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Abstract

Wireless Power Transfer (WPT) is the process of transferring power from one circuit onto
another without passing through any manmade conductive elements interconnecting them.
Several schemes for wireless power transfer exists — Inductive, Capacitive, Laser, Microwave
etc. Of these, Inductive Power Transfer (IPT) is the most popular and is being extensively
studied particularly from the last two decades.

The working of an IPT system is comparable to that of an air core transformer with the
leakage compensated by means of capacitances. Compensation has been applied to both the
primary and secondary of the transformer. This would help boost power transfer as well as
make upf operation possible. Literature describes four basic topologies — Series-Series,
Series-Parallel, Parallel-Series and Parallel-Parallel depending on the mode of connection of
the capacitor to the transformer.

The first part of this thesis is dedicated to an extensive theoretical study of the basic
compensation topologies so as to understand their operation and hence aid the design of a
generic IPT system depending on the criteria to be optimized. The idea of resonance so
developed can also be used to characterize any complex resonant circuit from an engineering
approach.

This understanding later evolved into a search for understanding the physics of magnetic
fields, inductances etc. The state-of-art for IPT in E-mobility is the powering while driving
scenario or dynamic charging. The second part of this thesis is dedicated to enhancing the
understanding of the fundamentals of dynamic charging. This scheme is characterized by a
major limitation apart from its inherent poor coupling, that being -“Misalignment”.
Misalignment hampers effective power transfer as the mutual inductance would fall badly as
a result of the same.

To tackle the issue of misalignment, modifications can be made to both the secondary as
well as the primary of the IPT. Modifications to the secondary in the form of introducing a
new set of inductors referred to as “Quadrature Coils” has been studied. Also, a novel
primary that could yield potentially higher power transfer, referred to as “Double Lane
Model” has been proposed.
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CHAPTER 1

INTRODUCTION

1.1 Wireless Power Transfer Systems

The history of wireless power transmission dates back to the late 19™ century with the
prediction that power could be transmitted from one point to another in free space by Maxwell in
his “Treatise on Electricity and Magnetism”. Heinrich Rudolf Hertz performed experimental
validation of Maxwell’s equation which was a monumental step in the direction. However,
Nikola Tesla’s experiments are often considered as being some of the most serious
demonstrations of the capability of transferring power wirelessly even with his failed attempts to
send power to space [1].

1.2 Classification of wireless power transfer systems

Wireless power transfer systems can be classified into different types depending on various
factors. On the basis of the distance from the radiating source, the characteristics of the EM
fields change and so are the methods for achieving wireless power transfer. They can be
categorized as:

1. Near field
2. Mid field
3. Far field

In case of near field radiation, the boundary between the regions is restricted to one
wavelength. In the transition zone, the boundary between the regions is between one to two
wavelengths of electromagnetic radiation. In case of far field, the distance between the radiating
source and the receiver is more than twice the wavelength of the radiation.

Based on the mode of coupling between the transmitter and the receiver, wireless power
transfer techniques can be classified into the following:

1. Electromagnetic induction (Resonant Inductive Power Transfer)
2. Electrostatic induction (Resonant Capacitive Power Transfer)
3. Far field transfer techniques (Laser and Microwave Power Transfer)
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1.2.1 Electromagnetic induction

Electromagnetic Inductive Power Transfer (IPT) is a popular technique of transferring power
wirelessly over a short range. This technique of transferring power derives its capability from the
two fundamental laws of physics: Ampere’s law and Faraday’s law. The functioning of such IPT
systems is based on the changing magnetic field that is created due to alternating currents
through a primary that induce a voltage onto a secondary coupled by means of air. In order to
improve the efficiency of power transfer, resonant mode coupling of the coils is established by
means of capacitive compensation. This technique is one of the most popular for wireless power
transfer and has found vast applications including powering consumer devices, biomedical
implants, electric mobility, material handling systems, lighting applications and contactless
underwater power delivery among many others.

Air cored
transformer

Secondary % Motor controller DC Motor

(Switched Mode)

| |
|| | | | Magnetic coupling
J ) )

J )
10/30 Switched Mode Primary —‘
ACI/P Power Supply ion

Figure 1-1 An IPT system for powering an EV

1.2.2 Electrostatic induction

Capacitive Power Transfer (CPT) is a novel technique used to transfer power wirelessly
between the two electrodes of a capacitor assembly [2]. It is based on the fact that when high
frequency ac voltage source is applied to the plates of the capacitor that are placed close to each
other, electric fields are formed and displacement current maintains the current continuity. Thus,
in this case the energy carrier media is the electric field and hence the dual of IPT. Some of the
features that CPT has compared to IPT are [2]:

1. Energy transfer can still continue even on the introduction of a metal barrier as it would
result in a structure consisting of two capacitors in series.

2. Most electric fields are confined within the gap between the capacitors and hence EMI
radiated and power losses are low.

3. The requirement for bulky and expensive coils doesn’t exist and hence, the circuit can be
made small.

13



Capacitive Power Transfer System

Load

DC/AC Switched Mode
Power Supply
Suppl!
A (DC-AC/AC-AC)

Figure 1-2 Electrostatic CPT system

1.2.3 Far field power transfer

In case of far field power transfer, microwave or laser is used for the transfer of power. In
case of Microwave Power Transfer (MPT) systems [3], Space Solar Power Satellites (SPS) are
envisaged as an important application and are considered as a travelling energy plant in the
Geostationary Earth Orbit (GEO). It consists of three main stages, a collection of PV cells or
solar thermal turbine coupled with generator to convert solar energy into electricity. Then, an
electrical to microwave conversion stage converts the same into microwaves which are beamed
onto the surface of earth by means of gigantic antenna arrays. The receivers on the surface then
convert the energy in the form of microwave back to electricity.

Sclar rollecor

Sler rave

{hfﬁmﬂwr =2 u.l}u'n::r;-:}

Figure 1-3 MPT mode of wireless power transfer

Laser Power Transfer (LPT) Systems are based on lasers as the energy transport media.
Lasers generate phase-coherent electromagnetic radiation by the principle of population
inversion and the most commonly used type of lasers are solid state lasers. Direct solar pumping
lasers involve the concentration of solar energy before being injected into the laser medium.

14



1.3 Inductive power transfer applied to electric vehicles -

Applications

Inductive power transfer applied to electric vehicles has been proposed over decades with the
Partner for Advanced Transit and Highways (PATH) team in California developing a road way
powered inductive power transfer EV with the primary and secondary displaced at 7.6 cm’s and
a power transfer efficiency of 60%. This system was referred to as “Dual Mode Electric
Transportation” (DMET) as it considered both batteries as well as powered highways as the
energy source of the EV [4]. However, the need to constrain the vehicle movement to ensure
adequate power transfer, the low efficiencies of the system and the lack of economic viability
were major hurdles that prevented rapid commercialization. Following this, a research group at
the University of Auckland, New Zealand also proposed systems for roadway powered
magnetically coupled IPT systems. A number of such IPT systems have then been proposed and
implemented in electric vehicles notably: Waseda advanced Electric Micro Bus (WEB) of
Waseda University, Japan, the three generations of On-Line Electric Vehicle (OLEV) from
KAIST University, Korea etc. A comparison of the types of electric vehicles developed is listed
in Table 1.

Figure 1-5 The three generations of KAIST OLEV (1G-3G, L-R) [6]

15



Table 1 Specifications of the various IPTs used in Electric Vehicles

Specification of WEB University KAIST KAIST KAIST
the IPT of Auckland 1G OLEV 2G OLEV 3G OLEV
Power 30 2-5 kw 3 6 17

Transferred (kW)

Air gap (cm) 10 10-30 1 17 17
Efficiency (%) 92 85 80 72 71
Weight (kg) 35 variable 10 80 110

1.4 Research goals and objectives

The role that EVs will play in future energy systems has been highlighted particularly with
reference to a burning need for a change from fossil fuel based mobility to electric mobility.
Several possible strategies for charging EVs including Slow Charging, Fast Charging and
Wireless Power Transfer have also been studied in literature.

The main goal of this thesis is to study the effect of resonance in IPT systems and evaluate
misalignment in case of powering while driving scenario of IPT. To satisfy these goals, the
following objectives are formulated:

e Develop the theory behind IPT and explain the effect of resonance:

The first part of the work involves the explanation to the working of Inductive Power
Transfer systems with a review of design and an extensive theoretical study of the effect
of resonance in IPT.

e Explaining the issue of misalignment pertaining to IPT systems:

The state of art in case of IPT is the powering while driving scenario. The second
objective of this thesis is to explain the cause and effect of misalignment in IPT systems.
Lab scale models of the distributed inductors were designed, constructed and tested to
obtain experimental validation of the issue of misalignment.

e Develop a novel design of inductor so as to counter the issue of misalignment:
Improvement to the issue of misalignment is achieved traditionally by imposing
modifications to the pickup. One such modification is the introduction of quadrature coil.
However, in the current work, a novel primary inductor design is looked into.

16
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CHAPTER 2

ANALYSIS OF IPT AND EFFECTS OF COMPENSATION

2.1 Introduction

A Contactless Power Transfer System (IPT) is based on a magnetically coupled transformer
that transfers power from a primary winding onto a secondary winding (pick-up) with no
physical contact. The principle of operation of such a IPT is based on Faraday’s law of
electromagnetic induction. This scheme can be compared to that of an air cored transformer that
operates at high frequencies (VLF band or more) so as to boost power transfer.

A major problem concerning the IPT system is that of weak coupling caused due to the
relatively large leakage unlike the iron cored transformer. This would imply that the efficiency of
power transfer would be small and hence, some technique so as to counteract this problem must
be evolved. Capacitive compensation of the windings of the IPT is considered so as to nullify
this effect by operating the transformer at resonance leading to a boost in efficiency.

In this chapter, the idea of contactless power transfer by means of inductive coupling
between the coils of an air cored transformer is evolved. Firstly, analysis of the IPT transformer
is undertaken. This is followed by understanding the disadvantages of an air-cored transformer,
leading to the idea of compensation of the inductances of the air-core transformer so as to
transfer power efficiently. The four basic compensation strategies that are described in literature
will be used to understand the idea of resonance and its effect on improving the efficiency of
power transfer. Finally, a comparison of the effect of resonance on the efficiency of the air-cored
transformer will be considered.

2.2 Single phase IPT equivalent circuit

An IPT transformer is characterized by a primary winding that has a resistance, R; and a self-
inductance, L;. Similarly, the secondary coil is characterized by a winding resistance, R, and a
self-inductance, L,. When such a primary is excited by a sinusoidal voltage source, V; of angular
frequency, » and brought closer to the primary, a part of the primary current is used to set up the
mutual flux, &, and the rest forms the leakage flux of the primary, &,. The mutual flux is that
part of the flux that links both the primary and secondary and is produced by the combined effect
of both the primary current and secondary current. Also, the secondary current is also subjected

18



to leakage and is represented by the leakage flux of the secondary, &,. This has been represented
diagrammatically in Figure 2-1. Thus, according to the theory of coupled inductors [7], when the
primary is excited and the two coils are magnetically coupled, the self-inductance of the primary
(Ly) results in a mutual inductance (M) and a series inductance (Lj). Also, the secondary self-
inductance results in a series inductance (Lp) and the mutual inductance (M). This can be
expressed as:

Ly=L,+M (1)

Ly=L,+M (2)

RN
R

Secondary winding

A,___A_“¢A_<«,<_
s

Air core
Figure 2-1 Flux linkage and leakages in an air cored transformer

This effect is represented in a schematic diagram for the IPT system which is shown in
Figure 2-2 where, I, and |5 are the primary and secondary currents and the resistance, R is the
load resistance.

Ri —~ L, T L R,
M "
Y

Figure 2-2 Schematic diagram of a single phase IPT Transformer
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This schematic can be transformed into an equivalent circuit by making use of the theory of
coupled inductors. The resulting equivalent circuit is shown in Figure 2-3.

Ry, —~ L, — L R,

Vi

Figure 2-3 Equivalent circuit of a single phase IPT Transformer

It is essential to note that this equivalent circuit needs to be modelled in terms of inductance
and not reactance as the air-cored transformer can be operated at any frequency with both fixed
frequency control and variable frequency control. This is not the case with 50 Hz or 60 Hz power
transformers. Also, the IPT transformer can be modeled by making use of a lumped equivalent
circuit provided the length of the primary coil is small compared to the wavelength of the
electromagnetic fields associated with the primary source.

2.2.1 Analysis of a single phase IPT transformer

Circuit analysis of the IPT transformer can be used to determine the equivalent impedance of
the transformer which can be used to obtain the currents through the various branches. Finally,
the current division ratio (k;) of such a transformer can be obtained and this ratio would give an
indirect method of estimating the frequency at which the transformer has to be operated for
maximum power to be transferred to the load.

Figure 2-4 Circuit resistance as defined as Z),
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The equivalent resistance of the branch as shown in the dotted box and referred to as Z; in
Figure 2-4 is obtained as follows:

Zy, =jowM//(jwLy, + R; + Ry) (3)

This on further simplification would yield:

. w?*M? ’
Zp = []‘“M + <R2 R, +jo(L, + M))] “)

The equivalent impedance as seen by the source can be expressed as:

Zog = Ry +jwly + 7,
©)

Hence,

wZMZ
Zog= |Ry+jo(le+M
eq 1+Hjo(le + M)+ <R2+RL +jw(Lb+M)>] ©

2.2.1.1 Current division ratio and frequency of operation:

Current division ratio for an air cored transformer would depend not only on the transformer
parameters but also on frequency. When the input to the IPT transformer is an ideal voltage
source, the primary current can be obtained as:

Vi
I, = _ w2 M?2 (7
Ry +jolle + M)+ (Rz TR, +jol, T M))

The secondary current can be related to a primary current as:

JjoM ) ®)

I, =1 x(
S PUAR,+ R+ jo(Ly + M)
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This would further imply that the current division ratio in case of a lossless air-cored
transformer would be:

~

ke=2=( JoM ) (©)
© I, \Ry+R,+jo(l,+M)

The above result would imply that the currents in case of an air-cored transformer that is
operated at variable frequencies would be related as a function of both the transformer

parameters as well as the frequency of operation. Also, the efficiency of operation of the air-
cored transformer is given by:

_ RIS
~ RLIZ+R,IZ2 + Ry 12

n (10)

A plot between the current division ratio k. as a function of normalized frequency (w/wp) for
variation in load resistances (R.) is shown in the Figure 2-5. Also, a plot between the current
division ratio k. as a function of normalized frequency (w/wy) for variation in mutual inductances

(M) is shown in Figure 2-6. In both the plots, the parameters of the air cored transformer are
obtained from that in Table 3.
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Figure 2-5 Variation of the current division ratio (k¢) as a function of frequency (f) for different loads
(Rr)
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Figure 2-6 Variation of the current division ratio (kc) as a function of frequency (f) for different
mutual inductances (M)

The graphs above indicate that by increasing frequency, the current division ratio keeps
increasing up to a certain frequency at which the same begins to saturate. It can be directly
observed that the value of K. so obtained is not equal to unity. This is because of the fact the that
the efficiency of an air core transformer is not very high due to the poor coupling (k) and hence
the poor mutual inductance (M). Also, the

The value to which the current division ratio saturates can be obtained by considering that:

k, = ( JoM ) (11)
R, + R, +ja)(Lb + M)

And the condition, If oM>>(R, + R)),

M

ke(sary = L 1) (12)

This value indicates that for higher frequencies the current division ratio becomes a constant
independent of the load and dependent only on the transformer parameters. A typical range of
higher frequency for the ratio to be a constant as observed for the constructed air-cored
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transformer is in the order of 10’s of kHz or more. This would imply that the transformer needs
to be operated at frequencies higher than 10 kHz so as to transfer power efficiently.

2.3 Need for compensation and its design

Due to the large leakage inductances associated with both the primary and secondary, an air-
cored transformer suffers from poor efficiency. An intelligent method to circumvent this problem
is to compensate the reactive currents by using capacitors.

Capacitive compensation has been applied to power systems for reactive power
compensation. Both shunt and series compensations are used in power systems, but with
different effects. It has been observed that shunt compensation leads to an increase in power
transfer capability and a reduction in the reactive voltage drop across the line. In case of series
compensation, the maximum power transfer capability of the line is improved due to partial
compensation of series inductance and a reduction in load angle resulting in improvement of
system stability [8].

This principle of compensation can be utilized in an air-cored transformer and hence, four
basic types of compensation strategies can be applied depending upon the capacitor connection
to the primary winding and the secondary winding:

Series-Series (SS) type
Series-Parallel (SP) type
Parallel-Series (PS) type
Parallel-Parallel (PP) type

Eall A

However, selection of both the primary and secondary compensation capacitances is based
on two different criterions [9, 10]:

1. The secondary capacitance is chosen as the first step. This is done in such a manner
so as to compensate the secondary leakage inductance and the mutual inductance.
This type of compensation would lead to an improvement in the power transferred to
the load.

2. The primary capacitance is then chosen such that it considers the inductance of the
entire circuit. In literature, primary capacitances chosen to compensate just the self-
inductance of the primary and the inductance of the entire circuit are present.
However, it is a better choice to perform compensation for the entire circuit so that
the input power factor becomes unity.
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Mathematically, the selection of the secondary capacitance can be expressed in terms of the
capacitive reactance associated with the capacitor, X, and the inductive reactance associated
with the secondary leakage and the mutual inductance (X, and X,) as:

XlZ + Xm = XCZ (13)

This would further imply that the capacitance of the secondary compensation capacitor (C,)
is related to the resonant angular frequency of the secondary circuit (ay) as:

1

" Wi, + M) 14

G2

The above relation would remain the same independent of the type of capacitor connection to
the secondary. This is followed by the design of the primary circuit compensation capacitance. In
this case, since the secondary frequency was fixed as the resonant frequency (ay), the primary
would also operate at the same frequency as the transformer cannot vary frequency. Further, the
imaginary part of the impedance as seen by the entire circuit is made to zero. This would imply
that the voltage source in the primary circuit would see only a resistive load and hence results in
a unity input power factor.

2.3.1 Analysis of compensation strategies

Mathematical analysis of the various compensation strategies can be performed by applying
network equations to the various topologies. Literature is available on the various compensation
techniques that consider the system parameters like branch impedances, branch currents, branch
voltages, and efficiency among others. However, the selection of a particular compensation
topology has been the result of some general understanding of compensation from power
systems and some literature on a particular strategy. An optimization technique can be worked
out by performing mathematical analysis and considering the parameter to be optimized and its
dependence on the various other parameters that can be adapted. Figure 2-7 indicates the various
compensation strategies [9, 10]. The analytical expressions that correspond to the various
compensation topologies are described in Table 2.
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Table 2. The various compensation topologies and their parameters

Topology Equivalent circuit impedance (Ze,) Primary compensation capacitance (C,)
SS type 1
M?w? _ j CL=—5—r
ZEQ(SS) = ] +]w(La+M)_E+R1 (‘)O(La+M)
](l)(Lb+M)_—+R2+RL 1
wC,
SP type ) c 1
M*“w ; L=
j —l 1
PS type _ 1 _ (Lo + M)
Zea(ps) = - 1 1= ———3;
wo*M
](L)Cl + 1 ( 0 ) +(1)g(La +M)2
R1 +](1)La + 1 1 RL
— +
wM . 1
J R2+RL+](wLb_(1)_C2)
PP type _ 1 (Lg + M) — (M? /(L + M))
Zeqpp) = C, =
Joly+ — (—MZRL )2 + w} ((L T L. )2
Ry +jwlg +— T (Ly + M)? 0 \\ra Ly, + M)
— +
JoM L, + Ry 4 — .
jwCy + 55—
Jwiz RL

27




2.3.2 Impedances at resonance

Operation of a resonant circuit is determined by the impedance the circuit offers at the
resonant frequency. This impedance can have different characteristic depending on the type
of compensation that has been applied to the circuit. The value of this impedance can be
obtained by equating the imaginary part of the complex impedance function of the various

topologies to zero at the resonant frequency.
At (0 = wy),

Zeq(topology, w=wy) — Re(zeq(topology))

2.3.2.1 SS Topology:
From Table 2, the equivalent impedance of SS topology can be written as:
M?w? j

+jw(La+M)—E+R1
1

Z

“ae) = w(L, + M) ——L—+ R, +R
jos +M) = g+ Ry + R,

At (v = wy),
M?w?
ZeQ(ss, w=wy) = Re(ZeQ(ss)) = (Rz n RL> + Ry

2.3.2.2 SP Topology:

From Table 2, the equivalent impedance of SP topology can be written as:

M?w? _ j
Zeq(sp) = | - R, +jw(le + M) — ol +R;
]w(Lb +M) +R2 +m
Z = Mo jw (L M J R
eq(sp) — R.(1 — jR.C,w) +jw(Lg + )_a)_C1+ 1

jo(Ly + M)+ R, + 14 (R,Cy0)?

Upon further simplification,
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M?w? j
= > +jw(Ley + M) — —

R, . _ (RiGw) ) wC;
(RZ T (Rchw)Z) + (“’“b M) TR, Gy
+ Ry

R . (REC,w) )
2,.2 L _ _ L>~2
M w (RZ t1¥ (Rchw)Z) J (“’(Lb M) TR, Cw)?

; - TR +jw(Ly + M)
Ry __\glw)
(RZ 17 (RLCZw)Z) + (“’(Lb M) -3 (RLCzw)Z)

j

——+R
wC,  *

At (w = wy),

Zeq(sp, w=wp) = Re(zeq(sp))

R
M%w 2<R b )
1+ (R, C,w)?

(R2Cyw) \
w(Lb + M) - 1+ (li?LZCZ(L))Z) /

R, +

|
[

1+ (R, Cza))z) +(

2.3.2.3 PS Topology:

From Table 2, the equivalent impedance of PS topology can be written as:

1
Zeq(ps) = - 1
JwCy +

Ry +jwL, + 1 !

joM

T
R2+RL+j(wLb—wLCZ)

Expanding a part of the main function,
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1

1
wCy

)

(R; + Ry)? + (wLy — wicz)

L R+ R —j(wLy -

joM

+ 2

1
(R +Ry) 1 (wLb B (U_Cz) (24)
AR A 12
(Ry + Ry)? + (wLy — w_Cz) (Ry + Ry)? + (wLy — w_CZ)
= 2 1 2
(R, +Ry) 1 (s~ a)_CZ)
) 1 \2 | om ) 1 \2
(Ry + Ry)? + (wLy — w_Cz) (R; + R)? + (wLy — w_Cz)
For simplicity define the constant,
2 2
1
|[ Ry +R, 1 (0L - 5c;) ]|
K, = +|—+ 2 (25)
1 5 1 42 oM 5 112 |
Now, consider the following terms,
1
. 1
Ri+jwL, + _ 1
1 N R2+RL_](wLb_(U_C2)
JoM R, +R 2+( L ——)2
(R, L) Wl =%
1
R, + R, 1 (ks - w_Cz)
(Ry + Ry + (wly — =) | (Ry + Ry)? + (wly — =) |
Ry + 2 —j| wly + 2
Ik 2 )I | 2 |
= — 2 2—
1
/ R, + R, \ / 1, (wLb - a)_CZ) \
| ) 1] | M ) 12
(R; + R)? + (wly — =) (R; + R)? + (wly — =)
Ry + 7 2 + | wly + k 2
| k | )

(26)
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Again, define the constant,

( R, + R, \
(R, + Ry)? + (wLy ‘E
kz = | R1 + k i
1
\ / , (27A)
/ 1 wLb wC, ) \
oMt 2
5 1
2
+| wly +
| E |
Finally, it can be obtained that
1
Zeq(ps, w=w, ) = Re ] 1
jwC; + 1
Ry + jwLg + T
1 R2+RL_](0)Lb_w_C2)
ol * ) 1V’
(R, + R))? + (wly — w—Cz) 27 8)
il R+ R, +R, _
ke ((Ro +R? + (ks — ) )
= 2 ( 1 ) 2
WLy, — —~
Ry + R+ R, | +| wle— ol + @y —
ky ((R2 +R)? + (0l ~ o) ) Rz + R)? + (ks ~57)

2.3.2.4 PP Topology:

From Table 2, the equivalent impedance of PP topology can be written as:
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Zeq(pp) = 1
jwC; + 1
Ry +jwle +— - T (27)
jwCy + R,
Now, consider the following terms,
1 1
— T I
JOR joLy + Ry + ——— (28)
iwCy + 5
Jwlz R,
On expanding these terms,
1
R
R, + Tt
(7) +@e?)
1 2 1 2
R, (@b~ 55;)
RZ + 1 2 + 1 2
—_ 2 2 -
( wLy _12w—C2
—]'I (R_L) G + L
1 z 1 wM
. R, (@b - 5c;)
2t 132 + 12
<(R_L) + (wC2)2> (R + R + (wLy — a)_Cz)
Define the constant,
2 2
1 1
by = | Ret et + (ks ~ac) — (30)
<(R_L) + ((1)62)2> (RZ + RL)2 + ((I)Lb - (U_CZ)
Now, consider the following terms
1
1 1
- + 31
L
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On expanding it can be obtained that

, ( \
RZ + 1 2 L (ULb - ZwCZ
<(R_L) + (wCy) > | (R_) + (wCy)? . |
3 +J 2 oM
- ; : (32)
R,
ot 112 - wLy 1 ZwCz
((7) + wer) () +wer)
i + |k 3 + m)l
Once again define the constant,
1 2 2
", ( \
et : wly == 2wC2
<(R_L) +e) ) (7)) + @) 4 (33)
k2 = ko * k ) * w_M)
1
Ri +jwL, + L
jwCy + R,
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1
/R2+ 1 ZRL \ /(A)Lb— wCZ \
(R_L) +)* | 1] RL) +(wG)? g |
Rl-f‘k ik, )_]kwlla-l_k_zk I +m))
1 2 (35)
—_— 2
/Rz + 1 3 RL \ /(ULb — 20)62 \
(R_L) + (0C3)* 1| RL) + (G |
Ry + ik, ) +k(1)La +k—2k I +m))
Now, define the constant,
i 2
/R2 T R, \
| (7)) +we
k3 == Rl + | klkz |
\ / (36)
2
Awl +l (R_L) +(wC2)2 i
¢k, k, wM
Zeq(pp, w=wq )
1 (37)
= Re 1
Ry +jwL, + 1
ja}M +R,+ — Ry +j 1a)L2b —w(,
— 2 i 2
() +@e) (r) +@e)
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1

Ri, R, R
ks "k kk 2
’ o <(Ri) +(‘UCZ)2> (k1kzk3) (38)
L
= rl
Where,
1 2
Ry R, R,
k4 = — 4+ +
ks kik,ksg 1412
<(R_L) + (a)Cz)Z) (kikyk3) (39)
2
1 (I)Lb (UCZ O)La

1y? "
(kikeoks) () +(@?)

+ - —wC
wM (kyk3)  (kikoks) !

2.3.3 Impedance characterization of compensation topologies

The constructed air cored transformer with parameters as tabulated in Table 3 and the
setup as designed and constructed in Figure 2-8 [10], can be used to simulate the variation in
the equivalent impedance (Zeq), equivalent reactance (Xeq) and equivalent resistance (Req) of
the air cored transformer. The compensation capacitance corresponding to all the four basic
topologies were obtained from Table 2. The resonant frequency was fixed as 100 kHz and a
load of R =4 Q has been set while carrying out the simulation study.

Table 3 Constructed IPT transformer and its parameters

Physical parameters Measured values
Leakage inductance of primary 103.4 pH
Leakage inductance of secondary 12.67 pH
Mutual inductance 6.02 pH
DC resistance of primary 0.153 Q
DC resistance of secondary 0.066 Q
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Figure 2-8 Experimental setup of the IPT

2.3.3.1 Primary series compensated topologies - SS and SP topologies

In case of the primary series compensated topologies, the compensated air cored
transformer shifts from a capacitive circuit at low frequencies to an inductive circuit at higher
frequencies. Resonance occurs at the point where the capacitive and inductive reactance’s
become equal and cancels each other. A very peculiar feature that can be observed is the fact
that the equivalent resistance for all variations in the frequency becomes independent of
frequency.
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Figure 2-9 Variation of the SS topology parameters with normalized frequency (w/wo)
2.3.3.2 Primary parallel compensated topologies-PS and PP topologies
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In case of primary parallel compensated topologies, the compensated air cored
transformer shifts from an inductive circuit at lower frequencies to a capacitive circuit at
higher frequencies. However, a major difference between the parallel and series compensated
topologies is the fact that the equivalent resistance peaks at the frequency of resonance and
hence the impedance reaches a peak at the same frequency.
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Figure 2-10 Variation of the PS topology parameters with normalized frequency (w/wo)

2.4 Conclusions

In this chapter, the basics of the functioning of the IPT Transformer were considered and
the various compensation strategies for the same were explained. In case of the compensated
IPT transformer, it was observed that resonance behaves differently in case of both primary
series and primary parallel topologies. In case of primary series topologies, it was observed
that resonance results in the net impedance of the transformer reaching its minimum. While,
in case of primary parallel topologies, it was observed that resonance results in the net
impedance reaching its maximum. The impedances of the various circuit topologies at the
resonance point were derived and the variation in the resistance, reactance and the impedance
of the circuit at various frequencies were explained.
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CHAPTER 3

OPTIMIZATION OF COMPENSATION STRATEGIES

3.1 Introduction

Inductive power transfer based on air cored transformers with compensation applied to
both the primary and secondary and their characteristics are described in the previous chapter.
However, optimization and design of such transformers still remain a major problem
considering the various constraints such as the power levels to be transferred, choice of
optimal resonant frequency, the operating efficiency of the IPT transformer, the configuration
and number of coils to be chosen in the primary and secondary, the constraints with regard to
power electronics among other factors. A perfect design of such an air core transformer is not
possible, however, it is possible to look into some important parameters assuming that the
other factors are maintained a constant. In this case, efficiency is the parameter to be
optimized with the coils already designed and power levels fixed. The parameters that are
considered to be variable are the frequency and the load.

3.2 Efficiency based optimization of compensation strategy

The previous analysis on the various basic compensation strategies and their design is
based on the fact that resonant frequency is well known.

However, this is often not the case and the choice of resonant frequency has to be made.
It is observed in the analysis of the previous sections that the efficiency depends on the
frequency and the load resistance.

n = func(f,Ry) (40)

Thus, the choice of the resonant frequency can be made by performing the following
steps:

1. Vary the frequency over a range adapting the values of the primary and secondary
compensation such that all the frequencies are resonant.
2. Calculate the theoretical load by modelling it as a resistance such that:
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3. Choose the resonant frequency that corresponds to the maximum efficiency point
for a particular value of load resistance. This step is crucial as the efficiency
begins to saturate after a certain frequency. Thus, an optimum can be considered

by:

IR
o

)

Simulation studies were carried out to explain this selection for all the basic topologies by
modelling the network of an IPT system with a fixed leakage and mutual inductance i.e. the
case where horizontal movement is constraint or in case of stationary charging. Skin effect
that plays a prominent role in case of higher frequencies was also modelled. However, the use
of Litz wire can to a large extent downplay this effect and the constructed IPT transformer
made use of such windings. The parameters of the constructed IPT transformer are tabulated
in Table 3.

(42)

Rp=const

3.2.1 Primary series compensation and the selection of optimal resonant

frequency

Simulation studies for the series primary compensation was carried out by considering
that the input to the transformer was an ideal voltage source and the efficiency was optimized
by considering the three dimensional plots corresponding to the variation in efficiency with
load and frequency. They are shown in Figure 3-1.

Efficiency (n)

3

x10°

Load resistance (R, } 00 Resonant frequency (1)
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Figure 3-1 Efficiency v/s load resistance and frequency for SS and SP topologies

The plots obtained can be used to identify an optimal frequency corresponding to high
efficiency for a particular value of load. Usually, the frequency so selected would be a trade-
off between rise in efficiency, the maximum switching frequency of power devices and
expense. It was observed that for the designed IPT transformer, the optimal resonant
frequency was about 100 kHz. There was not much of a difference in efficiency
corresponding to this operating point in case of both of the series compensated topologies.

Once, the optimal resonant frequency is selected from the range of resonant frequencies,
the behaviour of the topologies can be simulated by fixing the compensation capacitances of
the primary and the secondary corresponding to that resonant frequency and solving the
network for a range of operating frequencies.

3.2.1.1 SS topology

In case of SS topology, when the IPT transformer is operated at a resonant frequency of
100 kHz with a fixed primary and secondary compensating capacitance, the variations in
various parameters corresponding to a source voltage of 20 V and load resistance R, of 4 Q
when frequency is varied over a range is shown in Figure 3-2.
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Figure 3-2 SS topology parameters v/s normalized frequency (w/wo)

It is observed that in case of SS topology, the impedance of the entire circuit reduces to a
minimum at the resonant frequency and the same rises gradually as the frequency increases to
super-resonant frequencies. This variation in impedance would imply that for a constant
primary voltage, the primary current also varies as frequency varies. The primary current
would reach a peak at the resonant frequency and the secondary current also shows a similar
trend. It can also be observed that the efficiency rises gradually as the frequency increases
and reaches its maximum at the resonant frequency and gradually reduces for super-resonant
frequencies. This would imply that in terms of variation in efficiency for variable frequency
IPT systems, the tolerance for efficiency to super-resonant frequencies is higher than that of
sub-resonant frequencies.

3.2.1.2 SP topology

In case of SP topology, the transformer was simulated under the same conditions as in the
SS topology case and the various parameters observed have been plotted in Figure 3-3.
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Figure 3-3 SP topology parameters v/s normalized frequency (w/wo)

It is observed that in case of SP topology, the impedance of the entire circuit reduces to a
minimum at the resonant frequency and the same rises gradually as the frequency increases to
super-resonant frequencies. This variation in impedance is similar to that in case of SS
topology. The primary current, the secondary current and efficiency show the same trend as
in case of SS topology. A noticeable difference is the fact that the theoretical power levels in
case of SP topology are much higher than SS under the same conditions. This happens so
because, in case of SP topology, the equivalent circuit impedance at resonant frequency is
much lower than that of SS topology.

3.2.1.3 Choice between SS and SP topology

A very important feature that the primary series compensation topologies possess is that
the choice of their compensation capacitances is independent of the load which is a desirable
property particularly when the loading profile is variable. The choice between the two
primary series compensation strategies would in turn depend on various factors such as
efficiency and its tolerance to variable frequencies, the desired power levels of operation,
power factor and its tolerance to variable frequencies and cost. It can be generally observed
that for higher power levels, SP compensation can transfer high powers at low voltage and
high current. In case of SS compensation, due to its comparatively large impedance at
resonant frequency, the currents drawn at low voltages are not very high and hence high
power transfer can take place only at high voltages. In case of variable frequency operations,
it is desirable to go for SS topology as it has higher tolerance for power factor when
frequency changes. Also, a comparison between efficiency tolerance in case of SS and SP
topologies at a particular resonant frequency is shown in Figure 3-4.
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It can be observed that the maximum efficiency for SS topology is much higher than that
of SP topology. Hence, for fixed frequency systems, it would be better to opt for SS topology.
However, frequency tolerance for efficiency is better in case of SS topology over SP
topology particularly at super-resonant frequencies. For sub-resonant frequencies, the
efficiencies in case of SP topology is higher than that of SS topology.
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Figure 3-4 Frequency tolerance for efficiency and power factor in case of series primary
compensation

3.2.2 Primary parallel compensation and selection of optimal frequency
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Simulation studies were carried out for primary parallel compensation assuming that the
input to the IPT transformer was an ideal current source. This was done as an ideal voltage
source input could never supply a current that could deliver power of required levels. The
three dimensional plots corresponding to the variation in efficiency as a function of load
resistance and the frequency are shown in Figure 3-5.
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Figure 3-5 Efficiency v/s load resistance and frequency for PS and PP topologies
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It was observed that there was a drastic difference in efficiencies between the case of PS
and PP topologies. This fact can alone lead to the elimination of the PP topology for efficient
power transfer. However, both the topologies were simulated for understanding the
phenomena of power transfer.

3.2.2.1 PS topology

The IPT transformer with PS compensation topology was supplied with an ideal current
source whose magnitude was chosen as 1,=5A. The resonant frequency was chosen as 100
kHz and the compensation capacitances were fixed corresponding to the resonant frequency

and the frequency was varied. Graphs relating the various parameters corresponding to a load
of R =4Q, is shown in Figure 3-6.
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Figure 3-6 PS topology parameters v/s normalized frequency (w/wo)

The fact that the impedance is peaking at the resonant frequency is very characteristic of
parallel resonance and hence it can be directly observed that the power transfer can be
maximized only by having a current source input. Thus, the input to the IPT transformer is a
constant high frequency sinusoidal current. The secondary current as a function of frequency
would peak at the resonant frequency, implying that at the resonant frequency there occurs
maximum power transfer. Similar to series resonant circuits, it was observed that the
frequency tolerance for efficiency was much higher in case of super-resonant frequencies
than sub-resonant frequencies.

3.2.2.2 PP topology

The IPT transformer was subjected to the same conditions as in the case of the IPT
transformer with PS compensation. The various graphs relating the parameters are shown in
Figure 3-7.
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Figure 3-7 PP topology parameters v/s normalized frequency (w/wo)

In case of PP topology, the circuit impedance peaks at the resonant frequency and being
fed from a current source, the secondary current also peaks. It was also observed that since
the impedance peaks to very high levels, the circuit has higher losses and hence, the
efficiency remains poor for the constructed transformer.

3.2.2.2.1 Choice between PS and PP topology

A very unfavourable feature that the primary parallel topologies possess is the fact that
the compensation capacitance varies with changing load. Hence, in applications where load
changes are drastic, it would be better to prefer series primary compensation. The choice
between the two topologies would then depend on a number of factors such as peak
efficiency, tolerance of efficiency for variable frequency, tolerance of power factor for
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variable frequency and cost. The variations in efficiency and power factor are shown in
Figure 3-8. It can be readily observed that peak efficiency for the PS topology is higher than
that of the PP topology. Also, the power factor tolerance for PS topology for super-resonant
frequencies is much higher than that of PP topology. However, for sub-resonant frequencies,
the efficiency of PP topology is higher than that of PS topology. Also, the frequency
tolerance for PS topology is much higher than that of PP topology.
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Figure 3-8 Frequency tolerance for efficiency and power factor for parallel primary
compensation

3.2.3 Comparison between the various topologies
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A comparison of the various characteristics of the compensated air core transformer is

tabulated in Table 4.

Table 4 Comparison of the characteristics of the various compensation topologies

Characteristic of the topology SS SP PS Topology PP Topology
Topology Topology
Dependence of the primary None None Dependent Dependent
compensation capacitance on load
Circuit equivalent impedance Minimum Minimum Maximum Maximum
at resonance
Type of ac source to be applied Voltage Voltage Voltage Voltage
S0 as to transfer maximum power source source source at high source at high
voltage/ Current voltage/ Current
Source Source
Power transferred at constant Lower Higher Lower Higher
source voltage (SS, SP)/ current
(PS,PP)
Peak efficiency Higher Lower Higher Lower
Tolerance of efficiency to Lower Higher Lower Higher
variable frequency
Tolerance of power factor to Higher Lower Higher Lower

variable frequency

3.2.4 Tuning of a fixed frequency air cored transformer

Inductive power transfer systems based on both series and parallel primary compensation
must supply either a constant voltage or a constant current input so as to supply maximum
power at the resonant frequency. While testing the air cored transformer for the equivalent
circuit parameters, the compensation capacitances are fixed based on the observed leakage
and the magnetizing inductances. However, these parameters are subject to changes in the
field such as changes in the physical distribution of the primary windings or the presence of
materials with very high permeability. It is also likely that the compensation capacitances that
are selected are only close to the actual compensation requirement which is further
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aggravated by capacitive degradation over periods of time. All these factors result in a circuit
resonant frequency that is different from that of the frequency of operation. Such an operation
would increase the reactive power loading of the topology and hence reduces the effective
power transfer to the load and results in a deviation from upf operation. Under these
circumstances, it is essential that we perform tuning of the air cored transformer. Two
techniques can be considered for tuning of the air cored transformers.

e Tuning considering the primary voltage/current
e Tuning based on the Displacement Power Factor (DPF)

3.2.4.1 Tuning considering the primary current/voltage

In case of series primary compensation, it was observed in the previous sections that
when a constant voltage is fed into the primary, the current peaks at the point of resonance.
Hence, a frequency sweep using the inverter can be performed at no load or light load so as to
determine the point at which the current shows its maximum and this frequency can be set as
the frequency of operation. Any current limiting stage used for constant current control of the
output current of the inverter will render this tuning difficult as the current could remain a
constant for a range of frequencies. In that case, it is best to select the lowest frequency at
which the required current was obtained.

In case of parallel primary compensation, the behaviour of the resonant circuit is to peak
the impedance at the point of resonance and hence, such topologies must be supplied with a
constant current so as to transfer power effectively. A frequency sweep with the inverter can
be performed so as to determine the point at which the input voltage reaches its minima. This
is then the operating point of the inverter.

This knowledge of the impedance and its behaviour at resonance can be used to tune the
IPT track with a single sensor i.e. either a current or voltage sensor.

3.2.4.2 Tuning based on Displacement Power Factor

Since operating at resonance should result in a unity displacement power factor operation,
it is also possible to tune the system by observing both the current and voltage waveforms fed
into the primary. For a well-designed compensation strategy, the input current and voltage
waveform will be in phase and hence by performing a frequency sweep, it is possible to
observe the waveforms and tune the system.

This technique however suffers from the need for having two sensors.

3.2.4.3 Experimental tuning of SS compensated IPT Transformer

In case of SS topology, the constructed IPT transformer whose theoretical frequency of
operation was fixed as 100 kHz is subjected to tuning by performing a frequency sweep with
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the inverter and the inverter resonant frequency so obtained was 105 kHz. The variation of
primary current as a function of frequency for different loads is plotted in Figure 3-9.
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Figure 3-9 Tuning SS compensated transformer by varying primary current (Iy) with normalized
frequency (w/wo)

3.3 Conclusions

In this chapter, efficiency was considered as a parameter for the optimization of the
various basic compensation topologies and an optimal frequency was selected for the
operation of the topologies with maximum efficiency. Also, the operation of the primary
series compensated topologies with a voltage source input and the primary parallel
compensated topologies with a current source input was analyzed and simulated. A number
of factors involved in the choice of the various basic compensation topologies are considered
and explained. Tuning of the IPT transformer during non-ideal conditions for varying the
resonant frequency is considered for keeping the system in resonance. An open loop testing
of the IPT transformer was considered in order to check the feasibility of the technique.
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CHAPTER 4

POWERING WHILE DRIVING — STUDY OF
MISALIGNMENT

4.1 Introduction

The state of the art in mobility based on inductive power transfer system is the concept of
powering while driving or roadway-based inductive power transfer systems. There is an
increased effort in developing such technologies owing to the very high cost of energy
storage schemes in electric vehicles. The most ideal scenario then would be inductive power
transfer based electric vehicles which have tolerance to driving outside the region of power
transfer by means of energy storage with a smaller capacity than that in place right now.
However, there is a lot of freedom in the configuration of the primary and the secondary of
the air-cored transformer so as to transfer power effectively. This chapter focuses on the
design and construction of such a system so as to transfer power effectively over an air gap.
The designs are then experimentally verified and the concept of misalignment brought into
the picture.

4.2 IPT for powering while driving

In case of Roadway Powered Electric VVehicles (RPEVS), the primary of the IPT system is
buried under the ground and the secondary of the IPT system is positioned underneath the
vehicle. A major problem facing such a configuration as opposed to a configuration for
stationary charging is the reduced mutual inductance between the primary and secondary. A
reduced coupling as is the case with an air-cored transformer would further plague the
problem of power transfer. The transferred power to the secondary, P, can be expressed in
terms of the primary current 1;, mutual inductance M, quality factor of the secondary Qo,
resonant angular frequency w, and the secondary series inductance L, as

_ IFM?Qyw

43
=1 (43)

With the use of ferrite cores, the factor (’:’—2) increases and hence higher power can be
2

transferred even at lower frequencies. This advantage makes the use of ferrites very popular
in case of RPEVs.
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4.3 Ferrites and their application in IPT

Ferrites are ceramic like compounds which have ferric oxide (a-Fe;O3) as their main
composition. Magnetite, Fe3O, is a naturally occurring ferrite mineral that has been
recognized for its magnetism for over two millennia. The advantages that ferrites have are
applicability at higher frequencies, heat resistance, and higher corrosion resistance [20].

The use of ferrites in IPT is imperative because of the inherent low coupling factors
obtained without the same in case of powering while driving. Two choices exist while
considering ferrite based IPT. They are:

1. Use of ferrites in the primary.
2. Use of ferrite in the secondary/pickup.

Use of ferrite in the secondary/pickup is most often considered as laying tracks with
ferrites under the ground would prove extremely expensive. For the pickup, different types of
common ferrite shapes are discussed in literature. Some of the most common types of ferrite
pickups are:

E pickups
Planar E pickups
| pickup

U pickup

ETD pickup

o bk wbhE

The choice of the most suitable pickup will depend on a number of factors including the
amount of power to be transferred, the resonant frequency to be considered, the best ferrite
shape that can capture the magnetic flux created by the chosen configuration of the primary
among many others. A set of most common ferrite shapes that are commonly used in practice
is shown in Figure 4-1.

E core

‘ \ Common 9
\  Ferrite Core
\

Shapes /
Planar E core \ / U core

\
I —

| core ETD core

Figure 4-1 Common ferrite shapes
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4.4 Choice of the core and the pickup

One of the most commonly used ferrite core for industrial applications is the E core. Such
cores are commercially available in various sizes. For ease of experimentation and
availability, Ferroxcube E80/38/20 core of the grade 3C90 was chosen. These ferrites can be
used up to frequencies of 100 kHz and hence can be used successfully for the VLF range. The
dimension of such a core is represented pictorially in Figure 4-2.

10 20 10

e S S

20

28.2
38.2

80

Figure 4-2 Dimensions of the E-80 core in mm

4.5 Track configuration and design of primary

4.5.1 Track configuration

The design of the primary of the IPT is very crucial as it needs to be optimized keeping in
mind factors such as cost, efficiency and power transferred. Different configurations for the
primary can be considered for IPT. They are:

1. Single phase primary systems
2. Poly phase primary systems

Single phase primary systems are economical and simple. They can be made of a single
loop or multiple loops. While in case of single loop, the self and hence the mutual inductance
may be low, they have reduced primary resistance compared to loops with multiple turns.
Such a configuration of the primary is shown in Figure 4-3.

Poly phase primary systems consist of multiple number of phases that are distributed in
such a manner so as to create a region above the primary where the power transfer is a
constant. Such a configuration is shown in Figure 4-4.
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Single coil

0 )

Multi-turn coil

Figure 4-3 Coil configuration for the primary of a single phase IPT system

Figure 4-4 Sinusoidally distributed windings of the primary of a poly-phase IPT system

4.5.2 Design of the tracks

In order to create an extensive study of the effect of the primary loop on the power
transferred via IPT, four different configurations of the primary were constructed with a
single turn, double turn, four turns and five turns. The physical properties of the tracks are
tabulated in Table 5.

Table 5 Physical properties of the track that forms the primary

SIN Property type Specification of the property

1. Selected type of wire Litz wire — 600 (No of strands) x
0.071mm (Dia of each strand)

2. Type of loops constructed Rectangular loops with variable number
of turns

3. Length of rectangular loop (m) 1

4. Width of rectangular loop (cm) 4

The resistances and inductances of the primary are tabulated in Table 6.
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Table 6 Resistances and Inductances of the primary loops

S/No. No. of turns Inductances (UH) Resistances(mQ)
1. 1 2.1 19.7
2. 2 5.6 35
3. 4 18.9 66
4. 5 27.5 81

The constructed inductors are shown in .The variation of the inductances and resistances
with the number of turns of the primary coil are represented in Figure 4-6 and Figure 4-7
respectively.

Pickup on an E core

Single turn inductor  Double turn inductor Single turn novel inductor

@
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Pickup on an E core

Double turn novel inductor 4 turn inductor 5 turn novel inductor

(b)

Figure 4-5 Constructed inductors for the experimentation (a and b)
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Figure 4-6 Variation of the inductance of the primary with number of turns
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Figure 4-7 Variation of the resistance of the primary with number of turns

The above graphs indicate that while the variation in inductance is exponential with an
increase in the number of turns, the variation of resistance is linear with an increase in
number of turns.

4.5.3 Design of the pickup

Windings along the horizontal axis and windings along the vertical axis were used. Also,
both the windings in the horizontal axis as well as the vertical axis were combined together so
as to form the quadrature coils with additive flux distribution.

Vertical winding

|

[
i

Horizontal flux

L+ vertical flux

Horizontal winding

Figure 4-8 The different types of winding for the pickup

The various parameters of the pickup used are tabulated below.
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Table 77 Specification of the pickup to be used for the IPT

S/No Property type Specification of the property
1. Type of core selected Ecore/ E8O
2. Limb used for winding Central limb
3. Type of ferrite core 3C90
4. Distance between the centres of the 4
core (cm)

Table 8 Winding specification for the pickup

S/No Type of winding No. of turns Inductance (LH) Resistances(mQ)
1. Horizontal 21 (double 52.5 18.9
layer)
2. Vertical 8 11.6 7.72
3. Quadrature 11(H)/10(V) 15.55/14.31 11.8/9.65

4.6 Study of misalignment and its effect on the power transfer

Misalignment refers to the displacement of the pickup with respect to the primary leading
to reduction in power transfer than that is expected. In order to give maximum freedom to the
driver, it is extremely essential to have a constant power transfer across the air gap even when
the pick-up is displaced with respect to the primary. Misalignment can be categorised into
two:

e Lateral misalignment :

This kind of misalignment takes place when the pickup is displaced laterally with respect
to the windings.

e Longitudinal misalignment:

This kind of misalignment takes place when the pickup is close to the terminations of the
primary. In literature so far [11], this type of misalignment was ignored as the loops were
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assumed to be infinitely long. However, in practical circumstances, the loops will be of finite
length and hence, longitudinal misalignment has to be considered.

In this section, the mutual inductance between the primary and the pickup are noted at
several displaced positions of the pickup w.r.t the primary. The various positions of the
pickup and the primary are indicated in Figure 4-9.

A

) ~—— Ferrite pickup —
E core

J h‘ tf

X y——.@«—— Primary coil
d

B)

d/2

)

—
L

]

d/2

D)

—
I

—
N

Figure 4-9 Study of misalignment at various positions

The analysis of misalignment was carried out at several points on the primary of the IPT
system. The following parameters represent the various dimensions of the IPT system.
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Table 9 Parameters of the IPT system

S/No. Parameter Value
1. Height (h) 5cm
2. Displacement (d/2) 2cm
3. Points in the longitudinal direction Om, 0.25m, 0.50m, 0.75m, 1m

4.6.1 Pickup with horizontal coil and study of lateral misalignment

Horizontal coils as shown in Figure 4-8 can capture the vertical component of flux. In
order to study lateral misalignment, the pickup was displaced as shown in Figure 4-9 and the
variation in mutual inductances were noted with the aid of an LCR-meter. The pickup was
displaced 2cm from its reference position to two new points along the left as well as the right
and the variation in the mutual inductance was measured and the plots were obtained.
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Figure 4-10 The variation in mutual inductance of the horizontal coil as a function of lateral

misalignment

The above plot indicates that the variation in mutual inductance and hence the variation in
power transferred over the air gap will be in such a manner that the most perfectly aligned
point would be as indicated by Figure 4-9 A) with maximum power transferred at that point.
Also, if the primary loop with maximum number of turns is selected, it would have much

better mutual inductance at all possible points of observation.
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4.6.2 Pickup with horizontal coil and study of longitudinal

misalignment

In order to study longitudinal misalignment, various points were selected in the primary
loop at variable distances from the reference and mutual inductance was plotted as a function
of longitudinal distance for the point of perfect alignment as shown in Figure 4-9 A).
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Figure 4-11 Variation of mutual inductance as a function of longitudinal position

In case of longitudinal misalignment, it was observed that the variation in mutual
inductance is not as drastic as is the case with lateral misalignment. However, as the number
of turns increases, the nature of the variation becomes more drastic. It was also observed that
the variation in mutual inductance is most drastic at the extremities of the loop. This effect is
referred to as “Edge Effect”. An interesting observation is that the mutual inductance at the
sending end of the inductor is higher than that of the other extreme end.

4.6.2.1 Edge effect

In order to explain the unsymmetrical nature of mutual inductance as observed at the
sending end and the other end of the inductor, it is useful to consider the orientation of the
magnetic fields at the two ends.
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Figure 4-12 Orientation of the magnetic fields at the various sections of the inductor

Two observations that are very apparent are that the magnetic fields that are caused due to
the vertical sections of the rectangle have currents that are in opposite directions in either
ends. Hence, the resultant magnetic field observed at either ends have different magnitudes
due to the additive/subtractive components on either end. Also, the number of vertical
sections that contribute to the flux is different in either ends.

In order to eliminate just the possibility of the difference in the number of vertical
sections in either ends (Left, 1 and Right, 2), a new inductor design was considered. This is
represented in Figure 4-13and is referred to as “Symmetrical ended inductor”. This design
was constructed on a smaller inductor version and tested for lateral misalignment at either
ends. The constructed inductor is shown in Figure 4-14.

3;-(( )

Figure 4-13 A symmetrical ended inductor

Figure 4-14 The symmetrical ended inductor
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4.6.3 Pickup with horizontal coil and combining both horizontal and

vertical misalignment

The readings as observed for both lateral and longitudinal misalignment were combined
together and the variation in mutual inductances was plotted as a function of both lateral
displacement and longitudinal displacement.

.....................
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Figure 4-15 The variation in mutual inductance of the coils (1,2,4 loops) as a function of lateral
and longitudinal position

It can be directly inferred that the variation in mutual inductance as a function of both
lateral and longitudinal position would be bell shaped curves with the variation along the
lateral direction much more drastic than that of the longitudinal direction.

4.6.4 Pick up with vertical coil and study of lateral misalignment

In order to capture the horizontal component of flux, vertical coils as shown in Figure
4-8 was used. In order to study lateral misalignment, the pickup was displaced as shown in
Figure 4-9 and the variation in mutual inductances was noted with the aid of an LCR-meter.
The pickup was displaced as with the study on the horizontal coils and the variation in mutual
inductance was studied.

67



O7p o

= = = Single loop
: : : b
06 ot = = = Double loop
‘ ‘ ‘ °
05, Fourturnloop| =
T
= Five turn loop
Soal o
£ 0.
B
=3
2 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
] :
=1
5 :
E02 . 4
S ® ° . *
NN A g aaa ‘ - =0
0.1 ”‘-‘--7—---.-”——7—7—7_,“:’” o
e am mm wm w =
e
o L L L \ L L L J
4 -3 -2 -1 0 1 2 3

Lateral Position(cm)

Figure 4-16 The variation in mutual inductance as a function of lateral position

It can be inferred from the variation in mutual inductance that the mutual inductance
would have a maximum value at either ends of the inductor with the minima occurring at the
point of perfect alignment. This trend is opposite to that observed when the horizontal coils
were previously used to capture the vertical flux. This profile would explain the possibility of
combing the two coils with additive flux so as to obtain a more flat power profile.

4.6.5 Pickup with vertical coil and study of longitudinal misalignment

In order to study longitudinal misalignment, various points were selected in the primary
loop at variable distances from the reference and mutual inductance was plotted as a function
of longitudinal distance for the point of perfect alignment as shown in Figure 4-9 A).
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Figure 4-17 The variation in mutual inductance as a function of longitudinal position
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In case of variation of mutual inductance as a function of longitudinal position, the
variation is more drastic as the number of turns keeps increasing. Also, for the horizontal
flux, the variation is more abrupt as the longitudinal position is varied compared to that in
case of vertical flux.

4.6.6 Pickup with vertical coil and combining both lateral and

longitudinal misalignment

The readings for both lateral and longitudinal misalignment were combined together and
the variation in the mutual inductance was plotted as a function of both lateral and
longitudinal misalignment.
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Figure 4-18 The variation in mutual inductance of the coils (1,2,4 loops) as a function of lateral
and longitudinal position

It can be directly observed that in the well aligned position, the mutual inductance is the
lowest and it has its maximum at the extremes on either side. Also, the mutual inductance
rises from a minimum value and reaches a constant till it begins to drop as distance further
increases.

4.6.7 Pickup with quadrature coil and study of lateral misalignment

A direct comparison of the variation in mutual inductance of both the horizontal and the
vertical coils when subjected to lateral misalignment yields the result that a more flat mutual
inductance profile can be obtained by direct flux addition. Thus, a setup was fabricated where
the two coils were wound over the central limb of the E core and they could be
interconnected either serially or parallel. This forms the secondary/pickup and the mutual
inductance between the primary and the secondary can be obtained by interconnecting them
suitably. These four choices of interconnection are shown in Figure 4-19.
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A) Series flux aiding pickup

L L
1 bh by L 2 B)Series flux opposing pickup

L
NW\\—’—F/\M C)Parallel flux aiding pickup

D)Parallel flux opposing pickup

Lbh va

Figure 4-19 Interconnection between the windings of the pickup

The equivalent inductance obtained by interconnecting the primary with the secondary is
tabulated in Table 10.

Table 10 Equivalent inductance of the secondary and its combination with primary

S/No Type of Inductance (Ly=Lj,) Equivalent Inductance on
configuration connection to the primary (Leg)
1. A Lb = Lbh + va + ZMhU Leq = La + Lb i 2M
2. B Lb = Lbh + va - Zth Leq = La + Lb i 2M
3. C L. = LypnLpy — Mizw L. = LoLp — M?
P Lpn + Lpy — 2My, €17 Lo+ Ly, +2M
4. D L. = LypnLpy — Mizw L. = LoLp — M?
P Lpn + Lpy + 2My, €17 Lo+ Ly +2M

The mutual inductance as obtained for all the four configurations of the windings on the
central limb of the E core when tested for lateral misalignment at the fag-end of the line
(x=1m, as this would yield the worst case mutual inductance) with a primary coil having 5
turns.
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Figure 4-20 Variation of mutual inductance with lateral position

It was directly observed that the winding combination with flux construction seems to be
the one in which the variation in mutual inductance as a function of lateral position is
minimal. Out of the two possibilities for constructive flux addition, it is best to opt for
parallel constructive addition as it shows higher mutual inductance with a much flatter
variation in mutual inductance with lateral position.

4.6.8 Pickup with quadrature coil and study of longitudinal

misalignment

In case of the quadrature coil, misalignment longitudinally would result in a more flatter
power profile with characteristics intermediate between the case of longitudinal and lateral
misalignment.
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Figure 4-21 Variation of mutual inductance with longitudinal position for the quadrature
coil
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Figure 4-22 The variation in mutual inductance of the quadrature coil as a function of both lateral
and longitudinal misalignment

It can be directly observed that the mutual inductance profile of the IPT system is
improved as a result of addition of the quadrature coil.

4.7 Efficiency based optimization of the primary

In order to make a choice between the ideal number of turns of the primary for a fixed
pickup, efficiency can be considered as the parameter to be optimized. It can be directly
observed from Figure 4-6 that with an increased number of turns, the coil inductance
increases. This would result in a better mutual inductance and hence power transfer.
However, resistance of the circuit also increases as observed from Figure 4-7 and hence, the
losses also increases. Therefore, an optimum can be observed for the number of turns for
efficiency corresponding to a certain frequency of operation and for a fixed pickup.
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Figure 4-23 The variation in efficiency as a function of load resistance and resonant frequency for
different turns of inductors (1, 2, 4)

A numerical listing of the essential parameters of the IPT transformer is tabulated in
Table 11.
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Table 11 Efficiency of the IPT transformer for different primaries

R =4Q, f=1Mz, Quadrature coil in the pickup with 11 and 10 turns.

S/No Number of turns in the primary Efficiency (%)
1. 1 37.95
2. 2 73.70
3. 4 92.95
4. 5 94.99

4.7.1 Choice of the primary for efficient power transfer

In order to make a choice, efficiency is considered keeping in mind very high levels of
loading. This can be done by setting the load resistance to low values. A good choice for the
load resistance in such a case can be R =0.01Q. For this load, the efficiency is plotted as a
function of resonant frequency for the various numbers of primary coils.
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Figure 4-24 The variation in efficiency as a function of load resistance and resonant frequency

It can be directly observed that under high levels of loading (R =0.01) and at reasonably
high frequencies (0.5-1.5 MHz), the two turn coil is as efficient as the single turn coil and
hence, it would be advantageous to use the same. At higher frequencies (>2MHz), even the
two turn coil is found to be as efficient as those with higher number of turns. However,
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higher frequencies are restrictive in terms of the power electronic switches to be used at
higher power levels, conducted EMI among other factors.

4.8 Conclusion

In order to study powering while driving, primary with different number of turns were
constructed and a ferrite based pickup was constructed and misalignment was studied
considering different positions both laterally as well as longitudinally. It was observed that
the variation in mutual inductance due to lateral misalignment was different for the two types
of coil used in the pickup. This would result in the fact that misalignment could be reduced
by additive flux addition of the horizontal coil and the vertical coil of the pickup. An
efficiency based optimization strategy was evolved so as to decide which primary coil could
be used for efficient power transfer with minimal number of turns.
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CHAPTER 5

MAGNETIC DESIGN OF THE PRIMARY

5.1 Introduction

In this chapter, the magnetic design aspects of an IPT system will be discussed.
Conventional design of the primary consists of inductors with the pickup exposed to currents
flowing in opposite directions. This configuration based on an E core would lead to
maximum flux addition along the central limb. It is also possible to design inductors with
currents flowing along the same direction and this would lead to flux cancellation along the
central limb of the E core and flux addition in all other sections of the E core. These two
configurations have been compared and investigated.

5.2 Magnetic design of the IPT system

In the design of the primary for the IPT, magnetic design and magnetic optimization plays
a major role in deciding the type of core to be chosen and those sections where windings need
to be housed. 2D Finite Element Method was used in order to compare two different
configuration of inductors for the choice of a better solution for higher mutual inductance and
hence the power transferred. The configuration of the coils and the direction of currents are
shown in Figure 5-1.

Ferrite based E core as pickup

® Primary windings 4—@

Ferrite based E core as pickup

® Primary windings 4—®

Figure 5-1 The two dimensional geometry of the primary and the core
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5.3 Two dimensional FEM analysis

The two geometries of the model were simulated first in FEM using COMSOL
Multiphysics 3.5a and the parameters as tabulated in Table 12 were used so as to simulate the
real setup. The physical dimensions of the E core used were the same as described previously

in Figure 4-2.

Table 12 Coil parameters and their magnitudes for the simulation

S/No. Coil parameters Magnitude
1. Area (m°) 3.795%x10°
2. Perimeter (m) 0.006909
3. Jexternal (A M) 2.635x10°

The differences can be obtained straightforwardly as indicated in Figure 5-2 and Figure
5-3. In case of currents flowing in the coil in the opposite direction, flux addition takes place
at the central limb of the E-core. However, in case of currents flowing in the same direction,
flux subtraction takes place at the central limb of the E-core.
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Figure 5-2 Flux lines for the case where coil currents are in the opposite direction
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Figure 5-3 Flux lines for the case where coil currents are in the same direction

5.3.1 Replacing the E core with flat core for unidirectional currents

In case of unidirectional currents, a low reluctance path can be established by replacing
the entire E core with a flat core placed at exactly the same displacement as the clearance
between the bottom of the car and the ground. This setup is shown in Figure 5-4.

Original E core

Replaced Flat core

® ®

Figure 5-4 Arrangement in case of the replaced core

5.4 Simulation results from FEM Analysis

The geometry of the cores and the corresponding currents as in Table 12 is used to
simulate the various possible configurations. A bar diagram representing the analyzed result
is shown in Figure 5-5.
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Figure 5-5 Bar diagram representation of the two configurations of inductors for E core

5.5 Experimental analysis of the inductor with unidirectional

currents

For the experimentation, two novel inductors were designed with the parameters as
tabulated in Table 13. This model is referred to as the “Double Lane Model”. This is so
because a single turn of the inductor so designed would yield two sections with unidirectional

\\m\ J

&

Figure 5-6 Double lane model of the IPT system
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Table 13 Parameters of the novel unidirectional inductor

No. of turns Resistance of the primary Inductance of the primary
(R, m0) (L1, uH)
1. 39.5 7.95
2. 73 25.59

5.6 Comparison of lateral misalignment

The variation in the Mutual Inductance with lateral position for the two inductor designs

is as depicted in Figure 5-7. It is very clear that the absolute values of mutual inductances are
higher in case of the novel primary inductor designed.
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Figure 5-7 Mutual inductance variation as a function of lateral position (L-Opposing currents, R-
Unidirectional currents)

5.6.1 Comparison of the two inductor configuration based on core

utilization

In order to compare the two topologies, some of the parameters that are obtained from the
FEM simulation are tabulated. A new parameter called core utilization factor, K¢ defined in
terms of the magnetic length of maximum flux lines (Inag) and the total magnetic length of the

core (lcore) is proposed in (44). The definition of core length is explained in Figure 5-8 and the
the differences are tabulated in Table 14.

1

mag

Keore = ]
core
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P Icore

Figure 5-8 Definition of the core length for the Ecore

Table 14 Comparison of the two inductor configurations

S/No. Current configuration - Ecore Keore
1. Same direction 0.1957
2. Opposite direction 0.8042

5.7 Conclusion

FEM studies and experimental analysis on misalignment yield the result that in terms of
mutual inductance and core utilization, the novel configuration of inductors proposed would
fare much better compared to conventional inductors. This study proves that inductors
designed with currents in the same direction would lead to a flux cancellation only at the
center with the formation of a flux vortex or flux circulation and hence cores designed
keeping in mind such a behavior would yield good power transfer results.
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CHAPTER ©

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

Electric mobility will see a rapid boost in popularity particularly due to the increasing
social consciousness particularly related to the environment and also health. Also, the ever
growing dependence on fossil fuels most of which are facing risk of complete depletion
possibly in a few centuries adds to the list of problems.

The transition from HEVs to BEVs has already taken shape and a small number of fully
electric cars are already available in the market — Mitsubishi i, Nissan Leaf, Tesla Roadster,
Tesla Model S etc. This transition is quite important because a HEV still derives most of its
power from petroleum and hence not the option as a sustainable mode of mobility. The
development of BEVs have to be complemented by an increased penetration of renewable
energy to form the solution to the global problem considering the fact that electricity largely
remains “dirty” till date.

Within the domain of developments in EV technology, wireless power transfer is growing
as an important technique owing particularly to the fact that it is safe, reliable and convenient.
The elimination of messy cords and the fact that charging pads could be retrofitted below the
chassis of existing cars also adds to an increased awareness in this domain.

This thesis was started keeping in mind various objectives mentioned in the introduction.
This section would be a culmination of the various results that were obtained.

e A literature review of the different types of WPT was conducted and a discussion
of the important types including IPT, CPT, MPT and LPT were discussed.
Extensive research on IPT has been carried out.

e Design of an IPT system by looking into the transformer as an air-cored
transformer and then appreciating the fact that resonant capacitive coupling can
eliminate leakage and improve power transfer and efficiency. Efficiency based
optimization of the transformer was undertaken so as to choose the frequency of
operation that boosts efficiency. It can be generalized that an increase in
frequency can lead to higher flux and hence better efficiency of power transfer.
However, availability of switches at high power, switching losses of the inverter
and EMC regulations affect the same conversely.
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e Explained the effect that resonance has on the transferred power and the efficiency
of power transfer. It can be generalized that resonances act in such a manner as to
either increase or decrease the circuit impedance.

e It can also be generalized that the peak efficiency of secondary series topologies
remain high and the power transferred by secondary parallel topologies is high.

e Dynamic charging / powering while driving with a number of distributed
inductors were constructed and tested.

e Misalignment studies show that the variation in power can be drastic particularly
when subjected to lateral misalignment.

e Longitudinal misalignment particularly in small sections can play a drastic role
even if the pickup is well-aligned laterally. “Edge effect”, referring to the
unsymmetrical nature of mutual inductances at either ends of the inductor was
studied and the reason for this behavior was investigated.

o Effect of quadrature coil on lateral misalignment was studied and it was observed
that the parallel additive flux topology was the best in terms of both the absolute
mutual inductances as well as for minimization of variation in mutual inductance
laterally.

e A novel inductor configuration with currents flowing along the same direction
was proposed. This configuration was tested experimentally as well as using FEM
to compare with regular inductors.

e In case of opposing currents, the flux addition takes place at the central limb

e It was observed that when an E core is placed over currents flowing along the
same direction, the flux assumes an oval circulation. This would imply that those
sections of the core distinct from the central limb play an important role in the
power transfer. In effect, a flat core would perform better than other cores.

e Core utilization factor would be a criterion to select the best core for such a
dynamic charging scenario.

6.2 Recommendations and scope for future work

Over the course of research, a large number of domains were found that could be
investigated particularly in relation to inductive power transfer. Some of the problems that
could be identified for future research are listed in the following paragraphs.

Firstly, an algorithm and design flow for the entire system of IPT right from the selection
of the coils to the inverter, compensation is essential.

Secondly, a self-tuning pickup which has only a single sensor that is proposed in this
thesis could be constructed for different topologies and the theory could be verified.
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Thirdly, in the domain of dynamic charging, extensive three dimensional FEM models
could be used to study the magnetic fields and optimize the IPT transformer including the
primary coil as well as the Ferrite.

Next, high power, high efficiency inverters switching at 100s of kHz need to be designed
so as to transfer power efficiently particularly when coupling is poor such as the case with
dynamic charging. The use of SiC and GaN switches can be looked into.

Finally, new converter topologies for minimizing THD and operation at upf can be looked
into.
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Abstract—Inductive Power Transfer (IPT) systems, that transfer
power wirelessly from a primary coil onto a secondary coil, have
been in study for several decades. However, the effect that
resonance has on the various parameters of the coils has not been
documented clearly. This paper tries to explain this effect by
looking at the IPT system as an air-cored transformer . It then
describes a novel method to decide the central parameter, the
frequency of operation once an air cored transformer has been
constructed. This is followed by a study on the effect that the
various compensation topologies have on the transformer
parameters. Finally, a comparison between the various basic
topologies has been brought to light, so as to make a decision
based on a number of possible criteria.

Keywords-Inductive Power Transfer (IPT), wireless, resonance,
basic topologies.

I INTRODUCTION

IPT systems have seen a rapid increase in
commercialization, particularly in the last two decades. Such
systems have also seen an increased growth in the number of
their applications such as clean room systems, material
handling systems [1], compact electronic devices [2], mobile
phones [3], biomedical implants [4], contactless under water
power delivery [5] and electric mobility [6, 9] among many
others.

An air cored transformer is characterized by a primary
winding that has a resistance, R; and a self-inductance, L,.
Similarly, the secondary coil is characterized by a winding
resistance, R; and a self-inductance, Z,. When such a primary is
excited by a sinusoidal voltage source, ¥; of angular frequency,
 and brought closer to the secondary, a part of the primary
current is used to set up the mutual flux, ¢,, and the rest forms
the leakage flux of the primary, ¢,. The mutual flux is that part
of the flux that links both the primary and secondary and is
produced by the combined effect of both the primary current 1,
and secondary current I;. Moreover, the secondary current is
also subjected to leakage and is represented by the leakage flux
of the secondary, ¢, This has been represented
diagrammatically in Figure 1. Thus, according to the theory of
coupled inductors, when the primary is excited and the two
coils are magnetically coupled, the self-inductance of the
primary (L;) results in a mutual inductance (M) and a series
inductance (Z,). Also, the secondary self-inductance results in a
series inductance (L;) and the mutual inductance (M).
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Air core

Figure 1. Flux linkage in an air cored transformer

This understanding can be transformed into an equivalent

circuit by making use of the theory of coupled inductors [10].
This has been represented in Figure 2.
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Figure 2. Equivalent circuit of an air cored transformer

A general description of the design of ICPT systems has

been dealt with in [7]. A more detailed description of the
design of IPT systems has been described in [8]. In [6], apart
from a description of design, a comparison of topologies has
been undertaken. However, in these descriptions, the effect of
resonance on the system parameters have not been explained.
This paper intends to look into the IPT system first as a simple
air core transformer and then evolve a technique to compute
the frequency of operation so as to maximize the power
transferred (Section II, Section III). Then, the various
compensation topologies and their parameters are derived and
their effect at resonance is explained (Section IV). Next,
efficiency is taken as a parameter for optimization of frequency
and simulation of all the topologies has been carried out to



explain the resonance using the selected frequency (Section V).
Finally, the compensation techniques are compared based on a
number of criteria (Section VI).

II.  ANALYSIS OF AIR CORED TRANSFORMER

From the equivalent circuit in Figure 2, it can be directly
obtained that the equivalent impedance of the air cored
transformer is

- ; _etM? (n
Zeg=Ritjw(la + M)+ (R2+RL+)'w(Lb+M))

The air cored transformer can be characterized by the
current division ratio, k.. This is given by :

e joM ) (2)
L (1,,) =Fe (Rz TR, +jo(l, + M)

This current division ratio will begin to saturate after the
frequency exceeds a threshold. The condition for this saturation
can be derived as when wM>>(R, + R;). Also, the current
division ratio on saturation is obtained as

M

= (3)
c(sat) (Lb +M)

k

Thus, it is possible to theorize that an air cored transformer
will exhibit a threshold frequency at which it produces
maximum secondary current for a given primary current
obtained by fixing a primary voltage. This is taken as the first
step in fixing the frequency of operation following the physical
design of an air cored transformer.

1II. LABORATORY TEST SETUP

The laboratory test setup that was designed and constructed
at the TU Delft [9] is shown in Figure 3. Further, the
transformer was made of Litz wire, therefore, the measured
physical parameters are tabulated in Table 1.

Primary compensation

IPT Transformer

Secondary
Compensation

Rectifier

Figure 3. IPT system test setup for wireless power transfer

TABLE L PHYSICAL PARAMETERS OF THE IPT SYSTEM
Physical parameters Measured values
Leakage inductance of 103.4 uH
primary
Leakage inductance of 12.67 pH
secondary
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Mutual inductance 6.02 pH
DC resistance of primary 0.153Q
DC resistance of secondary 0.066 Q

From the theory developed in Section II, and using the
parameters in Table I, the variation of the current division ratio
k. as a function of frequency can be observed in Figure 4 and
Figure 5.
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Figure 4. Variation of current division ratio as a function of frequency for
different loads and M=6.02 pH
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Figure 5. Variation of current division ratio as a function of frequency for
different mutual inductances at Ry, = 3Q

It can be observed from the above figures that the current
division ratio, k. increases with increase in frequency and
saturates after reaching the knee-point frequency (threshold).
For a given coil pair (M=a constant), the current division ratio
is an indirect indication of coupling and hence efficiency. The
various parameters calculated using (3) and its condition are
tabulated in Table II.



TABLE IL. CALCULATION OF THRESHOLD FREQUENCY

M = 6.02 pH, Ly,= 12.67 uH, R, = 0.066 Q
S/No. R.(Q) Threshold frequency (kHz) Keguay
1. 0 1.745
2. 1 28.183 0.3221
3 2 54.62
4. 3 81.058
Table II gives a minimum frequency value beyond which

the operation of the air-cored transformer would yield
maximum power. Thus, the lower limit of the frequency can be
fixed from the above analysis.

IV.  ANALYSIS OF COMPENSATION TOPOLOGIES

Due to the large leakage inductances associated with both
the primary and secondary, an air-cored transformer suffers
from poor efficiency. An intelligent method to circumvent this
problem is to compensate the reactive currents by using
capacitors. The technique of compensation and the guidelines
for the choice of capacitors are well explained in [6].
According to literature, the four basic topologies for IPT are :

eSS Topology ( Primary Series, Secondary Series)

e SP Topology (Primary Series, Secondary Parallel)

e PS Topology (Primary Parallel, Secondary Series)

e PP Topology( Primary Parallel, Secondary Parallel)
Figure 6 shows the basic compensation topologies.
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Figure 6. The basic compensation topologies - (SS, PP, SP and PS)
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A detailed derivation of the various parameters have been
conducted in [9]. It would however be interesting to also
consider the impedance at resonance, knowing well that the
circuit at resonance has an impedance with only the real part.
This has been tabulated in Table III.

Zeq(topolagy, w=wg) = Re(Zeq(topology)) 9

TABLE IIL. EQUIVALENT IMPEDANCES AT RESONANCE FOR SERIES AND
PARALLEL TOPOLOGIES
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2 A. Discussion on the effect of resonance on the topologies

L) e In case of the Primary Series compensated topologies, the

compensated air cored transformer shifts from a

capacitive circuit at low frequencies to an inductive

) 3 2 circuit at higher frequencies. Resonance occurs at the

T Y ( °‘T!_‘_,> point where the capacitive and inductive reactance’s

k= () scwer?) + (@) +wea> e become equal and cancel each other. A very peculiar

2 e oM feature that can be observed is the fact that the equivalent

resistance for all variations in the frequency becomes
5 , independent o.f frequency.

ey = <R2 i (( = )) < (wby—i) ) e In case of primary parallel compensated topologies, the

w;

1y
wez

compensated air cored transformer shifts from an inductive
circuit at lower frequencies to a capacitive circuit at higher
frequencies. However, a major difference between the
parallel and series compensated topologies is the fact that

RLL) WG (Ry+RLY*+(wLp-

the equivalent resistance of the IPT transformer peaks at
the resonant frequency and hence the impedance reaches a
peak at the same frequency.

To understand the effect of resonance, the complex
impedances were simulated in MATLAB and the results of the
simulation are presented in Figures 7 and 8.
B. Discussion on a source change in the equivalent circuit
i § i oEd Equivalent Impedanca(Z, [C1) ) The difference in resonance bet\yeen the Primary Series and
600\ - 8 Equivalent Resistance(R, [0 Primary Parallel topologies makes it apparent that the PP and
4 |- - ~ Equivalent Reactance(X, () PS topologies need to be sourced by a current source in order
e R SRR to transfer power effectively. Hence, the authors wish to make
o W P A the change as indicated in Figure 9 to the topology as used so
.......... Lo o ; far [6,9].
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Figure 7. Effect of resonance on primary series topologies (SS and SP)
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Figure 8. Effect of resonance on primary parallel topologies (PS and PP)
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V.  OPTIMIZATION OF COMPENSATION TOPOLOGIES

The efficiency of an air-cored transformer with the
equivalent circuit in Figure 2 is given by

R, I? (5)

1= RIZ+R,IZ+ R 12

Thus, it can be observed that

n = func(f,Ry) (6)

The condition for optimization can be fixed by considering
the frequency of operation at the point where the incremental
change in efficiency with frequency for a particular load

becomes small.
f

This being the case, simulation studies were carried out for
all the basic topologies, in order to gain insight into the
variation in the parameters during resonance. The parameters
as tabulated in Table I were used to simulate the behavior of
the various compensation topologies. Also, the following
assumptions were considered while performing the simulation:

=0 7N

Ry=const

e Skin effect was considered at every frequency of
operation.

e Proximity effect was not considered.

e  For the Primary Series topologies, the transformer was
assumed to be sourced by an ideal voltage source with
V,=20V.

e For the Primary Parallel topologies, the transformer
was assumed to be sourced by an ideal current source
withI; =5 A.

e In order to select an appropriate frequency for the
comparison of all four topologies, (5), (6) and (7) were
considered with the compensation topologies adapted
such that they are resonant at all frequencies and the
results for the Primary Series topologies are presented
in Figures 10, 11.
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Figure 10. Three dimensional variation of efficiency of SS topology for
various loads and variable resonant frequencies
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Figure 11. Three dimensional variation of efficiency of SP topology for
various loads and variable resonant frequencies

The above results along with the study of efficiency for
Primary Parallel topologies gave the result that a resonant
frequency of 100 kHz was good enough for all the four
topologies for a good variation in load resistance. This was
hence fixed as the frequency for comparison. This is the second
step in fixing the frequency of operation .



A. SS Topology
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Figure 12. The variation in SS parameters with normalized frequency

Similar results were obtained for all the other topologies
and are not reproduced. A more useful comparison would be
between topologies of the Primary Series and that of Primary
Parallel. Their results are presented in the following
subsections.

1) SSand SP Comparison
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Figure 13. Parameter comparison of Primary Series topologies

A very important feature that the primary series
compensation topologies possess is that the choice of their
compensation capacitances is independent of the load which is
a desirable property particularly when the loading profile is
variable [8,9]. The choice between the two primary series
compensation strategies would in turn depend on various
factors such as efficiency and its tolerance to variable
frequencies, the desired power levels of operation, power factor
and its tolerance to variable frequencies and cost. It can be
generally observed that for higher power levels, SP
compensation can transfer high powers at low voltage and high
current. In case of SS compensation, due to its comparatively
large impedance at resonant frequency, the currents drawn at
low voltages are not very high and hence high power transfer
can take place only at high voltages. In case of variable
frequency operations, it is desirable to go for SS topology as it
has higher tolerance for power factor when frequency changes.

It can also be observed that the maximum efficiency for SS
topology is much higher than that of SP topology. Hence, for
fixed frequency systems, it would be better to opt for SS
topology. However, frequency tolerance for efficiency is better
in case of SS topology over SP topology particularly at super-
resonant frequencies. For sub-resonant frequencies, the
efficiencies in case of SP topology is higher than that of SS
topology.

2) PSand PP Comparison
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Figure 14. Parameter comparison of Primary Parallel topologies

A very unfavorable feature that the primary parallel
topologies possess is the fact that the compensation capacitance
varies with changing load. Hence, in applications where load
changes are drastic, it would be better to prefer series primary
compensation.

It can be readily observed that peak efficiency for the PS
topology is higher than that of the PP topology. Also, the
power factor tolerance for PS topology for super-resonant
frequencies is much higher than that of PP topology. However,
for sub-resonant frequencies, the efficiency of PP topology is
higher than that of PS topology. Also, the frequency tolerance
for PS topology is much higher than that of PP topology. In
terms of the power transferred at a constant current level, PS
topology can deliver much higher power at a given current
level than PP topology.

VI. RESULTS OF COMPARISON

The results obtained are quantified and represented in Table
IV and the general observations are presented in Table V.



TABLE IV. SIMULATED RESULTS OF THE VARIOUS TOPOLOGIES [2] Abe, H.; Sakamoto, H.; Harada, K.; , "A noncontact charger using a
— resonant converter with parallel capacitor of the secondary
Characteristic of SS SP PS PP coil," Industry Appli IEEE Ty i on, vol.36, noJ,
the topology Topology Topology | Topology | Topology pp.444-451, Mar/Apr 2000
Vil 20v 20V SA SA [3] Yungtaek Jang; Jovanovic, MMM.; , "A contactless electrical energy
— tr ission system for portable-telephone battery chargers," Industrial
.C"'“"’" : 3.65 0.53 1296.5 8654.4 Electronics, IEEE Transactions on , vol.50, no.3, pp. 520- 527, June
impedance a
resonance (Q) L
n [4] Joung, GB.; Cho, BH; , "An energy transmission system for an
Maximum power 105.36 596.53 31.18k | 170.03k artificial heart using leakage ind o ion of tr 1eou
delivered g &
(Pans W transformer," Power Electronics Specialists Conference, 1996. PESC '96
Ef'.'_‘“‘j ) TR %31 7806 9631 780 Record., 27th Annual IEEE , vol.1, no., pp.898-904 vol.1, 23-27 Jun
iciency (1, % 5 4 B . 1996
[5] Heeres, B.J.; Novotny, D.W.; Divan, D.M.; Lorenz, R.D.; , "Contactless
underwater power delivery," Power Electronics Specialists Conference,
TABLE V. GENERAL OBSERVATIONS OF THE VARIOUS TOPOLOGIES PESC '94 Record., 25th Annual IEEE , vol., no., pp.418-423 vol.1, 20-
Characteristic of SS SP PS PP 23 Jun1554
6] Sallan, J.; Villa, J.L.; Llombart A Sanz, JF.; , "Optimal Design of
the topology Topolo; Topology | Topology | Topology [ ‘ 5 Al 5, ; {
ICPT Systems Applied to Electric Vehicle Battery Charge." Industrial
D d f Y PP 24 gc,
theep;:in:::; ¢ RO Nong Dep etnd Depetnd Electronics, IEEE Transactions on , vol.56, n0.6, pp.2140-2149, June
§ en en 2009
compensation
capacitance on [7] Stielau, O.H.; Covic, G.A.; , "Design of loosely coupled inductive power
load transfer  systems,” Power System Technol, gy, 2000. Pr dings.
Circuit Minimum | Minimu | Maximu Maximu Ccz:]wierzct‘)%ra 2000. International Conference on, vol.1, no., pp.85-90
equivalent .
impedance at m m m [8] Chwei-Sen Wang; Stielau, O.H.; Covic, G.A.; , "Design considerations
resonance for a contactless electric vehicle battery charger," Industrial Electronics,
Type of ac Voltage Voltage | Current | Current IEEE Transactions on , vol.52, no.5, pp. 1308- 1314, Oct. 2005
source to be source source source source [9] Chopra, S.; Bauer, P.; , "Analysis and design considerations for a
applied so as to contactless power transfer system," Telecommunications Ene
P gy
transfer Conference (INTELEC), 2011 IEEE 33rd International , vol, no.,, pp.1-
maximum power 6,9-13 Oct. 2011
Power Lower Higher Lower Higher [10] R. Balog, P. T. Krein, D. Hamill, "Coupled inductors -- a basic filter
mm:fertred at building block," in Proc. Electrical Manufacturing and Coil Winding
constant source Ass'n., 2000, pp. 217-278.
voltage (SS, SP)/
current (PS,PP)
Peak efficiency Higher Lower Higher Lower
Tolerance of Lower Higher | Lower | Higher
efficiency to
variable
frequency
Tolerance of Higher Lower | Higher | Lower
power factor to
variable
frequency
VII. CONCLUSION

A technique in order to estimate the rough frequency of
operation of the air cored transformer is derived. This is
followed by an efficiency based optimization technique to
estimate the exact frequency of operation for a particular load.
For the constructed air-cored transformer, a frequency of
operation, f;=100kHz (resonant frequency) is chosen based on
the optimization technique as it proved rather efficient for all

topologies for a

loading of (R;=0-10 Q). A comparison

between the various compensation techniques would yield that
peak efficiency of the system remains high for Secondary
Series topologies while the power transferred is higher for
Secondary Parallel topologies.
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