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ABSTRACT

Presentlyjnternalcombustiorenginesrovidepowerto movethe majority of vehicleson
the roadway. While batterypoweredelectric vehiclesprovide an alternative,their widespread
acceptancés hinderedby rangeanxiety andlongercharging/refuelingimes.Dynamicwireless
power transfer (DWPT) has been proposedas a meansto reduce both range anxiety and
charging/refueling times.In DWPT, power is provided to a vehicle in maotion using
electromagnetidields transmittedoy a transmitterembeddedvithin the roadwayto a receiverat
theundersideof thevehicle.Forcommercialvehicles DWPT oftenrequiregransferringhundreds
of kW througha relatively largeairgap(> 20 cm). This requiresa high-powerDC-AC converter
atthetransmittingendanda DC-AC convertemwithin thevehicle.

In this researcha focus is on thedevelopmentof modelsthat can be usedto support
thedesign of DWPT systems. These include finite elementbased models of the
transmitter/receivethat are usedto predict power transfer,coil loss, and core loss in DWPT
systems.The transmitter/receivemodelsare coupledto behavioralmodelsof power electronic
convertersto predict converterefficiency, mass,and volume basedupon switching frequency,
transmitter/receivecurrents andsourcevoltage.To date,thesemodelshavebeenusedto explore
alternativedesigns for aDWPT intended to power Class 8-9 vehicles on IN
interstatesSpecifically,the modelshavebeenembeddedvithin a geneticalgorithmbasednulti-
objectiveoptimizationin which the objectivesinclude minimizing systemmassand minimizing
loss. Severaldesigns from the optimization are evaluatedto consider practicality of the

propoeddesigns.
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1. INTRODUCTION

With the world witnessing the effects of climate change, importantto take steps
towards cleaner energy future. One of the biggest steps in this direction is the replacement of
internal combustion engi(&CE) vehicles with battery electric vehicl@8EV). Currently the ICE
vehicles overwhelm BEVs in sales and production with more than 90% of the vehicle sales in 2019
being ICE vehicle$l]. The use of conventional fuel in ICE vehicles results in the emission of
greenhouse gases and harmful particles. Furthermore, the mining of the petroleum resources again
entails the use of fossil fuels. On the other hand, Bé&&vpresent a much cleandtaanative and
also possess a much higher well to wheel effici¢@yHowever, the BEVs possess the following
disadvantages compared to their ICE counterparts:

1. Lower energy densitgf power source
2. Range anxiety
3. Longer chargindgrefueling)times

The abovementioned problems become much more pronounced when the vehicle size
increases from passenger cars to heavy duty trucks. In an effort to address these shortcomings,
battery charging through dynamic wireless power trafBffPT)is being consideredn cantrast
to stationary charging systems, the DWPT system charges the vehicle while the vehicle is in
motion. This alleviates the problems of range anxiety, on board battery size and reduces the need
for vehicles to stop at charging stations and encountdotigecharging periods. Since DWPT
systems are designed to charge vehicles while in makierrransmitter for this system are located
within the roadways.

DWPT systems can be classified into capacitive power traf@3Rr) and inductive power
transfer(IPT) systems. CPT systems achieve power transfer by means of electric fields whereas
IPT systems employ magnetic fields. Both CPT and IPT systems consist of transmitters embedded
within the roadway and receivers within the vehicle. For CPT systeengarsmitter and receiver
consist of a simple metallic plate and power supply cablasIPT systemgsthe transmitter and
receiver consist of a magnetically permeable core and associated windings.

Since DWPT systems are meant for charging BEVs while in mdtenair gap between

the transmitter and the receiver is large. This large air gap results in substantial power loss thereby
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decreasing the efficiency of the system. To reduce thedosgensation circustareemployedat

both the transmitter and the edeer. Furthermore, in order to transfer power through the large air
gap high frequency power electronic converters are required at both the transmitter and receiver
side.

Each part of the DWPT systeinthe transmitter and receiver, compensation ciyeunt
the power electronic convertérsontribute to the total power loss of the system. The transmitter
and receiver parts cause ohmic power loss in the windings and in IPT sysetmansmitter and
receiver cores give rise to core loss. The compemsaticuit elementé capacitors and inductors
T also lose energy. Finallypower electronic converters suffer from conduction and switching
losses. In addition to the power loss, each component also adds to the mass of the system. The
mass of the receiveide components is of particular interest since this leads to an increase in the
vehicle mass and hence an increase in the power requirement of the vehitie.t@nsmitter
side the mass of the components can be assumed to be a proxy for the lsestarhponents.

In order toconsideithe abovementionedradeoffs between system size (mass) and #0ss
multi-objective optimization problem is formulated with the geometrical dimensions of the
transmitter and receiver and the electrical quantitiekiding transmitter winding current and
system operating frequency as the design variables. Constraints are imposed on both the
geometrical and electrical design variables to ensure practical operation and safety of the end users.
The inverse of the system ssaand power loss which includes the sum of the mass and power loss
of each component in the system are the selected as the objectives of thebjaciitve
optimization. This multobjective optimization is then performed using a genetic algorithm in
order to obtain a Paretoptimal front of designs.

In the following subsection of this chapter previous works in the field of DWPT has been
reviewed finallySection 1.2thenpresents the organization ottthesis.

1.1 Literature Review

One of the earliest adveements in the field of DWPT was made by the University of
California Berkeley, when they undertook the Partners for Advanced Transit and Highways
(PATH) program in 19923]. In the PATH program one of the first buses capable of receiving
power through a VPT systemThe roadway inductawvastypically 31 4 ft wide and each of its

segments isip to several hundred feet lofig]. Furthermore, the piekip inductor was also 3 ft
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wide and 6i 15 ft long depending on the power requirement of the vehicle. The PATH was
successfully able to transfer about 60 kW of power to theygicknductor through an air gap of
7.6 cmatan efficiency of 60%. However, the buses couldosatommercialized due tiheir size.

The large size was due lmw operating frequency of 400 Hz caused by the unavailability of fast
power electronic switches, lack of high permeability ferrite cames conductors such as litz wires.

In [4], the authors employed antigpe ferrite coe for DWPT application. The-Ehaped
transmitter cores embedded within the roadway are segmented into blocks. The
primary/transmitter winding was wound around the center leg of the E type transmitter cores. the
associated compensation circuit componehiesawere determined using an inverter switching
frequency of 20 kHz. The transmitter circuit was designed to deliver a power of 100 kW. The pick
up module in 4] consisted of five ferrite core blocks each rated for 20 kW. Furthermore, each
pick-up modulewas equipped with two rectifier and regulator units to convert the ac power to dc
and to boost the rectifier voltade a level suitable for battery chargifg]. The authors also
considered methods to mitigate stray magnetic fields using passive aedsaaiding. Using the
E-type topology the authors id][were able to achieve an efficiency of 80% while transferring
100 kW through an air gap of 26 cm.

In [5], the authors developed ashaped ferrite core for DWPT application. Unlike the E
type transntter inductor the Fype core windings are arranged such that the magnetic poles on
adjacent blocks are of opposite polarity. The individustidped core blocks are connected using
a ferrite bottom plate to enable low reluctance path for flux flow.pit¢ieup of the itype system
consists of ferrite plates with piakp windings wound around it. The length and width of the-pick
up was chosen to be 100 cm and 80 cm respectively in order to decrease sensitivity to lateral
misalignment. The inverter switelg frequency used for this system was 20 kHz and the
transmitter winding current was set at 200 A. Thgpe system achieved an efficiency of 76%
while transferring a power of 27 kW through an air gap of 20 cm.

In [6], an Sshaped transmitter ferrite cdnas been developed for DWPT application. The
system with the Shaped cores have a pigk similar to the system with theype core. Similar
to the kype cores the power line winding is wound in such a manner that the adjdgpatcere
blocks have pposite magnetic polarity. The authors have also compared different winding
methods in order to decrease the length of the conductor. The main advantagestyp¢henfes

over the {type core is the fact that thetyge cores could be packed into moduleereby reducing
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the construction cost and time. Furthermore, the system witheScores was found to be more
tolerant to lateral displacement compared to thgé core. The authors were able to transfer a
power of 9.5 kW with a system efficiency about 70% using the-type core.

While extensive work has been done in developing DWPT systems employing IPT, high
power large air gap CPT circuits for DWPT applications are still being researchéd, time]
authors describe a CPT circuit capable afigfarring 2.4 kW of power through an air gap of 15
cm. The capacitive transmitter and receiver are made of 610 mm x 610 mm metal plates. Similar
to the IPT systems, the CPT circuit has a compensation circuit and high frequency power electronic
converters bth at the transmitter and receiver side. Operating the inverter at a frequency of 1 MHz,
the authors were able to achieve an efficiency of 92% with no misalignment. Some of the

challenges faced by high power CPT systems have been explored in this thesis.

1.2 Thesis Outline

This work begins with an analysis of CPT system£Hapter 2, a detailed description of
a CPT system has been provided and a time domain simulation of the CPT circuit has been
conducted. Having explored the shortcomings of the CPT syshenrenainderof the thesis
concentrates on IPT systems.

Chapter 3 starts with the discussion of two transmitter and receiver geometries for the IPT
system. The utilization of finite element analysis (FEA) has been justified and detailed calculations
involving the self and mutual inductances of the transmittel rceiver system in order to
condense the transmitfiereceiver system into a two winding transformer has been shown. Finally,
in Chapter 3, the use of 2D FEA over 3D FEA has been justified and one of the geometries has
been eliminated.

Chapter 4 disasses the significance of compensation circuits in an IPT system and gives
detailed calculations concerning the design of each component of the compensation circuit. The
calculations of the mass, volume and power loss occurring within the compensatioh circ
components have also been showGlapter 4.

Chapter 5 is dedicated to the calculations of mass and power loss occurring within the
power electronic converters. A detailed metamodel is giv&hapter 5 in order to calculate the

mass, conduction answitching losses occurring in the converters. Furthermore, temperature
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considerations and a thermal equivalent cirduibased method to calculate the junction
temperatures of the switches have also been described.

Chapter 6 gives a brief descriptiond#sign variables which are to be optimized in order
to arrive at a set of nandominant designs. This set of designs, which form a Pareto front, vary
from a high mass/cost high efficiency designs to low mass/cost low efficiency. From this set of
designs a informed decision can be on the choice of the design to implemented.

Finally, Chapter 7 discusses the results of the optimization. Therein, salient characteristics
of the designs have been discussed and possible reasons behind the exhibition of such
characteristics have been stated. Furthermore, a comparison between three designs have provided
and the values of the compensation circuit components, power electronic converters and their

masses and volumes have been provided.
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2. CAPACITIVE DYNAMIC WIRELES S POWER TRANSFER

One of the methods achiee dynamic wireless power transfer is through capacitive power
transfer(CPT). In a CPT circujtthe transmitter and receiver are composed of two metallic plates
each and the power is transferred by means of the electric field generated between the plates. Some

of the advantages that the CPT has over its inductive counterpart are aq #llows

1. Unlike magnetic fields, electric fields are not sensitive to the presence of ferromagnetic
materials, like iron, around the transmitter or the receiver. This reduces the leakage flux paths.
2. Magnetic fields cause eddy current lossdgsiromagnetienetals whickcould lead to potential

thermal issues

TRANSMITTER SIDE RECEIVER SIDE
( L 11 C L ]
! LYY Y IHI CYYY YL | |
! [ !
N T ith [ Recei l
| Vi —— INVERTER ransmitter I eceiver RECTIFIER Road |
! Plates I Plates !
! Il l
! i !
\ _ )

c/\

~ — —

Figurel. Capacitive charging circuit

A simple CPT circuit is shown in Fify. The circuit comprises of three main components:

1. Power electronic convertershigh frequency inverter and técer
2. The compensation inductor

3. The transmitter/receiver capacitor

The power electronic converters are needed to convert the input voltage from dc to high
frequency ac at the source end and then from the high frequency ac to dc at the load end. The
transmitter/receiver capacitor values obtained in the wireless power transfer circuits are in the
range of nandarads to picofarad¥’] which result in high impedance values even with operating
frequencies in the kilohertz to megahertz range. In orderéocome this, compensation inductors

are used which have been shown connected in series with the capacitéige 1. The
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compensation inductors are sized such that the equivalent impdatahdeecircuit preserg to
the source becomes zero at the amdntal operating frequency of the circuit. The value of the

inductance is computed using (1).

1)
where,

1 dac resonant frequency in rad/s

Odplate capacitance

The capacitance of the transmitteceiver plates is assumed to be its valueoatplete
alignment given by (2).

7o (2)

where,

“QJair gap between transmitter and receiver plates
0dArea of the transmitter and receiver plates

T dPermittivity of air

The power transferred to the resistive load at the resdnegpiency is estimated using (3).

3

T O

2.1 LCLC Capacitive Power Transfer Circuit

The capacitive circuits such as the one shown in Fig.1 suffer from the high voltage across
the capacitors and hence results in the need to make the capdeitgace/hich requires that the
air gap between the transmitter and the receiver plates be on the order of millimeters which is
impractical for vehicular applications. In order to enable charging across large air gaps the LCLC

CPT circuit shown in Fig2 has been proposeth [7]. The main parts of the circuit are:
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1. The power electronics converters

2. The filter circuit consistingod ,6 ,0 ando

3. The compensation inductor® andi

4. The voltage sharing capaciter§ ando

5. The transmitter and receiver capacitots ando

Lt L Cs1 Ly Ly
Vi, INVERTER Ci== Ci—— —GC, —Cp RECTIFIER| ~—— V1

|
CSZ

Figure2. LCLC capacitive power transfeircuit

The power electronics converters, once again, convert the dc voltage fcelqiggncy ac
and vice versa. In order to explain the working of the other parts of the circuit a simplified circuit
model is considered, wherein the source is considered to be an ac sinusoidal source with the
frequency being equal to the fundamental fesgry of the square wave input available at the

output of the inverter. This circuit is shown in Fag.

L YYY YL (YY YT

Ly L4 |Cs Lo L
|

A Co~ Ci - —GC, ——Cp OV,

Figure3. Equivalent LCLCcapacitive power transfer circuit

Fig. 3 also shows the circuit with the transmitter/receiver capapair converted to a
single equivalent capacitor with the capacitance being equal to the series combination of the
capacitors. This simplification is justified since it can be verified by usingKicf f 6 s v ol t ag e
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that the current that flows in tiothe capacitors are the same and so are the voltages which can be
added. Furthermore, it is easier to derive the state model of the circuit shown3rcéimgpared
to the original circuit.

In order to explain the circuit and derive the formula for the inductances?® ,0 and
0 - the circuit will be broken up into two paiitghe filter components with the sinusoidal voltage
source and the middle part of the circuit consistirtg®compensation inductor and the capacitors.
Superposition along with phasor analysis is used to analyze the circuit.

Consider the circuit shown in Fig. This circuit shows the filter components and the

voltage source with a load impedance conneictguérallel with the capacitor.

I Zit1 load
L (YY YN .
+
Vi @ Lot — Zioad H Vioad
Figure4. Equivalent filter circuit
The load voltage and current are given by:
W ® W 4
R 5 @)
0 ® O 5
5 ©)
where,
. P
W =
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© O FT e 7
G ®)

and
0 = = ()

Substituting the value dDin (5) and(4) the load current and voltage can be calculated as:

0 — - - (10

w — - - — (12)
W w w w ()]

At resonance the component impedances are related as follows:

P
1 D

4 4 Tt 0 (12)

The equations of the load current and the load voltage at resonaticerayieen by:

W
O - 13
= (13
W © w 14
- (14

It can be seen from (13) that the load current does not depend upon the load impedance at
resonance. Hence it can be said that this part of the circuit behaves like a current source with the
value of the current given by (13). Fig shows the circuit irFig. 3 with the initial part of the

circuit replaced with a current source.
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IIoacl Q) C1 — — C2 sz

Figure5. Equivalent circuit with filtercircuit replaced by current source

With this part of the circuive intend to calculate the load impedance which appears across

the current source.

P
1 0

0

(19

Choosing the values 6f and6 such that at resonance they are relate¢iLby we see
that the part of the circuit indicated within tteglbox presents an infinite impedance to the current
source and hence no current flows throlg8The impedance presented to the current source by

the rest of the circuit is given by:

[0 ) ) (16
where,
) Q0 a7
" P
® —
6 (18
006 19
o) 6 == (19
n P "
0 S 0 (20)

If the value of the inductance of given by (20) is substituted in (17), then the impedance

presented by this part of the circuit to the current source is given by (21).
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@ W (21
Substituting this value of load impedance bacdk (d4) gives us:
R @ (22)
Furthermore, the substitution of the load impedance valu®)iryiélds and using the relation
between impedances during resonance given by (12) we get
0 ——  n 23)
W W
Equation(23) implies that the source current does not depentie@source voltage but
depends only on the load/battery voltage. A similar analysis can be conducted by considering only
the load/battery voltage since the circuit is symmetric. Therefore, using receiver side voltage as
the source and performing a simikamalysis one can conclude that the current flowing into the
battery depends only on the input voltage and not the battery voltagethidgxhase relationship
between the input and output variables are derived. It had been proved earlier that thergmut cu
does not depend on the input voltage. Using the circuit shokig.i, the voltage across capacitor

0 can be calculated as follows:

) 0 - - —® (24)
0 W 0
where,
" p
(@) 5 (25)
” P
T (0
” P
and,
O @ 28
= (28)
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Since at resonance no current flows through the indictave can say that the voltage

across capacitar is the same as that across capadtofTherefore, the output current flowing

through the inductod is given by:

O o (29)
In (29)
) Q0 (30)
At resonance:
" " p
Therefore,
0) — @ 106 (32)

Substituting the expressions for the impedances(it3p and (24), one obtains the value
of the output current as follows:
160 O

0 © =
66 66 066

(33

From (33) one can observe that the output current leads the input voltage by 90 degrees.
Since the output voltage is rectifibg using an Fbridge the output voltage also leads the input
voltage by 9Glegrees]]. Using a similar analysishe input current can be computed resulting in:
100 O
00 00 0606

O P O (39
From (34) it can be seen thattmput current lags the output voltage by 90 degrees and
hence is in phase with the input voltagsing (33) and (34) and the fact that the input voltage and
current are in phase with each other, the average value of the input power can be calcotated usi
(35).
1060 O

0 wJI0O OB — — — (35)
OO0 00 0O

Similarly, the output power can be calculated using:

24



- ) . 100 0O
0 w0 ww — — — (36)
00 00 00

Note that in the absence of amsistancesthe output power equals the input power.
However, in reality this will not be the case due to the power loss occurring in the capacitors and

inductors and also due to the leakage of electric flux between the transmitter and receiver plates.

2.2 Simulation and case for inductive power transfer

The LCLC capacitive power transfer circuit shown in Rds simulated in SIMULINK.
Equationg37)- (44) describe the state model which has been used to model the circuit. The circuit
has beersimulated for a transfer a power of 2.4 ldtross an air gap of 15 crihe circuit
parameter and component values used for simulation have been listed ihdradbtbe definitions
of the variables used in (37X44) have been provided in Tabl2saand 3. The values used for

capacitor® ,0 ,0,0 ,0 andd has been obtained frofid] and the inductance values can

be calculated using the equations derived in the previous section

(9]0) 0 0 3
Qo 0 (37)
Q) KO) Q 3g
a0 5 (38)
'aQ L V) 39
Qo 0 (39
Q) 0O 0Q 017 (40)
Qo 00 00 0O
Q) 0Q 0O 0 Q
(41)

Q0 60 60 O
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'aQ 0 V)
Qo 0
Q) 0 Q
Qo 0
'aQ 0 0
Qo 0

Tablel. Circuit Component Values

Component/Parameter Value

p O

G4y O

cop©o

p im0

o&n o

ogn O

p O

¢ct1'¢O

¢P @ O

p@ O

265V

@‘ (8‘ C:| O3 c:| 0:]| OO | o:| 2| O C©

an |

280 V

Table2. State Variables Description

State Variables Variable Description
Q Current through inductar
0 Voltage across capacitor
0 Current through inductay
V) Voltage across capacitor
0 Voltage across capacitor
0 Current through inductay
0 Voltage across capacitor
Q Current through inductar
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Input Voltage (V)

-100

-150

-200

-250

Table3. Input Variables Description

Input Variables

Variable Description

U

Transmitter side inverter output voltage

Y

Receiver sideectifier input voltage

Input Voltage and Current Waveform

250

200 -

150 -

100 |-

50

-50

15

4.1005 4.101

4.1015

4.102

-15
4.1025 4.103 4.1035 4.104
Time (s) %107

Figure®. Input voltage and current waveform
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Output Voltage and Current Waveforms .
I T I

250
200 10
150 -
100 - 5

50 -

-50

Output Voltage (V)
o
Output Current (A)

-100
-150
-200

-250

\ I | T | I 15
4.1005 4101 4.1015 4.102 4.1025 4.103 4.1035 4.104

Time (s) %1073

Figure7. Output voltage and current waveform

Figs 6 and7 show the input and output voltage and current waveforms of the circuit. The
frequency used for the simulation is 1 MHz. It can be seen fron6REmt the input voltage is a
square wave and the input current has an almost sinusoidal form. Another tituses\vthat the
input voltage and current are in phase. The output voltage and current waveforms exhibit similar
waveform characteristics as the input waveforms. TRA@B&se shift between the input and output
waveforms, derived in (33) and (34) can also be observed when we compatealRigg.

Dynamic wireless charging requires the CPT circuit to be capable of transferring hundreds
of kilowatts of power throughtherai gap. I n order to understand
power levelsthe circuit is simulated with the input voltage level changed to 11kV such that the
circuit is capable of transferring a power280 kW.

Figs.8 and9 show the voltages ocaimg across the air gap and across the capaditor
inside the vehicle. The voltages across the air gap and within the vehicle have amplitudes greater

than 00 kV and 100 kV respectively, makingobtentiallyunsafe for the pedestrians and drivers.
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Voltage across Air Gap
T

Voltage (V)

x10°

4.101 4.1015 4.102 4.1025 4.103 4.1035
Time (s)

Figure8. Voltage across air gap

Voltage inside Vehicle
T I

4.104
10

I
4.101 4.1015 4.102 4.1025 4.103 4.1035

Time (s)

Figure9. Voltage inside vehicle
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To consider further one can use the voltage and current relation of a capacitor to derive a
simple formula for the voltage across of th@awitor in terms of the capacitance, the switching

angular frequency and the power level.

0
: 4
® 001 O (49)

It can be seen that for a given power level, the only way we can achieve lower voltage

levels is to increase theapacitance or to increase the switching frequency. The only way to
increase the capacitance is by increasing the area of the plates. Since the dimensions of the receiver
plates are limited by the dimensions of a vehicle, this parameter cannot be indreatedlly to
reduce the voltage. The only other option available is to increase the switching frequency. This
means that one needs to operate at switching frequencies in the range of several tens of MHz while
conducting high currents. The lack of exigtiavailability of such high frequency power electronic
switches limits this option for the foreseeable future.

To summarize, the unsafe voltage levels appearing across the air gap and within vehicle
and limitations to mitigate this high voltage rendessithplementation of CPT method impractical
given modern technology limits. Although this is a technology which could be implemented with
further advances in the power electronic switches, it is more prudantaiternativé inductive

power transfer for dynamic wireless power transfer.
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3. TRANSMITTER AND RECEIVER

3.1 ET Type transmitter and receiver System

The Etype transmitter e cei ver Ssystem, as the name s u(
transmitter and receiver cores. The transmitter is embeddeith withrefabricated concrete slab
while the receiver is placed within the EVhe following section gives a description of the E
type transmitter and receiver and the flux diagram obtained using &pE transmittereceiver
system.

3.1.1 Transmitter Description

Receiver Winding # 2

Receiver Ferrite Core
Receiver Winding # 1 Receiver Winding # 4

Receiver Winding # 3

air gap
Transmitter
Winding
@® ® Transmitter Ferrite
Core

FigurelO. Ei type transmitter and receiver

The Etype transmitter and receiver core and the transmitter and receiver windings along
with the current direction is shown in Fi0. The Etype transmitter is embedded within the
roadway and is made wup of 15ft x 12 ft concr
embedded within each one of them as showrign11. The ferrite core is divided into multiple
units due to the bitie nature of ferrite. Dividing the cores into multiple units help the cores to
withstand the pressure of the vehicles on the road and also helps in integration with the concrete

slab as the concrete is allowed to flow in between individual units.
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The transmitter winding consists of litz wire whighwound around the center leg or
around the side legs. The choice of litz wire is attributed to its ability to uniformly distribute the

current within the wire under high frequency operation.

Concrete Slab—-»‘-”“,); o e

Transmitter Cores

S5t

Figurell E- Type transmitter core layout

3.1.2 Receiver Description

The receiver for the Hype system consists of an almost E shaped ferrite core with
windings. Unlike the transmitter, the receiver core is aounmifferrite core since it will not be
subjected to high pressure conditions like the transmitter.

The receiver winding consists of litz wire turns wrapped around the vertical limbs of the
core. The receiver winding is composed of four coils of litz wiree Genter two limbs house two
coils, each with Sturns and the end limbs house one,czéich with 4 turns. Each of these coils
could be connected in various series and parallel combinatioriis study # the coils are
connected in series to mitigdtesses caused by circulating currents which would be encountered
in the case of parallel connected coils.
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3.1.3 Flux Path

Figurel2. E- Type system flux diagram

For the direction of current shown in th&.10, we can see frorkig.12 that the flux
emanates from the middle leg the transmitterlinks the receiver windings and returns back
through the side legs. For the opposite direction of current the flux &egsanam the side legs
and returns through the middle leg. It is evident from the flux paths that in either case (different
current directions), the flux through the middle leg is larger than the flux which flows through the
side legs. Therefore, it can Baid that the width of the middle leg should be at least twice the
width of the side leg® limit the effects of saturation of the core

3.2 Doublei D Type transmitter and receiver system

The DoubleD type transmittereceiver system was first introded in[8]. The DoubleD
type architecture is a loosely coupkeansmitteri receiversystem aimed at charging EVs with a
power transfer capability of 2kW over an air gap of 200mm at an operating frequency of 20kHz.

Fig. 13shows the Doubkd type transmittemtroducedn [8].
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Figurel3. Double- D transmitter{ 8]

3.2.1 Original DD Transmitter

Theoriginal DD Transmitter hd a core made up of individual ferrite basparated at a

fixed distanceThe transmitter windingonsists of two c@lanar coils placed on top of the ferrite
bars. The part in the center constitutes what the autho8 dge$cribe as a flux pipe because the
coils are magnetically in series and electrically connected inl@lafalirthermore, an aluminum
shielding is also placed between the coils and the ferrite bars. It is sugge8idtanif order to
increase the mutual flux, the flux pipe portion of the transmitter must be made as long as possible.
Doingsoresultsih wo coi |l s shaped | ike a 6D6 placed bac
following advantages were observed as a result of utilizing the DD transmitter:

1. Single sided flux paths

2. Averageflux path height proportional to half the length of the transmitter
3. Insensitivity to aluminum shielding
4

. Low leakage flux out of the back

3.2.2 Magment Doublei D Transmitter

Fig. 14 shows the DD transmitter developed by Magm&he DD transmitter developed
by Magment differs from the original DD transmitter developed by thieoasiof [8] in both
structure and materi al .,uikethewiginal®b traDshittigdoea n s mi t
not consist of ferrite bars separated by a fi
core is instead composed of magnetizable con¢r®t€40 which can be poured to make a rigid
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