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ABSTRACT

This thesispresents a new wireless inductive power transfer topology using half bridge
current fed converter and a full bridge active single phase rectifier. Generally, the efficiency of
inductive power transfer system is lower than the wired system due to higher ljoss in
inductive power transfer coils. Th proposed converter reducessthigmitations and shows
more than 4% overatfficiency improvement comparingith suchsystem in battery charging
of low-voltage lightload electrical vehicles such gassenger carglolf carts etc. This is
realized by synchronous rectification technique of the vehicle side converter. Simulation results
obtained from Matlab Simulink aiacludedto validate the analysis and performance of the
proposed converter. A scat®wn 250 W lab prototype is developed and experimental results

are presented to veyithe comparative study results.
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Chapter 1

1.INTRODUCTION

1.1 Introduction

Based on the report of Statista in 2015,rried billion vehicles areurrently operationah
theworld [1]. Majority of thevehicles use petroleuapowered internal combusti@ngine that
is costly and causes environmental pollution. Electriahicles (E\8) are increasingly
becoming populadue toless air polltion, cheaper to runpaintain and come along with
severalother benefitsThis trendis apparenfrom more than sikfold increase of annual EV
sales from 2011 to 2015 [2].

Saving energy, environment, and other reagmosnoted transportatioelectrification in
recent years. Fonstancethe wireless power transf@BVPT) techndogies for railway systems
have already been well developed. It should be noticed that since apgesats on a fixed
track it is not challenging to transfer power througtoaductiverail. On the other hand, since
electric vehicles have high flexiliy of speedacceleration and motigit is not easy to get
electric power irasimilar way([3].

Onboard chargers are a profitable partedfs as theyeliminate the need foquick dc
charging stationdresenty, chargers for EVs arsuppliedasanindependent units when they
are set on boardComparingwith a vehicle without a locally available charger, these units
adverselyaffect the cost, wghtand extra space in the vehicle. Nonetheless, control electronic
parts that frame a normal installedacger do not vary from the components that as of now
exist on board and that are required for impediis |

Plugin chargers are considered as a conventional method of charging EVs which comes
with challengessuch as heavy battery packs and high batteryt.césom the energy
consumption standpoint, heavy battery packs make critical negative influencestrast, the
wireless charging of electrical vehicles due wireless power transfer technology, may overcome
the challenges of pluop chargers.

Frequent chrging of electrical vehicles can be achieved by wireless charging methods,
which leads to battery downsizing and vehicle mass reduétisthermore, the fuel economy

which is defined as the ratio of electricity consumption in battesésnproved comgring to

1



plug-in chargingas an advantage afhicle lightweighting. Equation (1.1) describes the
relationship between the totamountsof energy charged in a battery, due to a frequent

charging proces$].
(1.1)

O Q -0y

WhereE is the total amount of electricity charged during the vehicle operation dinse,
the amount of electricity charged at each stop, N is the total number of ssofhe average
charging efficiencyP is the charging power and finallyshows the total amount of charging
time at charging stops. According to the research dortg,in(% vehicle mass reduction for
a conventional bus in théutonomy model provides about 5% reduction in energy
consumption.

Nikola Tesla proposed the firstdactive Power Transfer (IPT) without a magnetic core
about a century ago. During the past centung@mendouslevelopment has beachievedn
low power, closely coupled wireless charging methods, while the wireless chargers are
available for portable andearable device$].

A number of wireless inductive power transfer (IPT) were proposed in7[2]9]. These
topologies have different combinations of transmitter and receiver coil resonances. Another
new inductive wireless power transfer topology ispgmsed in 10], which is based upon a
currentfed half bridge CLC transmitter and LC receiverdidderectifier is used to get the
DC output voltage. Owing taincontrolledrectification, the conduction loss of rectifier
diodes are significantly high fétow voltage battery charging applications. Tifssisproposes
a new IPT topology with fulbridge active rectifier at receiver side to enable synchronous
rectification. Thisconsiderablyimproves overall efficiencythereby making it rare suitable

for practical use.

1.2 Motivation

Themain advantagef wireless inductive charging is the absence of the need of the vehicle
to be plugged in and hence, the charging process can occur in a wide range of places such as
in a gaage overnight, at bus stogiynamic charging on the gcommercial lotsat workplace,
etc. [L1]. Although, this technology has several advantages but iohas efficiency than the
wired charging system due to higher copper loss in IPT coils. This research presents a new

wirelessinductive power transfer topology using half bridge current fed converter and a full



bridge Active Single Phase Rectifi§ASPR) Generally, the efficiency of inductive power
transfer system is lower than the wired system. The proposed coraahieves a overall
efficiency of more than 4%ompared to the existing systems used in battery charging of low
voltage lightload electric vehicles such passenger cargolf carts etcThis has been achieved

by using synchronous rectification in vehicle sidewaster, whichis the secondary side of IPT
coils. A scale down lab prototype of 250W was built and tested to verify the results in the

comparative study.

1.3 Research Objectives

The objectives of this research are listed below:

1 Toanalyze andlesign a new topolodgpr wireless power using a currefetd high-
frequencyconverterat source or transmitter circahd a&tive rectifier at vehicle or
receiver circuifor battery recharging applications of lexeltage lightload electric
vehicles suclas golf cartspassenger cars, campus vehicles, etc.

1 To develop a proebf-concept hardware prototype in laboratory and experimentally
demonstrate the performance.

1 Conducta comparative study from efficiency standpoint witlireless power

transfer systerwith diode based rectifier on receiver circuit.

1.4 Contributions

In thisthesis,a newpower electronic circuitopology using an active rectifier is proposed for
wireless recharging dfght-load lowvoltage eéctric vehicles battery. The proposed circuit
topology shows 4%improvement inoverall efficiencycompared to diode rectifier based
existing systemsProposed active rectifier at receiver side adggtechronous rectification

techniquefor power flow contol. The mentionedconverterwas designed and simulated to
confirm the designed parameters. Furtheraéesdown lab prototype of 250% implemented

to verify theanalysis and simulation resultand to compare the proposed topology from

efficiency perspetive with a similar converter usirdjoderectification.



1.5 Outline of the Thesis
Thethesis is outlineas follows:

1 Chapter 2: In this chapter, the key topologies of different parts Wieeless Power
Transfer(WPT) systemsare classified and presented as a literature review. Further,
some novetontributionsrelating to wireless pads design, diogetifiers and active
rectifiers are also mentioned well

1 Chapter 3. The basic theories of energy transformation, wirelesss paad
compensation networks are presented in this chapter. Moreover, a WPT topology using
a full-bridge passive rectifier has been analyzed with diligence and simulated in Matlab
Simulink. Finally, a scale down lab prototype was builvatidatethe analysis and
simulation resultarepresentedn chapter 3.

1 Chapter 4: A new wireless power transfer topology using an active single phase
rectifier has been proposed, analyzed and simulated in this chEpteexperimental
results ofsuchtopology andefficiency analysis igpresentedand compared to the
converter with passive rectifier.

1 Chapter 5: Summary of this work and its results are presented in chapieicbnclude

the thesis

1.6 Concluding Remarks

This chapter reported the motivation behihd proposed work on wireless power transfer
for EV recharging applications and discussed the outline of the thesis in various chapters. Next
chapter deals with the literature review on wireless power transfer. Major focus is on the power

electronics part.



Chapter 2

2. LITERATURE REVIEW

2.1 WirelessCharging Technology

Wirelesscharging forelectrical vehicle(EV) technologyare categorized into two main

sections;Stationary wireless charging arfdynamic (in-motion) charging. AnEV can be

charged by the stationary wireless chargiegiceonly in parkedposition sincethe charging

process takes time. Figure 2llistratesa catalogue for wireless charging technology.

Stationary Wireless
Charging

Inductive Power
Transfer

Wireless Charging
for Electric Vehicles

Magnetic
Resonance Coupling
Transfer

Dynamic/In Motion
Wireless charging

Permanent Magnet
Coupling Transfer

Figure 21. Wireless chargingechnology

Stationary wireless chargimocessstarts when the vehicle is within a relatively smal air
gap withthe transmitter cojlsincethe couplers should beorrectly aligned. The coupling
mechanism usually happeviainductive power transfer, magtic resonance coupling transfer
or permanent magnet coupling transfer. On the other hand, dynamic/in motion wireless
charging takes place when the vehicleénisoperationon the road or highway. In this case
charging units must be charged quickly and it is \gffjcult to establisha small airgap with

the road

2.2 Stationary Wireless Charging

Stationary wireless chargingchieveswheneveran electric vehicle is parked and being
charged such asvernightin garageor at residenceAlso, charging process can happian
5



stationary position in short pauses at intersections or fast charging st&ti@rging over a
short period could only be considered if the energy storage units as batteriescapatiaos,
aredesigned to accommoddtestpower transferMoreover, for stationary wireless charging,
the transmitter side should be installed and fixed under the grosundface while the receiver
sidemountsunderneath of the vehicle to reduce the electgpmatic leakage and interference
with other objects and vehicl§k2].

2.2.1 Inductive Power Transfer

Power trangdr through contactlessonverters happens by using a loosely cedpl
transformers (wirelessoilsfpadgcouplery. The couplers haeto transfer the poweria the air
gap since no corexist tolink the transmitter and receiver ilThe first generationof
stationary IPT systems argystemsusing impedance matching f&Vs are represented in
Figure 2.2 and Figure 2.3, respectively.

Transmitter Receiver
Coil Coil

F

High-Frequency |
inverter

..................... P et Rectifier

Transmitter .
. Receiver
Coil

1 Coil

sl ElnE

High-Frequency
inverter

Rectifier

............................................

Figure 23. IPT charging system with compensation network

The main difference between &early IPT systemandi | RHarging systemis using a
compensation network which is the tuning capacitBesal on the capacitorsconnectionin
series or parallel with the wireless patthiere are four major compensation network topologies

which arepresentedn section 3.2.2chapter 3.



One of the main concermar IPT systems is the clearance and the air gap between wireless
pads.The fact that impedance matching is more efficient by adding the capacitors in series or

parallel with both primary and secondary sides, has been resear¢had

2.2.2 MagneticResonance Coupling Transfer

MagneticResonance Coupling Transf@RCT) is proposed in14] thatis based on the
coupled mode theory anldy using this technologyransferring power iachievedn a higher
range of air gap comparing with IPT technologies. The efficiency of WPT system proposed in
[14] is calculated as 90% with meterair-gap. Thetheory forresonancecouplingis very
similar to IPT systems with resonant winding but it shoulddtedthat the seHnductance of
antennas, the integrated capacitance from the resonance and the operating frequencies are in
the range of MHzthe details ordifferent methods to improvabovetechnologyare covered
in [15] and[16]. Since the applicatio of MRCT is to transmit medium to high power, the
limitation of this technology is related to the cuttiagge technology of semiconductor devices

as they have poor efficiency in MHz range.

2.2.3 PermanentMagnet Coupling

Permanent magnet couplitechnology was proposed by the University of British Columbia
and the power transmission is through fAmagne
is used as a coupletq] [18]. The rotor on primary side is magnetized permanently by rotation
ard makes the secondary side rotor to rotate with the synchronous speed. A lab prototype was
developed in19] validateghe power is transferred by 81% efficiency across 150 mm distance
with relatively low frequency of 150 Hiltilizing a number ofmechanial components in this

technoloy might be a disadvantagdile to itsalignment and maintenancencerns

2.3 Dynamic/In Motion Wireless Charging

Dynamic wireless charging was used for decades to supply trolley buses and in some cities
they arefunctional Vehicle needs continuous power for traction drive and a high amount of
power for acceleration. In order to provide and deliver this power a limited battery resource
may not be enough. For wireless supply, the couplers use a lumped pad stigitarel|
distributed lines 20], as the primary side.



Figure 2.4depictsa lumped orroad charging topology presented i9]. Lumped orroad
charging contains a series of wireless pads on the road tothwgewer track along road

lanes.

Track Lane

Pad Pad Pad Pad Pad Pad

Track Lane
Power Power
Source Source

Figure 24. Lumped orroad charging

According to Figure 2.4, as the vehidligives on the road, wireless pads provide a
continuous magnetic fielthatthe secondary pickups, couple with. Hence, a motion detection
technique is needed to tuom andoff the power flow through the transmitter coils to reduce
power lossessince when there is no vehicle passing by, the primarylpgidgexcited but not
cowpled [12].

Based on the research i&l] and [22] circular pads are not thdeal option for wireless
chargingdue toa null in their profile when horizontally offset by 38% of the pad diameter. A
variety ofhigh performance padse presented ir2B] to [25]. Furthermore, a dual type aad
mono type of power transfer couplers are designegbjthatconcludesvhena dual type has
two opposite power lines, a large amount of power can be transferred with a better coupling
coefficient compared to montype. However, the mono type has a better misalignment

tolerance.

24 Wireless Pads

There are avide rangeof designs for wireless pads regarding their applicat@om power
ratings. Figure 2.5 shows a circular rectangular, pddch was proposed and used in early
development of WPT. Although this topology improves the flux area andeitiae in flux
leakage on the edgdbg large total flux leakage and low efficiency are considef2i@]e



Figure 25. Typical singlecoil circular rectangular pad

Figure 2.6illustratesthe schematic of a typical singt®il circular wireless pads where
ferrite bars are added to the back of coil pad, to reduce the flux leakage and to facilitate a low
reluctant path. Further, an aluminum shield is also placed at the back of the whinéhodl
up the flux distributior§28]. This topology is easy to assemble but it shoulthbationedhat
the transfer distance is limited by the diameter of the pad. The process for designing a circular

pads is discussed in detailsection 3.2.1.1.

Aluminum shield

Winding

Ferrite bar

Figure 26. Typical singlecoil circular nonpolarized pad

A new structure of transmitting side wireless pad called, multpiehomogeneous pad, is
proposed in 29] and theschematic is shown in Figure72.The main application of this
topology isfor EVsused in a specific and limited area. As an advantage of this topology, the
average magnetic flux density is increased and the corresponding field distribution variance is
improved. However, low power rat, the drawbacks of ¢in conduct losses and difficulties

in fabricationare the disadvantages and limits of this topology for its potential applisation



Figure 27. A multiple-coil homogeneous pad

In previous decadesesearchers have proposed a verity of wireless ¢oilglifferent
applications. Doubk®d polarized pad or DDP pads are proposed 30] [where, the
transmission distance is extended with high frequency through using ferrite bars to create flux
path narrower and taller. Furthermore, there are some other remarkable topologies that should
be mentioned as multipleoil DoubleD Quadrature Polarized Pad (DDQP) and multiué
Bipolar Polarized Pad (BPR)at are coverefB1] and [32], respectively.

25 Diode Rectifiers

In recent years, eonsiderablemount of researclvasperformedon construction of static
converters with high efficiency and high gain. Although the voegeDGDC converters are
popular buthasusage of electrolytic capacitors, amdh transformer turn ratio33]. As DC-

DC current fed converters do not have these issues, they are more preferred léss wire
charging applicationf electrical vehicles. The first twimductor currenfed isolated DEDC

converter was proposed via dualityrmmiple from half bridge voltage fed convert84].

An importantpart of a DEGDC converter for wireless charging of EVs is the rectification
process on the receiver side to provide DC voltagecamdnt for battery charging application.
A full-bridge dioe rectifier and a voltage doubler topology andlagdeototype was built to
validatethe analysis and simulation resul8$]. Further, a comparison of diode fbltidge
rectifier and voltagaloubling diode rectifier igpresentedn [33] along with experimental
results
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2.6 Active Redctifiers

An experimental comparison of single phase active rectifiers is presentg@l.im[this

paper four major topologies ddctive rectifiers are listed

1 Traditional PoweiFactor Correction (PFC).

1 Symmetrical brideless, Half Active Rectifiers (HAR).
1 Asymmetrical bridgeless.

1 Full-bridge full controlled.

Figure 28 demonstratethe traditional power factor correction topology where aliuliige
diode rectifier is followed by a booBXC-DC converter. Thiglesigncortains 5 diodes which
is a disadvantaggue to highconduction losses compatwith MOSFETSs.

fW"\LfY\ ”

DR D;R

= —
[

D& D,A&

Figure 28. Traditional power factor correction

The symmetrical bridgeless active rectifier or the half activefiexas presentech Figure
2.9. Thisdesignis formed by a diode and a fully controlled switch in each leg. A phase shift
control of a half active rectifier is investigated with diligence to apply this topology for wireless

charging applications ir8] and [37].
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Figure2.9. Half active rectifier

Similar to half active rectifier, asymmetrical bridgeless active rectifi@rmedby a leg of

two diodes and a leg of two MOSFETSs|jtas shown in Figure 20.

SRE "4

Szl!:} D: R

Figure 210. Asymmetrical bridgeless

Figure 2.11 shows the topology of a fhlidge fulkcontrolled rectifier. Since the efficiency
of WPT system is highly dependent on the output load and detuning conditions, an active single
phase fulbridge rectifier is adgted in [7/] to track the maximum efficiencguring load
variationand a corresponding control method is also proposesliiipurposes. Furthermore,
a variety of control strategies and efficiency analysis of active sipbkese fulbridge

converters are presented B8] to [44].
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Figure 211. Full-bridge fullcontrolled rectifier

Another benefit of replacing rectifier diodes by active switches, is bidirectional WPT
function which allows the WPT systems to inject poweo grid. It is recognized that by
optimizing EV charging procedurmads could be balanced by valley filling grehk shaving

[3].

2.7 Matrix Converter

In general, foplug-in EV battery recharging applicatipAC-DC-AC converter topologies
are used where the ADC rectifier and DEAC inverter are interconnected by a dc link.
However,the AGDC-AC converters can beplaced byAC-AC converter topologies such as
the classic matrix converterBlatrix converters are able to converter the AC input to high
frequency AC output with advantages of eliminating energy storage devices, reliability and
reaching high power density 94 Specifically, for bidirectional wireless power transfer
systems for K charging applicationshe threephase to singkphase, and singlghase to
single phase matrix converters have been studiptb]jrand[47].

2.8 Safety

Since the power level and the transmission distance of wireless EV charging goes up to
20kw and 250 mm, respectively,a major concern for practical applications is the
electromagnetic field hazards from human perspective. For instance, the magnetic field

13



strength distribution outside the EV for a practical wireless chahngerbeen researched
[48].

2.9 Concluding Remarks

In this chapter, two methods WPT systems are briefly reviewed as stationary wireless
charging and dynamic wireless charging. Future a literaawiew is performed on different
parts of a WPT system as wireless palisgerectifiers and active rectifiers.

In following chaptey the basics oWPT systems theory are given. Moreover, a WPT
topology usinglioderectification is introduced and analyzed in section 3.3. In order to confirm
the mathematical analysis and simulation results, a scale down lab prototype is built and the

experimental results are discussed in section 3.3.3.
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Chapter 3

3. WIRELESS POWER TRANSFER WITH DIODE RECTIFICATION

3.1 Introduction

In this chapter the basics of wireless charging theory such as energy transformation through
wireless pads and compensation networkgpersentedMoreover a topology AVPT using a
full-bridge dioderectifier is analyzed with diligence in two main parts, steady state operation
and AC equivalent circuit analysis. In ordenalidatethe mathematical analysis, thePT
topology presentedin section 3.3 is simulated using MATLAB Simulink soétxe. The
simulation results and designed components valugzaveledin 3.3.2. Finally a scale down
lab prototype isconstructedto verify both mathematical analysis and simulation results.
Section 3.3.3 represents the selected values of componeriteangerimental results of the

WPT setup usinglioderectification.

3.2 Fundamental Theory ofWireless Charging

Figure 31 depictsa typical process of wireless charging EVs, which contains four

mandatoryand one optionaubsystems:

1 The utility acpower is converted to a dc power source using an AC to DC converter
with power factor correction.

1 The DC power is converted to high frequency AC usiagreetyof inverter topologies
to drive the transmitting coilga a compensation network.

1 According b the probability of insulation failure of the transmitting coils, a high
frequency isolang transformer might be inserted between the-BC inverter and
transmitter coil for additional safety and protection purpgspsonal)

1 An alternating magnetic did would be generated by the hifjaquency current
through the transmitting coils. As a result, an AC voltage is influenced on the receiving
colls.

1 The AC power is rectified and filtered for battery charging applications. The
rectification process can l@®neusingdifferent methods such as passive rectification

and active rectification.

15



—

. m Secondary
i WA .
Battery DCAC compensation

5]

-

2
LO =Ll
Srirnel

AC Power

Receiving coil

*

smitting coil

AC\DC DC to high Primary
with PFC frequency AC compensation

Figure 31. Typical Wireless EV Charging System
3.2.1WirelessPads

The main difference between wired chargers and wireless chargers tiatisfdrmer is

replaced by a set of loosely coupled coils.

M
Y "
[ ]
. L L .
Compensation 1 2 Compensation
Si2 )
network network
DC
—
E: 21

Figure 32. Two Coils Wireless Power Transfer System

Figure 3.2llustratesthe connection between both primary and secondary side ceatjmn
networks and coils/here:

f U1 The voltage in the transmitting coil induced by the current in receiver coil due
to coupling or mutual inductance between the primary and secondary side coils

f Uiz represents the voltage in secondary side inducetiébgutrrent irtransmitting
side.

1 liandl2: Currents going through primary and secondary coils, respectively
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1 LiandL2: The selfinductance ofransmitting and receiving coils.
1 M: The mutual inductance of wireless coils
1 S andS: apparent power passing hyandLo, respectively
1 S The apparent power generated by invertergoeb into compensation network.
1 S Apparent power by the rectifier side and goes into compensation network at the
secondary side
1 SandSai: The apparent power exchange between two coils.
Neglecting the coil resistance and magnetic losses, the exchaihgatplex power from
L1 andL2 derived as:
Y YO QWO 1 00d '@ Q) W éei (3.1)
Y YO Q WO 1 000 @& Q Wabéei (3.2)
Wherel, and |2 are the RMS value of current going into the coils éngdis the phase
difference betweeif©Dand’O. The system shown in figure 3.2. presents a bidirectional system
which can transfer active power in both directions. it the loss of generalitgan be
assumd that power is transferred fromy: to Lo. The active powetransferredfrom the
transmitting coils to receiving coil can be expressed as:
0 1 000 @& (3.3)

From equation (3.3), the maximum power can be transferred Wheads'Oby a quarter

cycle ore “7¢. The total complex power passing through wireless coils can be derived
as:
Y Y Y Q00 71 00 o] Q00 71 00 o] (3.4)

MO0 00 ¢bOahEei
Hence, the total reactive power goes into wireless coils is:
0 1 00O 00 ¢l O0néei (3.5)
To improve wireless pads efficiency, the ratio between the active power and reactive power
should be maximized'he ratio can be expressed as:
D s 1 0'0d "®¢ (3.6)

“Q' = ~ o o ™ o<t 7 7
VS 100 100 g LVOOWE-i
Qp AT © Qp AT ©
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Where— “,

(3.7)

C=| Cc: |

W 9 T
O
andk is the coupling coefficient betweén andLo.

N 0
Q — (3.8)
00

In order to achieve peaks valued of 14}, e following equations should be solved:

. 3.9
Lo W TT. o (39)

Which leads to solutions of:

—a

o Q. 0 (3.10)
weei ph | @e p —

N |4 . p

W ) W o

For a conventional transformer, k is close to 1. For this applicati@isiéin induced current
by O x will be close to 1. Thus; o g4i-1 or the phase difference betwe€@uandOis very
close to 180°. On the other hand, for induction power transfer systems, theisdesly close
to zera f 1) i§ maximized as i 15=(i, which also leads to maximum power transferring
through wireless pads. Also, the phase angle beti@seml “Ois about 90° instead of 180°.

Every wireless power transfer system needs at least two magnetic pads to transfer power
from primary side (transmitting coil) to secondary side (receiver coil). In order to achieve
higher efficiency, high coupling coeffent factor, k, and high quality factor, Q, are required.

The quality factor, Q, is defined by the ratio of inductance, L, to resistance, R, for a coil which
remains constant for winding arrangements in the same volume and shape.

: 1 7U (3.12)
In order to achieve a higher k, it should be considered that an increase in the ratio of size to

gap for a particular wireless pad would cause a corresponding increment in coupling coefficient

factor, k. Furthermore, the value of quality factor depends othitianess of the wire and the

ferrite section area as, thicker the wire and larger the ferrite section area is, higher the Q is. On

the other hand, the values of k and Q are limited by engineering design consideration, such as

dimensions and costs. Accarg to the equation (3.11), by adopting high frequencies, Q would

be increase(B].
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One of the most important factors in WPT systems is coupling coefficient factor k, which is
remarkably affected by the design of wireless pads. With similar dimension atedais,
coupling coefficient is highly dependent on wireless pads geometry and configuration. A better
wirelesspad design may lead to a 5@8d.00% improvement compared with some fogtimal

design topologies.

3.2.1.1 SeHinduction

A wireless coil is ged to run a current through a closed circuit. Assuming a coN hass
and the currentl is passing through each turn, As a result the magnetic flux deBsisy

proportional to the number of turid carrying the current

6900 (3.12)
The fluxleakage is determined by:
0 (3.13)

The flux leakage can be used to calculate the getiuctance L of the coil:

_ (3.14)
Y o

Since, L is proportional tdl G, G is proportional tdB and finallyB is proportional taNI,

the selfinductance iproportional to the square of N (the number of turns of the coil):
08 0 (3.15)

An air-core inductor is an inductor that does not depend upon a ferromagnetic material to
achieve itgatedinductance, some inductors are wound without a bobbiroalydir is used
as the core. Some others are wound on a bobbin mafakefite plastic, ceramic etc. In
contrast with coils using ferromagnetic, cores which inductance tends to reach a peak at
moderate field strengths before dropping towards zero as satwaptioaches, the inductance
of an aircore coil is unaffected by the cuntet carries. Furthermore, atores have no iron
losses, which is another issue with ferromagnetic coils. As frequency is increased, this
advantage becomes progressively more ingmjras it gainsa better Gactor. Additionally,
greater efficiency, greater power handling and less distortion are theoatbeme results of
using an akcore coil operating at high frequencies. Lastly;caire coils can be designed to
perform at frguencies as high as 1 GHz while mostly ferromagnetic cores tdverédher
loosely above 100MHz [§1

On the other hand, without a high permeability chrgher number ofurnsare requiredo

achieve a given inductance value. Having more turns ledaytr coils, lower selfesonance
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due to higher intewinding capacitance and higher copper loss, benerally, at higher
frequencies there is no need for high inductance so this is then less of a problem.

Using AHarol d A. WhAOk adomlingdo tlesqghenatic afmieeless o n
pad shown in Figure 3.3he selinductance of a flat spiral coils can be calculated as:

0 80 (3.16)
oG p
Where,
5 O 0 w Y (3.17)
q

andD; represents inner diameter in inchBss the distance between windings in inchAs;

shows wire diameter in inches;is the number of the turnB, represent the outer diameter.
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Figure 33. Wireless Pads Schematic

't should be not i c e approXimation dpplies ratddwdregéenciesVh e e |
(<30MH2z) using enameled copper wire.

3.2.1.2 Mutual Induction

Mutual induction is a phenomenon when a coil gets induced in EMF across it, due to the
rate of change current in adjacent coil, in such a waythegflux of one colil current gets

linkage of another coil. Mutual inductance can also be defined as:
o o - = (3.18)
R R e
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Where_ and_ are the flux linkage from the first coil to the second one and
contrariwise, respectively. The mutual inductance for two circular single turn wire coils which
are parallel and perfectly aligned is related to their distande a8 pZQ . For two circular

single coils with adius £ and p the mutual inductance can be formulated by:

¢ — | , i (3.19)
U T L p ? v | ol N ¢8 — °
. - Q %o - I (3.20)
VN 5 OEI%orp| p | OE P Q%o
Hence, the equation of mutual inductance for multiple ¢oils is given by:
(3.21)

3.2.2 CompensatiorNetwork

In a WPT system, the pads are loosely coupled with a large leakage inductance. In order to
reduce the VA rating in the coil and power supplgompensation network is regpd. In early
inductive charging technologies, the compensation network was set either on primary side or
secondary side. When the coupling coefficient is reduced to less thahi®1@&commended
to employcompensation networkt both sides in order to have more flexibility and advanced
characteristic. To compensate a leakage inductance, an insure way is to add a capacitor at each
side. Depending on how the capacitors are connected to the coils there are four basic
compensatiomopologies as is shown Figure 34:

1 SeriesSeries (SS)

In order to apply serieseries topology as a compensation network the capacitors in
both primary and secondary side should be connected in series with the wireless pads,
which is shown inFigure 3.4(a). SS topology is the simplest topology among four
basics in terms of designing. However, during no load, or light load the series RC tank
network provides almost zero reflected impedance to TC coil. Hence, when TC side
tank is LC series type, the \tagje Source Inverter (VSI) output current surges when
RC is uncoupled to TC the system becomes unstable. This problem is generally solved
by very fast closed loop control.

1 SeriesParallel (SP)

Primary series and secondary parallel compemsativhich is sbwn in Figure

3.4(b), is also one of the four basic compensation topologies. The parallel LC tank at
21



receiver side in serigzarallel compensation always reflects some impedance to
transmitter coil, hence current flow does not appear. However, surgetouilieaiso
appear at voltage source inverter output for this case if RC coil is moved out.

1 ParallelSeries (PS)

Generally the PS and PP compensation networks are quite limited to low power.
However in an application where stiff current is readily avadldbese compensation
topologies are comparatively more suitable than the SS and PP topologielB§ytop
is presented in Figure&c).

1 ParallelParallel (PP)

The parallelparallel topologyis shown in Figure &.(d).The major advantages of

the parallelseries and parallgdarallel compensation network topologies are discussed

in [3].
. M . < M
i K Ln I b
Il * 0t I I ¢ J_
(a) (b)
M c M
" 2 "

Eojavirizal

(c) (d)
Figure 34. Basic Compensation Network Topologies, (a) SS, (b)SP, (c) PS, (d) PP

At primary side, if the capacitor is connected in seriegli@ge source converter could be
connected directly to the coil and if the capacitor is connected in parallel, usually an inductor
is inserted to change the converter to a current source.

At secondaryside the capacitor is usually designed to resonatt Wi to reduce the VA
capacity of the coils. When the transmitter coil has a constant current, a series compensation at
the receiver side makes the output as a voltage source, while a parallel compensation makes
the output like a current source. Several wdrigdhlighted the compensation using Series (S)
or Parallel (P) connections and made comparisons between 10grf4L], [42]. The design
of the resonant IPT system will depemgbn the chosen topology. In some applications, the
type of resonant topology imposed by the designer. However, comparisons between the
topologies can be made, and a decision for a suitable type will be drawn depending on the result

obtained from numerical calculations, simulations and experimental3gsts
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3.2.3Analysis and stuly approach

In general, to studWPT systems, 5 steps should be considered:

1 Analysis of circuit topology and calculation of mutual inductances through analytical
approaches.

1 Numerical tools such as finite element method, finite boundary methodframgancy
system analysis.

1 Simulation of WPT topology involving designed parameters and the relationship of
coupling coefficient with overall efficiency.
Experimental results for confirmation of mathematical analysis and simulation results.
Soft switching of thexpplicable power converters in a wireless power transfer system
which contains a variety of methods to study power electronics circuits.

3.2.4 Safety Concerns

In contrast with the traditional contact charging method, WPT avoids the electrocution
danger. he main concern of safety for WPT is the higtgquency magnetic field existing
between the transmitting and receiving coils, during charging process. Generally, the air gap
between wireless coils varies from &8 to 30cm, which causes a high leakagddieThe
frequency and amplitude of the leakage magnetic field should be intricately controlled to meet
the safety regulation. Furthermore, a safe area should always be defined for a wireless charging
of EVs. In other words, it should be always ensured thatmagnetic flux density meets the
safety guidelines when people are in expected positions, such as standing outside a car or sitting
inside. Fortunately, transport vehicles are usually made of steel, which is a considerably
effective shielding materialn this thesis no research was done according to the safety of
wireless chargers, yet a variety of researches on safety issues of WPTs can bé&find in [

3.3 WirelessPower Transfer with Diode Rectification

A variety of wireless inductive power trans{#?T) topologies based on different types of
transmitter and receiver coils resonances are discussed i][29].[A new inductiveWPT
topology using currerfied half bridge CLC transmitter LC receiver configuration has been
proposed in10], where a pssive rectifier and voltage doubler is used to get the DC output
voltage. Owing tadioderectification, the conduction loss of rectifier diodes are significantly

high for low voltage battery charging applications.
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3.3.1 Analysisof Wireless Power Transér Using aDiode Rectifier

Figure 35 presents atPT topology using a fulbridgedioderectifier. A currentfed half
bridge inverter is used on the transmitter (TC) side to convert the DC input voltage to AC
voltage as an input of compensation networkniake this topology suitable for higher power
application, as a charger fBiVs, some topological changes have been made. Instead of using
a series or parallel capacitor as the compensation network a-Emdiel compensation
topology is selected. Alsa capacitor, €is connected in series with the transmitter coil to

reduce the impedance of TC due to high leakage, decreased to:

P (3.22)

10 76

Where L represents the transmitter coil impedance.

A %Lcﬂ Ldz D; L Ds l
i Ry i N2 Ko Cs
' o dk |_+ +
Vs C> C —|— L, é T’r — o |7,

DI¥ DZ“ DdT Dy T

Figure 35. WirelessPower Transfer TopologysingdiodeRectifier
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Another capacitor, £in connected in parallel with TC ands @ deliver the remaining
reactive power consumed by transmitter coil. Furthermore, a square wave current is injected
from the halfbridge currenfed inverter to the transmitter side resonant tank network. In order
to achieve the minimum value of the input current magnitugethé seriegparallel
compensation network capacitorsa@@d G should be designed carefully. The higher harmonic
current inl; passes through the capacitgradd TC gets almogiure sinusoidal currents, since
the parallel capacitor, ;Zimplements much lower impedance to the higher order harmonics

comparingwith the TC branch(].

In the receiver side capacit@; is connected in series with the receiver coil to compensate
the reactive poweransumed by the receiver coBecause of mutual coupling between
transmitter coil and receiver coil, a voltage proportional to mutual inductance (M), TC caoil
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current (L) andoperating frequency ( is inducedto the receiver coil. Finally, the power at
the secondary side compensation network is rectified though a full bridge passive rectifier and

feeds the load. The steady state analysis of the converter is describeallotiadg section.

3.3.1.1 Steadystate Operation

Figure 3. 6 shows steady state waveforms of voltages and currents of different components
for one switching cycle. To explailé steady state analysis of tkisnverter, consider the
inverter leg switches$: and S, are conducting at fixed duty cycle of 0.5 and their gating signals
are complimentary. To ensure that the DC link current, remains continuous, a slight overlap is
applied to $and S. This small overlap is considered in steady state oper&iiothermore,
to achieve Zero Voltage Switching (ZVS), the operating power factor at the output of the half

bridge current fed inverter is considered to be lagging.
Interval 1 [to-ti-t2):

Consider atd¢instant switch $is on and switch Ss off. During b-t1-t2, the complete DC
link current passes through, $vhile at the same time period the voltage acros®¢pis equal
to vi. S blocks this positive voltage. On the rectifier side duriag period, the rectifier input
current, ¢ is negative. Durig the interval &t the RC current,zigoes through Band I as
shown in Figure J(a). At instant, the diodes Pand Dy turn off since the RC current crosses

zero. From4to t diodes B and D rectify the RC current as represented in Figure 3.7(b).
Interval 2 [t 2-t3]:

The power factor at the output of inverter is considered to be slightly lagging. Hence, at
instant §, the inverter output voltage; ehanges polarity. During-tz a negative voltage
appears at the second leg of inverter@9 andD: blocks this voltage. Yet the equivalent

circuit remains the same during this timeerval, as shown in Figure7Zdb).
Interval 3 [t3-ta-ts):

At instant g, switch S is triggered due the mentioned overlap, but the first leg of inverter
keeps conductingince the voltage across the other leg is still negative. Thus, simultaneous
zero voltage and zero current turn @nachieved for 5 Furthermore, switchiSs turned off
at instantzand the total DC link current passes through the idd>%s shown in Figure 3(c).

A positive voltage, vappears on the first leg of the inverter an®|8cks this voltage. It should
be considered that the overlap for &d S is exaggerated in Figure@3for time interval
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analysis and in practical experim¢ s t hi s overlap is | ess than
turn on switch & During this time period on the rectifier side, diodesbd D are conducting

as presenteith Figure 37(c).
Interval 4 [ts-te-t7-tg:

At instant ¢ the polarity of the cuant at the receiver side is changed and the second pair of
diodes (B3-Ds) rectifies this current to the output resistive load. At instathiet output voltage
of inverter crosses the zero point and enters to its negative cycle which leads to a ditaiation t
the first leg of inverter (8D1) gets a negative voltage and diode tBkes this voltageAt
instant ¥, S is triggered but due to presence of negative voltage acreds $1e second leg
(S-D2) keeps on conducting which leads to soft switchin§iofinally, at instantst S, turns

off and S takes the total DC link cuent again as shown in Figure/ &).
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Figure 36. Steady State Voltage and Current Waveforms of Different Components
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3.3.1.2 ACCircuit Analysis

The AC side equivalent circuit of tle®nverter is shown in Figure8whereR; andR; are
the transmitter coil and receiver coil resistances, respectively. The main applicatios of
converter is lowvoltage and lightoad EV battery charging. In order to achieve higher current,
TC to RC turns ratio has to be greater than unity or inratieeds n, as shown in Figures3.

should be less than 1.

c M c
5 R 2
i P FTN R
I . . [
i} ::Cp L, L e
I'n

Figure 38. AC side equivalent circuit of the converter
Figure 39 shows the T equivalent circuit of the transformer referred to primary side. The

equivalent impedancat the transmitter side Zand the secondary side,, Zhownin the box

in Figure 3.%9re derived by:

. p e (3.23)
W 8 Y Qv L&
P Y o b 0& (3.24)
6 & ¢ 3

Where M is the mutual inductance between TC and RCraisdthe turn ratio of the
transformer which is always less than one, for the mentioned application. Furthermore, the total

impedance at the output of the inverter, i.e. input to the TC tank network, is derived as:

(3.25)

Figure 39. T equivalent circuit of the transformer referred to primary side
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According to the waveforsof the diodesingle phase rectifier the input current arudtage
presented in Figure 3. rectifier switches operate in a way to keep the input voldagand
current,l> of dioderectifier in the same phase. The DC output currgns filtered by the
output capacito€, and the DC output Voltag®, can bederived by:

v (3.26)
o Yo

O ——O (3.27)
Using equations (3.26) and (3.27), the equivalent load from rectifier input side according to
the output resistive loadR, can be given as:

v HE'Y (3.28)

The inverter output curremtcan becalculated by applying Kirchhoff's current law (KCL) a
transmitter side in Figure Bas:

“ 0, CCED W i (3.29)
QM — =00 Oc ~ < - p., p" 1 0 8
clUg € V) 17 O 1 O

Similarly by applying Kirchhoff's voltage law (KVL), RMS value of inverter output voltage,

vi can be derived by:

ic o I (3.30)
C“_C_“ 1 0 p., Q=0 —
Y 1 O %S €

Furthermore, by applying KCL at the node betweearfl 2 and using KVLat the secoraty

loop shown in igure3.9the current, 1, passing byhe transmitter side inductange is derived
by :
“og Y . (3.31)
N —_ k7 AN Y p O
cUC Q U E
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3.3.2 SimulationResults

Simulation results obtained from Matl&mulink are reported to validate the analysis and
performance of the mennhed wireless converter using a diode rectifier shown in Figbre 3.
Impedance and power factor angle at the input of transmitter coil resonance network for
Vollo=2 is shown in Figre 310. It is clear that when the inverter switching frequency is
decreased from unity power factor line, the input impedance will be reduced. Therefore, power
transferred is also diminished. Operating frequesaogalculated through Figurel® which
shows the best power factor appears at 46.8 kHz. Moreover, based on the main application of
the converter, which is lighbad lowvoltageEV charger, the stegown transformer ratio is
designed to be 1: 0.38he converter is being fed by a 200 V DC voltagerce. The output
voltage b, output currentoland rated power are 50 V, 25 A ah2l5 kW respectively. Table
3.1 shows the selected values of different components for simulation based on the mathematical

analysis.

Figure 310. Impedance and phase angle at the output of inverteryfr¥
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