in the DCS primarily comprise of a full-bridge rectifier, a DC-DC converter,
and an inverter. The full-bridge rectifier is responsible for transforming the alternating current voltage

obtained from the secondary coil into direct current voltage. The DC-DC converter is tasked with
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voltage level regulation to optimize power transfer. Subsequently, the inverter reconverts the direct
current voltage back to alternating current voltage to energize the primary coil.

The operational states of the system can be segregated into four distinct modes, contingent on the
power converter's switching state. The power electronics model can be established employing state-
space representation, a mathematical modeling technique that represents a physical system as a set of

input, output, and state variables related by first-order differential equations [33].
3.3.2 Primary Coil Model

The primary coil can be represented as a current source in parallel with an inductance L; and
resistance R1. The primary coil is driven by an AC source, the amplitude of which is controlled by a
feedback system to ensure safe and efficient power transfer. The primary current 11 can be expressed
as: [34]

L (t) = Ly, - cos(wt + 6;) 3.1

The magnetic field B generated by the primary coil can be modeled using Ampere's law and expressed
as:[29]

I (1)

2mr

B(t) = po " Ny~ (32)

3.3.3 Secondary Coil Model

The secondary coil, which is situated on the vehicle's underside, can be approximated as a series RLC
circuit, incorporating an inductance Lo, a resistance R, and a capacitance C». The potential difference

across the secondary coil can be formulated as:[35]

Vy(t) = Vo * cos(wt + 65) (3.3)

Employing Faraday's law of electromagnetic induction, the current 12 flowing through the secondary

coil can be expressed as:[36]

dv,(t)
dt

L) =C; 34
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3.34 Gap and Misalignment

The gap refers to the physical distance between the transmitter and receiver coils in a WPT system.
This distance can vary based on the application. For instance, in electric vehicle charging, the gap
might be the distance between the road surface (where the transmitter coil is embedded) and the

vehicle's undercarriage (where the receiver coil is located) [37].

The efficiency of power transfer is inversely proportional to the gap. As the gap increases, the
magnetic coupling between the coils decreases, leading to reduced power transfer efficiency.
However, advancements in resonant inductive coupling have shown promise in mitigating the adverse

effects of increased gaps [17].

Misalignment refers to the relative positioning of the transmitter and receiver coils. Perfect alignment
means that the coils are centered with respect to each other. However, in real-world scenarios, perfect
alignment is challenging to achieve consistently, especially in dynamic applications like electric

vehicle charging [38].
There are two primary types of misalignments:

e Lateral Misalignment: This occurs when the coils are displaced horizontally with respect to
each other.

e Angular Misalignment: This happens when the coils are tilted or rotated relative to each other
[39].

Misalignment can lead to a significant drop in power transfer efficiency. The magnetic fields
generated by the coils may not overlap perfectly, resulting in reduced coupling. Moreover,
misalignment can also lead to increased electromagnetic emissions, which can interfere with other

electronic systems and pose safety concerns [40].
Several strategies have been proposed to address the challenges posed by gap and misalignment:

e Adaptive Tuning: By adjusting the resonant frequencies of the transmitter and receiver
circuits, the system can maintain optimal power transfer even in the presence of varying gaps
and misalignments [41].

e Multiple Coils: Using arrays of coils instead of single coils can increase the tolerance to
misalignment [42].

e Positioning Feedback: Implementing sensors and feedback mechanisms to adjust the position

of the receiver coil or modify the power transfer parameters in real-time [43].
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3.35 Safety

Technologies that involve the transfer of energy wirelessly, has raised concerns about the safety of
passengers due to exposure to electromagnetic fields (EMFs) [44]. The primary concern with EMF
exposure is its potential impact on human health. Prolonged or high-level exposure to EMFs has been
studied for possible links to various health issues, including thermal (burns) and non-thermal (changes

in cell structure, increased risk of cancer, and effects on the nervous system) effects [55][46].

To address these concerns, international organizations have established safety standards and

guidelines for EMF exposure:

e International Commission on Non-lonizing Radiation Protection (ICNIRP): ICNIRP provides
guidelines on exposure limits for electric, magnetic, and electromagnetic fields. For
frequencies used in dynamic charging, the guidelines focus on limiting the exposure to levels
where no adverse health effects are observed [47].

e World Health Organization (WHO): WHO recognizes the guidelines set by ICNIRP and

emphasizes the importance of adhering to these guidelines to ensure public safety [48].

Several strategies have been proposed and implemented to minimize EMF exposure in dynamic

charging systems:

e Shielding: Using electromagnetic shields, such as ferrite plates, to reduce the EMF levels
inside the vehicle [49].

e Optimized Coil Design: Designing the transmitter and receiver coils in a way that confines
the magnetic field to a limited space, thus reducing unwanted EMF emissions [43].

e Adaptive Power Control: Adjusting the power transfer dynamically based on the vehicle's
requirements and the distance between the coils, ensuring that the system operates at the

lowest necessary power level [48].
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4  CHAPTER 4: Implementation of EV Dynamic Charging System Simulation

4.1 Overview

The simulation of the EV dynamic charging system is pivotal in understanding its feasibility,
efficiency, and challenges. This chapter delves into the intricacies of the simulation process, the tools

used, and the results derived.

4.2 Simulation model

As it was mentioned previously, for the creation of the model and the simulation there is going to be
MATLAB/Simulink utilization. First there will be a step-by-step explanation of the model and
afterwards a presentment of the assumptions and the parameters considered.

421 Model creation

In order to create a dynamic charging system, it’s necessary to have an AC voltage source, a
rectifier, series RLC branch, a HF inverter, a mutual inductance, a vehicle rectifier as well as a li-

ion battery.
4211 AC Voltage Source

AC Voltage Source can be found in the library browser, if “AC Voltage Source” searched. For this
model an ideal sinusoidal AC Voltage Source is utilized with parameters as shown in the figure

below.

Figure 4.1 AC Voltage Source
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Block Parameters: AC Voltage Source >
AC Voltage Source (mask) (link)

Ideal sinusoidal AC Voltage source.

Parameters Load Flow

Peak amplitude (V): ‘35[}

Freguency (Hz): ‘5[}

|
Phase (deg): |D | :

|

|

Sample time: |D

Measurements |Voltage M

Cancel Help Apply

Figure 4.2 AC Voltage Source parameters

4212 Rectifier

Rectifier can be found in the library browser, if “Universal bridge” searched. For this model the

Universal Bridge utilized with parameters as shown in the figure below.

Figure 4.3 Rectifier.
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Block Parameters: Rectifier X
Universal Bridge (mask) (link) ~

This block implement a bridge of selected power electronics
devices. Series RC snubber circuits are connected in parallel
with each switch device. Press Help for suggested snubber
values when the model is discretized. For most applications the
internal inductance Lon of diodes and thyristors should be set to
zero

Parameters
Number of bridge arms: (2 ~

Snubber resistance Rs (Ohms)
1e5 E

Snubber capacitance Cs (F)

linf IE
Power Electronic device Diodes .
Ron (Ohms)
1e-3 0.001 [
Lon (H)
0
Forward voltage Vf (V)
0
Measurements |None e
v
Cancel Help Apply
Figure 4.4 Rectifier parameters.
4213 Series RLC branch

Series RLC branch can be found in the library browser, if “Series RLC branch” searched. For this
model the utilization of many RLC branches is needed. Specifically, there are L in series (L1), C
parallel before the HF inverter (C1), C in series after the HF inverter (C2) and C in series after the
mutual inductance (Cs) as show in picture (figure4.5). The parameters of each branch are shown in
figures below.

a4\ /T (-

Figure 4.5 Series RLC branch.
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O
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soc

Figure 4.6 Simulation System.

Block Parameters: L1 X
Series RLC Branch (mask) (link)

Implements a series branch of RLC elements.

Use the 'Branch type' parameter to add or remove elements from
the branch.

Parameters
Branch type: L .

Inductance (H):
10e-3 0.01 ||;

[] Set the initial inductor current

Measurements |None ~

Cancel Help Apply

Figure 4.7 L1 parameters.

MAAA, Tunua H&HM, AutAwuartikn Epyaocic, NikoAaou NikoAaog 90



Study and simulation of wireless vehicle charging installation in dynamic charging — model construction

Block Parameters: C1
Series RLC Branch (mask) (link)

Implements a series branch of RLC elements.

Use the 'Branch type' parameter to add or remove elements from
the branch.

Parameters
Branch type: |C

Capacitance (F):
1300e-6 0.0003

[ ] Set the initial capacitor voltage

Measurements None

Cancel Help Apply

Figure 4.8 C1 parameters.

X

Block Parameters: C2 X

Series RLC Branch (mask) (link)

Implements a series branch of RLC elements.

Use the 'Branch type' parameter to add or remave elements from
the branch.

Parameters

Branch type: C

Capacitance (F):

12.379E-07 2.379¢-07

[ ] Set the initial capacitor voltage

Measurements Branch current v

Cancel Help Apply

Figure 4.9 (2 parameters.

MAAA, Tunua H&HM, AumtAwuartikn Epyacia, NikoAaou NikoAaog

91



Study and simulation of wireless vehicle charging installation in dynamic charging — model construction

Block Parameters: C3 %
Series RLC Branch (mask) (link)

Implements a series branch of RLC elements.

Use the 'Branch type' parameter to add or remove elements from
the branch.

Parameters
Branch type: C e

Capacitance (F):
12.379E-07 2.379e-07

[] Set the initial capacitor voltage

Measurements |Branch current b

Cancel Help Apply

Figure 4.10 Cs parameters.

4214 HF inverter

In order to create a high frequency inverter four IGBT/DIODE needed, as well as a signal to control
the opening and closing of the IGBTSs. Starting with the signal, one requires a constant, a PWM
generator, a logical operator (NOT), a data type conversion, and two Goto blocks. Then using the
signal and the four IGBTSs a high frequency inverter can be structured. Both signal and inverter can
be depicted in figure 4.11 as well as their parameters in the figures bellow.

All IGBTSs have the same parameters and all blocks can be found in the library browser by searching
each block name.
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NOT —  double [A]

)

0.5 » D P + L

Bl

E

Figure 4.11 High Frequency Inverter.

E Block Parameters: Constant X
Constant

Output the constant specified by the 'Constant value' parameter. If
'Constant value' is a vector and 'Interpret vector parameters as 1-D' is on,
treat the constant value as a 1-D array. Otherwise, output a matrix with
the same dimensions as the constant value.

Main  Signal Attributes

Constant value:

05 IE

Interpret vector parameters as 1-D
Sample time:

|inf ‘ :

J. Cancel Help Apply

Figure 4.12 Constant block parameters.
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Block Parameters: PWM Generator (DC-DC) *
PWM Generator (DC-DC) (mask) (link)

Output a pulse to the electronic switch of a one-quadrant DC to DC
Converter.

The duty cycle (input D) determines the percentage of the pulse
period that the output (P) is on.

Parameters

Switching frequency (Hz):

19999.864 [E

Sample time:
0 |

Cancel Help Apply

Figure 4.13 PWM Generator block parameters.

Block Parameters: NOT
Logical Operator

Logical operators. For a single input, operators are applied across the input vector. For multiple
inputs, operators are applied across the inputs.

Main Data Type
Operator: NOT

Icon shape: |rectangular

\)' Cancel Help Apply

Figure 4.14 Logical Operator block parameters.
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Block Parameters: Data Type Conversion x
Data Type Conversion

Convert the input to the data type and scaling of the output.

The conversion has two possible goals. One goal is to have the Real World

Values of the input and the output be equal. The other goal is to have the

Stored Integer Values of the input and the output be equal. Overflows and
quantization errors can prevent the goal from being fully achieved.

Parameters

Output minimum: Output maximum:

0 ER

Output data type: ‘double v | : >>

[] Lock output data type setting against changes by the fixed-point tools
Input and output to have equal: Real World Value (RWV) ~
Integer rounding mode: |Floor 7

[] Saturate on integer overflow

\)' Cancel Help Apply

Figure 4.15 Data Type Conversion block parameters.

Block Parameters: GotoA X
Goto

Send signals to From blocks that have the specified tag. If tag visibility is
'scoped’, then a Goto Tag Visibility block must be used to define the
visibility of the tag. The block icon displays the selected tag name (local
tags are enclosed in brackets, [], and scoped tag names are enclosed in

braces, {}).

Parameters

Goto tag: |A | Rename All...| Tag visibility: local
Corresponding blocks: refresh

Thesis_nikolaou_nikolaos/Inverter/From3
Thesis_nikolaou_nikolaos/Inverter/Fromi

Icon display: Tag ~

J' Cancel Help Apply

Figure 4.16 GotoA block parameters.
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Block Parameters: GotoB X
Goto

Send signals to From blocks that have the specified tag. If tag visibility is
'scoped', then a Goto Tag Visibility block must be used to define the
visibility of the tag. The block icon displays the selected tag name (local
tags are enclosed in brackets, [], and scoped tag names are enclosed in

braces, {}).

Parameters

Goto tag: ‘B ‘ Rename All... Tag visibility: local ~
Corresponding blocks: refresh

Thesis_nikolaou_nikolaos/Inverter/From2
Thesis_nikolaou_nikolaos/Inverter/From

Icon display: Tag ~

9 Cancel | Help | Apply

Figure 4.17 GotoB block parameters.

Block Parameters: IGET/Diode X
IGBT/Diode (mask) (link)

Implements an ideal IGBT, Gto, or Mosfet and antiparallel diode.
Parameters

Internal resistance Ron (Ohms) :

1e-3 0.001 |3

Snubber resistance Rs (Ohms) :
15 E

Snubber capacitance Cs (F) :
‘il"lf ‘ :

[] Show measurement port

Cancel Help Apply

Figure 4.18 IGBT/Diode block parameters.
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4215 Mutual inductance

Mutual inductance can be found in the library browser, if “Mutual inductance” searched. For this
model a two windings mutual inductance with equal mutual terms is used with parameters as shown

in the figure below. Parameters of mutual inductance will change depends on simulation.

Figure 4.19 Mutual inductance.

Block Parameters: Mutual Inductance X
Mutual Inductance (mask) (link)

Implements inductances with mutual coupling.

Parameters

Type of mutual inductance: |Two or three windings with equal mutual terms ~
Winding 1 self impedance [R1(Ohm}) L1(H)]:

[0.668 266.19¢-6] [0.668,0.00026619] |

Winding 2 self impedance [R2(Ohm}) L2(H)]:
[0.668 266.19¢-6] [0.668,0.00026619] |

[] Three windings Mutual Inductance
Mutual impedance [Rm{(Ohm) Lm(H)]:
[0 139.1-6] [0,0.0001391] | ;

Measurements None ~

Cancel Help Apply

Figure 4.20 Mutual Inductance block parameters.

4.2.1.6 Vehicle rectifier

In order to create the vehicle rectifier four Diodes required as well as a RLC branch. While the diodes
in a full-wave bridge rectifier undertake the initial AC-to-DC conversion, the capacitor is
indispensable for refining this output. It acts as a buffer, a smoother, and a ripple minimizer, ensuring

that the rectified DC output is both stable and efficient for downstream applications. Specifically, the
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primary responsibility of the capacitor in this configuration is to smooth out the pulsating DC
waveform. Without the parallel-connected capacitor, the rectified output manifests as a series of
peaks, corresponding directly to the AC waveform's peaks. The capacitor acts as a temporary energy
storage device; it charges during voltage peaks and releases energy during the valleys, effectively
filling in the gaps. The resultant waveform, therefore, becomes steadier, resembling a more constant
DC voltage.

Ripple voltage is an undesirable byproduct of the rectification process. It refers to the AC components
that remain superimposed on the DC output. A crucial function of the capacitor is to minimize this
ripple, ensuring the output is as "clean” as possible. The capacitance value plays a decisive role here:
larger capacitors typically yield reduced ripple voltages, though practical considerations and

diminishing returns limit the viable capacitance value.

Vehicle rectifier can be depicted in figure 4.21 as well as its components parameters in the figures

bellow.

All blocks can be found in the library browser by searching each block name.

D1 D2

l
JE

Figure 4.21 Vehicle rectifier.
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Block Parameters: C4 X
Series RLC Branch (mask) (link)

Implements a series branch of RLC elements.

Use the 'Branch type' parameter to add or remove elements from
the branch.

Parameters
Branch type: |C v

Capacitance (F):
13006 0.0003

[] Set the initial capacitor voltage

Measurements |None b

Cancel Help Apply

Figure 4.22 Cs block parameters.

Block Parameters: D1 >
Diode (mask) (link) A

Implements a diode in parallel with a series RC snubber circuit.
In on-state the Diode model has an internal resistance (Ron)
and inductance (Lon).

For most applications the internal inductance should be set to
zero.

The Diode impedance is infinite in off-state mode.

Parameters

Resistance Ron (Ohms) :

0.001

Inductance Lon (H) :

0

Forward voltage Vf (V) :
0.8

Initial current Ic (A) :

0

Snubber resistance Rs (Ohms) :
500 E

Snubber capacitance Cs (F) :

1250e-9 2.50.07 |

[] Show measurement port

Cancel Help Apply

Figure 4.23 D1 block parameters.
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4.2.1.7 Li-ion battery.

Li-ion battery can be found in the library browser, if “Battery” searched. For this model a li-ion
battery will be used as it is the most common battery in electric vehicles with parameters as shown in

the figure below.

Figure 4.24 Li-lon Battery.

Block Parameters: Li-lon Battery >
Battery (mask) (link)

Implements a generic battery model for most popular battery types.
Temperature and aging (due to cycling) effects can be specified for
Lithium-Ion battery type.

Parameters  Discharge
Type: |Lithium-Ton e
Temperature
[] Simulate temperature effects
Aging
[] Simulate aging effects

Nominal voltage (V) |4OO

Initial state-of-charge (%) |50

|
Rated capacity (Ah) |100 E

|

|

Battery response time (s) |1Cl

Cancel Help Apply

Figure 4.25 Li-lon Battery block parameters.

4218 Mathematical model

When it comes to creating power electronics and wireless transformer coils, the RIPT is among the
most well-known and sophisticated variations of the conventional IPT. The RIPT for electric

vehicles is schematically depicted in Figure 2.6. Similar to other WPTSs, the primary winding or
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transmitter receives power from the HF AC source that has been converted from the main AC voltage.
Power is sent to the receiver or secondary coil using various magnetic fields. Additional power

circuits and filter circuitry transform the received electricity to DC for the battery system of the EVs.

For this model resonant inductive power transfer will be utilized in series-series topology. The
calculation of the resonance frequency of primary and secondary coil can be calculated by (2.1) as it
mentioned in 2.2.11.

1

= 4.1
frvs) = 52 L.C (4.1)

The coupling coefficient can be determined using Eq. (2.2).

k= —m
ST (4.2)
The coil’s quality factor Q can be determinate by utilizing the (2.3).
_ wly B 2nf Ly
Q= R. = R (4.3)
The capacitance of transmitter and receiver can be given by
P
L v
The total efficiency is
_ Pin
n=p (4.2)

In order to achieve maximum wireless power transfer and efficiency
C,=Cs,L, =Ly, wg, = wg
For a 20kHz system with self-inductances 0,00026619 H the calculated parameters are
C, =Cs=2379E — 07 F L, = Ly = 0,00026619 H ,w¢, = w¢s = 125662,8516

The self-resistance of the coils 0,663 Q and the internal resistance of the battery at 0,04 Q.

MAAA, Tunua H&HM, AumtAwuartikn Epyacia, NikoAaou NikoAaog 101



Study and simulation of wireless vehicle charging installation in dynamic charging — model construction

4.2.19 Subsystem

For the model a subsystem has been created that can calculates the mutual inductance considering the
axial distance between the coils as well as the lateral misalignment between them. It also considers

the angle of angular misalignment.

The equation that represents the mutual inductance M’ between two filamentary circular coils that

may have lateral and angular misalignments is the follow:

M= Uo N1 N, f f 1172 (sin 8 sin ¢ + cos a cos 6 cos @)dOde
V(1 cos —r, cos )2 + (r;sinf — ry sing cosa — )2 + (1, sin@ cos a — d)?

Where:

e M’ is the mutual inductance with misalignments.
e 10 is the magnetic permeability of vacuum.

e N1, N2 are the number of turns of the two coils.
e rl, r2 are the radii of the two coils.

e 0, ¢ are the angular positions along the coils.

e a is the angle of angular misalignment.

e cis the lateral misalignment between the coils.

e dis the axial distance between the coils.

MATLAB function has been created in order to calculate by utilizing the equation mentioned before.

The subsystems consist four constants and three variables as it can depicted in figure 4.26.
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| h1
1
4 B
2 rl

“ * V-prime —@
a mutual_inductance

alph

e I I |
o 10 20 30 40 50 60 TO 80 904gp

aValue

cvalue

Figure 4.26 Mutual Inductance Calculation Subsystem.

1 [F1  function M_prime = mutual_inductance(M1l, N2, rl, r2, alpha, c, d)
2 mu_9 = 4*pi*10~-7; % Magnetic permeability of vacuum
3
a4 % Define the integrand as an anonymous function
5 integrand = @(theta, phi) rl * r2 * (sin(theta) * sin(phi) + cos(alpha) * cos(theta) * cos(phi)) ./ ...
6 sqrt((rl * cos(theta) - r2 * cos(phi)).”2 + (rl * sin(theta) - r2 * sin(phi) * cos(alpha) - c)."2 ./ ...
7 + (r2 * sin(phi) * sin(alpha) - d).”2);
8
g % Compute the double integral using integral2
16 integral_value = integral2(integrand, @, 2%pi, @, 2%pi);
11
12 M_prime = (mu_@ * N1 * N2 / (4%pi)) * integral_value;
13 - end
14
Figure 4.27 Function
422 Assumptions

In the simulation of the EV dynamic charging system, several key assumptions were made to set the
context and boundaries. The study is based on a standard typical electric vehicle model with a battery
capacity of 100Ah. The vehicle is envisioned to travel on a straight, flat road with minimal incline or
decline, and without any sudden accelerations or decelerations. The charging infrastructure on the

road consists of filamentary circular coils, each connected to a consistent voltage source. Vehicle
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speed has not been considered. Clear weather conditions are assumed, devoid of any rain, snow, or
other environmental factors that might influence charging efficiency. There's an implicit assumption
of perfect alignment between the embedded road coils and the vehicle's receiving coil, ensuring
optimal power transfer. If there is any misalignment, it can be calculated with the help of the
subsystem mentioned before and then the mutual inductance value can be added to the simulation.
The simulation does not consider any external electromagnetic interference that might disrupt the
wireless power transfer. The vehicle's battery typically starts at a 50% state of charge in all scenarios
unless stated otherwise. Overheating or overcharging are not considered. The simulation overlooks
potential disruptions or changes in driving behavior due to other vehicles on the road. The energy
source for the road coils is consistently reliable, with no fluctuations in power supply. Other vehicle
systems, such as air conditioning or entertainment, are believed to have a negligible impact on the
battery's state of charge. Lastly, the road surface is in optimal condition, free from potholes, debris,

or other obstacles that might affect the vehicle's trajectory or alignment with the charging coils.

4.3 Simulation 1

In the first simulation the mutual inductance calculated 139.1e-6 H (0.0001391) as it depicted in
figure 4.28. Parameters values for this calculation are shown there too. Assuming perfect alignment

and a typical gap of 1200mm in order to calculate the efficiency.

2 ‘ M_prime 0.0001391

alpha mutual_inductance

d

a:Value

Figure 4.28 Mutual Inductance calculation for simulation 1.
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The calculated value has to be added in the block parameters of the mutual inductance (figure 4.29)

Block Parameters: Mutual Inductance X
Mutual Inductance (mask) (link)

Implements inductances with mutual coupling.

Parameters

Type of mutual inductance: | Two or three windings with equal mutual terms ~
Winding 1 self impedance [R1(Ohm) L1(H)]:

[0.668 266.19e-6] [0.668,0.00026619] | :

Winding 2 self impedance [R2(Ohm) L2(H)]:
[0.668 266.19-6] [0.668,0.00026619] | ;

[] Three windings Mutual Inductance
Mutual impedance [Rm(Ohm) Lm(H)]:
0 139.1e-6] [0,0.0001391] |;

Measurements None v

Cancel Help Apply

Figure 4.29 Mutual Inductance block parameters for Simulation 1.

The whole system of the simulation can be depicted in figure 4.30. Values such as Pin, ac, Qin, ac, Pdc
after the rectifier, Ppat, input are shown in display blocks. Specifically Pin, ac = 6005W, Qin, ac = 2405Var,
Pdc = 5945W and Pbat, input =5096W.

<S0C (%

Figure 4.30 Charging system of Simulation 1.

From the AC source Scope (Figure 4.31), Voltage and current are measured. Scopes waveform shows

voltage peak value at 350 Volt and current at 52.5 Ampere.
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4 AC source Scope - O X

File Tools View Simulation Help N

@- 0OPE - Q- K-+ &-

Ready Sample based [T=10.000

Figure 4.31 AC source Scope of Simulation 1.

The DC Scope (Figure 4.32), shows DC measurements after the rectifier and with the process of
considering mean values DC Scopel (Figure 4.33) shows voltage dc value of 293 volt and dc current
value of 20.25 Ampere. Measurements can be taken by using the cursor measurements button located
rightmost in toolbar.
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4 DC Scope - O X

File Tools View Simulation Help ™

Q- OP® -aQ-C-F4-

Ready Sample based T=10.000

Figure 4.32 DC Scope of Simulation 1.

4 DC Scopel - O x

File Tools View Simulation Help ™

@-OP® 2-A-K-|FB-

Current

Ready Sample based | T=10.000

Figure 4.33 DC Scopel of Simulation 1.

From the HF Scope (Figure 4.34) information about the waveforms of current and voltage after the

high frequency inverter can be taken. Peak value of current shown 33 Ampere and voltage 455 volt.
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4 HF Scope - O X

File Tools View Simulation Help b

@-OP® - Q- K- FJ-

Inv Current

Ready Sample based | T=10.000

Figure 4.34 HF Scope of Simulation 1.

From the Vehicle Rectifier Scope (Figure 4.34), voltage and current are measured before the vehicle
rectifier. Scopes waveform shows voltage peak value at 433.5 Volt and current at 32 Ampere.

"4 Vehicle Rectifier Scope - O X

File Tools View Simulation Help b

- 6OP® - A B |F@-

Ready Sample based | T=10.000

Figure 4.35 Vehicle Rectifier Scope of Simulation 1.
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The IV Scope (Figure 4.36), shows DC measurements at the battery and with the process of

considering mean values Battery Scope (Figure 4.37) shows dc voltage value of 431.5 volt and dc
current value of 11.8 Ampere.

v - O X

File Tools View Simulation Help v

@-OP® -a-C-F4-

Ready Sample based T=10.000
Figure 4.36 IV Scope of Simulation 1.

4 Battery Scope - O X
File Tools View Simulation Help ™

Q- e0P® - Q- B FA-

Ready Sample based | T=10.000

Figure 4.37 Battery Scope of Simulation 1.
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The last scope considered; SOC Scope (Figure 4.38) gives information about the state of charge

during the process of charging. After the 10 second simulation the soc (%) is 50.0375% with the
initial soc at 50%.

4 s0OC - O x
File Tools View Simulation Help ¥

Q- COP® - Q- b F-

Ready Sample based | T=10.000

Figure 4.38 SOC Scope of Simulation 1.

As it can observed from the simulation the efficiency of the system is at 84.86%.
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4.4 Simulation 2

In the second simulation the mutual inductance calculated 54.67e-6 H (0.00005467) as it depicted in
figure 4.39. Parameters values for this calculation are shown there too. Assuming 200mm alignment

and a typical gap of 100mm in order to calculate the efficiency.

N1

Ll

0. 2 ‘ M_prime 5.467e-05)

N1
N2
r2
EJ—D alpha mutual_inductance
a
2]
c
d

a:Value d value

c value

Figure 4.39 Mutual Inductance calculation for simulation 2.

The calculated value has to be added in the block parameters of the mutual inductance (figure 4.40).

Block Parameters: Mutual Inductance >
Mutual Inductance (mask) (link)

Implements inductances with mutual coupling.

Parameters

Type of mutual inductance: | Two or three windings with equal mutual terms
Winding 1 self impedance [R1(Ohm) L1(H)]:

[0.668 266.19¢-6] [0.668,0.00026619] | :

Winding 2 self impedance [R2(Ohm) L2(H)]:
[0.668 266.19-6] [0.668,0.00026619] | :

(] Three windings Mutual Inductance
Mutual impedance [Rm(Ohm) Lm(H)]:
[0 5.4676-05 ] [0,5.467-05] | ;

Measurements None b

Cancel Help Apply

Figure 4.40 Mutual Inductance block parameters for Simulation 2.
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The whole system of the simulation can be depicted in figure 4.41. Values such as Pin, ac, Qin, ac, Pdc

after the rectifier, Poat, input are shown in display blocks. Specifically Pin, ac = 13580W, Qin, ac = 5442Var,
Pdc = 12050W and Phat, input =10270W.

< S
L3 e .* —
=

Figure 4.41 Charging system of Simulation 2.

From the AC source Scope (Figure 4.42), Voltage and current are measured. Scopes waveform shows

voltage peak value at 350 Volt and current at 99.3 Ampere.

4 AC source Scope - O X

File Tools View Simulation Help N

Q- OP® - Q-0 FA-

Ready Sample based | T=10.000

Figure 4.42 AC source Scope of Simulation 2.
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The DC Scope (Figure 4.43), shows DC measurements after the rectifier and with the process of
considering mean values DC Scopel (Figure 4.44) shows voltage dc value of 248.5 volt and dc current

value of 48.5 Ampere. Measurements can be taken by using the cursor measurements button located
rightmost in toolbar.

4. DC Scope - O X

File Tools WView Simulation Help N

- OP® - Q- FH-

Ready Sample based T=10.000

Figure 4.43 DC Scope of Simulation 2.

4. DC Scope - O X
File Tools WView Simulation Help »

@- 0P ® Q- K- FA-

Current

Ready Sample based | T=10.000

Figure 4.44 DC Scopel of Simulation 2.
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From the HF Scope (Figure 4.45) information about the waveforms of current and voltage after the
high frequency inverter can be taken. Peak value of current shown 89 Ampere and voltage 513 volt.

‘4 HF Scope - O ¢

File Tools View Simulation Help ~

- 0OP® - a-HE-f4-

Ready Sample based T=10.000

Figure 4.45 HF Scope of Simulation 2.
From the Vehicle Rectifier Scope (Figure 4.46), voltage and current are measured before the vehicle
rectifier. Scopes waveform shows voltage peak value at 435 Volt and current at 86 Ampere.

4 Vehicle Rectifier Scope - O X

File Tools WView Simulation Help ~

Q- BOP® - Al-EH-F8-

Ready Sample based T=10.000

Figure 4.46 Vehicle Rectifier Scope of Simulation 2.
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The IV Scope (Figure 4.47), shows DC measurements at the battery and with the process of

considering mean values Battery Scope (Figure 4.48) shows dc voltage value of 432.5 volt and dc
current value of 27.75 Ampere.

- v - O X
File Tools View Simulation Help b

Q- eOP® - Q-0 F4-

Ready Sample based |T=10.000

Figure 4.47 IV Scope of Simulation 2.

4\ Battery Scope - O X

File Tools View Simulation Help ¥

Q- 6OP® - Q- K- FA-

Ready Sample based T=10.000

Figure 4.48 Battery Scope of Simulation 2.
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The last scope considered; SOC Scope (Figure 4.49) gives information about the state of charge
during the process of charging. After the 10 second simulation the soc (%) is 50.066% with the
initial soc at 50%.

4 S0C - O bod
File Tools View Simulation Help ¥
Q- 6COP® - Q- K- FA-

=

Ready Sample based |T=10.000

Figure 4.49 SOC Scope of Simulation 2.

As it can observed from the simulation the efficiency of the system is at 75,62%.
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45 Simulation 3

In the third simulation the mutual inductance calculated 41.94e-6 H (0.00004194) as it depicted in
figure 4.50. Parameters values for this calculation are shown there too. Assuming 200mm alignment

and a gap of 150mm in order to calculate the efficiency.

N1

NZ

r

M_prime 4.194e-05|

mutual_inductance

alpha

0.2

0.15

“F.i S ”!Enfﬁ
y

=I_
—

——T—
0 02 04 08 08 1

a:Value d value c value

Figure 4.50 Mutual Inductance calculation for simulation 3.

The calculated value has to be added in the block parameters of the mutual inductance (figure 4.51).

Block Parameters: Mutual Inductance X
Mutual Inductance (mask) (link)

Implements inductances with mutual coupling.

Parameters

Type of mutual inductance: ' Two or three windings with equal mutual terms ~
Winding 1 self impedance [R1(Ohm) L1(H)]:

[0.668 266.19¢ 6] [0.668,0.00026619] | ;

Winding 2 self impedance [R2(Ohm) L2(H)]:
[0.668 266.19-6] [0.668,0.00026619] | ;

] Three windings Mutual Inductance
Mutual impedance [Rm(Qhm) Lm(H)]:
[0 4.194E-05 ] [0,4.194¢-05] |

Measurements None ~

Cancel Help Apply

Figure 4.51 Mutual Inductance block parameters for Simulation 3.
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The whole system of the simulation can be depicted in figure 4.52. Values such as Pin, ac, Qin, ac, Pdc

after the rectifier, Poat, input are shown in display blocks. Specifically Pin, ac = 15940W, Qin, ac = 6819Var,
Pac = 13740W and Phat, input =11040W.

Figure 4.52 Charging system of Simulation 3.

From the AC source Scope (Figure 4.53), Voltage and current are measured. Scopes waveform shows
voltage peak value at 350 Volt and current at 112 Ampere.

4 AC source Scope — O X

File Tools View Simulation Help e

Q- 0OP® - Q-C-F4-

Ready Sample based T=10.000

Figure 4.53 AC source Scope of Simulation 3.
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The DC Scope (Figure 4.54), shows DC measurements after the rectifier and with the process of
considering mean values DC Scopel (Figure 4.55) shows voltage dc value of 222.69 volt and dc

current value of 64.54 Ampere. Measurements can be taken by using the cursor measurements button
located rightmost in toolbar.

4. DC Scope - O X

File Tools View Simulation Help o

9 40P @[z« [ [Fa-

Multimeter
DC Current

Ready Sample based T=10.000

Figure 4.54 DC Scope of Simulation 3.

4 DC Scope - O X
File Tools View Simulation Help )

Q- 6OP@® - -0 F4-

Ready Sample based | T=10.000
Figure 4.55 DC Scopel of Simulation 3.
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From the HF Scope (Figure 4.56) information about the waveforms of current and voltage after the

high frequency inverter can be taken. Peak value of current shown 118 Ampere and voltage 464,5
volt.

‘4 HF Scope
File Tools View Simulation Help
CMRICLA RIS MIZNE 3%

150

Inv Current

Ready Sample based T=10.000

Figure 4.56 HF Scope of Simulation 3.

From the Vehicle Rectifier Scope (Figure 4.57), voltage and current are measured before the vehicle

rectifier. Scopes waveform shows voltage peak value at 435 Volt and current at 96.5 Ampere.

"4 Vehicle Rectifier Scope
File Tools View Simulation Help

Q- OP® - aQ-[C F&-
1005

Inv Current1

Ready Sample based | T=10.000

Figure 4.57 Vehicle Rectifier Scope of Simulation 3.
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The IV Scope (Figure 4.58), shows DC measurements at the battery and with the process of

considering mean values Battery Scope (Figure 4.59) shows dc voltage value of 432.3 volt and dc
current value of 25.5 Ampere.

v - O X

File Tools View Simulation Help ™

@- 0OP® - Q-0 FA-

Ready Sample based T=10.000
Figure 4.58 IV Scope of Simulation 3.

4. Battery Scope - O X
File Tools View Simulation Help ™

- COP® =-q-[0-F4-

Ready Sample based T=10.000

Figure 4.59 Battery Scope of Simulation 3.
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The last scope considered; SOC Scope (Figure 4.60) gives information about the state of charge

during the process of charging. After the 10 second simulation the soc (%) is 50.0708% with the
initial soc at 50%.

4 50C - O *

File Tools View Simulation Help w

Q- BOP® =-la-H-FA-

Ready Sample based |T=10.000

Figure 4.60 SOC Scope of Simulation 3.

As it can observed from the simulation the efficiency of the system is at 69.26%.
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4.6 Simulation 4

The forthcoming simulation study is designed to investigate the behavior of the power transfer system
as it transitions from Resonant Inductive Power Transfer (RIPT) to standard Inductive Power Transfer
(IPT). This critical shift in operational frequency is anticipated to significantly impact the system's
efficiency and also limit the input power.

In this simulation the parameters are like the simulation 1 and the value of frequency is at 17kHz.
Mutual inductance is 139.1e-6 H (0.0001391) and the gap is 100mm.

The whole system of the simulation can be depicted in figure 4.61. Values such as Pin, ac, Qin, ac, Pdc
after the rectifier, Pyat, input are shown in display blocks. Specifically Pin, ac = 1945W, Qin, ac = 621.9Var,
Pdc = 1840W and Pbat, input =1298W.

Figure 4.61 Charging system of Simulation 4.

From the AC source Scope (Figure 4.62), Voltage and current are measured.

4 AC source Scope - O =

File Tools View Simulation Help ]

- BOP - aA- K- FA-

Ready Sample based T=10.000

Figure 4.62 AC source Scope of Simulation 4.
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The DC Scope (Figure 4.63), shows DC measurements after the rectifier and with the process of
considering mean values DC Scopel (Figure 4.64).

4. DC Scope - O x

File Tools View Simulation Help »

Q- OP® - Q-|C-FJ-

Ready Sample based T=10.000

Figure 4.63 DC Scope of Simulation 4.

4 DC Scope’ - O X
File Tools View Simulation Help »

Q- EOP® - a-H-FA-

Current

Ready Sample based | T=10.000

Figure 4.64 DC Scopel of Simulation 4.
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From the HF Scope (Figure 4.65) information about the waveforms of current and voltage after the
high frequency inverter can be taken.

‘4 HF Scope - O X

File Tools View Simulation Help L]

Q- BOP® - Q- @ FI-

Inv Current

Ready Sample based |T=10.000
Figure 4.65 HF Scope of Simulation 4.

From the Vehicle Rectifier Scope (Figure 4.66), voltage and current are measured before the vehicle

rectifier.

4. Vehicle Rectifier Scope - O X

File Tools View Simulation Help >

o eOP @ [a- @ Fa-

Inv Current1

Ready Sample based T=10.000

Figure 4.66 Vehicle Rectifier Scope of Simulation 4.
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The IV Scope (Figure 4.67), shows DC measurements at the battery and with the process of
considering mean values Battery Scope (Figure 4.68).

v - O bd

File Tools View Simulation Help »

Q- 0OP® - Q- F4-

Ready Sample based |T=10.000

Figure 4.67 IV Scope of Simulation 4.

4 Battery Scope - O X
File Tools View Simulation Help ™

@- 0P @ =-la-Ea-FA-

Ready Sample based |T=10.000

Figure 4.68 Battery Scope of Simulation 4.
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The last scope considered; SOC Scope (Figure 4.69) gives information about the state of charge
during the process of charging. After the 10 second simulation the soc (%) is 50.0085% with the

initial soc at 50%.

4 s0C - O X

File Tools View Simulation Help e

@  GOP® - Q- K- FH-

Ready Sample based | T=10.000

Figure 4.69 SOC Scope of Simulation 4.

As it can observed from the simulation the efficiency of the system is at 66,73%.

This simulation shows that adjusting the frequency far from the resonant can significantly affect the
efficiency of the system.

Compare to simulation 1 it can be observed that decreasing the frequency (from 19999.864 Hz to
17000 Hz) it also decreases the current input, resulting a different system behavior as it can observed
from the Scopes. State of charge drops from 50.0375% to 50.0058% and the efficiency from 84,86%
to 66,73%.
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4.7 Simulation 5

The forthcoming simulation study is designed to investigate the behavior of the power transfer system
as it transitions from Resonant Inductive Power Transfer (RIPT) to standard Inductive Power Transfer

(IPT). This critical shift in operational frequency is anticipated to significantly impact the system's

efficiency and also limit the input power.

In this simulation the parameters are like the simulation 1 and the value of frequency is at 23kHz.

Mutual inductance is 139.1e-6 H (0.0001391) and the gap is 100mm.

The whole system of the simulation can be depicted in figure 4.70. Values such as Pin, ac, Qin, ac, Pdc

after the rectifier, Ppa, input are shown in display blocks. Specifically Pin, ac = 4608W, Qin, ac = 1582Var,
Pdc = 4212W and Phat, input =3814W.

<Noltage (V)

o

Figure 4.70 Charging system of Simulation 5.

From the AC source Scope (Figure 4.71), Voltage and current are measured.

4 AC source Scope - O X

File Tools Wiew Simulation Help a

- BOP® | =-aA-EH- F4-

10C

-10C ‘ ‘

i

Ready Sample based T=10.000

Figure 4.71 AC source Scope of Simulation 5.
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The DC Scope (Figure 4.72), shows DC measurements after the rectifier and with the process of
considering mean values DC Scopel (Figure 4.73).

4. DC Scope - O X

File Tools WView Simulation Help >

Q- BOP® =-a-C-|FA-

Ready Sample based | T=10.000
Figure 4.72 DC Scope of Simulation 5.

4 DC Scopel — O X
File Tools WView Simulation Help N

Q- BOP® Q- K- FA-

Current

Ready Sample based T=10.000

Figure 4.73 DC Scopel of Simulation 5.

MAAA, Tunua H&HM, AumAwuartikn Epyacia, NikoAaou NikoAoog 129



Study and simulation of wireless vehicle charging installation in dynamic charging — model construction

From the HF Scope (Figure 4.74) information about the waveforms of current and voltage after the
high frequency inverter can be taken.

4 HF Scope - O X

File Tools View Simulation Help o

- 0P - aQA-|KH-FS-

Inv Current

Ready Sample based T=10.000
Figure 4.74 HF Scope of Simulation 5.
From the Vehicle Rectifier Scope (Figure 4.75), voltage and current are measured before the vehicle
rectifier.

4 Vehicle Rectifier Scope - O x

File Tools View Simulation Help N

9 ¢0P@-a-E-|F@-

Ready Sample based T=10.000

Figure 4.75 Vehicle Rectifier Scope of Simulation 5.
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The IV Scope (Figure 4.76), shows DC measurements at the battery and with the process of
considering mean values Battery Scope (Figure 4.77).

i

File Tools View Simulation Help »

Q- GOP® - Q-C-F4-

Ready Sample based T=10.000

Figure 4.76 IV Scope of Simulation 5.

4\ Battery Scope - O x
File Tools View Simulation Help N

@-OP® -Q-K-FA-

Ready Sample based T=10.000

Figure 4.77 Battery Scope of Simulation 5.
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The last scope considered; SOC Scope (Figure 4.78) gives information about the state of charge
during the process of charging. After the 10 second simulation the soc (%) is 50.025% with the

initial soc at 50%.

4 50C — O *

File Tools View Simulation Help L]

Q- BOP® - Q-E-FH-

Ready Sample based T=10.000

Figure 4.78 SOC Scope of Simulation 5.

As it can observed from the simulation the efficiency of the system is at 82,77%.

This simulation shows that adjusting the frequency far from the resonant can significantly affect the

efficiency of the system.

Compare to simulation 1 it can be observed that increasing the frequency (from 19999.864 Hz to
23000 Hz) it also decreases the current input, resulting a different system behavior as it can observed
from the Scopes. State of charge drops from 50.0375% to 50.025% and the efficiency from 84,86%
to 82,77%.

Comparing simulation 4 and 5 it can be observed that increasing the frequency far from the resonant
does not affect the system the same way it does by decreasing it. Specifically, the efficiency drops
2.09% by increasing the frequency 3kHz and it drops 18.13% by decreasing the frequency 3kHz.
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4.8 Simulation 6

In the proposed simulation, a key focus will be on the reduction of ohmic losses within the power
transfer system. This simulation is aligned with the objectives of the first scenario (simulation 1).
However, a significant modification is introduced: the resistances R1 and Rz, representing the self-
impedances of winding 1 and winding 2 respectively, will be adjusted to a value of 0.368 Q. This
adjustment is anticipated to have a substantial impact on the system's overall efficiency, particularly

in terms of reducing energy losses attributed to resistance in the windings.

In this simulation the parameters are like the simulation 1 and the value of frequency is at 19999.864
Hz. Mutual inductance is 139.1e-6 H (0.0001391) and the gap is 100mm.

The whole system of the simulation can be depicted in figure 4.79. Values such as Pin, ac, Qin, ac, Pdc
after the rectifier, Poat, input are shown in display blocks. Specifically Pin, ac = 5939W, Qin, ac = 2384 Var,
Pdc = 5887W and Pbat' input =5255W.

Figure 4.79 Charging system of Simulation 6.

From the AC source Scope (Figure 4.80), VVoltage and current are measured. Scopes waveform shows

voltage peak value at 350 Volt and current at 52 Ampere.
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4. AC source Scope

File Tools View Simulation Help

Q- BOP® - Q- - FJ-

400 Multimeter
AC source Current

Ready Sample based | T=10.000

Figure 4.80 AC source Scope of Simulation 6.

The DC Scope (Figure 4.81), shows DC measurements after the rectifier and with the process of
considering mean values DC Scopel (Figure 4.82) shows voltage dc value of 293.5 volt and dc current
value of 20 Ampere. Measurements can be taken by using the cursor measurements button located
rightmost in toolbar.

4. DC Scope - O X

File Tools View Simulation Help

@-0P® - Q-0 F4-

Sample based T=10.000

Ready

Figure 4.81 DC Scope of Simulation 7.
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4. DC Scopet - O X

File Tools View Simulation Help e

Q- SOP® - A-k-FiP-

Current

Ready Sample based T=10.000

Figure 4.82 DC Scopel of Simulation 6.

From the HF Scope (Figure 4.83) information about the waveforms of current and voltage after the

high frequency inverter can be taken. Peak value of current shown 32.5 Ampere and voltage 452 volt.

4. HF Scope - O x

File Tools View Simulation Help e

©-OP® -a- K- FA-

Inv Current

Ready Sample based T=10.000

Figure 4.83 HF Scope of Simulation 6.
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From the Vehicle Rectifier Scope (Figure 4.84), voltage and current are measured before the vehicle
rectifier. Scopes waveform shows voltage peak value at 433 Volt and current at 32.5 Ampere.

4 Vehicle Rectifier Scope - O X

File Tools View Simulation Help »

9 0P8 a - [@-Fd-

Inv Current1

Ready Sample based | T=10.000

Figure 4.84 Vehicle Rectifier Scope of Simulation 6.

The Battery Scope (Figure 4.85), shows DC voltage value of 431.5 volt and current value at 12.17

Ampere, at the battery considering the mean values.

"4\ Battery Scope - O X

File Tools View Simulation Help L]

- 0P8 - @ Fa-

Ready Sample based T=10.000

Figure 4.85 Battery Scope of Simulation 6.
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The last scope considered; SOC Scope (Figure 4.86) gives information about the state of charge

during the process of charging. After the 10 second simulation the soc (%) is 50.033779% with the
initial soc at 50%.

4 s0C - O X
File Tools View Simulation Help ™

Q- |BOP® - Q- K- |F-

Ready Sample based | T=10.000

Figure 4.86 SOC Scope of Simulation 6.
As it can observed from the simulation the efficiency of the system is at 88,48%.

Compared to simulation 1 it can be observed that the efficiency increased 3,62%. This result is
expected as the ohmic losses decreased.
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4.9 Simulation 7

This simulation follows simulation 6 but now the value of frequency is at 19010 Hz in order to limit

the power input as close as possible at 6 KW.

The mutual inductance is 54.67e-6 H (0.00005467) and assuming 200mm alignment and a typical
gap of 100mm in order to calculate the efficiency.

The whole system of the simulation can be depicted in figure 4.79. Values such as Pin, ac, Qin, ac, Pdc

after the rectifier, Poat, input are shown in display blocks. Specifically Pin, ac = 5973W, Qin, ac = 2904Var,
Pdc = 5200W and Pbat' input =4362W.

Figure 4.87 Charging system of Simulation 7.
From the AC source Scope (Figure 4.88), VVoltage and current are measured. Scopes waveform shows
voltage peak value at 350 Volt and current at 43.7 Ampere.

4 AC source Scope - O X

File Tools View Simulation Help »

Q- 0P® - QK- FlF-

Ready Sample based T=10.000

Figure 4.88 AC source Scope of Simulation 7.
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The DC Scope (Figure 4.89), shows DC measurements after the rectifier and with the process of
considering mean values DC Scopel (Figure 4.90) shows voltage dc value of 234.5 volt and dc current

value of 22.2 Ampere. Measurements can be taken by using the cursor measurements button located
rightmost in toolbar.

4. DC Scope - O X

File Tools View Simulation Help N

Q-0 P® - a-[C-F4d-

Figure 4.89 DC Scope of Simulation 7.
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Figure 4.90 DC Scopel of Simulation 7.
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From the HF Scope (Figure 4.91) information about the waveforms of current and voltage after the
high frequency inverter can be taken. Peak value of current shown 88.5 Ampere and voltage 305 volt.

4\ HF Scope - O pat

File Tools View Simulation Help o

@ OP® - Q- @ F4-

Ready Sample based T=10.000
Figure 4.91 HF Scope of Simulation 7.

From the Vehicle Rectifier Scope (Figure 4.92), voltage and current are measured before the vehicle

rectifier. Scopes waveform shows voltage peak value at 434 Volt and current at 42.9 Ampere.

4 Vehicle Rectifier Scope - O X

File Tools WView Simulation Help ]

Q- OP® - Q- K- FIA-

Ready Sample based T=10.000

Figure 4.92 Vehicle Rectifier Scope of Simulation 7.
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The Battery Scope (Figure 4.93), shows DC voltage value of 431.5 volt and current value at 10.1
Ampere, at the battery considering the mean values.
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Figure 4.93 Battery Scope of Simulation 7.

The last scope considered; SOC Scope (Figure 4.94) gives information about the state of charge
during the process of charging. After the 10 second simulation the soc (%) is 50.028078% with the

initial soc at 50%.
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4 S0C — O x

File Tools View Simulation Help ¥
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Ready Sample based |T=10.000

Figure 4.94 SOC Scope of Simulation 7.

As it can observed from the simulation the efficiency of the system is at 73,03%.

Compared to simulation 2 it can be observed that the efficiency decreased 2,59%. This result is

expected as the frequency dropped in order to keep the power input at 6 kW, even though ohmic
losses decreased.
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410  Simulation 8

This simulation follows simulation 7 but now the value of frequency is at 19145 Hz in order to limit

the power input as close as possible at 6 kKW.

The mutual inductance is 41.94e-6 H (0.00004194) and assuming 200mm alignment and a typical
gap of 150mm in order to calculate the efficiency.

The whole system of the simulation can be depicted in figure 4.95. Values such as Pin, ac, Qin, ac, Pdc

after the rectifier, Poat, input are shown in display blocks. Specifically Pin, ac = 5986W, Qin, ac = 3018Var,
Pdc = 5274W and Pbat' input :3714W

o 2
"o [ge=

Figure 4.4.95 Charging system of Simulation 8.

From the AC source Scope (Figure 4.96), Voltage and current are measured. Scopes waveform shows
voltage peak value at 350 Volt and current at 43.68 Ampere.

4 AC source Scope - O X
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Figure 4.96 AC source Scope of Simulation 8.
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The DC Scope (Figure 4.97), shows DC measurements after the rectifier and with the process of
considering mean values DC Scopel (Figure 4.98) shows voltage dc value of 235 volt and dc current
value of 22.44 Ampere. Measurements can be taken by using the cursor measurements button located
rightmost in toolbar.

"4 DC Scope — O X

File Tools View Simulation Help ™
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Figure 4.97 DC Scope of Simulation 8.
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Figure 4.98 DC Scopel of Simulation 8.
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From the HF Scope (Figure 4.99) information about the waveforms of current and voltage after the
high frequency inverter can be taken. Peak value of current shown 114 Ampere and voltage 312 volt.

"4 HF Scope - O X
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Figure 4.99 HF Scope of Simulation 8.

From the Vehicle Rectifier Scope (Figure 4.100), voltage and current are measured before the vehicle

rectifier. Scopes waveform shows voltage peak value at 434 Volt and current at 44 Ampere.

‘4 Vehicle Rectifier Scope - O ¢

File Tools View Simulation Help o

- OPE =-a-E-F£4-

Ready Sample based T=10.000
Figure 4.100 Vehicle Rectifier Scope of Simulation 8.
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The Battery Scope (Figure 4.101), shows DC voltage value of 431 volt and current value at 8.6
Ampere, at the battery considering the mean values.
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Figure 4.101 Battery Scope of Simulation 8.

The last scope considered; SOC Scope (Figure 4.102) gives information about the state of charge
during the process of charging. After the 10 second simulation the soc (%) is 50.023908% with the
initial soc at 50%.
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4 s0C - O X
File Tools View Simulation Help L]
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Figure 4.102 SOC Scope of Simulation 8.

As it can observed from the simulation the efficiency of the system is at 62,04%.

Compared to simulation 3 it can be observed that the efficiency decreased 7,22%. This result is

expected as the frequency dropped in order to keep the power input at 6 kW, even though ohmic
losses decreased.
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411 Simulation 9

In this simulation the topology of the best performing simulation (simulation 6 at 88,48%) has

changed from series-series to series parallel, in order to compare the topologies.

Changing the topology to series parallel requires a change in value of the sending side capacitor from
the value of 2.379E-07 to 3.273E-07.

In this simulation the parameters are like the simulation 6 and the value of frequency is at 19999.864
Hz. Mutual inductance is 139.1e-6 H (0.0001391) and the gap is 100mm.

The whole system of the simulation can be depicted in figure 4.103. Values such as Pin, ac, Qin, ac, Pdc
after the rectifier, Poat, input are shown in display blocks. Specifically Pin, ac = 5975W, Qin, ac = 3530Var,
Pdc =5682W and Pbat, input =4105W.

Figure 4.103 Charging system of Simulation 9.

From the AC source Scope (Figure 4.104), Voltage and current are measured. Scopes waveform

shows voltage peak value at 350 Volt and current at 48 Ampere.
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4. AC source Scope - a X

File Tools View Simulation Help o

Q- OP® - QaQ- K- §4-

10

Ready Sample based T=10.000

Figure 4.104 AC source Scope of Simulation 9.

The DC Scope (Figure 4.105), shows DC measurements after the rectifier and with the process of
considering mean values DC Scopel (Figure 4.106) shows voltage dc value of 222.75 volt and dc
current value varying from 25.5 to 26.4 Ampere. Measurements can be taken by using the cursor
measurements button located rightmost in toolbar.

4. DC Scope - O X

File Tools View Simulation Help o

@-0P® - a- 04

Ready Sample based T=10.000

Figure 4.105 DC Scope of Simulation 9.
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4 DC Scopel - O x

File Tools View Simulation Help y

0-60P® - a- @ Fa-

Current

Ready Sample based T=10.000
Figure 4.106 DC Scopel of Simulation 9.

From the HF Scope (Figure 4.107) information about the waveforms of current and voltage after the

high frequency inverter can be taken. Peak value of current shown 87 Ampere and voltage 247 volt.

‘4 HF Scope - O X

File Tools View Simulation Help ¥

- 0P ® - @ Fa-

Ready Sample based | T=10.000

Figure 4.107 HF Scope of Simulation 9.
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From the Vehicle Rectifier Scope (Figure 4.108), voltage and current are measured before the vehicle

rectifier. Scopes waveform shows voltage peak value at 434 Volt and current at unstable level going
sometimes over 200 Ampere.

4 Vehicle Rectifier Scope
File Tools View Simulation Help

- eOP® - aA-EHFH-

Inv Currenii

Ready Sample based T=10.000

Figure 4.108 Vehicle Rectifier Scope of Simulation 9.

The Battery Scope (Figure 4.109), shows DC voltage value of 431.5 volt and current varying from
9.4 to 10 Ampere, at the battery considering the mean values.

4 Battery Scope
File Tools View Simulation Help

Q- eOP® - Q- H-FI-

Sample based T=10.000

Figure 4.109 Battery Scope of Simulation 9.
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The last scope considered; SOC Scope (Figure 4.110) gives information about the state of charge
during the process of charging. After the 10 second simulation the soc (%) is 50.02674% with the
initial soc at 50%.

4] s0C

File Tools View Simulation Help b

Q- eOP@® - Q-H-FA-

Ready Sample based |T=10.000

Figure 4.110 SOC Scope of Simulation 9.
As it can observed from the simulation the efficiency of the system is about 68.68%.

Compared to simulation 6 it can be observed that the efficiency decreased 19.8%. As a result, for the

current type of model a series series topology considered more efficient that a series parallel.
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The results of each simulation have been gathered in table 7.

Results of simulations

Simulation 1 2 3 4 5 6 7 8 9
Pin, ac (Watt) 6005 | 13580 | 15940 1945 4608 5939 5973 5986 5975
Qin, ac (Var) 2405 5442 6819 621.9 1582 2384 2904 3018 3530
Pac (Watt) 5945 | 12050 | 13740 1840 4212 5887 5200 5274 5682
Poat, input (Watt) 5096 | 10270 | 11040 1298 3814 5255 4362 3714 4105
AC source | 52.5 99.3 112 - - 52 43.7 43.68 48
Scope A% 350 350 350 - - 350 350 350 350
| 20.25 48.5 64.54 - - 20 22.2 2244 | 25.5-26.4
DC Scopel
\% 293 248.5 | 222.69 - - 293.5 234.5 235 222.75
| 33 89 118 - - 325 88.5 114 87
HF Scope
\% 455 513 464.5 - - 452 305 312 247
Vehicle | 32 86 96.5 - - 325 42.9 44 >200
Rectifier Scope v | 4335 435 435 - - 433 434 434 434
| 11.8 27.75 25.5 - - 12.17 10.1 8.6 9.4-10
Battery Scope
Vv 431.5 432.5 432.3 - - 431.5 431.5 431 431.5
SOC Scope (%) 50,0375 | 50,066 | 50,0708 | 50,0085 | 50,025 | 50,0338 | 50,0281 | 50,0239 | 50,0267
Efficiency (%) 84.86 | 75.62 69.26 66.73 82.77 88.48 73.03 62.04 68.68
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5 Simulations Analysis

Considering simulations 1,2 and 3, it can be observed that as the gap and the misalignment grows,
mutual inductance values decrease as well as system’s efficiency. Due to the decrease of the total

impedance of the system, consumed current grows.

When distance between transmitter and receiver is increased, power rises in the limit. This is proven
as it can be observed from simulation 1,2 and 3. Power rises from 6005 Watt to 15940 Watt. When
the transmitter is fed in the absence of receiver, absorbed power is very high, which makes necessary

the utilization of a control that detects the presence of receiver.

As the current grows, with a constant voltage source, the value of real input power Pinac increases as
well. This is the reason why, despite the fact that the efficiency decreases, the state of charge grows

faster.

When misalignment occurs, with a constant frequency, the power transferred to the load increases
significantly. However, a solution to that would be a slight increase in the operating frequency. This
will keep transferred power constant in its designed value, although this will cause an increase in

transmitter current because the system goes out of resonance.

In the first simulation, where there is no misalignment and the gap is 0,1 meters, the efficiency of the
system is 84,86%. This is not the best possible outcome, as it is well-known that the efficiency of
resonant inductive power transfer can reach even 94%. High value in the ohmic part of both coils

self-impedance is the main reason for lower efficiency.

Smaller ohmic part can increase the consumed current in intolerable values. Current limitation

controls necessitate as well as battery management system to drop the current in safe values.

In DC Scope of Simulation 1 it can be observed that the voltage is unstable. In order to reduce the
“noise” the value of L1 has to be increased. This will cause more time for the stabilization of the

system as well as a drop in efficiency.

Proceeding in simulation 2 it can be observed that by increasing the alignment at 0,2 meters, mutual
inductance falls to 54.67e-6 H (from 139.1e-6 H). This resulted a drop in efficiency from 84,86% to
75,62%. It is also observed that the current rises in more than double the amount of the previous

simulation.

In simulation 3 where the gap has changed to 0,15 meters and the alignment at 0,2 meters, mutual
inductance calculated 41.94e-6 H. The lower the total impedance, the more losses. This resulted a
drop of 6,36% (69.26%) from the previous simulation.
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Observing this series of simulations make necessary the limitation of the growing current. In real
world scenarios current doesn’t grow 25,5 amperes to charge the battery. A battery management

system is needed to protect the battery and a limitation of consumed Pin, ac.

Simulations 4 and 5 has proved that the input power is controllable by adjusting the frequency.
Lowering the frequency lowers the input power and increasing it, input power grows. Decreasing the
value of frequency cause greater loses than increasing it.

In real world scenarios power is limited. Also, the ohmic part can be lower with utilization of better
materials. The reduction of the ohmic part in simulation 6 has shown 3,62% increased efficiency
(compared to simulation 1), with the total efficiency for an almost 6 kW installation reaching 88,48%.
In the next two simulations (7 and 8) frequency has been adjusted in order to maintain 6 kW
installation. The results prove that it is possible to maintain the input power but it comes with greater
loses. Comparing simulation 2 with 7 it can be observed that the efficiency drops from 75,62% to
73,03% and comparing 3 with 8 the efficiency drops from 69,26% to 62,04%.

Considering simulations 6,7 and 8 it can be observed that efficiency has been increased for no
misalignment. It can also be observed that with resonant inductive power transfer higher efficiency
is achievable and consulting the results of simulations 4 and 5 it is clear which method is better in

terms of efficiency.

Simulation 9 has been created in order to observe how, by adjusting the installation from series-series
to series-parallel, would affect the system. The best performing simulation has been adjusted and it
is clear that the system becomes unstable, with the efficiency reaching 69,68% and the vehicle

rectifier scope showing many harmonics.

Overall, the best performing simulation is simulation 6. Efficiency reaching close to currently
maximum efficiency of 94%. The gap of 5,52% is because the materials that has been utilized
probably have greater ohmic part. Also, operational frequency can contribute in efficiency as well as
the gap. Worst performing scenario is 8 because frequency has to be adjusted way out of resonance

in order to maintain the 6 kW installation and the system safe from high values of current.
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6 CONCLUSIONS

In this thesis, we have embarked on a comprehensive journey to explore the theoretical foundations
and practical implementations of dynamic wireless power charging systems, with a particular focus
on their applications in electric vehicle (EV) charging. The integration of passive components,
semiconductors, and microstrip technologies has provided a robust framework for understanding the

intricate behaviors and potentials of these innovative charging systems.

In total, nine simulations were conducted using MATLAB/Simulink. The first three were conducted
in order to understand how the system works and to relate gap and misalignment with efficiency.
From these 3 simulations it can be observed that as the gap and the misalignment grow, mutual
inductance values decrease as well as system’s efficiency. Due to the decrease of the total impedance
of the system, consumed current grows. In the first simulation, where there is no misalignment and
the gap is 0,1 meters, the efficiency of the system is 84,86%. This is not the best possible outcome,
as it is well-known that the efficiency of resonant inductive power transfer can reach even 94%. High
value in the ohmic part of both coils self-impedance is the main reason for lower efficiency.
Proceeding in simulation 2 it can be observed that by increasing the alignment at 0,2 meters, mutual
inductance falls to 54.67e-6 H (from 139.1e-6 H). This resulted a drop in efficiency from 84,86% to
75,62%. It is also observed that the current rises in more than double the amount of the previous

simulation.

In simulation 3 where the gap has changed to 0,15 meters and the alignment at 0,2 meters, mutual
inductance calculated 41.94e-6 H. The lower the total impedance, the more losses. This resulted a
drop of 6,36% (69.26%) from the previous simulation.

Proceeding, simulations 4 and 5 were conducted in order to observe how the operational frequency
affects the system. Simulations 4 and 5 has proved that the input power is controllable by adjusting

the frequency.

Afterwards a series of 3 more simulations were conducted in order to build a real world scenario,
which is higher efficiency and controllable power input. In real world scenarios power is limited.
Also, the ohmic part can be lower with utilization of better materials. The reduction of the ohmic part
in simulation 6 (from 0,668 Q to 0.368 Q) has shown 3,62% increased efficiency (compared to
simulation 1), with the total efficiency for an almost 6 kW installation reaching 88,48%. In the next
two simulations (7 and 8) frequency has been adjusted in order to maintain 6 kW installation. The
results prove that it is possible to maintain the input power but it comes with greater loses. Comparing
simulation 2 with 7 it can be observed that the efficiency drops from 75,62% to 73,03% and
comparing 3 with 8 the efficiency drops from 69,26% to 62,04%.
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Simulation 9 has been created in order to observe how, by adjusting the installation from series-series
to series-parallel, would affect the system. The best performing simulation has been adjusted and it
is clear that the system becomes unstable, with the efficiency reaching 69,68% and the vehicle

rectifier scope showing many harmonics.
The following table provides the gathered results of the simulations.

Results of simulations

Simulation 1 2 3 4 5 6 7 8 9
Pin, ac (Watt) 6005 | 13580 | 15940 1945 4608 5939 5973 5986 5975
Qin, ac (Var) 2405 | 5442 6819 621.9 1582 2384 2904 3018 3530
Pac (Watt) 5945 | 12050 | 13740 1840 4212 5887 5200 5274 5682
Poat, input (Watt) 5096 | 10270 | 11040 1298 3814 5255 4362 3714 4105
AC source I 52.5 99.3 112 - - 52 43.7 43.68 48
Scope V| 350 350 350 - - 350 350 350 350
| | 2025 | 485 64.54 - - 20 22.2 22.44 | 25.5-26.4
DC Scopel
V| 293 2485 | 222.69 - - 2935 | 2345 235 222.75
I 33 89 118 - - 32.5 88.5 114 87
HF Scope
V| 455 513 464.5 - - 452 305 312 247
Vehicle I 32 86 96.5 - - 32.5 42.9 44 >200
Rectifier Scope v | 4335 435 435 - - 433 434 434 434
I 11.8 | 27.75 25.5 - - 12.17 10.1 8.6 9.4-10
Battery Scope
V | 4315 | 4325 | 4323 - - 4315 | 4315 431 431.5
SOC Scope (%) 50,0375 | 50,066 | 50,0708 | 50,0085 | 50,025 | 50,0338 | 50,0281 | 50,0239 | 50,0267
Efficiency (%) 84.86 | 75.62 | 69.26 66.73 | 82.77 | 8848 | 73.03 | 62.04 68.68

In conclusion from the series of simulations and the thesis the foundlings are:

e As the gap and the misalignment grows, mutual inductance values decrease as well as
system’s efficiency. Due to the decrease of the total impedance of the system, consumed

current grows.
e When distance between transmitter and receiver is increased, power rises in the limit.

e When the transmitter is fed in the absence of receiver, absorbed power is very high, which
makes necessary the utilization of a control that detects the presence of receiver.

e As the current grows, with a constant voltage source, the value of real input power Pinac
increases as well. This is the reason why, despite the fact that the efficiency decreases, the

state of charge grows faster.

¢ When misalignment occurs, with a constant frequency, the power transferred to the load

increases significantly. However, a solution to that would be a slight increase in the operating
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frequency. This will keep transferred power constant in its designed value, although this will

cause an increase in transmitter current because the system goes out of resonance.

e Smaller ohmic part can increase the consumed current in intolerable values. Current limitation

controls necessitate as well as battery management system to drop the current in safe values.

e Simulations 4 and 5 has proved that the input power is controllable by adjusting the frequency.
Lowering the frequency lowers the input power and by increasing it, input power grows.

Decreasing the value of frequency cause greater loses than increasing it.

e The best performing simulation is simulation 6. Efficiency reaching close to currently
maximum efficiency of 94%. The gap of 5,52% is because the materials that has been utilized
probably have greater ohmic part. Also, operation frequency can contribute in efficiency as
well as the gap. Worst performing scenario is 8 because frequency has to be adjusted way out
of resonance in order to maintain the 6 KW installation and the system safe from high values

of current.

e This thesis has provided a detailed analysis of dynamic wireless power charging systems,
substantiated by practical simulations and theoretical insights. The model that has been
created, can be used as a tool for understanding of wireless systems but also can provide real
world simulations. The potential of these systems to transform the EV charging infrastructure
is immense, promising a future where sustainable transportation is not only achievable but

also efficient and reliable.
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