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ABSTRACT

Wireless power transfer (WPT) technology has many potential applications such as consumer
electronics and electric vehicles (EV). High transmission efficiency with long transmission
distance and with large lateral misalignment is desired in WPT systems. Magnetic resonance
coupled (MRC) WPT systems are suitable for midrange high efficiency wireless power transfer
(WPT).

In chapter 2, commonly used four-loop and two-loop MRC-WPT system configurations are
analyzed and compared in terms of transmission efficiency and transmission distance first based
on the simplified circuit model. An example symmetrical system simulation shows that with the
same Tx, RX, source and load, the four-loop system has longer transmission distance but with
relatively lower transmission efficiency compare to the two-loop system. Then, A 3-D physical
model of 5-turn, 400mm outer diameter spiral shape four-loop WPT system is developed and
simulated by using ANSYS® HFSS® software package. Operation distance of 550mm with
nearly constant maximum transmission efficiency of 92.3% is achieved.

Laterally misaligned MRC-WPT system is investigated in chapter 3. The TEVD, a region on
the transmission efficiency versus Rx lateral misalignment amount curve where the transmission
efficiency first sharply drops from high efficiency down to zero and then recovers to a low
efficiency value, is identified in this work. The identification of TEVD is verified by simulation
results obtained from a developed ANSYS® HFSS® 3-D physical model. Simulation results of

the ANSYS® HFSS® 3-D physical model with 5-turn, 60cm outer diameter spiral shape MRC-



WPT system show that when the Rx is 30cm vertically away from the Tx, TEVD exists when the
lateral misalignment value ranges from 50cm to 70cm.

An elimination method for TEVD is proposed in chapter 4. The proposed method utilizes
angular rotation of the Rx (or Tx) to eliminate the zero-coupling point which causes the TEVD
and boosts the coupling coefficient such that the TEVD is eliminated and the high efficiency
region is extended. ANSYS® HFSS® 3-D physical model simulation results show that the
proposed method eliminates the TEVD and extends the high efficiency region from 50cm lateral
misalignment (83.3% of the Rx diameter) to 70cm lateral misalignment (117% of the Rx
diameter).

Chapter 5 summarizes the thesis conclusions and sheds the light on future work.



LIST OF ABBREVIATIONS AND SYMBOLS

Capacitor/Capacitance

C of coils

C of loops

Diameter of the Tx and Rx

Diameter of drive loop and load loop
Transmission distance between Tx and Rx
Critical distance between Tx and Rx
Distance between loop and coil

Electric field

Electric vehicle

Frequency

Natural resonance frequency

Resonance frequency with an “electric wall”
Resonance frequency with a “magnetic wall”
Finite element analysis

Magnetic field

High frequency structural simulator
Coupling factor

k between loop and coil



kTr

k(:ritical

KVL

L

|821|critical

k between Tx and Rx

ktr value at DIS = DISgritical
Kirchhoff’s voltage law
Inductor/Inductance

L of coils

L of loops

Mutual Inductance between Tx and Rx
Magnetic resonance coupling/coupled
Number of turns of the Tx and Tx
Quality factor

Q of coils

Q of loops

Resistor/resistance

R of source

R of load

Characteristic impedance
Parasitic resistance

Rp of coils

Rp of loops

Radius of coil wire

Radius of loop wire

Receiver coil

Critical transmission ratio



TEVD Transmission efficiency valley of death

TX Transmitter coil

WPT Wireless power transfer

Z Impedance

Zp The impedance of the drive loop
Z7 The impedance of the Tx

ZR The impedance of the Rx

Z. The impedance of the load loop
Zioop The impedance of the loop

Zcoil The impedance of the coil

n Transmission efficiency

Heritical Efficiency at k1 = Keritical

Nmax Maximum efficiency

) Angular frequency
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CHAPTER 1
INTRODUCTION

1.1. Overview

The early research and development work on WPT dates back to early 20" century [1-2]. At
that time, Nikola Tesla even attempted to intercontinentally transmit power wirelessly before
wired grid transmission [2]. However, due to the undeveloped power electronic techniques, the
efficiencies of the WPT systems were too low to be practical and applicable for a long period of
time.

Recently, with the fast development of consumer electronics, mobile devices robots and
electric vehicles (EVs), the potential applications of WPT technologies have been boosted
dramatically. A large interest in the research and development of WPT systems has been
restarted among scientists, engineers and companies. The technology of WPT has been used in
some products such as wireless charger for electric teeth brushes, wireless power supply for LED
TV, wireless cell phone charger and wireless charger for EVs etc. [3-9]

Electromagnetic induction and electromagnetic radiation are popular approaches for WPT.
Electromagnetic radiation methods use microwaves or laser beams to achieve far field long
distance directive wireless power transmission. However, the transmission efficiencies are low
[10-11]. The transmission efficiency of WPT systems by means of magnetic inductive coupling
could be higher than 90% within limited transmission distances (usually within 10cm) [3-8].

In 2007, resonance enhanced magnetic coupling was found to be able to significantly increase



the transmission efficiency within practical midrange [12-13]. Since then, magnetic resonance
coupled (MRC) WPT has attracted considerable attentions and enthusiasms. Numerous system
topologies have been proposed for different applications. MRC-WPT systems are able to achieve
transmission efficiency of up to ~90% within one relative distance (the ratio of transfer distance
to the resonant-coil diameter) and up to ~40% within two relative distances [12-25]. The

electromagnetic WPT methods are compared in Table 1.1.

Table 1.1: Electromagnetic WPT methods

Method f* Efficiency Distance  Main applications Ref.

Microwave RF low ~km Space, military [10]
Laser RF low ~km Space, military [11]
Electric HF low ~Ccm - [1]
coupling
Magnetic - high ~10cm EV [3-8]
coupling
MRC  HF high -m Mobile devices,  12-25]

(*LF-band: 30kHz~300kHz, HF-band: 3MHz~30MHz, RF-band: 3kHz~300GHz)

1.2. MRC-WPT System Classifications

Four-loop and two-loop configurations are commonly used in MRC-WPT systems [12-25]. As
illustrated in Figure 1.1(a), the two-loop configuration connects the power source and the load to
a transmitter (Tx) and a receiver (Rx) respectively. This is unlike the case in the four-loop
configurations where Tx and Rx are magnetically coupled to the extra drive loop and load loop
that are connected to the power source and the load respectively as illustrated in Figure 1.1(b).

The Tx and Rx are usually multi-turn spiral or helix shaped open-loop copper windings (coils).

2



The Tx and Rx parameters such as coil diameter, number of turns, wire radius and pitch between
the neighbor turns can vary for different applications and based on system requirements. Many
applications like EV or mobile device charging systems require a stationary Tx and non-
stationary (moving) Rx. Therefore, the coupling coefficient between Tx and Rx (krg) varies with
varying DIS since krg is inversely proportional to the cubic of transmission distance (DI1S*) [13].
The drive and load loops are usually single copper loop each and the distance and angle between
these loops and Tx and Rx coils are adjustable. Therefore, the coupling between each loop and
each coil (ki) is adjustable. However, according to the coupled mode theory, when the coupling
between the two resonators (Tx and Rx) changes, the system resonance frequency(ies) will also
change accordingly [28-30]. This will be discussed in detail in chapter 2.

In order to maintain the system resonance and thereby tracking the maximum transmission
efficiency, different methods such as loop-to-coil coupling manipulation [13], adaptive
frequency tuning [14], automated impedance matching [15], and circuit structure manipulation
[16] have been proposed. Adaptive frequency tuning, automated impedance matching and circuit
structure manipulation are suitable for both four-loop and two-loop systems. Coupling
manipulation is applicable only in four-loop systems. Table 1.2 summarizes a recent literature
comparison for MRC-WPT systems.

The MRC-WPT system configuration (four-loop or two-loop) itself affects the system
performances in terms of operation distance and transmission efficiency. The four-loop and two-

loop systems will be analyzed and compared based on circuit models in chapter 2.
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Figure. 1.1: MRC-WPT system with spiral structures: (a) two-loop system and (b) four-loop

system



Table 1.2: Classification of MRC-WPT Systems and Comparison

Maximum

Resonator  efficiency Coil Natural Operation Transmission Tested
b . resonance - o Year Reference
structure tracking diameter f distance efficiency Power
requency
method
Loop-coil ~90% @ 1m
Helix coupling 60cm 9.9 MHz 0-200cm 0 60W 2007 [13]
Four- . : ~40% @ 2m
manipulation
loop
system Frequency
Spiral adaptive 59cm 7.65 MHz 0-70cm > 70% 30w 2011 [14]
tuning
Automated 13.56MHz
Two- Spiral impedance 30cm (within 0-30cm 85% 100w 2013 [15]
w matching ISM band)
loop -
system circuit aro
Helix structure 10cm AMHz  0-20cm 86@10cm o Hh13 1)
. : ~45% @20cm
manipulation

1.3. Misalignment in WPT System

Previous studies focused on how to enhance transmission efficiency for longer transmission
distance when Tx and Rx are perfectly aligned along their axis. [3-8, 12-25] In many WPT
application systems, however, the transmission distance between Tx and Rx is maintained
constant but lateral misalignments between the axis of Tx and the axis of Rx might exist or are
unavoidable. Two of these WPT application systems are wireless EV charging system (Figure
1.2a) and wireless mobile devices charging system (Figure 1.2b). In Figure 1.2a, the Tx is
placed on the ground and Rx is attached to the EV such that wireless charging is achieved when
the EV is parked on top of the Tx. In practice, however, it might be hard or not possible to park
the EV such that the Rx is precisely aligned with the Tx. In other words, lateral misalignment
between the Rx and the Tx exists in wireless EV charging system. In Figure 1.2b, the Tx under
the desk wirelessly powers the desktop and charges the laptop, the digital camera and the cell
phone simultaneously. Rx1, Rx2, Rx3 and Rx4 are attached to the bottom of each device. In this

scenario, each device could hardly be placed on top of the center of the Tx and lateral



misalignment between each Rx and Tx is unavoidable. Misalignments between the Tx and the
Rx in a WPT system significantly reduces system power transmission efficiency [26-27].
Therefore, it is important to understand the performance of the laterally misaligned WPT system

in order to investigate methods and designs to enhance transmission efficiency.

Power
Amplifier

(@)

Amplifier

(b)
Figure. 1.2: Lateral misalignment in practical WPT application systems: (a) wireless EV

charging system and (b) wireless mobile devices charging system



1.4. Thesis Outline

Chapter 2 discusses frequency splitting in MRC-WPT systems based on the 3-D physical
model simulation result obtained from ANSYS® HFSS®. Comparisons between the four-loop
and two-loop systems based on the circuit models analysis in terms of transmission distance and
transmission efficiency are conducted. A four-loop system 3-D physical model is designed and
simulated by using ANSYS® HFSS® and simulation results are presented and discussed.

Chapter 3 investigates the lateral misalignment in MRC-WPT system. Then the Transmission
Efficiency Valley of Death (TEVD) is identified. The analysis and identification are verified by
ANSYS® HFSS® 3-D physical model simulation of an four-loop MRC-WPT system with
laterally misalignment.

Chapter 4 proposes an elimination method for the TEVD which utilizes the angular rotation of
the Rx to boost the coupling coefficient, enhance the transmission efficiency and eliminate the
TEVD. The Elimination method is verified by ANSYS® HFSS® 3-D physical model
simulation. Results with and without elimination of TEVD are compared and discussed.

A summary of the conclusions of this work and the future research work related to WPT are

given in Chapter 5.



CHAPTER 2

FOUR-LOOP AND TWO-LOOP CONFIGURATIONS FOR MRC-WPT SYSTEMS

In order to understand the performances of the MRC-WPT systems, section 2.1 explains the
resonance frequency splitting by visualizing the electromagnetic field from 3-D ANSYS®
HFSS® simulation models. Then, section 2.2 through section 2.4 analyze and compare the four-
loop and two-loop systems by solving the simplified circuit models using MATLAB. Section 2.5
designs and simulates a four-loop MRC-WPT system 3-D physical model. Section 2.6

summarizes the chapter.

2.1. Frequency Splitting in Coupled Resonators

Mode splitting is known to occur in coupled planar resonators and in coupled mechanical and
electronic oscillators [28]. In coupled systems, the single natural resonance frequency will be
“forced apart” into two frequencies by the strong coupling [29]. For example, in mechanical
system, when two mechanical oscillators are coupled with one another, the single resonance
frequency of a single oscillator splits into two resonances at lower and higher frequencies
corresponding to in-phase and out-of-phase motion. Another example is that in molecular orbital
theory, upon formation of a diatomic molecule, atomic orbitals split into bonding and anti-
bonding molecular orbitals [28]. Similarly, in MRC-WPT systems, when the Tx and Rx with the

same natural resonance frequencies are coupled, the single natural resonance frequency (f,) will



be “forced apart” into two frequencies (f. and f,)) if the coupling is strong enough. The maximum

power transmission efficiency can be obtained at either resonance frequency.

Efficiency vs Frequency A
100.00
) fm S
: Nare X v h ‘fe
1| fe 113.870087.3873
80.00 fz 13.425012.4056
) f, 12.9050 92.1554
2 60.00
Q i
Q .
O T
W 40.00 -
20.00-
0.00 -
12.00 12.50 13.00 13.50 14.00 14.50

Freq [MHZ]

Figure. 2.1. Frequency response of a MRC-WPT system under a strong coupling condition

To enable intuitive understanding of the frequency splitting, the “magnetic wall” at low
resonance frequency (fy) and the “electric wall” at high resonance frequency (f) [30] are
illustrated here. The frequency response of a four-loop MRC-WPT system at DIS = 25cm
obtained from ANSYS® HFSS® is shown in Figure 2 (the parameters for this section figures are
same as those given in Figure2.13 and Table 2.3 for the physical model of Section 2.5). It can be
observed that f,, which is given by E.q. (2.1), splits into two resonance frequencies f. and f, (f, <
fo <f¢). Two peak values correspond to the maximum transmission efficiencies that can be
obtained in this MRC-WPT system.

1

f
° 2zJLC

(2.1)



Magnetic fields (H) and electric fields (E) surrounding the Tx and the Rx at f,, and f. obtained
from ANSYS® HFSS® are shown in Figure 2.2 and Figure 2.3, respectively. It can be observed
that in both cases electric couplings are much less than magnetic couplings. Therefore, Tx and
Rx are magnetically coupled in this case. When f = f;,, a “magnetic wall” is formed by the mutual
H fields of Tx and Rx, which can be clearly observed from Figure 2.2a. H vectors that pass
through the Tx and Rx are in the same direction, which indicates that the currents in Tx and Rx
are in the same direction. Thus, effective inductances of Tx and Rx coils increase from L to
(L+M). Accordingly, the resultant resonance frequency f,, can be derived from E.q. (2.1) as in
E.q. (2.2). It’s clear that f,, < f,.

1

fn = 27 J(C+M)C

When f = f,, an “electric wall” is formed by the mutual E fields (weak field though) of Tx and

2.2)

Rx, which can be observed from Figure 2.3b. H vectors that pass through Tx and Rx are in
opposite directions, which indicates that the currents in Tx and Rx are in opposite directions. In
this case, the stored fluxes in Tx and Rx partially cancel each other and the effective inductance
of the single resonators decreases from L to (L-M). Accordingly, the resultant resonance
frequency f. can be derived from E.q. (2.1) as in E.q. (2.3), which is higher than f,.

1

E “ 2z J(L-M)C

The magnetic coupling coefficient k can then be given by E.q. (2.4). E.g. (2.2), (2.3) and (2.4)

(2.3)

can also be derived from the extracted lumped-element circuit model [30].

f2—f2

ke_e —Tm _
f2+f 2

M
= (2.4)

From E.q. (2.1) through E.qg. (2.4), the frequency splitting Af can then be derived as E.qg. (2.5).

10



P 11
Af =1, — 1, fO(Jl__k Ju_kj (2.5)

Af [f, as a function of k (O<k<1) can be plotted as in Figure 2.4. It can be observed that Af /f,
decreases with the decrease of k, or in other words, the frequency splitting ratio increases when
the coupling becomes stronger. It is also known that ks is inversely proportional to DIS®[13].
Accordingly, Af decreases as Rx moves away from Tx. This means that the larger the DIS is,the
weaker the coupling is, and the wider the frequencies will split. The values of krr and Af of the
corresponding system can be calculated from E.q. (2.4) and E.g. (2.5) as krr = 0.072 and Af =
0.97MHz. The value of Af that can directly be obtained from Figure 2.1 is 0.965MHz, which
closely agree with the calculated value. The small differences in the two values are caused by the
parasitic resistive loss and negligible radiation loss.

In the lossless coupled systems, the frequency splitting would occur as long as the coupling
exists. In the MRC-WPT systems, however, because of the parasitic resistance losses, frequency
splitting will not occur if the coupling is too weak to maintain the resonance. The point at which
the two resonance frequencies merge into one is defined as critical coupling point. At this point,
the coupling factor is referred to as Keriticat [14] and the corresponding distance is referred to as
DIScritica- As long as the DIS is less than DISgiticar and krg is larger than Keriticar, the maximum
transmission efficiency (max = #criticar) C&N be maintained. The relationship between # and DIS is

expressed as in E.q. (2.6). MRC-WPT system designs targeting higher 7max and longer DIS.,

{nmax ~ ncritical *’ If DIS < DIScriticaI’ kTR 2 kcritical (26)

TTmax < Meritical #’ if DIS > DIS kTR <k

critical ? critical

(*: high and nearly constant. #: decrease sharply)

11
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Figure. 2.4: The relationship between frequency splitting (Af Ifo) and kg

2.2. Analysis of Four-loop MRC-WPT Systems
In this part the four-loop MRC-WPT system is analyzed based on the circuit model shown in

Figure 2.5. This circuit model corresponds to the physical model shown in Figure 1.1b.

Drive Loop Tx Coil Rx Coil Load Loop
| | | | | | | |
I I I I
RS CD CT CL
LD RL
w YW
kDT

Figure. 2.5. Equivalent circuit model of four-loop MRC-WPT system
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For simplicity, the cross couplings (Drive loop-to-Rx coupling, Drive loop-to-Load loop
coupling and Tx—to-Load loop coupling) are ignored and only symmetrical system is analyzed.
Based on this the circuit model parameters are simplified as in E.q. (2.7). The impedance of
each loop can then be expressed as given by E.q. (2.8). The current in each loop can be

determined by using KVL equations as shown in E.q. (2.9).

RpD = RpL = Rloop’ I-D = I‘L = I‘Ioop’CD = CL = CIoop
RpT = RpR =Ryis Ly = Lg =L G =Cr =C @2.7)
R =R =R,
kDT = kRL = klc’ Mpr = Mg, = Mlc
Z|00p = ZD = ZL = Ro + Rloop + ja)LIoop +ja)—Cloop
1 (2.8)
Zcoil = ZT = ZR = Rcoil + ijcoiI T
Ja)CcoiI
Z, joM c 0 0 I, Vs
joM,, -ZT —joMq _ 0 1, _ 0 (2.9)
0 —JoMy Zg JoM,. |1 1 0
0 0 joM c Z l, 0

The voltage ratio V| /Vs as a function of @ and kg can then be solved as given by E.q. (10),
where o = 2zf. E.q. (10) can directly be used to evaluate the power transfer efficiency (7) for

MRC-WPT system by using scattering parameter (Sz1) as shown in E.q. s (11) and (12) [12-14,

24].
\i (60 I(TR) = ja)3kTR I(Icz I‘coilz Lloop RL (2 10)
! 2 2 2
VS a)4klc4 (Lcoil Lloop ) + a)z (kTR2 ( Lcoilzloop ) + 2kIczl‘coil L|00choiIZI00p ) + (Zcoilzloop )
s, -2 |R (2.12)
VS RL
1=|S,[ x100% (2.12)
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From E.q. (2.11) and E.q. (2.12), and by using the parameters in Table 2.1 (some of these
parameters are taken from [14]), |S2:1| as function of frequency (f) and Tx-to-Rx coupling factor
(ktr) can be plotted as shown in Figure 2.6a. The critical coupling factor and the corresponding
critical efficiency are calculated as described next.

The series quality factor is given by E.q. (2.13). From E.q. (2.10) through E.qg. (2.13), Sy at o
= w, (or f =1,) can be expressed by E.q. (2.14). The E.qg. (2.14) can be plotted as shown in Figure

2.6b. The critical coupling point of the four-loop MRC-WPT system is marked on Figure 2.6.

The corresponding Keriticat Value can be derived by solving dki[(sﬂ)| ]:oas given by E.q.

0=,
TR

(2.15). |S21]critica can then be derived from E.q. (2.14) and E.qg. (2.15) as given by E.q. (2.16).
From E.q. (2.12) and E.q. (2.16), #critica Can be derived as given by E.q. (2.17). Based on the
values of Keritical and #critical, the four-loop MRC-WPT system performances can be evaluated by

using E.qg. (2.6).

1 L 1 w,L
= |==—— "0 2.13
Q=% \/; o,RC R 213)
(S )‘ _ ikTRkI(:ZQcoileIoop (2 14)
21 V=0, - 2 '
I(TRZQcoiIZ + (1+ klcchoilQIoop)
1 2
kcritical = Q_+ klc Qloop (215)
coil
kcono
|821|critical =|821 0=y K =K =% (2.16)
0 "TR ~eritical critical
k 4Q 2
2 c <loo
Meritical :|821|critical = ;( I '2) (217)

critical
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Table 2.1: Design example parameter values of the MRC-WPT system

Parameters Values
fo 10 MHz
Rs = R|_ = Ro 50 Q
Lt = Lr =Lcoil 20.0 |,lH
Ct = Cr = Cqil 12.6 pF
Rpt = Rpr = Reqil 1Q
_ 4-loop 1260
Qe 2-loop 107
Lpo=L.= L|00p 1.0 }J.H
Cp =C = Cjoop 252 pF
RD = RL = Rloop 025Q
Qloop 1.25
Kot = kgL = Kic 0.1
kTr 0<kr<l
Frequency sweep 8§ MHz<{<12 MHz

From calculations, Kcriticar for the example four-loop system is 0.0133, |S21criticar 1S 0.94 and
Neritical 1S ~88.4%. This four-loop MRC-WPT system can maintain a nearly constant maximum
efficiency of ~88.4% within a coupled range (highlighted by dash-dotted box in Figure 2.6a) if
the frequency is adjusted such that it is always at the resonance frequency when the coupling
factor changes as a result of distance changes. The variation of frequency splitting for different
krr values is shown in Figure 2.6¢. It can be observed that Af decreases as krr (When Krr > Keriticar)
decreases. This variation trend matches with the variation of Af shown in Figure 2.4.

According to E.g. (2.15) and E.q. (2.17), in order to minimize the value of Keriticar and
maximize 7#criicar Of the four-loop system, which is desired, Qi should be maximized. There
exists a tradeoff between smaller Keriticar @and higher 7crisicat When varying the values of k. and
Qioop- As illustrated in Figure2.7 and Figure2.8, when kic or Qop increases, transmission
efficiency increases but Keritcar also increases, and vice versa. In four-loop systems, Qcoil
determines system performance as long as a minimum threshold value of Qo is exceeded (Qioop >

Qeoir™%) [141.
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Over Coupled

Critically Coupled

krr = 0.12 > Keritica

kTR =0.05> kcritical

kcritical = ;0'0133

0.95 1 105 11 89

0.95 1

0.95 1 1.05

11 11
f x10'(H2) f x 101(H2) f x 10" (H2)
(c-1) (c-2) (c-3)
Under Coupled
1 kTR = 0-005 < kcritical 1 I(TR = 0-001 < kcritical
0.8f 0.8
__ 06t 06
4 7
0.4t — 04f
0.2 0.2
83 0.95 1 1.05 11 83 0.95 1 1.05 11
f x 10H?) f x 10"(Hz)
(c-4) (c-5)

Figure. 2.6. Frequency response of the example four-loop MRC-WPT system: (a) 3-D view of
|S21] as functions of frequency and kg, (b) |S2:| as a function of kg at f = f,. The peak
corresponds to the critical coupling point, (c-1) to (c-5) are the 2-D animation of the frequency

splitting when kg decreases from 0.12 to 0.001.
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Figure. 2.7: Transmission efficiency and Keritical Curve as a function of Qjoqp
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Figure. 2.8: Transmission efficiency and Keriticar CUrve as a function of kj.
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2.3. Analysis of Two-loop MRC-WPT Systems

This section analyzes the circuit model of the two-loop MRC-WPT system as shown in Figure
2.9. The footnote “.,” in the variables of Figure 2.9 and the rest of the paper is used to
differentiate the variables of two-loop systems from the variables of four-loop systems. For
simplicity, only symmetrical system which is simplified by E.q. (2.7) is considered. The
impedance of each loop can be expressed as in E.qg. (2.18) and the KVL equations can be written
as in E.q. (2.19). Voltage ratio of the two loop system (V_.2/Vs.,) as a function of @ and krg.» can
then be solved for as given by E.q. (2.20). From E.q. s (2.11), (2.13) and (2.20), S;12at @ = w,
(or f =f,) can be expressed by E.q. (2.21).

Tx Coil Rx Coll

| |
|
Cr-2

Ri-2

Figure. 2.9. Equivalent circuit model of the two-loop MRC-WPT system

i 1
Zcoil—2 = ZT—Z = ZR—?_ = R0—2+Rcoil—2 + Ja)LcoiI—Z Tt (218)
coil -2
ZT—Z _ja)MTRZ:||: |121| :|:VS—2j| (219)
—joM , Lo, 5, 0

Vi, _ J0Kig 5 Lo 2R, 2.2
Vs (km-2) = Zr ,lg, +a’2kTR-22 I-coil-z2 ( . O)
(Sys )| = 2|kTR—22QcoiI72 ~ [ R, } (2.21)

o= 1+ kTR—Z Qcoil—2 RL—2 + Rcoil—2
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Similar to the four-loop system, the Keriticar-2, |S21critical-2 @nd #criticat-2 €an be derived as in E.q.

(2.22), (2.23) and (2.24) respectively.

1
kcritical—z = (gm"_2 (22)
RL*Z
|821|critical—2 :|821”w=(00yk'erzzkcriticaIfZ - RL ot R il-2 (23)
- coil -
R 2
2 _
Teritical—2 = |821|critical—2 = [m} (24)
et \y
C\’\UCa\
COUp\ed Under Coup\ed ________ 1S4
over i e
coupted i e 09
1 plingPaint 08
0.8 .. ” 0.7
_E w 10.6
ﬁ 06
04 . 0.5
0.2 0.4
0.3
Ol
1.2 ‘ 6.9
107
5 i 0.1
x10 (HZ) f

kTR—Z

(a) 3-D view of |Sz1-2] as functions of frequency and krg-2

22



Critical Coupling
Point
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ke

(b) |S21-2| as a function of krr.2 at f = f,. The peak corresponds to the critical coupling point

Over Cqupled Critically Coupled

leR =012> kcritif:al 1 krr = 0.05 > Keritical Keritical = 0.0133

8o 0.95 1 1.05 11 B9 0.95 1 1.05 11 99 0.95 1 1.05 11
f x 10'(H2) f x 10(H2) f x 10" (H2)

(c-1) (c-2) (c-3)
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Under Coupled

ktr-2 = 0.0133 < Keritical-2 ktr-2=0.005 < Keritical-2

1
0.8 0.8
— 06 —_ 06
— |
w N
T 04 L 04
0.2 0.2
89 0.95 1 1.05 11 835 0.95 1 1.05 11
f x10" (H2) f x 10’ (H2)
(c-4) (c-5)

Figure.2.10. Frequency response of the example two-loop MRC-WPT system: (a) 3-D view of
|S21-2] as functions of frequency and kir-2, (B) |S21-2] @s a function of kg, at f = f,. The peak
corresponds to the critical coupling point, (c-1) to (c-5) are the 2-D animation of the frequency

splitting when krgr- decreases from 0.12 to 0.005.

Using the values in Table 2.1, the |S;1-| of the two-loop system as function of f and kg, can be
plotted as shown in Figure 2.10a. The value of |S;;2| at @ = w, is plotted as shown in Figure
2.10b. The coupling point is marked in Figure 2.10a and 2.10b. The variation of frequency
splitting for different krg-2 values is shown in Figure 2.10 c-1 to c-5. It can be observed that Af
decreases as krr-2 (When Krr-2 > Keritica-2) decreases. This variation trend matches with the
variation of Af shown in Figure 2.4 as well. From calculations, Keriticar-2 for this example two-loop
system is 0.0405, |Sz1|critical-2 1S 0.98, and #criticar-2 1S ~96%.The two-loop MRC-WPT system can
maintain a nearly constant maximum efficiency of ~96% within a coupled range (highlighted by

dash-dotted box in Figure 2.10a).
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In order to minimize Keritical-2 @aNd #critical-2 OF the two-loop system, Q-2 Should be maximized
as can be observed from E.q. (22) and E.q. (23). It should be noted that the source and load

impedances dominate Q-2 Of Tx and Rx respectively.

2.4. Comparisons Between Four-loop and Two-loop MRC-WPT Systems

The Keriticat @nd 7criticar Values of the examples four-loop system (Section 2.2) and two-loop
system (Section 2.3) are compared in Table 2.2, where the two systems have the same Tx, Rx,
source and load.

Table 2.2: Comparison between the four-loop and two-loop MRC-WPT systems

Four-loop system Two-loop system

Qcoil 1260 107
Keritical 0.0133 0.0405
1S21critical 0.9405 0.9804
Hcritical 88.5% 96.1%

The comparison in Table 2.2 shows that the Kcriticar Of the four-loop system is ~1/3 of the
Keritica-2 OF the two-loop system. Therefore, DISiticar OF the four-loop system is /3 (~14) times of
DIS¢riticar-2 Of the two-loop system. However, #critical 1S 7.6% lower than #criticai-2. The main reason
for the difference between DISritica and DIScritical-2 1S that Qcoii (=1260) is much higher than Q-2
(=107). As discussed in Section 2.2 and Section 2.3 higher Qi values are desired for better
performances for both the four-loop system and the two-loop system.

The changes of Rs and R, affect the performances of both the four-loop and the two-loop
MRC-WPT systems. In the four-loop system, the change in Rs and R, values affects Qjqop Value.
In the two-loop system, the change in Rs and R_ values affects Q.. values. Figure 2.11

illustrates how Keriticar and |S21|criticar are affected when increasing the characteristic impedance R,
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(Ro = Rs = Ry). It can be observed that when R, increases in the four-loop system, Qi remains

constant, Keriticar decreases and |Sz1|criticar decreases. In the two-loop system, when R, increases,

Qcoit decreases, Keriticar INCreases, and |Sai|criticar INCreases. The tradeoff curves between smaller

Keriticat @nd higher |Sa1|criicat When varying R, are plotted as shown in Figure 2.11d. Influences on

the performance of a two-loop MRC-WPT system when varying the characteristic impedance

has been experimentally studied in [20], and the results match the variation trends shown in

Figure 2.11.
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Figure. 2.11: Plots for Qcoil, Keriticar @nd |Sa1|criticar @S @ function of the characteristic impedances
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In many practical systems, Rs is fixed at 50Q, while R_ changes. In this case, the four-loop and
two-loop systems are not symmetrical anymore. Figure 2.12 illustrates how Keriticar and |S21criticar
are affected when Rs is fixed at 50Q and R, increases from 1Q to 1000Q. It can be observed that
when Ry increases in the four-loop system, Qcoii remains constant, Keriticar decreases, and |Sa1|critical
first increases and then decreases with peak value at R =50Q. In the two-loop system, when R,
increases, Qcoil decreases, Keritical InCreases and |Szi]criticat INCreases. The tradeoff curve between

smaller Keriticar and higher |Sz1|criicat When varying R are shown in Figure 2.12d.
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Figure. 2.12: Plots for Qcoil, Keriticat @nd |Sa1|criticar @S @ function of the load impedance (R)
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To summarize and conclude, the four-loop configuration is able to efficiently transmit power
for longer distance, while the two-loop configuration has higher maximum efficiency at shorter
distance. Higher Qi values are desired for both configurations. A 3-D physical model of the

four-loop MRC-WPT system is developed and its results are analyzed in the next section.

2.5. 3-D Physical Model of a Four-Loop System

In this section, an ANSYS® HFSS® 3-D physical model of a four-loop MRC-WPT system
design example and its results are presented and discussed. ANSYS® HFSS® software, a high
frequency structural simulator, is the industry standard for simulating 3-D full-wave
electromagnetic fields [32]. ANSYS® HFSS® uses finite element analysis (FEA) to solve 3-D
models [33-37]. As discussed in previous section, one of the key issues in designing Tx and Rx
is obtaining high quality factor. Basically, larger self-inductance, smaller parasitic resistance and
smaller self-capacitance are desired. However, there are tradeoffs between several parameters.
Larger diameter and higher number of turns contribute to lager inductance, but the length of the
wire will increase as well, leading to increase in resistance (higher power loss). Also the
diameter of the wire affects the resistance and the self-capacitance. The gap between two turns
(Pitch) affects the self-capacitance as well. In some designs, external capacitors are needed in
order to obtain certain resonance frequency. In this section design example, a 3-D physical
model of a four-loop MRC-WPT system without external capacitor is developed using ANSYS®
HFSS® 3D simulator. System performance with the variation of DIS is discussed. The physical
model parameters are given in Figure 2.13 and Table 2.3.

The maximum efficiency that the four-loop system is able to maintain when varying the DIS
from 0 to 800mm is given in Figure 2.14. It can be observed that nearly constant maximum

efficiency of 92.3% is maintained for DIS values that are less than 550mm. When DIS = 400mm
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(one relative distance) the maximum efficiency is 92.6%, and when DIS = 800mm (two relative
distances) the maximum efficiency decreases to 34.1%. Frequency responses at selected

distances are illustrated in Figure 2.15. It can be observed that as DIS increases, the frequency

splitting (Af) decreases, which agree with the results in Figure 2.4.

The simulation results of the 3-D physical model of the four-loop MRC-WPT system validate

the circuit model analysis in the previous section.

-----------------

<-d|C-> PRSR— DIS--------- > "dlc"

(a) (b)

Figure. 2.13: Parameters of the 3D physical model of the four-loop system

Table 2.3: Design parameters of the 3D physical model of the four-loop system

Parameter Values
Coil structure Spiral
Wire material copper

Rs, RL 50 Q
Coil turns (Ncoir) 5
D il 400mm
Dioop 170mm
Pitch 10mm
Icoil 3mm
lNoop 1.27
DIS 0-800mm
dic 35mm
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Figure. 2.14: Maximum transmission efficiencies with different transmission distances
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2.6. Summary

MRC-WPT system resonates at two split frequencies when the coupling between Tx and Rx is
stronger than the critical coupling. In a MRC-WPT system, as long as the frequency splitting
occurs, nearly constant maximum transmission efficiency can be maintained within the system
operation distance. The corresponding critical coupling factor and the critical efficiency are used
to analyze and evaluate the MRC-WPT systems performances and behaviors. Two-loop and
four-loop MRC-WPT system configurations are first analyzed and compared based on the circuit
model. Comparison shows that the four-loop configuration is able to efficiently transmit power
for longer distance but has lower efficiency when the distances is short when compared to the
two-loop configuration. Then, an ANSYS® HFSS® 3-D physical model of the four-loop MRC-
WPT system is also developed and its results, which agree with the circuit model results, are

discussed.
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CHAPTER 3

IDENTIFICATION OF THE TRANSMISSION EFFICIENCY VALLEY OF DEATH IN

LATERALLY MISALIGNED MRC-WPT SYSTEM

This chapter first investigates the lateral misalignment in MRC-WPT system then identifies
The Transmission Efficiency Valley of Death (TEVD). Analysis and the identification of the

TEVD are verified by ANSYS® HFSS® 3-D physical model simulation.

3.1. Lateral Misalignment in MRC-WPT System

Figure 3.1 shows an illustration diagram of a four-loop configuration laterally misaligned
MRC-WPT system. Tx and Rx are coupled via magnetic resonance. The transmission distance is
represented by DIS and the lateral misalignment is denoted by MIS (more clear geometrical
definitions of the DIS and MIS are presented in Figure 3.2). The four-loop MRC-WPT system
has introduced and analyzed in the previous chapter.

In a WPT system, the relative positions of the Rx and the Tx can be categorized into three
types: perfectly aligned, angularly misaligned and laterally misaligned. In a perfectly aligned
WPT system (Figure 3.2a), the axes of Tx and Rx are perfectly aligned, while the Rx plane is in
parallel with the Tx plane. In an angularly misaligned WPT system (Figure 3.2b), there is an
angle (6) between the axis of Tx and the axis of Rx. In a laterally misaligned WPT system (Fig.

3c), the plane of Rx is in parallel with the plane of Tx and the distance in between is DIS. Rx is
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movable in its plane, leading to the lateral misalignment (MIS) between the axes of Rx and Tx.
In Fig. 3c, the angle a is calculated by E.q. (3.1) and it represents to which extent the center of

Rx deviates angularly from the axis of Tx.

Rx
Coil
Load
Loo
Tx P
Coil
Drive
Loop
Power amplifier
& Source Circuit Load
Legend:  \ire Connection Magnetic Resonance Coupling

Figure. 3.1: Commonly used four-loop configuration MRC-WPT system with lateral

misalignment
Moving Direction
>
I
) SETTIITTLLLTE DIS---ecceeee--- >

Tx (fixed)

(a) Perfectly aligned
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Rotating

(b) Angularly misaligned

Tx (fixed) | | | | RX

(c) Laterally misaligned

Figure. 3.2: Relative positions of the Tx and Rx in WPT systems: (a) perfectly aligned, (b)

angularly misaligned and (c) laterally misaligned.

o = arctan MIS (3.2)
DIS
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3.2. The Transmission Efficiency Valley of Death

Figure 3.3a shows a sketch for magnetic flux distributions in a laterally misaligned WPT
system for illustration purpose. In this system, Tx is fixed and the transmission distance is DIS.
Rx is movable in its plane and four possible example locations of interest for Rx (Po, P1, P2, and
P; as in Figure 3.3) are studied. When the Rx is located at Py, the WPT system is perfectly
aligned as illustrated in Figure 3.3a. At this location, magnetic fluxes transmitted from the Tx
pass through the Rx from bottom side to the top side leading to strong magnetic coupling
between Tx and Rx. When Rx is located at P1, the WPT system is laterally misaligned and the
misalignment is MIS;. At this position, less amount of fluxes transmitted from the Tx are able to
pass through the Rx coil from bottom side to the top side which results in weaker magnetic
coupling compared with the former case. When the Rx is located at P, lateral misalignment
between the Tx and the Rx is MIS,. At this position, small amount of fluxes transmitted from Tx
first pass through Rx from its bottom side to the top side, then pass back to the bottom side,
leading to zero coupling between the Tx and the Rx. When Rx is located at P, the lateral
misalignment of the WPT system is MIS3. At this position, a small amount of fluxes transmitted
from Tx pass through Rx coil from its top side to the bottom side, leading to weak coupling
between the Tx and the Rx. If the coupling coefficient between Tx and Rx (krr) at position Py,
P1, P2, and P3 are denoted by kpo, Kp1, kpz and kps, respectively, then magnitudes of these four
coupling coefficients can be sorted as |Kpo| > |Kp1| > |kp3| > |Kp2| = 0.

In MRC-WPT systems, it has been clarified in the previous chapter that as long as the
magnitude of the krr exceeds a threshold value Keritica, maximum transmission efficiency can be
maintained. The illustration plot of the transmission efficiency as a function of MIS is shown in

Figure 3.3b. When the Rx moves from P, to P3, the MRC-WPT system is initially within a high
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efficiency region (corresponds to the strong coupling region) at Py and P;. Then the MRC-WPT
system reaches a region where transmission efficiency drops down to zero (at P,, with zero-
coupling). As the lateral misalignment increases further, the MRC-WPT system recovers to a
low efficiency region (corresponds to the weak coupling region P3). As Rx moves further to the
right side of the P3 region, the system transmission efficiency will gradually decrease back to
zero again. The transmission efficiencies when Rx is located at Py, Py, P,, and P3 are sorted as 7o
= np1 > p3> Mp2=0. In Figure 3.3b, a “Transmission Efficiency Valley of Death” (TEVD) with an
approximate “V” shape can clearly be identified which exists between the high efficiency region

and the low efficiency region. At TEVD, the transmission efficiency sharply drops down to zero.

Moving Directions Strong _ Weak
- Coupling  Zero-Coupling Coupling

Plane of Rx
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Figure. 3.3: lllustration of the Transmission Efficiency Valley of Death (TEVD): (a) A sketch of

magnetic fluxes in a laterally misaligned WPT system when Rx locates at different positions and

(b) 2-D view of the TEVD

In practical applications such as wireless EV charging systems or wireless mobile device
charging system, Rx may laterally be misaligned with Tx in all directions. A 3-D sketch of the
transmission efficiencies as a function of Rx positions is shown in Figure 3.4. In this 3-D sketch,
the values of x-axis and y-axis represent lateral misalignment, and the value of z-axis represents
transmission efficiency. Po, P1, P2, and P3on the sketch correspond to the four possible positions
of Rx in Figure 3.3. In fact, Figure 3.3b is a part of the cross section view obtained from Figure
3.4. The TEVD, an annular area view from the top in Figure 3.4, is located between the high
efficiency region and the low efficiency region.

It can be observed from Figure 3.3b and Figure 3.4 that the TEVD significantly reduces the
high efficiency range of the MRC-WPT system and its overall transmission efficiency for

applications where lateral misalignment exists. If the TEVD is eliminated, the lateral misaligned
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WPT system is able to have a larger region of high efficiency and the overall transmission
efficiency could be increased for a larger lateral misalignment range/distance. The rest of this

paper focuses on how to eliminate the TEVD in laterally misaligned WPT systems.

Transmission
Efficiency

High Efficiency Region

Transmission Efficiency Valley of Death

Zero Efficiency Region

X

.

MIS

Low Efficiency Region

Figure. 3.4: A 3-D sketch of “The Transmission Efficiency Valley of Death” in misaligned MRC-

WPT system

3.3. 3-D Physical Model Simulation Results

An ANSYS® HFSS® 3-D physical model of a four-loop symmetrical MRC-WPT system with
lateral misalignment is designed with dimensions and parameters as shown in Figure 3.5 and
Table 3.1. The Tx and the Rx are spiral-shaped five-turn open loop copper wires. Both of them
have the same outer diameter Dcoil, the same wire radius r; and the same space in between
each two adjacent wires Pitch. Both the drive loop and the load loop are single-turn cooper loops

with the same diameters (Dioop) and the same wire radius (rioop). There are no external capacitors
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connecting to the loops. Thus, the drive loop is inductively coupled to Tx, and the Rx is
inductively coupled to the load loop. The distance from the drive loop to the Tx and the distance
from the Rx to the load loop are the same and is represented by di.. In the designed system, DIS
is fixed to 300mm and the MIS is varied from 0 to 1500mm (fixed vertical distance with variable

lateral misalignment).

o Teop
..... »EE‘..C.QI.I.
CE— DIS----g--->iedhc
lloop :
g MIS
T S — DIS Yooy

Figure. 3.5: Design variables of the 3-D physical model of the MRC-WPT system with lateral

misalignment

Table 3.1: Parameter specifications for laterally misaligned MRC-WPT system

Parameter Values
Coil structure Spiral
Wire material copper

Rs, RL 50 Q
Coil turns (Ncoir) 5
Dcoil 600mm
Dioop 240mm
Pitch 12mm
Icoil 3mm
Moop 3mm
dic 40mm
DIS 300mm
MIS 0-1500mm
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The 3-D view of the frequency response for the laterally misaligned MRC-WPT system
obtained from ANSYS® HFSS® model when MIS is varied from zero to 1500mm and DIS is
fixed at 300mm is shown in Figure 3.6. The x-axis is the frequency sweep ranging from 8MHz to
10MHz, the y-axis is the varying MIS in mm and the z-axis is the transmission efficiency. It can
be observed from Figure 3.6 that when MIS increases starting from zero, the MRC-WPT system
goes through a high efficiency region (0 < MIS < 500mm) first, then the transmission efficiency
starts to significantly drop down to zero in the TEVD region when MIS > 500mm, and recovers
to a low efficiency region afterwards. In the high efficiency region, there are two efficiency
peaks that correspond to each MIS value, which illustrates the frequency splitting when the Tx
and Rx are strongly coupled. The bottom of the TEVD is located at the position where MIS
~600mm, where the transmission efficiency approximately equals to zero.

For further observation of the frequency splitting, 2-D figures for the frequency responses at
selected MIS values (0, 300mm, 500mm, 600mm, 800mm and 1200mm) obtained from
ANSYS® HFSS® are shown in Figure 3.7. Each 2-D figure can be considered as the cross
section of Figure 3.6 at certain MIS value. It can be observed that frequency splitting at MIS = 0
is larger than the frequency splitting at MIS = 300mm, and for both cases, maximum
transmission efficiency is equal to ~90%. When MIS = 500mm, the two peaks merge into one
and the peak efficiency is maintained at ~ 90%. When MIS = 600mm, the maximum efficiency
obtained is ~0% at the bottom of the TEVD region. When MIS = 800mm, there exists a unique
peak efficiency of 62% (the maximum transmission efficiency recovers back to 62%). The peak
efficiency value gradually drops down again with the increase of MIS above 800mm. This
variation shows that as long as the frequency splitting exists, nearly constant maximum

transmission efficiencies of ~90% can be maintained in the laterally misaligned MRC-WPT
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system. The variation trend of the difference between the two split frequencies shown in Figure

3.6 and Figure 3.6 agrees with equation E.q. (2.5).
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Efficiency
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Figure. 3.6: 3-D view of frequency responses with varying MIS when DIS = 300mm obtained

from ANSYS® HFSS® physical model simulation (Auto scale)
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Figure. 3.7: 2-D figures for the frequency responses of the WPT system when MIS = 0, 300mm,

500mm, 600mm, 800mm and 1200mm. The maximum efficiency points are marked.
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Figure. 3.8: 2-D plot of the maximum transmission efficiency as a function of MIS for the

laterally misaligned MRC-WPT system

In Figure 3.6, the resonance frequency variation range which is required in order to maintain

maximum transmission efficiency up to MIS = 1500mm is from f,= 8.42MHz to f,,= 8.785MHz.

Figure 3.8 shows a 2-D plot of the maximum transmission efficiency as a function of MIS.

The curve in Figure 3.8 has similar shape with the theoretical curve in Figure 3.3b. It can be

observed from Figure 3.8 that the high efficiency region is from 0 to 500mm and the efficiency is

maintained nearly constant to ~90%. The TEVD ranges from 500mm to 700mm and its bottom

(zero transmission efficiency point) is located at 600mm, which is equal to D (the outer

diameter of the Tx and the Rx). The low efficiency region ranges from 700mm to 1500mm.

TEVD results in limiting the usable lateral misalignment range of the WPT system as can be

observed from Figure 3.8. Eliminating TEVD will extend the usable lateral misalignment range.
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Figure. 3.9: Visualization of the magnetic field with various MIS values

The magnetic fields which surround the Tx and the Rx with various MIS values are visualized
in Figure 3.9. The simulation results are obtained from the 3-D physical model using ANSYS®
HFSS®. It can be observed that when MIS = 500mm, the Rx and the Tx are strongly coupled by
magnetic resonance and the fluxes that pass through the Tx and the Rx are in the same directions.
The strong coupling results in high transmission efficiency. When MIS = 600mm (bottom point
of the TEVD), there is no magnetic coupling between Tx and Rx, which leads to zero
transmission efficiency at this position. When MIS = 800mm, the Rx and the Tx are weakly

coupled, leading to a low transmission efficiency. In the latter case, the flux that passes through
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the Rx has opposite direction with the flux that passes through the Tx. The visualized magnetic

flux vectors (Figure 3.9) obtained from the 3-D FEA simulations agrees with Figure 3.3.

3.4. Summary

This chapter first investigates the lateral misalignment in MRC-WPT system. Three relative
positions of the Tx and the Rx for a WPT system including perfect alignment, angular
misalignment and lateral misalignment are analyzed geometrically. Through analysis and 3-D
physical modeling simulations, this chapter identifies Transmission Efficiency Valley of Death
(TEVD) cause and nature in laterally misaligned MRC-WPT systems. The TEVD exists between
a high efficiency region and a low efficiency region, is a function of the lateral misalignment,

and results in limiting the misalignment range.
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CHAPTER 4

ELIMINATION METHOD FOR THE TEVD IN LATERALLY MISALIGNED WIRELESS

POWER TRANSFER SYSTEMS

This chapter first derives the critical coupling coefficient and critical transmission efficiency
for asymmetrical MRC-WPT system. Then an elimination method for the TEVD which utilizes
the angular rotation of the Rx to boost the coupling coefficient and eliminate the TEVD is
proposed. The elimination method for the TEVD is verified in ANSYS® HFSS® 3-D physical

model simulation.

4.1. Circuit Model Analysis for Asymmetric MRC-WPT Systems

The circuit model of the laterally misaligned MRC-WPT system with four-loop configuration
is the same as the model shown in Figure 2.5. In other words, the lateral misalignment in MRC-
WPT system does not affect the topology of its circuit model. Similar with the derivation
techniques used in Chapter 2, the critical value of kg for the asymmetrical four-loop MRC-WPT
system (Kcriticat) COuld be derived as given by E.q. (4.1). The corresponding critical transmission

efficiency (ycriticar) 1S derived in E.q. (4.2).

1 1
kcritical = \/a + kDT 2QD \/Q_R + kRLZQL (4-1)
— 1 — kDT I(RL \} QDQL (4 2)
ncritical 1 1 k B :
(]_ + 5 )(1+ 5 ) critical
kDT QDQT I(RL QRQL
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In a four-loop MRC-WPT system, if the Tx is coupled with the Rx with magnetic resonance,
but drive loop is inductively connected to Tx, and the Rx is inductively connected to the load
loop, then the critical value of kg (Keriticar 1) 1S derived as given by E.q. (4.3) and the

corresponding critical transmission efficiency (#critical 1) 1S derived as given by E.q. (4.4).

|(critical 1= i + kDT2 wo LD i + |(RLZ a)o LL (43)
h QT ZD QR ZL

Korkee [ @0,Lp\, 0,1
tical_1 = 0 0 4.4
ncrltlcal 1 kcritica| R ( Z 5 )( Z ] ) ( )

It has been clarified in chapter 2 that in a perfectly aligned MRC-WPT system, the maximum

transmission efficiency (7max = #critica) €an be maintained as long as the DIS is shorter than a
critical distance value (DIScritica) Which requires kg to be larger than Keriticar.

In laterally misaligned MRC-WPT system with a fixed DIS (DIS < DIScitica) and a varying
MIS, Keriticat @nd 7criicat AN also be obtained from equations (4.1) and (4.2) respectively or
equations (4.3) and (4.4) respectively. However, kg is affected by the varying MIS in this case.
Therefore, in a MRC-WPT system with lateral misalignment, 7max can be maintained as long as
the Rx is located in the high efficiency region (refer to Figure 3.3 and Figure 3.4) such that the
value of kg is larger than Kriticai. This means that the problem of how to eliminate the TEVD in
laterally misaligned WPT system is equivalent to the problem of how to enhance the magnetic

coupling between the Tx and the Rx in the TEVD while the misalignment amount increases.

4.2. Elimination Method for The TEVD
In order to eliminate the TEVD, the zero-coupling has to be eliminated and the coupling

factors have to be boosted. It has been clarified in Figure 3.3a that the zero-coupling exist at
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given relative positions of the Tx and the Rx (certain value of DIS, MIS and &) which results in a
zero net magnetic flux passing through the Rx coil (zero-coupling). Therefore, the zero-coupling
could be eliminated by changing relative positions of Tx and Rx. In this paper, the position of the
Tx is fixed, DIS and MIS are also fixed, and the angle £ is tuned (refer to Figure 4.1a).

Figure 4.1a illustrates the effect of tuning the parameter £ in the TEVD region. In other words,
the Rx is angularly rotated in order to eliminate the TEVD. This will cause the amount of fluxes
passing through the Rx at P, to increase, which results in eliminating the zero-coupling point and
increasing the transmission efficiency in the TEVD region (krr values increase) as illustrated in

Figure 4.1b.
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Figure. 4.1: lllustration diagram for the elimination of the TEVD: (a) Angularly rotation of Rx

and (b) Transmission efficiency curve when TEVD is eliminated

The net flux passing through the Rx determines the coupling factor and therefore determines
the transmission efficiency of the WPT system. In order to obtain maximum transmission
efficiency after the elimination of the TEVD, the rotation angle of the Rx has to be tuned to an
optimum value such that the maximum amount of flux is able to pass through the Rx. The
optimum rotation angle () is obtained when the axis of the Rx aligns to the line of Tx-to-Rx as
is shown in Figure 4.2. It can be shown that the maximum transmission efficiency exists when f
is equal to a, which can be calculated by using E.q. (3.1). The values of B, when MIS ranges
from 500mm to 750mm are calculated and plotted in Figure 4.3 and verified by using ANSYS®

HFSS® 3-D physical simulation model simulation.

49



‘)i(..'f. ....... EeDIS -

x AR T Ty (fixed) iy

Figure. 4.2: TEVD elimination method by using the optimum rotation angle of Rx
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Figure. 4.3: The Optimal rotation angles (B,) of Rx in the TEVD

The ANSYS® HFSS® 3-D physical model of the laterally misaligned MRC-WPT system is
simulated when the Rx is angularly rotated with the angles plotted in Figure 4.3. The magnetic
fields which surround the Tx and the Rx with various MIS values in the TEVD region are
visualized in Figure 4.4. It can be observed that in cases of MIS = 550mm, MIS = 600mm and
MIS = 750mm, significant amount of fluxes pass through the Rx, which indicates that the angular

rotation of the Rx eliminates the zero-coupling point (MIS = 600mm) and enhances the coupling
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coefficient in the TEVD region. Therefore, transmission efficiency of the MRC-WPT system can
be enhanced and the TEVD can be eliminated. The visualized magnetic flux vectors (Figure 4.4)
obtained from the 3-D FEA simulations agrees with Figure 4.1.

The obtained maximum transmission efficiency curve is shown in Figure 4.5. The blue curve
with diamond-shaped markers is the original maximum transmission efficiency curve without the
proposed TEVD elimination method (same as Figure 3.8). The red curve with square-shaped
markers represents the maximum transmission efficiency obtained with by using the angular
rotation of the Rx, which eliminates the TEVD. The complete improved maximum transmission
efficiency curve is shown in Figure 4.6. The curve shows that TEVD is eliminated and the high
efficiency (~90%) region is extended from MIS < 50cm (83.3% of the Rx diameter) to MIS <

70cm (117% of the Rx diameter).
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4.3. Summary

In laterally misaligned MRC-WPT system with a fixed DIS (DIS < DISgiiica) and a varying
MIS, the maximum transmission efficiency (7max = #critical) &N be maintained as long as the krg is
larger than Keriticat- The TEVD exists in laterally misaligned MRC-WPT system and reduces the
transmission efficiency. An elimination method for the TEVD that using the angular rotation of
the Rx to enhance the magnetic coupling between the Tx and the Rx is proposed. ANSYS®
HFSS® 3-D physical model simulation results show that by using the prosed elimination
method, the TEVD is successfully eliminated. Meanwhile, the high efficiency (~90%) region is

extended from 50cm (83.3% of the Rx diameter) to 70cm (117% of the Rx diameter).
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

5.1. Conclusions

In this thesis research work, two different configurations of MRC-WPT system are compared
based on the circuit model simulation and verified by ANSYS® HFSS® 3-D physical model
simulations. Then, the Transmission Efficiency Valley of Death (TEVD) in laterally misaligned
MRC-WPT system is identified and an elimination method for the TEVD is proposed.

MRC-WPT system resonates at two split frequencies when the coupling between Tx and Rx is
stronger than the critical coupling. As long as the frequency splitting occurs, nearly constant
maximum transmission efficiency can be maintained within the system operation distance. The
corresponding critical coupling factor and the critical efficiency are used to analyze and evaluate
the MRC-WPT systems performances and behaviors. Usually, the smaller the critical coupling
factor is, the longer the transmission distance will be, and the higher the critical efficiency is, the
higher the transmission efficiency the MRC-WPT system could obtain. Two-loop and four-loop
configurations are commonly used in MRC-WPT system. Comparisons based on circuit models
between these two configurations show that the four-loop configuration is able to efficiently
transmit power for longer distance but has lower efficiency when the distances is short when
compared to the two-loop configuration. ANSYS® HFSS® 3-D physical model simulation
results of a designed four-loop MRC-WPT system show the agreement with the circuit model

results.
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Through analysis and 3-D physical model simulations, this thesis identifies the Transmission
Efficiency Valley of Death (TEVD) cause and nature in laterally misaligned MRC-WPT
systems. It is found that the TEVD exists between a high efficiency region and a low efficiency
region, is a function of the lateral misalignment, and results in limiting the misalignment range.

Then the paper proposes a method to eliminate the TEVD and extends the misalignment range
of a MRC-WPT system with high transmission efficiency. The method is based on an angular
rotation of the wireless power receiver Rx by a given angle that is found to be equal to the
misalignment angle between the transmitter and the receiver axes.

The identification and elimination method for the TEVD are verified by ANSYS® HFSS® 3-
D physical model simulation results. Simulation results for a MRC-WPT with 60cm diameter Tx
and Rx show that when the Rx is 30cm away from the Tx, the TEVD exists when the
misalignment ranges from 50cm to 70cm. The proposed elimination method eliminates the
TEVD and extends the high efficiency region from 50 cm misalignment (83.3% of the Rx

diameter) to 70 cm misalignment (117% of the Rx diameter).

5.2 Future Work

Experimental systems of four-loop MRC-WPT should be built based on the ANSYS® HFSS®
3-D physical model designs presented in previous chapters. Proposed elimination method for the
TEVD should then be tested in a laterally misaligned MRC-WPT system.

This thesis focused on symmetrical EPT systems where the diameter of Tx is equal to the
diameter of Rx. Future work includes studying and analyzing asymmetrical WPT systems and
developing 3-D physical models for them. Lateral misalignment in such systems will be studied.

Multi-Tx and/or multi-Rx WPT systems have practical applications such as mobile device

charging and medical implants. Such WPT systems will be designed and analyzed. Transmission
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efficiencies of the multi-Tx/Rx systems and the single Tx-Rx systems will be compared under

different scenarios and for different applications.
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