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Lay Summary

This thesis aims to address the issue of lateral misalignment in near-field resonant wireless
power transfer (WPT) systems. The scholar used a novel field forming technique using
minimum mean square error (MMSE) algorithm to design several transmitter and receiver
coils. As a valuable contribution to the research community, the scholar proposed six
novel designs to overcome lateral misalignment in WPT systems. These new designs

outperformed those proposed in literature studies.
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Abstract

Wireless power transfer (WPT) has been around for over a century originating with
Nikola Tesla’s pioneering ideas; however, it has recently drawn more attention due to its
broad applicability in various current scenarios. Having the features like high flexibility,
convenience, safety, and aesthetics, the WPT is widely used in many applications such as
biomedical implants, mobile phones, and electric vehicles. The performance of the WPT
system is greatly affected by misalignment between the transmitter (Tx) and the receiver
(Rx) coils. In practice, perfect alignment is usually not ensured. Therefore, mitigation of
the misalignment problem is currently a primary research direction. Among various such
limitations, the lateral misalignment problem is most common in the WPT applications
such as smartphones, drones, and electric vehicle charging stations, where the Tx and the
Rx coils are co-planar but displaced. Hence, the primary objective of this thesis is to
propose a solution to mitigate the lateral misalignment problem by employing the field
forming technique. Additionally, a novel performance parameter called the Uniformity
Factor (UF) is introduced to assess the potential misalignment tolerance of the proposed
designs.

The thesis is split up into seven chapters. Chapter 1 discusses the basics of the near-field
WPT system, describing various potential research problems involved in the WPT system,
and later identifies the most challenging issue, which is targeted in this thesis. Further,
the already available solutions in the literary works are investigated intensively in Chapter
1. Simultaneously, Chapter 2 deals with a mathematical background of field-forming
technique and circuit analysis of distinct compensation topologies, and design procedure
of Tx coil antenna to maximize efficiency under a perfectly aligned Rx coil antenna.
Whereas the Chapter 3 deals with novel S-parameter-based efficiency equations for
series-series, series-parallel, parallel-series, and parallel-parallel compensation topologies.
Also, Chapter 4 focuses on addressing lateral misalignment problems by targeting to
induce uniform voltage at the Rx coil using single port Tx coil antennas. The best Tx
coil antenna design using single port is found to be Design-1C (n=3) with UF in regards
to induced voltage is 45.41%. On the contrary, Chapter 5 aims to mitigate the lateral
misalignment problem by minimizing flux leakage using switchable circuits and detection
coils using multi-port Tx coil antennas. The Design-2B multi-port Tx coil antenna
achieves UF of 75.5% in induced voltage with power transfer efficiency of 80% which
stands out among all the designs mentioned in this thesis. Furthermore, the investigation
of Rx coil antenna is intensively done by performing parametric optimization of various
parameters of Rx coil to encapsulate all the magnetic-field components to induce a
uniform voltage in Chapter 6. Finally, the thesis work is summarized and concluded in
Chapter 7.

Keywords:Wireless Power Transfer (WPT); Magnetic Resonance Coupling (MRC);
Magnetic Field Forming; Detection Coils; Vector Network Analyzer (VNA); Compensation
Topologies.
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Chapter 1

Introduction of WPT system

1.1 Introduction

The concept of Wireless Power Transfer (WPT) involves transmitting electrical energy
from a transmitter (Tx) to a receiver (Rx) through the air utilizing electromagnetic waves.
This technology can be divided into three primary categories, far-field radiative, near-field

radiative, and near-field reactive systems, as demonstrated in Figure. 1.1. Far-field
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Figure 1.1: Classification of various types in WPT systems.

radiative WPT involves the transfer of energy over extensive distances through the use
of electromagnetic waves such as microwaves and laser beams. However, this technology
remains in its nascent stages due to the potential dangers posed by high-power microwaves
and laser beams to living beings. On the other hand, near-field WPT can be subdivided
into two categories: radiative and reactive. The radiative region in the near-field, also
Known as the Fresnel region, entails transmission of low-power microwaves through
antennas and is suitable for powering micro sensor nodes, low-power home appliances, and
biomedical devices. Meanwhile, the reactive region, comprising electric field based WPT
and magnetic field baased WPT, manages to power medium to high-power applications.

Capacitive WPT relies on the electric field coupling between Tx and Rx metal plates,
yet raises safety concerns as the human body can be polarized under the influence of

electric fields. Furthermore, the presence of nearby stray metal objects can significantly
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reduce the electric-field coupling between Tx-Rx coil metal plates, resulting in decreased
power transfer efficiency (PTE). On the other hand, magnetic field WPT functions based
on Faraday’s law of electromagnetic induction, in which the Tx-Rx coils are subdivided
into Inductive and Magnetic resonant WPT systems. The significant advantages of using
an Inductive WPT system is it provides features such as high flexibility, convenience,
aesthetics, safety, and spatial freedom, which are not possible using conventional
plugin charging. Moreover, the magnetic fields originated from Inductive WPT have
minimal impact on living beings, considering life on Earth is composed of non-magnetic
components. However, inductive WPT experiences reduces coupling as the transfer
distance increases from short to medium distances, due to significant magnetic flux leakage
due to lack of resonance between Tx-Rx coils.

Researchers at MIT have developed a Magnetic Resonance Coupling (MRC) based WPT
system to address this issue, which enhances the coupling between Tx-Rx coils. In
the MRC technique, the reactance of the Tx-Rx coils is compensated using an external
capacitor network at a single-tone operating frequency. The MRC technique [1] has proven
to be the most efficient and reliable mode of contactless power transmission, making it
the focal point of research work in this thesis due to its capability of transferring efficient
power over medium transfer distances. The block diagram of the MRC based WPT system
is displayed in Figure. 1.2 , which highlights that the system comprises of high-frequency

I BATTERY/LOAD I I FILTERING CIRCUITI HIGH-FREQUENCY COMPENSATION RECEIVER COIL
RECTIFIER NETWORK
K 2
v
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O=i | He ofT—

1 T
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POWER SUPPLY RECTIFIER INVERTER CIRCUIT NETWORK TRANSMITTER COIL

Figure 1.2: Block diagram of MRC based WPT system.

inverters to excite the resonant Tx coil, and at Rx side, the fast-recovery diodes are
employed in the rectifier unit design to convert high-frequency induced voltage/current
into Direct Current (DC) voltage/current. Filtering capacitors are utilized to eliminate
ripples in the rectified DC voltage/current, ensuring that the battery/load is powered with
pure DC power. The various commercial applications of MRC-based WPT systems such as
electric drones, electric vehicles, smart phones, and biomedical implants are demonstrated
in Figure. 1.3.

Despite the advancements of the MRC based WPT system, the coupling and link efficiency
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Figure 1.3: Applications of MRC based WPT system as (a) electric drones, (b) electric
vehicles, (c¢) smart phones, (d) intraocular pressure sensor, and (e) biomedical implants.

between the Tx and Rx coils are significantly impeded due to misalignment between them.
Ideally, the Rx coil should be coplanar and coaxially aligned with the charging platform
(Tx). However, various misalignment issues, as depicted in Figure. 1.4, frequently arise due
to human motor limitations. Of all the misalignment problems illustrated in Figure. 1.4,
lateral misalignment is a common occurrence in a range of applications such as electric
vehicles, mobile devices, and electric drones. The lateral misalignment happens due to
a relative position variation between the Tx-Rx coils at a certain fixed transfer distance

Thus, the study in this thesis aims to address the mitigation of this limitation.

1.2 Literature Survey of Near-Field Resonant WPT System

The literary assessment has been arranged in a systematic manner to address the potential
research hurdles that may arise in the near-field MRC-based WPT systems, as depicted in
Figure. 1.5. Through a thorough examination of the available literature, it is established
that the primary difficulties can be categorically divided into four main domains: 1)
high-frequency power electronic converters, 2) compensation topologies, 3) electromagnetic
interference/compatibility (EMI/EMC), and 4) Tx-Rx coil design.

1.2.1 High-frequency power electronic converters

The requirement for a alternating current (AC) at high-frequencies to produce an
electromagnetic field of equivalent frequency within the Tx coil arises from the utilization
of high-frequency inverters. Subsequently, the high-frequency induced voltage produced
within the secondary coil is rectified to DC. The DC signals with ripples are purified using
filtering network and linked to the battery. It is imperative to design highly efficient power

electronic converters to ensure that the aforementioned conversion procedure is achieved
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Figure 1.4: (a) Perfect alignment of Tx-Rx coils, distinct misalignment challenges such
as (b) lateral misalignment, (c) angular misalignment, (d) longitudinal misalignment,
(e) lateral and angular misalignment, (f) lateral and longitudinal misalignment, and (g)
angular and longitudinal misalignment in resonant WPT system.
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Figure 1.5: Various research areas in resonant WPT system.
with minimal losses, thereby augmenting the overall system efficiency.

High-frequency inverters

The prime objective of a power electronic inverter in a WPT system is to function in two
distinct modes of operation, namely, constant current (CC) and constant voltage (CV)
modes, in order to enhance the durability, safety, and life cycle of the battery located

at the load end. However, the equivalent resistance of the battery exhibits non-linear
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variations during the charging process, and these variations can also occur as a result of
misalignment-induced coupling problems. These factors pose a challenge for WPT systems
to provide constant and load-independent output voltages/currents, and also to achieve
high PTE, which is widely recognized as an important goal in WPT systems. The PTE of
WPT systems is reduced by switching and conduction losses from high-frequency devices.
To tackle these challenges, a DC-DC converter is sometimes added between the DC power
supply and the high-frequency inverter to regulate the desired output voltages/currents
by adjusting the duty cycle of high-frequency switching devices [2]. However, this solution
incurs additional power losses and cost due to the DC-DC converter, and may not be
feasible in practice. Half-bridge and full-bridge inverters combined with variable inductors
provide a degree of freedom to control the output of DC signals of the WPT system [3].
However, the full-bridge inverters proposed in [3] can only operate at frequencies up to
10s of kHz, resulting in larger inverter sizes and increased losses, reducing overall system
efficiency. To reduce the size of inverters, it is advisable to operate the switches at very high
frequencies, typically in the MHz range. Therefore to miniaturize inverters a wide band
gap (WBG) devices, such as Silicon Carbide (SiC) MOSFETs and enhancement-mode
Gallium Nitride (eGaN) field effect transistors (FETs) are used in designing high-frequency
inverters at MHz range. Moreover, the technology using WBG have made it easier to
design high-frequency inverters with much higher breakdown voltages [4]. Among the
WBG devices, eGaN FETs are ideal candidates for use in high-frequency inverters, as they
have lower ON-resistance performance at high temperatures, lower input capacitances, and

lower inductance in their packages compared to SiC MOSFETs.

The various types of inverter configurations using WBG devices are illustrated in
Figure. 1.5 encompass class-D [4, 5], class-E [6, 7, 8], class-DE [9], class-F [10] and
class-EF topologies [11, 12, 13]. The class-D inverters are renowned for their exceptional
high-frequency performance, typically in the MHz range, and for providing output
responses that are independent of load variations. The class-D resonant inverter is
either a half-bridge or full-bridge configuration, which employs at least two MOSFETS
to transform DC power into high-frequency AC power [4, 5]. Furthermore, the class-D
topology operates under lower voltage and current stress on the switches, although it
requires a more complex gate driver circuit to switch the devices. The bootstrap used
for this purpose presents one of the major design challenges when implementing class-D
inverters at multi-MHz switching frequencies. The total harmonic distortion of the output

voltage of this topology is higher compared to other classes of inverters.

On the other hand, the class-E inverter, invented by Natha O Sokal and Alad D Sokal
in 1975 [6], has been extensively researched and its analysis is well documented in
literature. Generally, the class-E inverter provides a compact and efficient solution for
high-frequency WPT systems and has less complexity in the design of gate driver circuits
with only one switching device. Additionally, the voltage ringing across the switching
device, which is almost half the sinusoidal waveform with finite derivatives on both the

ON and OFF transitions, results in low total harmonic distortion, which is crucial for
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electromagnetic compatibility [7]. Theoretically, class-E inverters exhibit 100% power
efficiency by achieving zero-voltage switching (ZVS) and zero voltage derivative switching
(ZVDS). However, the high voltage and current stresses on the switching devices and
sensitivity to output filter design are major drawbacks of the class-E inverter. Furthermore,
the class-E inverter’s resonant operating point is dependent on variations in the load and
coupling between the Tx-Rx coils.

By connecting two shunt capacitors in parallel with the transistors of the class-D
inverter [9], the advantages of class-D and class-E inverters are combined in the class-DE
inverter. The class-DE inverter benefits from low transistor voltage stress and ZVS
operation. Class-F and the recently popularized dual inverse class F~! [10] have been
developed primarily to increase the saturated performance of class-AB and class-B designs,
resulting in higher attainable operating frequencies than those of class-E amplifiers.
However, the performance limitations due to tuning requirements and a lack of simple
circuit implementation for nearly ideal switching make class-F a poor choice at higher
frequencies.

Finally, it has been established that by incorporating a series LC network, tuned to
the second harmonic of the switching frequency and connecting it in parallel with the
switch in the class-E inverter, the voltage stress across the switch can be reduced to
2-2.5 times the input voltage. This technique, which involves the addition of a resonant
network in parallel with the switch, is commonly employed in class-F~! inverter circuits
and rectifiers. As a result, the class-E topology that incorporates this LC network is
referred to as the class-EF2 topology [11, 12, 13]. The reduction in voltage stress in
the class-EF2 topology allows for the circuit to be designed with a higher operating DC
voltage, which minimizes the fluctuations in the switch’s non-linear output capacitance.
Additionally, the class-EF2 topology offers an improved electromagnetic interference
(EMI) performance as it eliminates the second harmonic component from the switches
drain voltage and the output load current. In contrast, the class-E inverter is characterized
by a strong second-harmonic component, which can make it challenging to comply with

EMI regulations.

Rectifiers

Wireless power receivers derive energy from the secondary coil of a WPT system,
facilitating the transformation of AC into DC. Traditional rectifiers employ a two-stage
structure, whereby the rectifier first converts the AC signal into an unregulated DC
signal, which is then regulated through a DC-DC converter. However, the utilization of a
two-stage rectification process incurs losses due to additional switching components and
reduces the overall efficiency of the system [14]. As an alternative, single-stage receivers,
which unify the functions of the rectifier and regulator into a single entity, have been
proposed to enhance rectification efficiency [15]. This is achieved through a reduction
in the number of switching devices compared to the two-stage rectification process.

Additionally, single-stage rectifiers can typically be implemented through two means: a
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reconfigurable rectifier approach [16], or through the modulation of the conduction time
of power transistors to regulate the output voltage [17]. Nevertheless, the aforementioned
methods present limitations in their ability to convert high-frequency AC signals, typically
within the MHz range, into DC.

The rectifiers previously employed in similar works were all based on conventional
half-wave and full-wave configurations. Although they are capable of performing AC-DC
rectification, their utilization can negatively impact the overall performance and efficiency,
as most resonant inverters, such as class-D and class-E, operate at resonance. Given that
the outputs of class-D and class-E resonant inverters are sinusoidal, the input current of
traditional rectifiers is not. This mismatch can cause the primary coil driver to operate
under suboptimal switching conditions, necessitating the use of class-D rectifiers [18].
These rectifiers can convert sinusoidal voltage or current into DC voltage or current. The
primary advantage of class-D rectifiers lies in the fact that the input voltage or current
is a square wave, leading to enhanced power factor and total harmonic distortion factor,
making it compatible with class-D and class-E inverters. Despite the advantages of class-D
rectifiers, they necessitate the use of a minimum of two diodes, which results in increased
switching losses. In contrast, class-E rectifiers [19] only require a single diode, leading to

lower losses and ultimately improving rectification efficiency.

1.2.2 Compensation topologies of resonant WPT system

The four principal compensation topologies, namely series-series (S-S), series-parallel
(S-P), parallel-series (P-S), and parallel-parallel (P-P), play a crucial role in optimizing
the performance of resonant WPT systems in terms of PTE under varying optimal load
conditions [20]. The resonant capacitors in the S-S compensation topology are unaffected
by mutual coupling and load resistance, making it well-suited for applications such as
dynamic wireless charging systems, which are susceptible to changes in mutual inductance
and load resistances. In contrast, the compensation capacitors in the S-P topology
are dependent on mutual inductance, which limits its suitability for applications prone
to misalignment. Additionally, the S-P topology requires significantly less secondary
inductance, making it an appropriate choice for biomedical applications. Meanwhile,
capacitors in both the P-S and P-P topologies are influenced by both mutual inductance
and load resistance, rendering them less suitable for many applications. However, P-S and
P-P topologies find practical use in low-power and loosely coupled applications [20].

Furthermore, the utilization of hybrid compensation configurations,
including primary series/secondary series-parallel (S-SP) [21],  double-sided
inductance-capacitance-capacitance (LCC-LCC), LCC-series (LCC-S), LCC-parallel
(LCC-P), double-sided capacitance-inductance-capacitance (CLC-CLC) [20, 22], and
higher-order compensation capacitors such as L-CCCS [23] and P-CLCL [24] networks,
offer increased versatility in maintaining a consistent current output amidst varying load
conditions. However, the inclusion of extra inductance and capacitance in these hybrid

networks leads to higher losses due to stray resistance, and their cost is generally more
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expensive than that of primary compensation topologies.

1.2.3 Electromagnetic interference in resonant WPT systems

The phenomenon of EMI refers to the unanticipated interaction between magnetic flux
lines that occur outside the Rx coil region and foreign objects or living entities. This
interaction results in flux leakage, which negatively influences the resonant WPT’s
performance parameters. Hence, it is imperative to mitigate the issue of flux leakage
through the implementation of various shielding strategies, as demonstrated in Figure. 1.5.
The optimal placement of aluminum plates behind the Tx-Rx coils can result in an
enhancement of the total magnetic field intensity within the Rx coil [25]. This occurs
because the eddy currents induced in the aluminum sheets augment the magnetic induction
process. However, despite the increase in output power, the system’s PTE experiences a
reduction due to eddy current losses.

Ferrimagnetic materials, such as ferrites, are being considered as a viable alternative for
shielding in WPT systems due to their ability to guide and confine magnetic flux [26].
Characterized by their elevated relative permeability and minimal loss tangent, these
materials have gained consideration as a potential means of improving system performance.
Nevertheless, ferrite structures are not without their drawbacks. Their inherent brittleness
poses difficulties with regards to encapsulating the coils and attaching them to metal
surfaces. Furthermore, the relatively rigid mechanical properties of ferrite structures pose
challenges in terms of mass production. Additionally, ferrite materials are susceptible to
eddy current losses at elevated frequencies, such as those in the MHz range or higher, as
well as hysteresis losses.

As an alternative, one may incorporate more sophisticated materials, such as
metamaterials [27], into the WPT system to boost its overall performance by mitigating
the issue of leakage flux. Metamaterials are artificially constructed materials possessing
uncommon and exotic properties not found in naturally occurring materials, thereby
transcending the limitations associated with conventional materials. Permittivity and
permeability are two parameters that reflect the electromagnetic properties of materials,
and accordingly, materials can be divided into four categories based on the polarities of
these parameters. When both permittivity and permeability are simultaneously positive
(e > 0,4 > 0), the materials are designated as double-positive (DPS) materials and are
commonly known as conventional materials. On the other hand, materials with negative
permittivity and positive permeability (e < 0,u > 0) are classified as epsilon-negative
(ENG) materials, while materials with positive permittivity and negative permeability (¢ >
0,1 < 0) are referred to as mu-negative (MNG) materials. Materials that are configured
to have both parameters be negative (¢ < 0, 4 < 0) are known as double-negative (DNG)
materials. The ENG, MNG, and DNG slabs are typically considered metamaterials and
are initially classified based on the unit cell position, such as 1-D [28], 2-D [29], and
3-D [30], and can also be categorized based on their relative position with respect to the
Tx-Rx coils, such as middle [31], front [32], back [33], and sideways [34]. The primary
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challenge in utilizing metamaterials lies in their practical implementation, and the size of
metamaterials increases significantly as the operating frequency decreases. As a result,
the use of metamaterials becomes infeasible in applications where the operating frequency
falls within the kHz range.

An economical method for EMI shielding is the utilization of passive coils, which rely on
a resonant reactive current loop mechanism to produce a magnetic field that cancels out
the original magnetic field, thereby reducing EMI. This approach is cost-effective as it
does not require any external power source to generate the cancelling magnetic field, as
it is derived from the original magnetic field noise [35]. In contrast, the active shielding
technique has been proposed as a means of reducing magnetic leakage between the Tx
and Rx coils. This involves the use of an active shield, comprised of an additional active
coil, which generates a magnetic field that is opposite to the incident field, thus reducing
the total magnetic field in a designated area. However, the active coils must be controlled
by an external voltage source, which results in increased cost, complexity, and energy
losses [36].

1.2.4 Measurement techniques for WPT systems

The measurement setup for determining the most significant performance parameters of
WPT systems, such as PTE, can be broadly classified into two distinct techniques, each
comprising various measurement methods/setups. The first measurement technique is
built on circuitry laws and is further subdivided into passive and active measurement
methods. In the passive measurement method, circuit parameters such as resistance
and self-inductance are directly measured using either an impedance analyzer [37] or
an LCR meter [38]. The mutual inductance of Tx-Rx coils is measured indirectly by
the differential cumulative method [38, 39]. The PTE is then computed by replacing
the measured values of the circuit parameters in the circuit-based efficiency formula [1].
In this method, the power supply is designed by the user, allowing them to control the
value of source resistance [1, 40], while the load resistance [41] is chosen based on the
user-defined application. However, the passive measurement technique has limitations,
such as complexity in measuring mutual inductance value with low accuracy.

In the active measurement method, the circuit-based efficiency is obtained by determining
the ratio of output power and input power aided with a dedicated power source [1].
However, a prime challenge in this method is using a high-frequency GaN-based inverter
at high power levels to estimate the performance of Tx-Rx coils by designing a
dedicated power source. Consequently, the system cost is escalated for a laboratory-level
realization [42]. Alternatively, the signal generator-spectrum analyzer duo is adopted to
measure PTE [42]. However, the source resistance value of the signal generator is 5042,
which reduces the PTE value in comparison to a realistic power source in which the source
resistance ranges from 0 to 0.1 [1].

In the second measurement technique, the S-parameter-based efficiency is measured

by acquiring the magnitude of S-parameters by calibrating the input port and output
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port to 5082 [43]. Based on the matching network at the load side, the conventional
S-parameter-based efficiency is categorized as transducer gain [44] and power gain [43].
The S-parameters are effortlessly measured using a vector network analyzer (VNA) even
at high frequencies considering the circuit is electrically small. Moreover, the instrument
is independent of undesired harmonics, and the data is highly reproducible and less
susceptible to external noises. Nevertheless, the most prominent challenge observed
in this technique is implausible VNA measurement to extract S-parameters at source
resistance equivalent to near zero condition while no power is exchanged between Tx-Rx
coils. Withal, most of the energy is consumed by VNA instruments due to high internal
resistance. Therefore, the measured value of efficiency attained from the two methods
significantly differs; (Circuit-based efficiency > S-parameter-based efficiency) for identical
Tx-Rx coil designs. This disparity in S-parameter-based efficiency has inspired scholar
to devise a novel VNA-based measurement technique to produce results equivalent to
circuit-based efficiency in this thesis work. The proposed technique is further adopted in
our laboratory for measurement of PTE between Tx-Rx coils. Overall, the development
of this new VNA-based measurement technique in this thesis represents an important
advancement in the field of near-field WPT.

1.2.5 Literary compositions of the Tx-Rx coils of a resonant WPT

system

The geometrical configuration of Tx-Rx coils play a crucial role in the WPT system and
present a wealth of opportunities for optimizing its performance parameters. Two of
the most widely used coil shapes are circular [45] and square [46]. Wherein, circular
coils are preferred in applications that are more susceptible to angular misalignment,
while square coils are utilized when lateral misalignment is a greater concern. Moreover,
some researchers are exploring other shapes such as hexagonal [47] and octagonal [48] as

alternative options.

To attain a superior link efficiency, the Tx-Rx coils must be precisely aligned. However,
this misalignment is inescapable due to the limitations of human dexterity. Generally,
three different misalignment scenarios between Tx-Rx coils may occur: (i) Lateral
misalignment [49], wherein the coils are situated in parallel planes, but the Rx coil is
offset horizontally; (ii) Angular misalignment [50], arising from the rotation of the Rx
coil from its intended angle; and (iii) Longitudinal misalignment [51], whereby the Rx
coil is misaligned from its intended transfer distance. These misalignments are aldready
visually shown in Figure. 1.4. Of all the misalignment issues, lateral misalignment is an
ineluctable challenge in a plethora of wireless charging scenarios, such as electric vehicles
(EVSs), mobile devices, and electric drones, among others. Thus, this thesis primarily

focuses on addressing the significant problem of lateral misalignment.
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Why lateral misalignment problem needs to be addressed?

When the Rx coil is laterally displaced, the magnetic field lines between the Tx and Rx
coils become less interlinked, leading to a decrease in the mutual inductance (M) between
them. This reduction in M can directly affect both the PTE and the load power. Thus, the
PTE of a resonant WPT system is dependent on the magnetic field distribution generated
by the Tx pad in the Rx region, which in turn is determined by the current distribution of
the Tx coil and the physical characteristics of the Tx pad. To address the issue of lateral
misalignment, it is essential to optimize the design parameters of the Tx coil, such as
its position, number of turns, inter-turn spacing, and conductive track width. Figure 1.6
depicts the impact of lateral misalignment on the magnetic flux at the misaligned region
of the Rx coil.

Misaligned
Receiver coil

L]
Magnetic Field ¢

Distribution *® Distribution

N

Transmitter Transmitter
® © o o o o o e © o o o o

@) (b)

Figure 1.6: The effect of lateral misalignment under magnetic-field distribution at the Rx
coil region.

Literature Survey of Various Solutions Adopted in Past to Mitigate
Lateral Misalignment

The earliest method for addressing the issue of lateral misalignment is through the
implementation of sensing coils to detect the displacement of the Rx-coil, which is
then corrected through an electro-mechanical mechanism [52, 53, 54]. However, as
detailed in [52], this technique necessitates an additional communication channel and a
two-dimensional mechanical positioner to process the Rx coil data, thereby compromising
the durability, reliability, and cost-effectiveness of the solution.

A more optimal approach to mitigate lateral misalignment issues is through the
optimization of Tx coils using a field-forming strategy. Tx pads are generally classified
into two categories, namely polarized and non-polarized coil structures. Polarized
coil structures, such as double D (DD) [55], extended DD [56], double D quadrature
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(DDQ) [57], and solenoid [58], are characterized by the presence of two opposing poles,
north and south, within the pads. However, these designs have a low tolerance for
misalignment due to the highly asymmetric distribution of the magnetic field, and the
inclusion of ferrite sheets to increase coupling results in increased cost and weight of the
WPT system. As a result, their use is limited to large EVs and similar applications.
On the other hand, non-polarized pads, such as circular, rectangular, and hexagonal coils,
have a single pole and distribute flux in all directions, with one pole located at the center of
the coil and the other located outside the coil structure. Non-polarized pads, particularly

unipolar designs, are favored for low-cost applications.

The optimization of Tx coil antenna geometric parameters is a crucial aspect of this
approach. The shape of the coil element, selected from various forms such as square,
circular, hexagonal, Taichi, etc. [1, 59, 60, 61], plays a pivotal role in mitigating
misalignment. For instance, square coils have been found to be less sensitive to lateral
misalignment compared to circular coils of similar size [62]. Subsequently, other geometric
parameters are determined, such as the number of turns, trace width, and gap between
turns. Advanced coil structures, including Uniformly Distributed Turns (UDT) [63, 64],
Non-Uniformly Distributed Turns (NUDT) [65, 66], and opposite current distribution coil
turns [1, 67, 68], have been developed through exploration of unconventional antenna
geometries, including multi-coil, multi-turn, and coil array configurations with single and

multiple turns.

The utilization of the field-forming technique to customize various coil designs has
been documented in the literature as a means to rectify issues associated with lateral
misalignment. A single-port Tx coil antenna capable of producing a uniform magnetic
field within the Rx plane is widely recognized as a potential solution to mitigate these
misalignment issues. Consequently, the aim of attaining a uniform magnetic field
distribution within the Rx plane is a widely acknowledged objective [1, 69, 70, 71, 72,
73, 74, 75, 76, 77, 78]. In general, greater uniformity in the magnetic field distribution
leads to a wider Rx area in which misalignment is reduced. For example, the issue
of offset misalignment was addressed at various longitudinal displacements in [69] and
vertical tilt was implemented to a rectangular coil in [70] to achieve a uniform magnetic
field. However, this approach renders the coils unsuitable for applications where a planar
design is preferred. An optimization algorithm based on the coefficient of variation (CoV)
was utilized in [71] to attain a flat magnetic field distribution. However, the power
transfer range in this application was limited to lmm. A NUDT rectangular Tx coil

2 area, where the achieved uniformity

structure was proposed in [72] based on M per mm
in M resulted in a uniform magnetic field. Conversely, various optimization algorithms
were utilized to form a uniform magnetic field in designs such as a two-coil Tx [73], a
multi-coil anti-parallel current distributing coil structure [74], and a NUDT coil [75]. A
planar multiple anti-parallel square coil design was proposed in [1] to attain magnetic
field uniformity and its performance was compared against a conventional coil with all

turns concentrated at the periphery. It is observed that the above single-port Tx coil
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antennas constitute with large flux leakage, therefore to address this issue multi-port Tx
coil antennas are evolved [60, 79]. Here, a switching mechanism was incorporated to
mitigate lateral misalignment through the achievement of a quasi-uniform magnetic field
distribution. However, this design is only suitable for applications where the Rx area is
relatively small compared to the Tx area and the inclusion of a switching circuit results
in a complex and unreliable system.

The newly introduced performance parameter, Uniform Factor (UF), is used to assess the
degree of improvement in misalignment tolerance achieved by a particular design. UF
is defined as the ratio of the misalignment tolerance range to the maximum dimensional
area of the Tx charging pad, where the misalignment tolerance range refers to the total
area of the Rx plane distributions, such as magnetic field (H;) or (Hy) or H, induced
voltage (V'), output power (Pg,,), or efficiency (1), that are flat with maximum +10% (for
magnetic field) or £1% (for V, M, Pgr,, and n) ripple fluctuations. Each performance
parameter has its own UF, namely UF(Hy or y or 2), UF (M), UF(V), UF(Pgy), and UF (7).

Why near-field Tx-Rx coils can also be called as antennas?

The use of the term ”antenna” in the context of near-field coils may initially seem
confusing. However, this ambiguity can be clarified by considering the concept of a
well-known Hertzian dipole antenna, which has an electrical length of 5)‘—0. This electrical
length is comparable to the dimensions of near-field coils. The current distribution is
uniform in the case of a Hertzian dipole antenna. However, this type of antenna has
limited practical applications due to its low radiation efficiency and higher generation of
reactive fields. Fabricating Hertzian dipole antennas can also be relatively challenging.
Interestingly, the disadvantages of the Hertzian dipole antenna can be transformed into
advantages by identifying suitable applications that require low radiation efficiency and

high reactive fields. Near-field wireless transmission-reception (Tx-Rx) coils, which have

By
50°

wireless charging technology development since 2007 has provided a practical application

electrical lengths in the range of exhibit these desired characteristics. Near-field
for these coils. Moreover, fabricating near-field coils is relatively straightforward due to the
low operating frequencies involved. In conclusion, considering the similar characteristics
between Hertzian dipole antennas and near-field coils, the term ”antenna” is appropriate

when referring to Tx-Rx coils.

The most successful literary designs

e The planar multiple anti-parallel Tx coil antenna [1] achieves the highest
misalignment tolerance among various single port Tx coil antennas, with a UF(H,)

of 51.84%, producing a uniform magnetic field.

e For multi-port Tx coil antennas, the design presented in [79] is found to be superior

in mitigating lateral misalignment problems, with a UF (V') of 31.36%.
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e It is worth noting that the design in [79] also aims to reduce the flux leakage in the
misaligned Rx coil region by incorporating switching circuits to achieve its superior

performance.

Although the above mentioned literary designs have able to improve misalignment
tolerance, the achieved UF values are surprisingly low and have a wide scope for
improvement. This is mainly because prior literary designs lack comprehensive analytical
optimization resulting from the magnetic field formation methodology. Thus, the author
was motivated to develop a new and innovative field forming technique using Minimum
Mean Square Error (MMSE) algorithm that aims to create Tx-Rx coil antennas that are
insensitive to lateral misalignment.

Additionally, the validation of the measurement setup with analytical equations using
S-parameters is limited to series-series compensation topology. Furthermore, as intensively
discussed in subsection 1.2.4 regarding the disparity in S-parameter based efficiency made
the author realize to develop a novel S-parameter based efficiency to forecast similar

efficiency using realistic power sources.

1.3 Thesis Objective

To address the above challenges, the thesis objective has been divided broadly into
two main categories: sub-objective A (SO-A) and sub-objective B (SO-B) as shown in
Figure. 1.7. The main focus of Sub-objective A is to create a new measurement setup

using S-parameters obtained from VNA. Here are the brief details of SO-A :

SO-A: A new measurement technique is being developed using S-parameters obtained from
a VNA for the four primary compensation topologies, including S-S, S-P, P-S, and
P-P, which are comparable to the responses achieved by stimulating Tx coils using
practical power electronic converters. Additinally, the newly advanced measurement

technique is employed in guaging the performance of designs evolved in SO-B.

Furthermore, SO-B involves the author contribution in a sequential evolutionary process
(EP) aimed for designing Tx-Rx coil antennas using the field-forming technique, as

outlined below:
SO-B:

EP-1: Exploring 3D Tx coil antennas to create a uniform magnetic field to address the

issues of lateral misalignment.

EP-2: Studying singular planar distributed turn coil antennas to achieve maximum
uniformity in the magnetic field distribution in the Rx region, thereby addressing

the lateral misalignment issue without compromising the Q-factor.

EP-3: Creating an analytical framework to achieve an optimal magnetic field distribution
with the objective of inducing uniform voltage despite the lateral misalignment of

the Rx coil antenna
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SUB OBJECTIVE (SO-A)

A novel Measurement setup
using S-parameters data fetched
from Vector Network Analyser.

Series-Series (S-S)

Parallel-Series (P-S)
Topology

Topology

Series-Parallel (S-P)
Topology

Parallel-Parallel (P-P)
Topology

Analytical
S-parameters not exists

Analytical
S-parameters exists

Secondary-Series
Topology

Secondary-Parallel
Topology

Analytical
S-parameters for secondary-parallel
Topology are newly derived.

A novel S-parameter based efficiency
equation is proposed which replicates the results similar to
realistic power based sources.

(a)

SUB OBJECTIVE (SO-B)

The limitations of 3D
Tx evolved to investigate 2D
planar coils to form uniform
magnetic-field.

Investigating 3D Tx
coil antennas to form uniform
magnetic field to mitigate
lateral misalignment
problems.

The formation of uniform
magnetic-field ultimately leads to
uniformity in induced voltage. Therefore,
uniform voltage is made as objective to
mitigate lateral misalignment.

Irrespective of excellent misalignment

tolerance achieved from preceding designs in the
evolutionary process, there is enormous flux leakage
which reduces coupling and link efficiency.

Therefore, to reduce the\

flux leakage switchable Tx coils are
used which mitigates lateral

misalignment problem by reducing

flux leakage.

However, the switching and detection
system at Tx coils increases complexity. Therefore, to
reduce the complexity at Tx side, we started investigation of
Rx coils to effectively capture magnetic-fields to
mitigate lateral misalignment.

(b)

Figure 1.7: Visual representation of the tasks performed in (a) sub-objective A and (b)
sub-objective B.

EP-4: Leveraging the potential to incorporate switching circuits integrated with multiple
coils to improve lateral misalignment tolerance while reducing the posibilities of

undesired flux leakage.

EP-5: Evaluating a 3D Rx coil antenna to capture the vertical and horizontal magnetic-field
components present in the Rx coil region with the aim of inducing uniform voltage

despite lateral misalignment.

The accomplishments of the sub-objectives mentioned earlier are summarized in Table 1.1.
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Table 1.1: Targets achieved through this thesis work.

Sub-Objective A (SO-A)

Outcomes

S-parameters
newly derived

New Measurement,
setup using VNA,

Potential to generate
realistic responses

Series-Series - v v
Parallel-Series - v v
Series-Parallel v X X
Parallel-Parallel v X X

Sub-Objective B (SO-B)

Outcomes lateral misalignment | 3D or Planar | Flux-control | Detection-unit
Design-1A (EP-1) v 3D Tx coil X N.R
Design-1B (EP-2) v Planar Tx coil X N.R
Design-1C (EP-3) v Planar Tx coil X N.R
Design-2A (EP-4) v Planar Tx coil v Vv
Design-2B (EP-4) v Planar Tx coil v v
Design-3 (EP-5) v 3D Rx coil v N.R
Note:

v denotes targets achieved, x denotes targets not achieved, — denotes targets already achieved in
Literature works, N.R denotes Not Required

1.4 Thesis Outline

e Chapter 1: This chapter covers the fundamentals of the near-field wireless power

transfer system, outlines various research challenges associated with the system, and
then pinpoint the most challenging issue and aims to focus on it. Subsequently,

existing solutions in the literature are thoroughly scrutinized.

Chapter 2: This chapter explores the fundamental mathematics that underpin the
field-forming technique and offers a thorough circuit analysis of several compensation
topologies along with their respective block diagrams. Additionally, the thesis work’s
design process is briefly outlined by replicating the results of a conventional literature
Tx coil antenna. Finally, a design methodology is presented for selecting optimal Tx
coil parameters to achieve maximum efficiency when the Rx coil antenna is perfectly

aligned.

Chapter 3: In this chapter, we present a new S-parameter-based efficiency equation
for compensation topologies, such as series-series, series-parallel, parallel-series, and
parallel-parallel, which enables us to conduct experiments using VNA. The proposed
equation accomplishes the objectives outlined in SO-A and provides a more accurate
measurement of efficiency compared to traditional methods. Moreover, the newly
developed measurement technique is employed to determine realistic efficiency values

in the designs that are presented in subsequent chapters.

e Chapter 4: In this chapter, the author focus on resolving the challenge of lateral
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misalignment in WPT system aiming to produce a uniform voltage at the misaligned
receiving coil by utilizing single port Tx coils. To achieve this objective, the scholar
investigate the use of 3D Tx coils, planar distributed coil antennas, and array coil
antennas. These approaches are analyzed using an field forming technique using
MMSE-based algorithm, addressing the objectives outlined in EP-1, EP-2, and EP-3
of SO-B.

e Chapter 5: The aim of this chapter is to address the issue of lateral misalignment in
near-field resonant WPT system by reducing magnetic flux leakage using multi-port
Tx coil antennas. By integrating switchable circuits and detection coils with these
antennas, the scholar discuses the design procedure to accomplish the proposed
objectives in EP-4 of SO-B, as illustrated in Figure 1.7(b).

e Chapter 6: The focus of this chapter is to investigate receiver coil antennas with the
goal of capturing all magnetic-field components to generate a uniform voltage despite
lateral misalignment. This investigation is aligned with the objectives proposed in
EP-5 of SO-B.

e Chapter 7: This chapter performs a comparative analysis of all the suggested
approaches in the present study and draws overall conclusions for the thesis. It
also explores the potential for future developments in order to enhance the proposed

works.






Chapter 2

Theoretical Background of
MRC-Based WPT System

In order to achieve the objectives outlined in the previous chapter, it is essential to
have a clear understanding of the theory underlying the resonant near-field WPT system.
Therefore, to provide a more comprehensive understanding of the mathematical analysis
and implementation of the MRC-WPT system, the theoretical analysis has been divided
into two parts.

The first part of the analysis focuses on the magnetic field distribution of a square coil, the
derivation of induced voltage using Faraday’s Law of Electromagnetic Induction, and the
determination of M and PTE using circuit laws. The author has demonstrated the research
methodology used in this thesis by reproducing the results of the previous best literary
design using computational software, simulation software, fabricational facilities, and
experimental setup available in the Antenna and Microwave Research (AMR) laboratory
at the institute.

The second part of the theory extensively describes the design process for creating an
efficient Tx coil antenna for a perfectly aligned Rx coil antenna based on the mathematical
background developed in the first part. By following this approach, it is expected that the

objectives outlined in the previous chapter can be achieved more effectively.

2.1 PART-1: Mathematical analysis of WPT system

2.1.1 Magnetic-field, induced voltage and mutual inductance

formulations

Using magnetostatics, the equations for the magnetic fields of the H,, H,, and H,
components of a single-turn square coil with a side length of 2a carrying current of Ip,

illustrated in Figure 2.1, have been derived in [80]. The equations are presented below:
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I COP Q.
H, = Z |:rn[rn T (CD"™QN Tl + B (2.3)

h=—-Qr=a+z—x, Qo=—-Q3=a—z+m,
PP=P=a+y—y, B=FPi=-a+y—uy.

The equations utilize the variables r1, ro, r3, and r4, which represent the distances between
the corners of the square loop and the observation point O(z,y, h). The variables @1, Qo,
@3, and Q4 and Py, P5, P3, and Py are defined in the following manner: The subsequent

Receiver-coil

Figure 2.1: General Tx-Rx coil geometric configuration.

step involves calculating the induced voltage in the square-shaped Rx coil at angular
operating frequency w = 27 f, which has a side length of 2b, a transfer distance of h.
Due to H, Hy, and H, present in the Rx plane a differential voltage dV is induced in a
differential area dA,, dA,, and dA,. Since, the differential area are infinitesimally small,
the magnetic field components along x, y, and z can be assumed constant within dA,,
dAy, and dA,. Utilizing Faraday’s law of electromagnetic induction [81] the differential

induced voltage equation is presented as

do —i(uoﬁ.dﬁ) = —jwpoHydAy + HydAy + H.dA}), (2.4)

av =-22=
at — dt

where, p, is permeability in free space. The magnitude of total induced voltage (V) for
total number of turns (V,) concentrated at periphery of the Rx coil is given by integration

of dV over the area dA as,

V= ijONT[ / / ﬁ.dﬁ] = WONT[ / / H,dA, + / / H,dA, + / / HZdAZ}, (2.5)
A Ay Ay A,

For a co-axially positioned planar Rx coil with Tx coil the dA, and dA, becomes void and
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the (2.5) can be modified as

v s, [[ f-an] = oo | [[ .aa] (26)

Here, it is to be noted that the above induced voltage equation is valid only when NN, turns
are concentrated at the periphery of the Rx coil antenna. However, for equispaced Rx coil

antenna for differential area dA,; for ¢ € [1, N,], the total induced voltage is evaluated as

V= i Vi(Az, Ay) = jeopty i { / /A H.(z, y)dAzz} (2.7)
i=1 P 2

The mutual inductance M is determined using equation (2.6) for helmoltz Rx coil and
(2.7) for distributed Rx coil antenna, which is given by [82]:

M*V

=0 (2.8)

Afterwards, the equations for PTE are mathematically derived for four different primary
compensation topologies using circuit laws. These equations provide a mathematical
representation of the behavior of the respective compensation topologies and help in

analyzing their performance.

2.1.2 Power transfer efficiency evaluation using circuit analysis

The Figure. 2.2 shows the visual representation of distinct compensation topologies. These
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Figure 2.2: Compensation topologies (a) S-S, (b) P-S (c¢) S-P, and (d) P-P.

topologies, namely S-S, P-S, S-P, and P-P, enhance the performance of the WPT system

in terms of PTE under different optimal load conditions.
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The S-S compensation topology uses resonant capacitors that are independent of M and
load resistance. It is mainly used in dynamic wireless charging systems, which are prone
to changes in M and load resistances.

On the other hand, the compensation capacitors in S-P topology depend on M, making
it less suitable for misalignment-prone applications. However, S-P topology requires
significantly less secondary inductance, making it suitable for biomedical applications.

In contrast, the capacitors in P-S and P-P topologies depend on both M and load
resistance, limiting their use in many applications. Nonetheless, P-S and P-P find their

use in low-power and loosely coupled applications.

S-S Compensation Topology

Transforming the equivalent circuit to a T-network, as demonstrated in Figure. 2.3,

simplifies the assessment of PTE for S-S compensation topology. The sinusoidal signal
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Figure 2.3: T-network equivalent circuit of WPT system for S-S topology.

source, Vs, supplies a signal at operating resonant frequency f of the WPT system. In the
circuit diagram, Ry, Rr, L7, and L represent the resistance and self-inductance of the
Tx-Rx coils. Additionally, C7 and Cp signify the series compensation capacitors utilized
to resonate the WPT system at f. Iy and Ig refer to the phasor currents circulating in
the Tx-Rx coils, and the value of the load resistance, Ry, is dependent on the application
scenario. By applying Kirchhoff’s Voltage Law (KVL) in loop-1 and loop-2 of Figure. 2.3,

the following equations are derived:

Vi = Rylr + (jwLy — —=—)Ir — jwMIp, (2.9)
wCr
jwMIr = (jwLg — —=)Ir + (Rr + Rp)Ig. (2.9b)
OJCR

Let, Xg1 = (ijT_wJTT) and Xgo = (ijR—ﬁ). These terms, Xg1 and X g9, represent

the effective reactance of the series compensated Tx-Rx coils. By rearranging the terms
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in (2.9b), we can formulate the relation between the currents in the Tx-Rx coils as:

jwMIr

Ip=——>"———.
R Rr+ Rp 4+ Xgo

(2.10)

Thus, by substituting (2.10) into (2.9a), we can evaluate the current in the Tx coil in

terms of the circuit parameters:

Vs(Rr + Rr + Xs2)

Ir = . 2.11
"7 (Br + X51)(Rr + Ry + X) + (wM)? &0
Similarly, the Rx coil current is obtained by substituting (2.11) in (2.10) as
WMV,
In— Jo MV (2.12)

(Rr + Xs1)(Rr + R, + Xgo) + (WM)2’

Thus, the PTE is evaluated by determining the ratio of output power (P,,;) and input

power (Py,) as

n= Pout = Pry (2.13)
P, Pp, + Pry, + Pgr,

Here, Pgr, = Irl; Ry and Pr, = Irl;Rgr denote the losses in the Tx-Rx coils, while

Pr, = IrI;Ry represents the power consumed by the load. By examining (2.11) and

(2.12), it is evident that the Tx-Rx coil currents share the same denominator. Therefore,

the numerator values of power ratios in (2.13) become significant. As a result, the power

ratios are evaluated under resonant system conditions, i.e., Xg1 = Xgo = 0, as follows:

PRT : PRR : PRL :ITI;:RT : IRI}%RR : IRI;%RL

(2.14)
=(Rr + Rr)*Rr : (WM)?Rp : (WM)*Ry.

The substitution of equation (2.12) into Pr, = Irl;Rpg yields the expression for the
output power as

wrM 2VS2RL
[Rr(Rgr + Rr) +w?M?]2

Pr, = (2.15)

Furthermore, by substituting the values obtained from Equation (2.14) in Equation (2.13),
the PTE expression for S-S topology (7ss) is obtained as

o (wM)QRL
s = Rr(Rr+ Rr)? + (wWM)?>(RR+ Rr)’

(2.16)

The mathematical representation of the PTE equation for a S-S resonant WPT system is

denoted by equation (2.16) and is equivalent to the expression given in [1].

P-S Compensation Topology

The Figure. 2.4 represents the T-network equivalent representation used for computing
PTE for P-S compensation topology. By connecting a capacitor (Cr) in parallel to the

Tx-coil, an additional reactive current I is stressed to generate by the voltage source, as
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Figure 2.4: T-network equivalent circuit of WPT system for P-S topology.

shown in Figure. 2.4. KVL is then applied at loop-1 and loop-2, resulting in the following

equations:

V:g = (RT +ijT)IT — jwMIR, (2.17&)
JwMlIp = Xgolp+ (Rr + Rp)IR. (2.17b)

Thus, the relationship between the currents in the Tx-Rx coils is formulated by rearranging
the terms in (2.17Db), following the same approach as in (2.10). The current in the Tx coil
can then be evaluated by substituting (2.10) in (2.17a) as,

Vs(Rr + R + Xgs2)
Ir = , . (2.18)
(RT + ]WLT)(RR + R, + XSQ) + (WM>
To obtain the current in the Rx coil, (2.18) is substituted in (2.10) as,
Ip = WMV (2.19)

(R + jwLy)(Rr + R, + Xg2) + (wM)?2

The power ratios are evaluated under the resonant system condition, and the resulting
expression is found to be same as (2.14). Hence, the PTE for P-S Topology is equivalent
to that of S-S Topology, as derived in (2.16) (i.e., 7ss = 7ps)-

S-P Compensation Topology

Figure. 2.5 shows the T-network equivalent circuit of the S-P topology. However, the
analysis of the Rx parallel topology becomes complicated due to the parallel connection
of the capacitor Cr and Ry. Therefore, to simplify the analysis, the parallel combination

of Cr and Ry, is resolved to obtain the effective impedance Zp_,, as,

. RL . ijRR%
ff 14 (WCRrRL)? 1+ (WORRL)?'

Zr (2.20)

In (2.20), the effective parallel resistance Ry, , and effective parallel reactance Xy, ,, are



24 Chapter 2. Theoretical Background of MRC-Based WPT System

B ) T ST T o T T T T T T T T T T T T~ —
1 T Ry jo(Lp-M)  jo(Lg-M) Ry ]
T (TTO)__ (TTO)
1 : y 3
: :
L__elles_ ___. . - =
> :  — 1
& : : T Vi
Vg A I v A I v
! | joM | 5
1 1
< 1 1 <
1 1
1 1 v

Figure 2.5: Equivalent circuit of T-network WPT system for S-P topology.

obtained as real and imaginary part of Zi,,, respectively. Consequently, by applying

KVL in loop-1 and loop-2, the equations are formulated as

Vs = (Rr + Xs1)Ir — jwMIg, (2.21a)
jWMIT:j(WLR_XLeff)IR+(RR+RLeff)IR- (2.21]:))

Let Xpy = (jwLr — jXo, p f) is denoted as effective compensated reactance of parallel
capacitor Rx coil. Thereby, rearranging the (2.21b), the relation between Tx-Rx coil

currents is derived as,

jwM I
Ip = JORT (2.22)
Rr + RLeff + Xpo
Now by substituting (2.22) in (2.21a), current in the Tx coil is evaluated as,
Vs(Rr + R, + X
Iy = (Rr+ Biopp + Xpo) . (2.23)
(Rt + Xs1)(RRr + R ;p + Xp2) + (wWM)
Now (2.23) is substituted in (2.22) to determine current in the Rx coil as
WMV,
I = ot (2.24)

(Rt + Xs1)(Rr + R, + Xp2) + (wWM)?

The ratio of powers are evaluated under resonant condition i.e., Xg1 = Xps = 0 as

Pry : Pry: P, = (RR + Rp,,;)*Rr: (WM)*Rg : (WM)*Rg,,,. (2.25)
The PTE definition of S-P topology slightly varies compared to (2.13) as
Pout _ P (2.26)

~ Pw  Pry+ Pry+ PR,

It is worth noting from (2.26) that in the S-P topology, the load power (PL_,,) is not

only dependent on Ry, but also on the effective load resistance Rp,,, as given in (2.20).
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This effective load power also takes into account the additional loading effect caused by
the discharge current of Cg to Ry, which is dependent on the physical values of f and
Cr. Consequently, the PTE of the S-P topology (7sp) is obtained by substituting (2.25)
in (2.26), yielding:

(wM)QRLeff (2.27)

ep = Rp(Rp+ Ry, )? + (wM)?(Re + Re )

P-P Compensation Topology

The T-network equivalent circuit for the P-P topology is illustrated in Figure. 2.6. The
effective load impedance is transformed due to the parallel connection of primary and
secondary compensation capacitors Cr and Cr to Tx-Rx coils, as shown in (2.20). It is
noteworthy to mention that the source in the primary side generates an additional reactive
current I, similar to the P-S compensation topology. KVL is applied in loop-1 and loop-2

to derive the following equations:

Vs = (RT —l—ijT)IT — jwM IR, (2283)
JwMlIr = Xpolp + (RR-FRLEH)IR. (2.28b)

The relationship between Tx-Rx currents in P-P topology is same as that of S-P topology

Figure 2.6: Equivalent circuit of T-network WPT system for P-P topology.

which is given in equation (2.22). Substituting this relationship in (2.28a) yields the

current in the Tx coil:

Vs(Rr+ Rr,,, + Xp2)

Ir = - . 2.29
" (Rr + jwLr)(Rr + R, + Xs2) + (WM)? (2.29)
Substitution from (2.29) in (2.22) gives current in the Rx coil as
WMV,
Ip = Je MV . (2.30)

(Rr + jwLy)(RR + RLEff + Xpo) + (wM)?
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The power ratios are determined under the resonant system condition and are found
to be identical to (2.25). Thus, the PTE of the P-P topology is equivalent to the
S-P topology as shown in (2.27) (i.e., nsp = 7pp). Table 2.1 presents a summary

Table 2.1: Comparison of PTE equations of various compensation topologies

Compensation Topology H PTE
. . . (wM)2R
Series-Series Mlss = RT(RR+RL)2+(;JA?)2(RQ+RL)
. . (wM)*R
Parallel-Series Nps = RT(RR+RL)2+(WA§)2(R2+RL)
i (wM)2RLe
Series-Parallel Nep = Rr(Rat Rz, 2+ @M)*(Rat Br, ;)
(w]\l)zRLeff
Parallel-Parallel Npp = Rr(Rrt Rz, )7+ @M (RaT Rr,, ;)

of various compensation topologies based on the PTE expressions derived from circuit
theory. The formulas listed in Table 2.1 suggest that the (S-S and P-S pair) and (S-P
and P-P pair) have identical PTE equations. Therefore, PTE analysis of the four
compensation topologies can be simplified into two configurations, namely secondary
series and secondary parallel topologies, specifically for PTE analysis. Alternatively, for
researchers utilizing a VNA-based experimental setup, the PTE can also be calculated by
obtaining S-parameters. The mathematical computation of PTE based on S-parameters

in previous literature is available only for the SS compensation topology, as follows:

2.1.3 Computation of S-parameter based efficiency for secondary-series
topology

The evaluation of S-parameter based efficiency (9s—conventionar) s derived utilising the

two-port S-parameter network shown in Figure. 2.7 . The Device Under Test (DUT)

® S21 . o
f » :
Rs Port-lViil s11,) (s VL_ Port2 $R,
A rv._ s 45 jl
Z, DUT Zou

Figure 2.7: A two-port S-parameter network for 1s_conventiona €valuation.

comprises Tx-Rx coils where V; is applied on port-1 and Vj, is obtained at port-2, as
depicted in Figure 2.7. The incident and reflected voltages at port-1 and port-2 are denoted
by V.t V.

s Vs VL+, and V; , respectively. Moreover, R denotes the source impedance of the
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supply. The input-output port voltage relationships are as follows:

VitV
V= Vi + Vi, I = =25, (2.31a)
VitV
Vo= LZi = 2007, (2.31b)
S
Vv
Ve =V + VI = =, (2.31c)
L
V-V
VL = 12Z0ut = LTLLZOMS. (231(1)

Where Z;, and Z,, are input-output impedance which are obtained by solving (2.31b)
and (2.31d) as

Vo Zin— Ry
== _—— 2.32
S V;:lr Zin'f'Rs, ( & a)
V_ Zou -
5929 = L — tiRL (2.32b)

V[jL Zout + RL

Where, S11 and S22 are reflection coefficients at port-1 and port-2. Moreover, Z;, is
evaluated by re-arranging (2.11) by replacing Xg1 = Xgo = 0 under resonance to }/—; by
discarding the effect of R as

w2 M?
Zin = Rt + ———. 2.33
T Rr+ Ry, ( )
As, the WPT system is reciprocal, therefore, Z,,; is formulated similarly as
w2M2
Zouwt = R —_— 2.34
out R+ RT + Rs ( )

Substituting (2.33) in (2.32a) and simplifying the equation, the reflection coefficient at
port-1 is given as
(Rp — Rs)(RR + RL) + w2M?

S11 = .
(Rr+ Rs)(Rr+ Rr) + w?M?

(2.35)
Similarly, reflection coefficient at port-2 is calculated by substituting (2.34) in (2.32b) as

(Rr+ Rs)(Rr — Rp) + w2 M?
(Rr + RRr)(Rr + Rp) + w2M?

522 = (2.36)
Equations (2.35) and (2.36) provide the expressions for S11 and S22 parameters of
the R-WPT system in terms of circuit parameters. Additionally, the voltage gain
(S21-parameter) is defined as shown in Figure 2.7.
V-
521 =L (2.37)

. +__
in 1V =0
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The % in terms of incident and reflected voltage signals is formulated as

Vel VeVl Ve )
stgzo Ve +Vinlvirzo Vi (1+511)

By substituting (2.35) in (2.38) and comparing with the voltage gain using the circuit

equations derived for series-series topology , the S21-parameter is formulated as

J2wM Ry,

S21 = .
(Rr + Rs)((Rr+ Rp) + w2M2)

(2.39)

Since R-WPT is a reciprocal network, the S21 and S12 parameters are identical. The
Ns—conventional, Which is a function of S-parameters, can be broadly categorized into
transducer and power gain. The transducer gain is obtained by designing an L-section
matching network for conjugate matching at the input-output ports. This nullifies the
reflection coefficients, and the magnitude of the S21-parameter [44] alone is sufficient
to evaluate 7Ms_conventional- On the other hand, the power gain is measured by allowing
discontinuity in the input port impedance and compensating for the reactive component of
the Tx-Rx coils. Hence, both $21 and S11 parameters are used to estimate the power gain.
By incorporating the reflection loss at the source side, the conventional S-parameter-based
efficiency is derived as

15212
s—conventional = —a-=5 X 100. 2.40
n tional = T IS11] (2.40a)

The (2.35) and (2.39) are substituted in (2.40a) to obtain 7s_conventional i terms of circuit

parameters as

_ B WwEM?R;
ns—conventwnal - RT(RR Jr RL)2 +UJ2M2(RR + RL).

(2.40D)

Upon comparing equations (2.16) and (2.40b), it becomes clear that the circuit-based
efficiency and S-parameter-based efficiency are identical when Ry = 0.

The necessary mathematical formulations and analyses required to assess the performance
of a resonant WPT system have been established. As a result, the researcher employs the
equations derived from field theory and circuitry laws mentioned previously to reproduce
the results of the best design in the literature [1]. This approach helps to acquaint the

research methodology adopted in this thesis work.

2.2 Design procedure of conventional literature design

The objective of the design described in [1] is to solve the issue of lateral misalignment by
creating a uniform magnetic field distribution in the region of the Rx coil. The optimal
parameters of Tx coil are achieved by performing parametric variation of design variables of

Tx coil. The geometrical parameters of the conventional literature design can be obtained
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from [1] and the layout is depicted in Figure. 2.8.

v

< 2a

CONVENTIONAL LITERATURE DESIGN

Figure 2.8: Layout of conventional literature design.

2.2.1 Analytical Results

The analytical values of the 3D magnetic field distribution for the optimal Tx coil
parameters obtained from parametric optimization is determined by employing equation
(2.3) in MATLAB software. The resulting field distribution is illustrated in Figure 2.9(a).
Additionally, the scholar mathematically determined the values of V and M for various
misalignment positions (Az, Ay) of the Rx coil by employing equations (2.6) and (2.8),
respectively. The results are shown in Figure. 2.9(b) and Figure. 2.9(c).

A 0
> Ax(mm)
-100 -100
(c)

Figure 2.9: Analytical 3D distribution of literature design for (a) Magnetic field, (b)
Induced voltage, and (¢) Mutual Inductance.
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2.2.2 Simulation Results

The design layout presented in [1] is additionally simulated using the ANSYS HFSS EM
simulator to validate the previous analytical results. Due to the significant time required to
complete the simulation, the Rx coil is only displaced along Ay = 0 with a fixed interval of
10 mm within the range of Az € [—-100,100] mm. The simulated magnetic field, V', and M

results are consistent with the analytical results, as depicted in Figure. 2.10. Additionally,

1.1 | B
1 ._..-O-Q-.-.O-._'_.~ ool
N
= 09 /‘ .\ =
ey é . Josp
T
T 08 \ ;v‘
17 \
% o7l N 0.7
£ ! \ N
S ® o =z
=z 1 \ £ 0.6 Vi
06, - = Analytical Literature \ S @
' @ Simulated Literature v = 7 —-—- Analytical Literature
o5H ——-H_(0,0)-10% ' 05/ @ Simulated Literature A\
S z " \ A e M(0,0)-1% \
o | H,(0,0)+10% ® ® —e—- M(0.0)+1% ®
0.4 - - - 0.4 L .
-100 -50 0 50 100 -100 50 50 100
x(mm)

@

Ax(omm)
(b)

Figure 2.10: Simulated 2D distribution of literature design at Ay = 0 (a) Magnetic field,
and (b) Mutual Inductance.

the Figure 2.10 illustrates the limits for magnetic-field and mutual inductance which are
represented by H.(0,0) + 10%, and M (0,0) &+ 1%. These limits are utilized to evaluate
UF(H,(z,y)) and UF(M(Ax, Ay)) as earlier defined in subsection 1.2.5.

2.2.3 Measurement Results

The process of creating the literary design involves the utilization of a MITS prototyping
machine on an FR4 substrate at an in-house fabrication facility. An image of this design

is shown in the inset of Figure. 2.11. To accurately measure and obtain data of magnetic

3\3 N’ I3
\ LITERATURE COIL [*
. & = H . \ ROBOTIC DISPLAY —

[ ROBOTIC ARM

F COIL

&/

Figure 2.11: Fabricated literature design and experimental setup

fields and circuit parameters such as M, Rp, and Rg, an experimental setup is present

at the AMR lab. This setup includes a robotic arm capable of precisely and accurately
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misaligning the Rx coil to desired locations, a VNA for fetching the S-parameter data,
and a near-field (NF) coil for tracing the magnetic-field profile. In order to obtain Pg,
and 75, the measured circuit parameters are substituted into equations (2.15) and (2.16).
The graphical results for the measured magnetic field, M(Az, Ay), Pr,(Az, Ay), and

Nss(Ax, Ay) are presented in Figure. 2.12. Moreover, the uniformity factor of various
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Figure 2.12: Experimental 2D distribution of literature design at Ay = 0 for (a) Magnetic
field, (b) Mutual Inductance, (¢) Load power, and (d) Efficiency.

performance parameters of the conventional literature design have been listed in Table 2.2.

Table 2.2: Misalignment performance metric of the design presented in [1]

’ Parameter ‘ Conventional Literature Design ‘
UF(H,(z,y)) 51.84%
UF(M(Az, Ay)) 6.25%
UF(Prjy) 3.61%

2.3 PART-2: Design Methodology of Selecting Tx coil
Parameters
The mathematical foundation of resonant WPT system and effective utilization of the

available tools is explicitly demonstrated by replicating the outcomes of literary design

in the part-1. Following this, the enhancement of PTE for a perfectly aligned Rx coil is
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discussed by optimizing the Tx coil antenna. The design procedure of Tx coil antenna

parameters is sequentially outlined as follows:

2.3.1 Selection of transfer distance h

The h between Tx-Rx coils is broadly selected based on the application scenario. Wherein
for the biomedical implants (low power applications) h ranges in [10,30] mm [83, 84,
85]. Whereas for mobile and portable devices (medium power applications), the transfer
distance is generally fixed at h = 50 mm [1, 65]. Similarly, the transfer distance in drones
(medium power applications) is normally rooted at h = 50 mm [79, 27]. Additionally, the
transfer distance for electric vehicles (high power applications) ranges in [100, 200] mm [86,
87, 88]. The scholar have selected a medium power application scenario to illustrate the

design process. Thereby, the transfer distance is selected as h = 50 mm.

2.3.2 Selection of maximum side-length 2a

The maximum side length, 2a, is optimized by attaining the maximum magnetic field
value at a specified h (for example, at 50 mm in this case). To enhance the magnetic field
at h = 50 mm, the analytical field equation presented in (2.3) at O(0, 0, h) is differentiated

with respect to a as
OH. 16a(—a® + (ah)* + h?')

da (2a2+h2)%(a2 + h2)2

=0. (2.41)

Solving the fifth order equation provided in (2.41), the five roots of a are evaluated as

=0, | _<<1—2¢5>h>
2\ 2 _ 2\ 3
ag = (m;@)h) ,a4:—((1;/5)h) , (2.42)
%:_(mﬁwﬂ)%
2

In this case, a1, as, a3, a4, and a; represent the five roots of equation (2.41). Of all the
roots, only as is valid as the others are either zero, negative, or imaginary, which can not
fit as physical dimensional values. Moreover, by substituting A = 50 mm in a3 of equation
(2.42), the value of a is determined to be a = a3 = 63.6 mm. Consequently, the maximum
side length is obtained as 2a = 127.2 mm. Additionally, the parametric variation of 2a
with H, is presented graphically in Figure. 2.13(a). By observing Figure 2.13(a), it can be
seen that the peak value of H, occurs at (x =0, y = 0, h = 50 mm) and is maximized at
2a = 127.2 mm, which confirms the validity of the analytical findings presented in (2.41)
and (2.42). Additionally, Figure 2.13(b) shows the 3D distribution of the magnetic field

for a single Tx coil turn with 2a = 127.2 mm at A = 50 mm.
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Figure 2.13: (a) Parametric variation of 2a¢ with H,, (b) 3D magnetic distribution for
optimal 2a.

2.3.3 Selection of number of turns N,

The number of turns Ny of square Tx coil antenna is optimized subject to ICNIRP
guidelines (21 A/m or 27 uT) [89]. The value of N; is incremented until the peak value of
the magnetic field reaches the ICNIRP limit of 21 A/m. The parametric variation of NV
with magnetic field is displayed in Figure. 2.14. As shown in Figure 2.14, it is clear that
the maximum value of the magnetic field occurs at Ny = 5. If V; is increased beyond this
value, the ICNIRP limit will be exceeded, as demonstrated in Figure. 2.14.

2.3.4 Selection of operating frequency f

The f is selected by maximizing the Q-factor using the EM simulator. The Q-factor of
the Tx coil is given as Qr = %. Figure. 2.15 represents the variation of f ranging in
[1,20] MHz with Ry, Ly, and Qr. Here, the f is selected based on the maximum Q-factor
using the data depicted in Figure. 2.15(c). The value of Ry increases at higher values of
f due to skin and proximity effects, as shown in Figure. 2.15(a). Similarly the value of Ly
increases with f as depicted in Figure. 2.15(b). The Q7 as defined above is proportional
to L7, and inversely proportional to Rp. Therefore, the Ly being dominant over Ry at

lower values of f, the Q initially increases as seen from Figure. 2.15(c). However, after
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Figure 2.14: Parametric variation of N; with H,.

reaching the maximum Q) at optimal f, the values of Ry influences over Ly which results
in reduction of Qr as shown in Figure. 2.15(c). Moreover, the Qp values are plotted for
distinct conductive tracks w. It is observed from Figure. 2.15(a) that increase in w result
in reduction of Rp which augments the value of Q. Hence, it is always preferred to
use large w to operate at high Qp. The optimal f point ranges between [12,15] MHz
from Figure. 2.15(c) considering all w. However, only Industrial, scientific and medical
(ISM) frequency bands are acceptable to consider for research purposes. Here, the central
frequency values of ISM are 6.78 MHz, 13.56 MHz, 27.12 MHz, 40.68 MHz etc. Therefore,
the optimal f is considered as 13.56 MHz at w = 2 mm. The summary of the above design
procedure to develop a Tx coil antenna is provided in the flow chart as demonstrated in
Figure. 2.16.

2.3.5 Rx coil selection

The Rx coil is selected based on the application scenario. The Rx coil parameters 2b, and
N, are optimized to attain user desired V. The application scenario selected in this work
is intended for the medium power applications available in the test facility that requires a
charging voltage ranging from V € [22.2 — 24] volts. Thereby, the parametric sweeping of
the Rx coil is targeted to achieve the desired voltage range using the analytical equation
given in (2.6). The parametric variation of V' with different dimensional values of 2b is
shown in Figure. 2.17(a). Here, the Rx turns are fixed at N, = 1 as further increase in it
overshoots the desired V. Further, by observing the data shown in Figure. 2.17(a), the 2b
value is optimized in the range [112, 116] mm based on desired V range. Here, the optimal
Rx coil dimension is selected as 2b = 116 mm. Moreover, the optimal 3D voltage profile
distribution is plotted in Figure. 2.17(b).

2.3.6 Simulated Results of Resultant WPT system

The layout of resultant Tx-Rx coils is shown in Figure. 2.18 and the optimal dimensional
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Figure 2.15: (a) Variation of Ry with f for different conductive track width, w, (b)
variation of Ly with f for different conductive track width, w, (c¢) variation of Qr with f

for different conductive track width, w.

parameters are listed in Table 2.3. Moreover, the simulation results of magnetic field

distribution corroborates with the analytical results as shown in Figure. 2.19.

The

input-output signals (both current and voltage) across different components of WPT

system are determined through LT-Spice simulator.

Further, using these signals the

performance parameters such as output power (Pgj), link efficiency (7ss), and system
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Transfer distance‘h’ is selected
based on application scenario.

The maximum side-length ‘2a’ is selected based
on maximum H-field derived using (2.41)and (2.42),

[ Initialize the N=1 [

Yes

Is H-field is
within ICNIRP
limits ?

The optimal Tx turns is designated as N;=N,-1.

¥

The optimal operating frequency (f) is selected
based on optimal Q-factor of the Tx coil.

Figure 2.16: Flowchart for designing Tx Coil Antenna with Perfectly Aligned Rx Coil
Antenna.

Table 2.3: The parameters of Tx-Rx coils

Physical dimensions of the Tx-Rx coils
2a/2b/h/w | 1272 mm / 116 mm / 50 mm / 2 mm
N¢/N,/f 5 / 1 / 13.56 MHz

efficiency (n4c—q4c) are evaluated to test the quality of the resultant WPT system. The
circuit simulation begins by knowing the circuit-parameters such as Rr, Rr, L, Lg,
M, and coupling coefficient (k) which are obtained from EM simulator and are listed
in Table 2.4. The circuit parameter values depicted in Table 2.4 are used in LT-Spice

simulator as shown in Figure. 2.20. Here, in Figure. 2.20, the circuit schematic constitutes

Table 2.4: Circuit parameters of WPT system

Circuit parameters
Rr/Rgr/Lr/Lg | 0.83Q2 / 0.115Q2 / 881uH / 0.43uH
Cr/Cr/M/k 15.63pF / 0.32nF / 0.31xH / 0.15

of input voltage Vi = V;,,, full bridge inverter circuit consisting of four MOSFET switches,
Tx-Rx coil parameters, full bridge AC-DC rectifier circuit composing of four diodes,

filtering capacitor (Cr), and load resistance (Ry). The inverter is excited with V;,, = 36

IT

volts using a dc source. Thereby, the signal wave-forms such as Tx coil current I, = Nl
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Figure 2.17: Optimizing 2b: (a) variation of V with Parametric Sweep, (b) 3D V
Distribution for optimal 2b

Figure 2.18: Layout of Tx-Rx coils resulted from proposed design procedure.

Rx coil current Ig, = %, Rx coil voltage Vg, = Vi, DC output voltage V., DC output
current Iy., MOSFET blocking voltage Vijosrer, and diode blocking voltage Vp as
shown in Figure. 2.21. The input power, Rx coil power, and DC power are evaluated
as Py, = Vip X Iy = 35.34 X 0.862 = 30.46W, Pr, = Vgy X Iy = 23.04 % 1.24 = 28.5TW,
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Figure 2.19: Simulated results of magnetic field (H,) distribution at y = 0.
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Figure 2.20: Circuit analysis of WPT system using LT-Spice simulator.

Table 2.5: Performance parameters of the WPT system

Signal and performance parameters
Vin/Ir2/VRe /IR 36 v / 0.862A / 23.04v / 1.24A
Vae/Lac/Vviosrer/Vp | 22.33v / 1.11A / 36v / 22.97v
P,/ Pr,./Ppc 30.46W / 28.57TW / 24.78W
nss/ndc—dc 93.7% / 81.3%

Note: Iry, Ve, Ip, are RMS value
Note: Ve, 14- are average value
Note: VvosreT, Vp are peak values

and Ppc = Vge X Ije = 22.33 x 1.11 = 24.78W. The 7, is defined as ratio of Pgr, and
P;,,, which is evaluated as 93.7%. Here, the 7ss resembles the performance of Tx-Rx coils

and does not include the effect of system components such as rectification and filtering
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Figure 2.21: Wave-forms of various signals of proposed WPT system.

circuits. In contrast, the dc-de efficiency or system efficiency (ng.—qc) is characterized as
ratio of Ppc and Py,, which includes all the system losses of WPT system and is found
to be 81.3%. All the performance parameters resulted using LT-spice simulator using

Figure. 2.21 are summarized in Table 2.5.

2.4 Summary

This chapter establishes the mathematical foundation of a resonant WPT system using
field theory and circuitry laws. Additionally, the mathematical tools, simulation setup,
and experimental prototype utilized in this thesis are described by replicating the results
of the best available conventional literature design [1]. The uniformity factor in terms
of mutual inductance between misaligned Rx coil and Tx coil proposed in conventional
literature design is found to be UF(M (Ax, Ay))=6.25%. Astonishingly, according to the
best of author knowledge, the design presented in [1] was known to be best possible single
port Tx coil antenna to mitigate lateral misalignment problem till the year 2018. However,
the achieved misalignment tolerance in [1] is found to be insignificant for any practical
applications. Moreover, the conventional literature design acounts for huge magnetic
flux leakage outside the Rx coil operating region which results in reduced coupling and
ultimately impacts the PTE of the WPT system. The above drawbacks in conventional
literature design provides wide scope for improvement in enhancing lateral misalignment
tolerance in wireless charging applications.

Finally in Chapter 2, a systematic design procedure is presented, outlining the justification
for selecting each dimensional parameter of the Tx coil antenna, such as side length,
transfer distance, number of turns, and operating frequency, to maximize the PTE for a
perfectly aligned Rx coil antenna [a]. However, the experimental setup for measuring PTE
using VN A does not align with the results generated from realistic power converter supply

units as briefly discussed in subsection 1.2.4. Therefore, the root cause of the issue with the
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VNA-based measurement setup is identified, and a novel S-parameter based measurement

system is introduced, which will be exclusively dedicated to the next chapter.

CHAPTER OUTCOMES

O[a} A. Bharadwaj, V. K. Srivastava, C. C. Reddy, and A. Sharma, “Design Methodology of Near-Field
Transmitter Coil Antenna for Maximizing Efficiency of the WPT System,” accepted in 17th European
Conference on Antennas and Propagation, Florence, Italy, 2023.






Chapter 3

A New Measurement Method using
Vector Network Analyzer

The focus of this chapter is to achieve the proposed objectives in SO-A which deals
with the inadequacies of efficiency measurement systems that depend on S-parameters.
These deficiencies were brought to light in the subsection 1.2.4 of the Chapter 1 and
consist of two primary concerns as shown in Figure. 1.7(a). The first pertains to the
lack of analytical S-parameters for secondary-parallel compensation topologies. The
second involves significant differences between efficiency measurements obtained via
S-parameters on a VNA and those acquired from a practical power source. The initial
step in addressing these issues is the derivation of S-parameters for secondary-parallel

compensation topologies using a two-port network as follows:

3.1 S-parameter Based Efficiency for Secondary-Parallel
Topology

The S-parameters for the secondary-parallel compensation topology are determined by
analyzing the two-port S-parameter network depicted in Figure 3.1. The evaluation
process involves utilizing the given network to calculate the relevant S-parameters for the
compensation topology. The figure serves as a visual aid in understanding the network and

its components. The Z;, is determined for secondary- parallel topology by rearranging

a a
R L 521 «—— Port-2

r'—'\/\(}\f—.—,—| F\VW\— o J_ = 4 t
@ Port-1 SlD Tx UM Rx Cszz RéVL
Vs' l—') \C_’, T ('_l ! l
z b pil b, ~ z

n

out

Figure 3.1: A two-port S-parameter network for PTE evaluation under secondary- parallel
compensation topology.

(2.23) as
(wM)?

Zin = Rp + Xgs1 + ,
r s1 Rr+ BRpepr + Xp2

(3.1)

41
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which is then substituted in (2.32a) by replacing Ry with R, to obtain S1l-parameter as

(Rt — Ro+ jXs1)(Rr+ Rieff + jXp2) + (wM)?
(Rr+ Ro+ jXs1)(Rr + Rresy +jXpo) + (wM)Q'

511 = (3.2)

The expression of “% for secondary-parallel compensation is found by multiplying Ry
to the both sides of (2.24) as
Vi JWMRypers

M . 3.3
Vs (RT—FXSl)(RR—FRLCH + Xpo) + (wM)? (3:3)

Thereupon, the equations (3.2) and (3.3) are used in (2.38), the S2l-parameter for

secondary-parallel topology is formulated as

2wM /R, R
521 = et Lef] (3.4)

(Rr+ Ro+ jXs1)(Rr + Rresy +jXpo) + (wM)Q'

The establishment of the PTE for a secondary parallel topology under resonant condition

using S-parameters involves replacing equations (3.2) and (3.4) in equation (2.40a) as

2parallel _ (WM)QRchf (3 5)
S—parameter RT(RR + Rchf)Q —+ (wM)2(R2 + Rchf) ' .

2parallel

S—parameter denOtes S-parameter based efficiency for secondary parallel topology.

Here,
Upon comparing equations (2.27) and (3.5) with the expressions provided in Table 2.1,
it becomes evident that an S-parameter based analysis for secondary compensation
topologies yields results that are in agreement with the circuit-based PTE.

The next issue, which pertains to discrepancies between conventional S-parameter based
efficiency and the efficiency derived from practical power sources like inverters, is

subsequently addressed and resolved.

3.2 Evaluation of modified S-parameter-based efficiency for
secondary-series compensation topology

The M is framed in terms of S-parameters by solving the equations (2.35), (2.36), and

(2.39) as follows:
2S521Rj,

jwM = . .
JOM T 811 - 522) — S212 (3.6)
The (3.6) is substituted in (2.16) to obtain 7s_preposed and formulated as

S21R ?
2521

'Im((1s11)(1s2L2)3212) R

Tls—proposed =
|:(RT + Rsu)(RR + Rpu)*+ (3.7)

2

7 2521Ry,
"\ T = s1)(1 - 522) — 5212

(Rr + RLu):| ;
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further, Ry, is divided in both numerator and denominator in (3.7) to obtain

2
2521R
‘Im ((1—311)(1—52%)—5212)
Ns—proposed = Rt R
{(RT + Ryy) Bt BLal | (3.8)
. 2S21R; *(Rr + Rru)
(1—S11)(1 — 522) — 5212 Riu ’

the term (Rg, Ryp,,) is multiplied and divided in the first term of the denominator in (3.8)
to get

2
2521R
’Im ((17511)(17323)75212)
Tls—proposed =
RsuRLu (Rlefsu) (RR;‘;LU)Q + (39)
. 2S21R;, *(Rp + Rr)
(1—S11)(1 — 522) — 5212 Rin

the source factor | SF = RTIE}L?M and load factor <LF = R}ﬁfj&ﬂ) are introduced and

replaced in (3.9) to simplify the expression as

2

2521R
'Im ((17511)(17523)75212)

Tls—proposed = 5 - (310)
2521R
R R Im((lfsu)(psm)fsm?)
sudlly
SFXLF? + LF

Here, Rs, and Ry, are user-controlled internal resistances which replaced as Rs = Ry
and Ry, = Rp,. The SF is the function of Rg,, generally assumed according to the
user-designed power supply (R, € [0,0.1]Q2). Similarly, LF is the function of Ry, usually
adjusted according to user defined application. In general, the source factor ranges in
0 < SF < 1 depending on the Ry, value. If the user assigns the R, value near zero,
the SF tends to zero. Similarly, if the user opts for a high R, value, the SF tends to
one. Thus, it is advised to operate at SF = 0 to achieve higher efficiency. Moreover, the
proposed S-parameter based efficiency provides users with flexible source-load conditions
(Rsy and Ry,) that matches realistic power supply units. The proposed S-parameter-based

efficiency is validated by experimenting, as elaborated in the subsequent section.

3.3 Experimental Verification and Comparison

The proposed S-parameter-based efficiency is validated by fabricating the Tx-Rx coil with
a 20 AWG single-strand copper wire as shown in the inset of Figure. 3.2(b). Notably, the
circuit parameters such as resistance and self-inductance are measured using an Agilent
N5230C Network analyzer at resonant frequency, f = 400 kHz. Following Table 3.1

summarizes the physical dimensions, circuit parameters, and operating conditions of
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| Reverse-Series

<

{

(b)

Figure 3.2: Experimental setup for measurement of (a) Mutual inductance, (b) Power
transfer efficiency.

the Tx-Rx coil. The particulars of M are measured in two distinct techniques. The

Table 3.1: The parameters of Tx-Rx coils

Physical dimensions of the Tx-Rx coils
2a/2b/h/ f 108 mm/108 mm/50 mm/400 kHz
N¢/N, 7/7

Circuit parameters of Tx-Rx coils

Rr/Rp 0.442/0.48Q
Lr/Lg 14.23puH/14.4pH

Resonating capacitors of Tx-Rx coils
Cr/Cr | 11.1nH/10.99nF

Source-Load conditions for measurement of 7
Reu/Rru | 0.01Q/10Q
Source-Load conditions for measurement of 75_conventional
Rs/Ryp, | 5092/5092
Source-Load conditions for measurement of 1s_proposed

Reu/Rpu/Rs/Ry [ 0.01Q/10Q/502/50Q
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first technique adopts the differential cumulative method (passive measurement) [38, 39]
wherein the Tx-Rx coils are connected in forward and reverse series as shown in
Figure. 3.2(a). In the forward series connection, the effective inductance value Lpo =
Ly + Lr + 2M is measured using the Agilent N5230C Network analyzer. However,
the effective inductance value Lrc = Ly + Lr — 2M in reverse series connection is
measured by interchanging the Rx coil terminals. Thereby, the value of M is determined
as M = W. Conversely, in the second technique, the value of M is experimentally
acquired by connecting resonating capacitors C'r and Cg in series with Tx-Rx coils and
by extracting S-parameters from network analyzer and further substituting in (3.6). The
data of each misaligned position (Ax) is converged by averaging 1000 samples using the
inbuilt averaging-factor function available in network analyzer. Further, the sample points

are fetched in computational software to evaluate standard deviation as

(S0 -572)
-1

Og =

(3.11)

Here, S(i) denotes the ith value of S-parameter measured from the network analyzer, N
denotes the number of sample points and S denotes the mean of sample points acquired

from VNA. The standard deviation (o) of S-parameters are tabulated in Table. 3.2. In

Table 3.2: Standard deviation

Position (Ax) o of S11 (dB) o, of S22 (dB) o5 of S21 (dB) ‘

0 mm +5.1 x 1073 +4.9 x 1073 +0.49
20 mm +4.8 x 1073 +5 x 1073 +0.5
40 mm 45 % 1073 +4.8 x 1073 +0.48
60 mm 453 x 1073 +5.1 x 1073 +0.5
80 mm +4.7 x 1073 +5.2 x 1073 +0.49
100 mm +4.9 x 1073 +4.8 x 1073 +0.49

addition, the magnitude of S-parameters with error bar is plotted with respect to horizontal
displacement (Az) of the Rx coil along the x-axis (i.e y=0 line) in Figure. 3.3. Respectively,
the magnitude of {S11 and S22}-parameters obtained are shown in Figure. 3.3(a), and
the phase value is measured to be 180°. The matching network of Tx-Rx coils has been
designed considering the effect of the reflected impedance of the Rx coil on the Tx coil, and
thereupon, the S11 and S22 parameters have a maximum dip in a perfectly aligned state.
On that account, as the Rx coil horizontally displaces (Az denotes misalignment), the
reflected impedance alter, affecting the WPT system’s resonance. This effect is observed
in S21 and S12 parameters, as shown in Figure. 3.3(b), since the value of S21 and S12
parameters decrease with horizontal displacement of Rx coil. Moreover, the WPT system
is reciprocal, hence the data of S21 and S12 parameters are measured to be identical

as depicted in Figure. 3.3(b), and the phase value is exhibited as 90°. Henceforth,
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Figure 3.3: Measured results of (a) S11 and S22-parameters, (b) S21 and S12-parameters.

signal-to-noise ratio (SNR) of S-parameters is evaluated as [90]

noise

SNR = 20 % logio (S“-"”“l> (3.12)

Here, Sgigna denotes the desired signal between Tx-Rx coils, and Spoisc represents the
noise signal measured when the Rx coil is displaced out of the operating region in the
Rx-plane. The S,,p;se is measured as —59.8 dB; therefore, the SNR value of S21-parameter
for perfectly aligned Rx coil is determined as 45.3dB. The 2D plot of M by displacing the
Rx-coil horizontally at an interval of 10 mm along y=0 line is represented in Figure. 3.4.
To maintain stability and accuracy in the measurement process, a DRS60L robotic
arm is employed as shown in Figure. 3.2. From Figure. 3.4, it can be inferred that
the measured value of M from S-parameters is more accurate in comparison with the
differential cumulative technique. Besides, in differential cumulative method in passive
measurement, the terminals need to be physically interchanged for measuring the effective

inductance value in forward and reverse series for each distinct misaligned position of the
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Figure 3.4: Measured results of mutual inductance.

Rx coil thereby spiraling the complexity. This proves S-parameter based measurement
for determining M value is simple, accurate and coherent. The 74, is determined by
replacing the M value using differential cumulative method and by assuming Rs = 0.012
and Ry, = 1082 [1] in (2.16). Subsequently, the 7s_conventional 1S measured by determining
magnitude of S21 and S11 parameters by calibrating the input-output ports at 5082 and by
replacing it in (2.40a). Wherein, the (7s_proposed) is determined by measuring magnitude
and phase of {S11, 522, S21 and S12}-parameter using network analyzer, and further by
controlling the SF and LF and by replacing Rg, = 0.01Q and Rp, = 1082 in (3.10). The
2D plot of all the efficiencies for horizontal displacement of Rx coil at an interval of 10
mm along y = 0 line is shown in Figure. 3.5(a). From the Figure. 3.5(a), the 7s_proposed
compliments with 7,5, whereas, the 1;_conventional Shows disagreement for the WPT system
which misguides the researchers in estimating the realistic performance for the same.
This substantial difference occurs due to distinct operating conditions used in both the
equations, 7s_conventional (Rs = R = 50Q) and 1s_proposed (Rsu = 0 and R, = 10€2).
Moreover, the variation of 7 at different transfer distances ranging h € [10,50] mm is
plotted in Figure. 3.5(b). From the plot, it is observed that the error between 7s_conventional
and 7 increases as the transfer distance (h) between Tx-Rx coils increases. Whereas,
the proposed S-1s—proposea matches with the 7,5 for all transfer distances h. To assess the
degree of deviation with respect to realistic power source efficiency, 7ss, an error rate (¢)

is defined for each misalignment data Az as

€1 = Nss — Tls—conventional 7 (313&)
Mss
€9 = Nss — Tls—proposed ) (313b)
Nss

Where, €] represents error between circuit and conventional S-parameter based efficiencies,
and €2 denotes the error deviation between circuit and proposed S-parameter based
efficiencies. The error rate (e) is evaluated for each misalignment (Azx) as depicted in

Figure. 3.6. Here, the € increases with misalignment (Az), as the Tx-Rx coils are resonated
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Figure 3.5: Measured results of efficiency for (a) Horizontal misalignment (Az), (b)
Transfer distance (h).

under a perfectly aligned state (i.e., Az = 0). Therefore, when the Rx coil displaces
from its intended position, the reflected impedance of the Rx coil on the Tx coil alters,
disturbing the resonant frequency. The error rate for conventional s-parameters (e;) from
Figure. 3.6 is above 30% for entire misalignment range. In contrast, the error rate observed
for proposed S-parameter based efficiency (e2) is at most 5%. Therefore, the 75— proposed
measurement technique paves a novel path for researchers to estimate realistic performance

parameters for coil designs using S-parameters.

3.3.1 Comparison with state of the art equations

The proposed 7s_proposed €quation is compared with various literature works as tabulated
in Table 3.3, wherein 7,5 is measured by considering R, = 0.01Q and Ry, = 10 [1].
Thereby, the losses due to the source-load effect are significantly minimized. Consequently,
the attained value of 7, is greater than 70%. In contrast, the 7;_coventiona 1S measured
under fixed source-load conditions given as Ry=R;=50Q [91, 92, 93, 94, 95]. The value
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Table 3.3: Comparison of the proposed S-parameter based efficiency with the efficiency
equations available in the literature.

Ref Efficiency type Source-Load conditions  Efficiency value
[1] Tss Ryy = 0Q,R1,=10Q 91%

[91] T)s—conventional RSZRL:5OQ 24% — 29%

[92] ")s—conventional Rs=Rp=>50() 50%

[93] T)s—conventional RSZRL:5OQ 53%

[94] ")s—conventional Rs:RL:5OQ 47.2%

[95] T]s—conventional RS:RL:5OQ 35%

Proposed work Ns—proposed Rs:RL:5OQ, ~ 80%

Ry = 0.01Q, Ry, = 100

of Ns_conventionar I the literary works is less than 55% because of high source-load losses.
Therefore, a modified S-parameter-based efficiency is proposed, allowing the user to control
the terminal resistances by calibrating SF and LF. From Table 3.3, it is evident that
by using 7s—_proposed, the value is obtained close to 80%, equivalent to 7ss. The proposed
equations permit the researchers to estimate the realistic performance of Tx-Rx coils using

S-parameters at very high frequencies.

3.4 Summary

This chapter of the thesis introduces an exciting and cutting-edge approach to predicting
the PTE of a secondary-series resonant WPT system using S-parameters obtained from
VNA. The results of this study are truly remarkable, as the accuracy achieved by this new
measurement methodology is comparable to that of realistic power sources that utilize
power electronic converters. This breakthrough in VNA based measurement technique is
poised to revolutionize the development and optimization of WPT systems, particularly

for practical applications across a wide range of frequencies and the publication pertinent
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to this achievement is given below in [b].

Furthermore, this chapter represents a major milestone in the field of resonant WPT
systems, as it presents the first-ever analytical S-parameters for secondary-parallel
compensation topologies [c]. This achievement adds to the growing body of knowledge
in this field and opens up exciting new possibilities for future research in resonant WPT
system. Moreover, the proposed measurement technique is used in subsequent chapters of
this thesis work for measuring efficiency between newly designed Tx-Rx coils.

The next chapter addresses the misalignment problem by exploring distinct objective
functions, including uniform magnetic-field formation and uniform induced voltage at
the Rx coil region. Various single port Tx coil designs, such as 3D Tx coils, singular
distributed coil antennas, and array coil antennas, are optimized using these approaches.
For the first time, structured mathematical analysis is provided to determine the
optimal magnetic-field distribution, which holds great promise for addressing the lateral
misalignment problem. These groundbreaking approaches offer potential for designing
lateral misalignment-insensitive Tx coils in near-field WPT systems, benefiting the

research community.
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Chapter 4

Single Port Tx Coil Antennas

This chapter is dedicated to the development of an objective function that addresses the
lateral misalignment problem in WPT systems using single port Tx coil antennas. As part
of this process, novel mathematical formulations are developed to determine the optimal
magnetic-field distribution in the Rx coil, with the aim of improving the system’s lateral
misalignment tolerance. Additionally, this chapter presents the evolution and optimization
of three distinct Tx coil designs, designated as Design-1A, Design-1B, and Design-1C,
which fulfill the objectives outlined in EP-1, EP-2, and EP-3 of SO-B, respectively.

4.1 Evolution of Design-1A (SO-B: EP-1)

In WPT applications like EVs, angular misalignment is typically not a problem since the
Rx and Tx are always coplanar in conventional planar structures. This is demonstrated

in Figure. 4.1, which depicts possible Rx misalignment when the vehicle is displaced.

BATTERY

RECTIFIER MATCHING
(AC-DC) NETWORK

=.=
%ﬁ%

Coil-1 Coil-2 Coil-3 i~ Tx-coil

HIGH FREQUENCY Coj
rower wverrer [ TN ‘ Sl mSaa,
(DC-AC)

Inset

Figure 4.1: Schematic diagram of WPT system and the proposed Tx coil: Design-1A.

As a result, stabilizing the output voltage of the misaligned Rx coil to improve battery
life becomes a primary objective, with mitigation of lateral misalignment being crucial.
Achieving this requires forming the uniform magnetic field in such a way that constant

induced voltage is obtained in the Rx coil, regardless of its displacement.

51
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4.1.1 The proposed Tx antenna and magnetic field analysis

A prototype of the Design-1A Tx coil antenna is shown in Figure 4.1. The structure
of Design-1A comprises three coils, each in the shape of a square Helmholtz coil with
2a = 100mm, as detailed in the inset of Figure 4.1. The three coils are connected in series,
and coil-2 is coplanar with the Rx coil. Whereas, coils-1 and 3 are placed on inclined
faces of an isosceles trapezoid at an angle # from the ground plane. Let the number of
turns in the three coils be denoted by Ny, Ny, and N3, respectively. The magnetic field
components H, Hy, and H, along the z, y, and z axes, as given in equations (2.1), (2.2),
and (2.3), are evaluated for the three coils of Design-1A at each coil center, denoted by
(Ttms Ytm, 2tm), where m = 1,2,3. The total magnetic field of each component due to
N1, Nyo, and N3 turns of each coil for a conventional planar antenna with 6§ = 0° is given
by

H, = Ny H! + NpH? + N H? (4.1a)
Hy = NnH, + NpH; + N H) (4.1b)
H, = NnH} + NppH? + NizH? (4.1c)

where subscript ‘m’ in H™ represent contribution of field due to coil-m.

4.1.2 Analysis of magnetic-field distribution

Now the magnetic field distribution originated by the proposed structure is analyzed.
Since the coil-1 and coil-3 are tilted by an angle 6, (4.1a), (4.1b) and (4.1c¢) are no longer
valid directly for these coils, hence, the coordinates are translated according to observation
point P(xp, yp, 2zp) in the space. To determine the total magnetic field in the Rx-plane, the
adopted geometrical configuration of the proposed idea is shown in Figure. 4.2. The coil-2
is assumed coinciding with the global coordinate system (X,Y,Z), hence, coil-2 center is
located at the origin, and its plane lies in x-y plane. Whereas, coil-1 and coil-3 have local
coordinate axis X1, Y1, Z! and X3, Y3, Z3 as shown in Figure. 4.2(a). We note that all the
coordinate systems have x-axis common due to geometry of the structure. The translated
coordinates of observation point P in coil-1 local coordinate system is (@p1, Yp1, 2p1) Which

is found with respect to global coordinate system from Figure. 4.2(a) and evaluated as

Tpl = Tp (4.2a)
Yp1 = (Yp + e) cos(0) + (zp + z) sin(0) (4.2b)
zp1 = (2 + 2e) c08(0) — (yp + ye) sin(6) (4.2¢)

where,
Ye = a + acos(0)

ze = asin(6)
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Figure 4.2: Geometrical configuration of Design-1A (a) the translation of coordinates due
to Tx modules, (b) Components of magnetic field due to Tx modules.

Similarly, the translated coordinates of observation point P in coil-3 local coordinate

system are evaluated as

Tp3 = Tp (448,)
Yp3 = (yp — ye) cos(0) — (zp + zc) sin(6) (4.4b)
25 = (2 4 22) cos(8) + (g — 3) sin(6) (1.4¢)

Since the Rx coil lies parallel to xy-plane, only H, component of the total magnetic field
will induce voltage in the Rx coil. By using (4.2) and (4.4), the vertical magnetic field
perpendicular to Rx plane Hp due to each of the three coils are found at the observation
point P(xp, yp, zp). The vertical field component Hp,, due to coil-m at the observation

point is characterized from Figure. 4.2(b) and formulated as

Hry = H! cos(0) + H, sin(0) (4.5a)
Hry = H? (4.5b)
Hrps = H3 cos() — HS sin(6) (4.5¢)
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where H™ denotes the field component due to coil-m in its local coordinate system as
shown in Figure. 4.2(b). Now from (4.5a)-(4.5¢), the total vertical magnetic field that

influence the Rx coil is given as
Hy = Hry + Hro + Hrs (4.6)

4.1.3 Formulation of induced voltage

The Rx antenna is assumed as square Helmholtz coil located at z = h plane with 2b =
100mm and NN, = 12. The effective height from ground of the Rx coil is Z.yy = h + 2z,
where Z.y; = 200mm is the height between the Tx and Rx when 6 = 0°. Due to Hr
distribution in the Rx-plane, a dV is induced in a differential area dA, of the Rx coil
as given in (2.4). The Rx coil is assumed misaligned to location (Ax,Ay). Here, the
lateral misalignment is only considered along y-axis, hence, Az = 0. When the Rx is
perfectly aligned with the Tx-module Az = 0 and Ay = 0. The V in the misaligned Rx
is computed for entire Rx area by replacing Hr with H, in (2.6). We observe from above
defined equations that V depends on tilt angle 6 of the proposed design, hence, an optimal
choice of 8 may achieve V independent of Ay misalignment. Here the V is evaluated at
f = 488.6kHz.

4.1.4 Parametric Analysis

The parametric variation is done for V' by varying tilt angle () along with variation in
number of turns. Due to symmetry, Ny =IN3, and the parametric study is conducted by
varying normalized number of turns in coil-1 or coil-3 as N = %—g or %—g As a performance
metric the UF is consider for V(0, Ay) i.e, uniformity in only single dimension. Here,
the UF is defined as the ratio of misaligned distance (Ay = u) up to which V (0, Ay)
varies within +1% of V(0,0) to the target misaligned distance (Ay = wu,). By using
computational software (MATLAB 9.5 R2018b) the analytical model is investigated and
UF is calculated with variation of N for different tilt 6 values and the result is shown in
Figure. 4.3(a). For a corresponding peak UF, the induced voltage V (0, Ay) for various
0 is plotted in Figure. 4.3(b). From Figure. 4.3(a) it is evident that the uniformity in
induced voltage is optimized at § = 14° and N = 4 and the corresponding UF(V (Ax))
is found as 55.33% as compared to 28.66% obtained by conventional design with 8 = 0°
at the same value of N. As the Tx-coil is optimized at non-zero 6, hence, the resulting
design takes shape of a trapezoid in contrast to planar design of § = 0°. It is also observed
that Figure. 4.3(b) that, for § = 14°, V shows a better flatness for a wider misalignment
Ay. The optimized parameters and performance metric based on normalized turns with
respect to coil-2 is given in Table 4.1. The desired voltage for charging EV V = 12V
is obtained by increasing number of turns proportional to the voltage. For instance, we
increased the number of turns in coil-2 to 30 turns, proportionally the number of turns in
coil-1 and coil-3 are increased to 120 turns to maintain the optimal ratio N = 4. The data

consisting of optimized parameters in Table. 4.1 is generic and can be used to calculate
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Figure 4.3: Parametric variation of Design-1A (a) variation of UF for various tilt angles,
(b) variation of V(0, Ay) for various tilt angles.

actual data according to the specifications of the required parameters such as battery
voltage, maximum output power, maximum current etc. Whereas, the data consisting of

performance metric does not change as the ratio always remain constant.

Table 4.1: Optimized parameters of Design-1A

| Normalized turns (N) | Optimized tilt angle 6 | \4 ‘
| 4 | 14° | 12V |
N1 N2 Nis
120 30 120
Optimized UF Conventional UF % improvement
55.33% 28.66% 93.00%

4.1.5 Analytical and simulated results of Design-1A

The analytically obtained 3D plots of magnetic-field and induced voltage distributions
are shown in Figure. 4.4(a) and Figure. 4.4(b). The value of V(0, Ay) remains constant
within the misalignment region of v = 166mm, resulting in a significant improvement in
the stability of V' (0, Ay) and mitigating the problem of lateral misalignment. The 3D plot
clearly shows that EVs can freely park in the parking slot with a misalignment tolerance of
[—83, 83]mm, which implies a total misalignment tolerance of 166mm along the y-direction.
In contrast, the total misalignment tolerance of the conventional design is observed to be
86mm. The results are compared with the conventional planar coil design (§ = 0°) and are
presented in 2D plots shown in Figure 4.5. Later simulation is performed in Ansys HFSS
v18.0 where the proposed structure is designed and then exported to Ansys simplorer as
shown in Figure. 4.6. The Tx and Rx coils are resonated by connecting external capacitors,
Cr and Cp, respectively. The source voltage, Vs, is adjusted to achieve a current of 14
through the Tx-coil, which is measured by an ammeter indicating current Ir. To measure
the induced voltage for different misaligned positions of the Rx, a voltmeter is connected

across its terminals. The simulation results are validated and well-corroborated with the
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Figure 4.4: Optimal trapezoidal multi-coil antenna (Design-1A) (a) Hr, (b) V(0, Ay).

1.2

—_
—_
T
1

_____ e _-_.2 Q SO — e — — — —Q Q
&

pe—an T ——

o
© —_
T

— Analytical conventional §=0°
— Analytical proposed 6=14°

Normalized V(0,Ay)
&
T

0.7
© Simulated proposed 6=14°

0.6 - = V(0,0)+1%

- = V(0,0)-1%
05
04 | | | | | | | | |

-100 -80 -60 -40 -20 0 20 40 60 80 100
Ay(mm)

Figure 4.5: Normalized V (0, Ay) versus Rx misalignment along y-direction.

L odztienng
01$:jUa.IN)

yus:zjuauny
sus:jjuaiiny

]
\ gnd_term

Figure 4.6: Circuit simulation of Design-1A using Ansys simplorer.

analytical results, as depicted in Figure 4.5. However, the UF of Design-1A is evaluated

for only one dimension, i.e., along the y-direction, which does not guarantee its true
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misalignment tolerance in the Rx coil region in 2D coverage. Moreover, due to the 3D
trapezoidal structure, practical challenges in terms of positioning persist with Design-1A.

These limitations made us to evolve towards planar Tx coil Design-1B. .

4.2 System Configuration of Design-1B (SO-B: EP-2)

A prototype of planar Tx and misaligned Tx coil is depicted in Figure. 4.7. In the proposed
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Figure 4.7: A generic WPT system under lateral misalignment condition.

analytical model, the Tx coil with IV; number of equispaced square turns of side length
2a,V integer n € [1, N¢]. The dimensions of the turns are evaluated as 2a, = 2a — 2(n —
1)(gr + wr), where gr is turn-to-turn spacing and wr is width of the conductor strip of
the Tx coil. For a multi-turn Tx, total magnetic-field is evaluated by replacing H,(z,y)
with H'(z,y) in (2.3) and by summing the magnetic field distribution due to individual
turn each carrying a current I7. Using (2.3), the total magnetic-field in the Rx plane can

be obtained as

Ny
n=1

To optimize the Design-1B of the Tx coil and improve its performance, the approach
involves defining the coefficient of current circulation for the n'* turn, which is represented
by &,. The value of &, is assigned as either 0, +1, or -1, where a value of &, = 0 indicates
that the corresponding turn does not exist, while &, = +1 represents the constructive or
destructive contribution of the n*" turn to the total magnetic field. This approach allows
the Tx coil to adopt a non-uniformly distributed turns structure, which is optimized to
meet the desired performance criteria. It is worth noting that turns with &, = 0 are not
included in the actual number of turns, and therefore, the realized Tx coil consists of N "t =
S 1M¢|¢,| turns in practice. This optimization technique enables the Tx coil to achieve

better performance and efficiency compared to conventional designs. At the Rx side, a
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square coil having dimensional parameters 2b units and number of turns [V, is located in
z = h plane as shown in Figure. 4.7. However, in this case Rx coil consists of equispaced
square turns of side length 2b;V integer i € [1, N,| evaluated as 2b; = 20—2(i—1)(gr+wr),
where gr and wg are turn-to-turn spacing and width of the conductor strip of the Rx coil,
respectively. Let A.; is the area of i*" turn and the Rx is located in z = h plane at (0,0)
in perfectly aligned position. The Rx is now assumed laterally misaligned to location
(Az, Ay) as shown in Figure. 4.7. The total induced voltage due to misaligned Rx coil

antenna for 7*" turn of the Rx coil can be evaluated by substituting (4.7) in (2.7) as

dAs; (4.8)

Ny Ny
V(A A ) = Jwiho l gan( ’ )
€T, Ay JWH ;//Am nZ::l z,y

Hence for the misaligned Rx, the M (Ax, Ay) can be evaluated by substituting (4.8) in(2.8)

as

Ny Ny
_ to n |
Mo 80 =23 /I [Z - H2( ,yﬂ dA.; (4.9)

The output-power and PTE equations for a misaligned Rx coil (Az, Ay) in the Rx-plane
region can be obtained by replacing (4.9) in (2.15) and (2.16).

The above formulated equations are valid for a range of frequencies for which the current is
uniformly distributed along the tracks, which implies that the Tx coil is electrically small
for the frequency of the single tone transmitting signal. It can be observed from equation
(2.16) that the PTE is a function of both M and the Rx misalignment distance (Az, Ay).
Furthermore, equation (4.9) indicates that, for a given Rx, the variation of M (Az, Ay)
with respect to (Ax, Ay) is solely determined by the H?(z,y) and &, distributions. Since
the H(z,y) function in equation (4.7) is fixed for a predefined turn, the only parameters
available for optimization are the number of turns Nt/ and the current coefficients &,.
Following this observation, the proposed field-forming technique is applied to equation
(4.7) in order to find the optimal Nt, and &, distribution by optimizing the Tx coil

parameters.

4.2.1 Optimization problem for the magnetic field forming

The proposed optimization problem is based on field forming technique using Q-assisted
MMSE algorithm where the MMSE is calculated between the targeted magnetic field
(Hp(x,y)) distribution and the calculated magnetic field (H,(x,y)) formed in the desired
range x,y € [—r,r] within the Rx plane. The value of r determines the displacement range
(maximum working region) of the Rx coil and defines the area in the Rx plane within which
uniform magnetic field is targeted. The objective is to achieve a uniform magnetic field in
the Rx plane to mitigate lateral misalignment, therefore, Hp(x,y) = H, YV x,y € [—r,7]
is set where H, is the targeted peak magnetic field required at the location (0,0, h).
To maximize the Q-factor which is constrained by minimizing MSE for forming uniform

magnetic field, an optimization problem is formulated to synthesize the Tx coil antenna
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(to find N}, &,) below:

max  Q(N, &)
Nt »‘gn

s.t. A’( min = MSE = [H.(z,y) — HT(x,y)F)' <1%
N, &n
' (4.10)
st. St <2a, &,€(-1,0,1)

H, for —r<z,y<r
HT(xvy) =
0 otherwise

where, A(.) denotes percentage deviation. The steps for magnetic field forming are

described in the following.

e Define the target function Hp(x,y) for desired range [—r, 7] and physical dimension

limits 2a and 2b.

e Evolution of Tx coil antenna (Design-1B) to achieve the defined objective function
(4.10) using the Q-assisted MMSE based optimization.

e Determine the V(Az, Ay) under lateral misalignment using (4.8).
e Determine M (Ax, Ay) using (4.9) and quantify the uniformity.

e Validate the improvement in lateral misalignment by the proposed Design-1B Tx

coil antenna.

To solve the optimization problem (4.10), an algorithm is adopted in Section-4.2.3.

4.2.2 Proposed Design-1B coil for Q-assisted widespread uniformity of
the magnetic field distribution

The solution to the optimization problem (4.10) is presented in this section. As a result, a
Q-assisted Tx coil (Design-1B) is proposed to form the targeted field with wide uniformity.
For a fair comparison with the coventional literature design discussed in chapter-2, the
maximum dimension of the Design-1B Tx coil antenna is constrained and the results are
compared with the design proposed in [1]. The algorithm is initialized with a set of design
constraints and initial values of the optimization parameters.

The design constraints on the Tx parameters 2a, minimum inner side length S, g7, wr,
and the Rx parameters 2b, inner side length Sg.,, N, gr, wr and general parameters are
selected based on fabrication limit and comparative study with [1] and listed in Table 4.2.
The target magnetic field parameter is set to H, = 23.55A /m assuming the feed current
is 1A, and aimed uniformity is considered in the range 70 mm < r < 100 mm during
optimization. The algorithm adopted here is an iterative process based on Q-assisted
MMSE as given in (4.10) and summarized in a flow chart presented in Figure. 4.8. By the

algorithm initialized with these values, the optimization reveals optimal design parameters
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Table 4.2: Design parameter values of the Design-1B Tx coil and the distributed Rx coil

‘ Tx parameters ‘ Rx parameters ‘ General parameters

2a = 200 mm 2b = 100 mm f =488.6 kHz
STm:16IIlH1 SRm:77mm IT=1A
wr = 0.5 mm wr = 0.5 mm h = 50 mm

gr = 1.5 mm

gr = 0.5 mm

H, = 235521 A/m

N, = 12

Initialize parameters
Calculate N, and 2an
Il
|Find H'(x,y)V(x,y)c[-rr]andVnec/[l, N‘/|

I H.(x, )0, vt =0 |

v
| Assign&,«—0Vne[l, N] |

Evaluate Q (&,")
Q=0

Is & ort
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| Hs et - g Hres )|
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Figure 4.8: Flow chart for developing Design-1B (a) Step-1 to Step-7 (b) Step-8 to Step-14.

N/ and &, of the proposed Tx antenna. A detailed description of the adopted design

algorithm summarized in Figure. 4.8 is now presented.
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4.2.3 Optimization algorithm for the Tx coil design

Step-1: Initiate the parameter values for 2a, St,, wr, and gr. Determine the maximum

number of turns possible for the Tx coil as

2a — S
Nt:u_Fl_
2(wr + gr)

Compute the dimensions of each turn, S, where n is an integer in the range of [1, V],
using the formula 2a, = 2a — 2(n — 1)(wr + gr).

Step-2: The magnetic field of each turn H}(z,y) at the z = h plane can be evaluated
using equation (2.3), where = and y are in the range [—r,r]. To obtain numerical results,
we discretize samples at intervals of do = dy = 0.1 mm for each point (x,y). These values
are stored in a matrix H'(z,y) for 1 < n < N;. The total number of samples stored
is Ny = f#jy. Additionally, the matrix Hp(z,y) can be discretely defined based on the
condition given in equation (4.10).

The total magnetic field H.(z,y) at a point (z,y) is determined by the current
coefficient &, of each turn using equation (4.7). To evaluate the accuracy of H,(z,y),
we calculate the mean square error (MSE) between H,.(z,y) and Hrp(z,y) for all
discrete samples using optimization problem (4.10). The MSE is computed as MSE =
(Zm >y [Ha(zy) — HT(x,y)}Q) /Ns. In subsequent steps, we determine the optimal &,
values that correspond to minimum MSE (MMSE).

Step-3: Setting &, = 0 for n € [1, Vy] results in H,(z,y) = 0 for all (z,y).

Step-4: For each turn n, the H,(z,y) is updated by adding the contribution of &, H?(x, y)
using the formula H,(x,y) + H,(x,y) + &H2 (z,y). We then calculate the MSE(E,)
separately for three cases where &, takes values of 0, +1, and —1. The optimal &, value
for that particular turn is chosen based on the minimum MSE(E,) value. Finally, we
update &, with the chosen optimal value.

Step-5: Starting from an arbitrary turn ng, we run Step-4 for all turns from n = N,
to n = 1. During this process, we add the optimal contribution &,H(x,y) of each turn
to H,(x,y), while simultaneously computing the MMSE with the cumulative effect of
all the optimized previous turns. For each subsequent turn, we select the corresponding
optimal ¢ and store the corresponding M SFE value. As the process iterates, the stored
MSE decreases, and the cumulative H.(z,y) approaches Hr(z,y). This process continues
cyclically from the outermost to the innermost turn until the M SFE converges. As a result,
we reveal the optimal profile & — £°P for a particular initial ng, and store the final M SE
in MSE(ng).

Step-6: Repeat Step-5 for all possible starting points ng € [1, N¢] and evaluate the
corresponding M SFE(ng). We then select the P! profile that corresponds to the minimum
MSE(ng) and update it as the optimal solution.

Step-7: Repeat Steps 2 to 6 for all uniformity target ranges » and select the £°P! profile
with the minimum overall M SE™™",

Step-8: Evaluate the quality factor for the &° t profile and designate it as Q' < Q(&7F t).
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Step-9: Initialize n = 1 (outermost turn) where n € [1, N¢]. For each value of n check
the condition &7 * — 0. If the condition is true, then move to the next turn.

Step-10: If the condition in Step-10 fails (i.e. &7 # 0), then the effect of magnetic field
due to that corresponding n* turn is removed as H,(z,y) + H.(z,y) — zptH;l(x, y) and
calculate MSE'(E").

Step-11: The percentage deviation between M SE’ (calculated in Step-10) and M S E™"
(calculated in Step-7 ) is found as shown in Figure. 4.8(b). If the percentage deviations is
greater than 1% then skip the turn.

Step-12: In contrast to Step-11, if the percentage deviation is under 1% limit, the
corresponding n'" turn is designated as the insignificant turn in the formation of
widespread uniform magnetic field and thus, discard it from the &7 t profile and update
the €7 profile.

Step-13: Repeat Step-10 to Step-12 until all the turns Ny given in Step-1 has been

exploited to check the insignificant turns to be discarded from &7F t

profile.
Step-14: Evaluate quality factor corresponding to modified £°P¢ profile and assign it as

Q" +— Q&Y. Select the optimal quality factor from Q' « maxz(Q', Q").

4.2.4 Resulting design as an outcome of the algorithm

The procedure of Figure. 4.8 generates an optimum &, profile and we note that &, = 0
implies the absence of the turn. Hence, the total number of turns in the realized coil
N, = "M €2 is obtained. The coil resulted from this procedure is consisting of multiple
non-uniformly distributed turns having current flow in similar (for &, = +1) or opposite
(for &, = —1) circulations. Moreover, the distribution of the turns is such that it forms
several clusters of continuous turns having &, # 0 and each member turn of a cluster has
the same current circulation. The optimized square coil is designated as Design-1B. The
proposed optimal design has Ntl = 28 turns distributed among four clusters. Each cluster

has dimensions given by outer turn side length 2a®, inner turn side length S7, , number

m’

of turns N, and current coefficient £¢ as listed in Table 4.3. The optimal Design-1B coil

Table 4.3: Design-1B coil optimal geometrical parameters

cluster | 2¢°(mm) | 8%, (mm) [ Ng | £ |

cluster-1 | 200 152 13 | +1
cluster-2 | 144 116 08 |-1
cluster-3 | 080 068 04 | +1
cluster-4 | 044 036 03 | -1

antenna is simulated using commercial EM simulator and its layout is shown in Figure. 4.9.
The simulated Tx coil circuit parameters are Ly = 67.707pH, Ry = 18.417Q2 and Qr =
11.28, respectively. To note that the Q-factor is low due to high resistance of the printed
tracks in the PCB technology, in contrast, a high Q-factor can be achieved for the designs
by using Litz or copper wires which are later experimentally verified. Similarly, the Rx
coil parameters are Ly = 32.066pH, Rr = 5.054€), and Qi = 19.47, respectively. Further
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Figure 4.9: Layout of the proposed Design-1B.

analysis and result verification using EM simulator is addressed in the subsequent section.

4.2.5 Equispaced and Literature design

Two designs are used to compare the performance of the proposed scheme. The first is an
equispaced design which is evaluated by forcing &, = 1 in the proposed MMSE algorithm
shown in Figure. 4.8 for a target H, = 23.55A/m. The resulting equispaced design consists
of 7 turns with 0.5mm gap between the turns. The second is a convetional literature design
[1] which was presented in detail in subsection 2.2 of Chapter-2. Here both the designs
are simulated to evaluate their performance parameters. The simulated equispaced coil
circuit parameters are Leg, = 31.21uH, Regy = 11.08382 and Qeqy = 8.645, respectively.
Similarly, the literature coil circuit parameters are Lj;;; = 54.56uH, R = 15.92€), and
Qi+ = 10.52, respectively.

4.2.6 Performance analysis and results

The performance of the Tx coil antennas is evaluated in terms of improvement in
uniformity of H,(z,y) and M (Az, Ay) distributions to compare the extent of mitigation
of lateral misalignment problem. The effect is reflected on PTE which is elaborated
in Section 4.2.7. In Figure. 4.10, optimal 3D plots of the H,(z,y) and M(Az,Ay)
distributions in the entire Rx plane are shown. As observed from Figure. 4.10(a), the
values of H,(x,y) at corners for the proposed design are slightly greater in comparison
to H,, however, those are under the limit of UF for magnetic field. The M (Axz, Ay)
distributions obtained for the proposed design is similar.

The evaluation of UF(H.(z,y)) and UF(M(Ax,Ay)) can be better visualized through
2D plots. The performance of the conventional literature design [1] and equispaced coil

antenna is also evaluated and results are included for comparison purpose. The 2D



64 Chapter 4.  Single Port Tz Coil Antennas

g x107®
- \
L
2.
<
X 1.1 ¢
1 A
< 0>\/ N
> 100 ¢ 100
100 100 % -
\\ /// 50 \\.\ A,//f,o
0 0 0 O 0
0. ™~ v 0 Ay (mm) g5 ¥, Ax(mm)
y (mm) . =n X (mm o -50
50 ¥ -5 X(mm) -100 -100

-100 -100

(a) (b)

Figure 4.10: Calculated distributions of optimal Design-1B coil antenna (a) magnetic field
intensity, (b) mutual inductance.

distribution of the H,(x,y) in h = 50 mm and y = 0 cut is shown in Figure. 4.11 where
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Figure 4.11: Normalized H,(x,y) distribution in A = 50 mm plane y = 0.

the values are normalized by the central value H,. The results demonstrate that the
uniformity of H,(x,y) is improved significantly by the proposed design compared to the
design available in literature. Similarly, to quantify the performance, the UF(H(z,y))
is evaluated and calculated as 60.8%, 51.8% and 42.25% for the optimal Design-1B, the
literature, and the equispaced coil designs, respectively.

The proposed design layout of Figure. 4.9 is simulated using Ansys HFSS v18.0 and the
result obtained for the H,(z,y) distribution corroborates the analytical results as shown
in Figure. 4.11. To evaluate performance in the lateral misalignment case, the normalized
2D variation of M (Ax, Ay) with the Rx misalignment in & = 50 mm plane is presented
in Figure. 4.12. The results indicate a significantly improved uniformity in M achieved
by the proposed design over the designs available in literature. In Figure. 4.12(a), for the
Rx moving along z direction (Ay = 0), the M is uniform in the range Az € [—38,38]
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mm for the proposed optimal Design-1B coil antenna as compared to Az € [—25,25]
mm range achieved by the literature design. The UF(M(Ax,Ay)) evaluated for the
entire h = 50 mm plane is found as 14.44%, 6.25% and 4% for the optimal Design-1B,
the literature, and the equispaced designs, respectively. The Pg, (Ax,Ay) is evaluated
using (2.14) by considering Ry = 09, R; = 109, and V; = 10V from [I]. The 2D
plots of Pr,(Axz, Ay) are shown in Figure. 4.13 and its stability region is designated as
UF(Prj(Az, Ay)) and has similar definition as UF(H,(z,y)) and UF(M(Az, Ay)). From
Figure. 4.13, the uniformity of normalized Pg, for the proposed design is in the range
Az € [—38,38] mm as compared to Az € [—19,19] mm for the literature design and
Az € [—15,15] mm for the equispaced design. This proves that, for the proposed design,
Pr,(Az,Ay) is more stable to lateral misalignment compared to the other designs. The
performance is summarized and compared in Table 4.4 for the three designs.

Hence, the proposed design is shown to have high tolerance for the lateral misalignment.
The simulated result of M for the optimal Design-1B is included in Figure. 4.12 showing
a good agreement with the analytically obtained results. The proposed antenna has
improved the UF(H,(z,y)) and UF(M(Ax, Ay)) by 17.36% and 131.04% in comparison
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Table 4.4: Performance comparison of the proposed design

Parameter Literature | Equispaced | Optimal
design [1] | coil design | Design-1B
UF(H,(z,v)) 51.84% 42.25% 60.84%
UF(M(Az, Ay)) 6.25% 4% 14.44%
UF (Pr,(Az, Ay)) 3.61% 2.25% 12.25%

to the literature design which is a significant improvement in terms of mitigation of lateral
misalignment and shows a higher PTE over the literature design for the aligned Rx case

as proved in the next section.

4.2.7 Experimental verification of Design-1B

To prove the proposed MMSE algorithm is valid for a wide range of applications, the
measurement is performed by fabricating the designs in low cost PCB materials which
are preferred in low power applications such as biomedical implants [96]. Moreover, the
same designs are fabricated using low loss single strand copper wire which are suitable for

medium power applications such as mobile devices [1, 65].

4.2.8 Designs Printed in PCB

The proposed Design-1B having layout shown in Figure. 4.9 is fabricated using MITS
FP-21 prototyping machine on FR4 substrate having thickness 1.6 mm, relative
permittivity 4.4, loss tangent 0.02 and copper deposition of 35um. Moreover, the literature
design is fabricated to have unbiased comparison with the proposed design under the same
experimental conditions. The fabricated prototypes are shown in Figure. 4.14(a) exhibiting
the experimental setup. The measurements are performed using Agilent N5230C Network
Analyzer. The measured circuit parameters of the proposed Tx design and the Rx coil
are Ly = 68.128uH, Ry = 15.77Q2, Lr = 32.68uH and Rp = 4.962. To resonate the
WPT system at f = 488.6kHz, tuning capacitors Cr = 1.55nF and Cr = 3.24nF are
connected in series with the proposed Tx and Rx coils, respectively. An in-house near
field probe as shown in the inset of Figure. 4.14(a) is used to measure the magnetic
field experimentally using a network analyzer and validate the widespread uniformity
of the magnetic field resulted in the analysis. The measured H,(z,y) results plotted
in Figure. 4.14(b) corroborate with the analytical results. Moreover, the power factor
(cos(¢)) of the proposed system is measured as 0.99 (the phase angle between voltage
and current is ¢ = 1.584°) which is close to unity. The M (Az, Ay) of the proposed and
literature designs are measured using forward series and reverse series connection between
Tx-Rx coils as aldready explained in chapter-2. The M (Az, Ay) between Tx and Rx coils
is measured along y=0 line in the Rx-plane at an interval of 10 mm using DRS60L robotic
arm as shown in Figure. 4.15(a) which moves the Rx precisely along the desired path
From the results it can be inferred that the enhancement of max{M (Az, Ay)} achieved

by the proposed design over the literature design whose fabricated structure is shown in the



Chapter 4.

Single Port Tz Coil Antennas

67

PROPOSED COIL
i ,

ROBOTIC ARM |

(xy)

I
o
o]
N
©
£
<]
z
05 @ Measured Hz(x,y) profile of Design-1B
— Analytical Hz(x,y) profile of Design-1B
0.4 1 1 T T T 1 1
-100 -75 50 -25 0 25 50 75
x(mm)
(b)

100

Figure 4.14: (a) Fabricated prototypes and experimental setup. (b) Measured H.(z,y)

distribution for the proposed design.

Sﬁ.—.—. T 18 T
* % I ©%eee0e e
x *x X X
2.8} * ° 17} o * * ®
x x x
T < x x
S 26f * e 1 16t °
S =
<
j’ x B x
q 2471 15
= ([ ] )
= Ry
2271 14
@ Measured optimal Design-1B @ Measured optimal Design-1B
¥ Measured Literature design L) % Measured Literature design
2 ‘ : : 13 : i : ‘ ‘
0 20 40 60 80 -60 -40 -20 0 20 40 60
Ax(mm) Ax(mm)
(a) (b)

Figure 4.15: Measured results (a) M (Az, Ay) in pH along Ay =0, (b) nes(Az, Ay) in %

along Ay = 0.



68 Chapter 4.  Single Port Tz Coil Antennas

Table 4.5: Parameters of experimental design

Optimal Design-1B: PCB
Rr/Lyr/Rr/Lg 15.77Q/68.121.H /4.9692/32.68 . H
Cr/Cr 1.55nF/3.24nF
M(0,0)/k/Ryey 2.97uH/0.0629/5.550
Q1/ns5(0,0)/Pr,(0,0) 13.26/17.41%/816.7TmW
Optimal Design-1B: Enameled copper
Ry/Ly/Ryp/Ly 1.94Q/51.66uH/0.72Q /28 91 uH
Cr/Cr 2nF/3.6nF
M(0,0)/k/R;cy 2.98uH/0.077/7.80
Q1/ns5(0,0)/Pr,(0,0) 81.74/74.7%/7.66W
Literature design: PCB
Ryit/Liie /M (0,0) /k/Ryc s 14.859Q/52.49 H /2.851H /0.0689/5.1202
Q1it/nss(0,0)/ P, (0,0)/Cli¢ | 10.85/17.16%/859mW /2nF
Literature design: Enameled copper
Riit/Liit/M(0,0)/k/Rycf 1.92Q/46.05.H /2.84/.H /0.077 /7.09Q
Quit/155(0,0)/Pry,(0,0)/CLi | 73.63/73.4%/8.1W/2.3nF

inset of Figure. 4.14(a). This enhancement is a result of increase in the uniformity of the
magnetic-field region within the region bounded by the Rx coil. The measured n,s(Az, Ay)
of the Design-1B and literature coil antennas are depicted in Figure. 4.15(b) by substituting
measured circuit parameters in (2.16) under the conditions Ry = 02 and Ry = 108 [1].
The increment in peak value of 75s(Ax, Ay) is achieved due to higher Q-factor of proposed
design which is measured using network analyzer as 13.26 in comparison with 10.85 for
the literature design, respectively. The slight disparity in the Q values determined by
simulation earlier and experiment is due to fabrication and measurement tolerances. The
results show that the nss(Ax, Ay) is stabilized (for 1% variation from peak value) in
range [—36, 36] mm and [—20,20] mm for the proposed optimal design and the literature
design, respectively. In the entire Rx plane, the lateral misalignment is mitigated in area
of 72 x 72 mm? by the proposed design in contrast to 40 x 40 mm? by the literature design.
The low efficiency in Figure. 4.15(b) is a result of fabricating the design in a low cost PCB
layer which are suitable for biomedical and small electronic applications. Nevertheless,
the proposed Q-assisted MMSE algorithm can achieve high efficiency and high Q-factor
by manufacturing the designs using low loss conductive materials such as copper wires,

litz wires, super conductors etc., which is explained next.

4.2.9 Designs Manufactured using Copper Wires

The Design-1B and literature coil antennas are manufactured through a process of
engraving a conductive track on a wooden sheet using 3D laser printing, followed by
the manual insertion of 20 AWG enameled copper wire into the engraved track. These
steps are illustrated in Figure 4.16(a) and Figure. 4.16(b). The figures in Figure.4.16(c)
and Figure.4.16(d), present the measured data of Pgr,(Axz,Ay) and nss(Az, Ay) along

the y = 0 line at an interval of 10 mm. These figures were obtained by substituting the
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Figure 4.16: (a) Fabricated prototype of Design-1B, (b) fabricated prototype of Literature
design, (c) measured Pr,(Az, Ay) along Ay = 0, (d) measured 7ss(Az, Ay) along Ay = 0.

measured circuit parameters using the experimental setup depicted in Figure. 4.14(a) into
(2.15) and (2.16). The proposed design’s (Design-1B) 7,s(Az, Ay) surpasses that of the
conventional literature design in terms of peak value, while the stability region remains
the same as in the PCB design. Conversely, the measured stability of Pr,(Az,Ay) is
uniform within the range of Az € [—38, 38] mm, unlike the conventional literature design,
which is limited to Az € [—20,20] mm. The max{Pg,(Az,Ay)} value of the proposed
design is slightly less than conventional literature design to achieve the higher misalignment
tolerance compared to literature design. This proves the proposed Q-assisted MMSE based
optimized design namely Design-1B Tx coil antenna has a good potential to mitigate the
lateral misalignment problem in the desired Rx region. The circuit parameters of the
proposed design are summarized in Table 4.5. Where k is the coefficient of coupling,
and R,y is the reflected impedance. Despite the enhanced lateral misalignment tolerance
achieved through the use of Design-1B, which forms a widely spread uniform magnetic field,
there is still a lack of mathematical justification for ensuring that the optimal magnetic field
distribution is indeed uniform. To address this issue, an analytical framework with the aim

to determine the optimal magnetic field distribution resulting in a uniform induced voltage
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for a misaligned Rx coil antenna is explored. This framework adopts a target objective
that is specifically tailored towards achieving the desired uniformity in the induced voltage,
thereby providing a more comprehensive understanding of the relationship between the
magnetic field distribution and its impact on the uniformity on induced voltage. As a

result a new Tx coil antenna Design-1C is investigated.

4.3 WPT system configuration of Design-1C (SO-B: EP-3)

A general configuration of prototype of Design-1C Tx coil antenna which consists of a

spatially distributed multi coil array is depicted in Figure. 4.17. Similar to Figure. 4.7,

«— 2b —»
Z“ . .
21 4+ Misalignment Rx-coil
} e —
dA P1(0,0,d) P2(AX,0,d)
Tx-coil Antenna Array
d

Figure 4.17: Schematic diagram of the considered WPT system.

in Figure. 4.17, the Rx coil location at P1 denotes perfectly aligned with the Tx and the
misaligned Rx coil location is shown at P2. As per the Design-1B, the magnetic-field
distribution should be uniform to achieve a uniform V(Ax, Ay) over the entire area where
the Rx is expected to move. However, when the Rx coil is misaligned laterally along the
x-axis as shown in Figure. 4.17, the value of V(Az, Ay) is not as uniform as magnetic field

distribution from previous designs.

4.3.1 Significance of the induced voltage as design objective

From the observation of equations (2.6), (2.8), and (2.16) the misalignement of Rx coil
(Az, Ay) mainly depends on V(Ax, Ay) for a given Tx and a Rx antenna. Therefore, for
predefined Tx and Rx designs, the variation in V(Az, Ay) with the Rx displacement is
the cause of lateral misalignment problem. To obtain a stable n.s(Az, Ay) and mitigate
lateral misalignment problem, the V (Az, Ay) should be position insensitive of the Rx coil.

Hence, uniformity in V(Az, Ay) is adopted as design objective.
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4.3.2 Induced voltage analysis for perfectly aligned Rx

The V given in (2.6) is modified for a perfectly aligned Rx coil area A, = 2b x 2b as,

b b
V = jwpoNy / / H.(z,y)dzdy (4.11)
-bJ—-b

which represents the total V' when the Rx coil is in complete alignment with its center
located at (0, 0, h). In case of misalignment, the V' may vary due to change in H,(z,y)

distribution enclosed within the Rx coil area.

4.3.3 Proposed analytical model for Induced voltage and magnetic field

for misaligned Rx
Analysis of VV in case of the misaligned Rx

To analyze the effect of misalignment on V', the Rx coil center is assumed shifted by Az
and Ay along the x and y directions, respectively, with new location (Az, Ay, h) of its

center. Now, the Rx area A, is defined in terms of a 2D unit step function as
+oo “+oo

1 for—b<z<band—-b<y<b
Ap(2,y) = (4.13)

0 otherwise
where A, (x,y) represents area function of the Rx in space. The A, (z,y) is a rectangular
function since we considered that the Rx coil is a square. For other shapes of the Rx coil
e.g., circular, the A,(z,y) can be defined accordingly. Using the definitions (4.12)-(4.13),
induced voltage, V'(0,0), in the Rx coil under perfectly aligned condition is re-formulated
from (4.11) as

+oo p+
V'(0,0) = jw,uoNr/ H.(z,y)Ar(z,y) dz dy. (4.14)
—0o0 J =00

Now the Rx coil is assumed shifted to (Az, Ay, h). The misaligned Rx coil can be
represented by corresponding shift in the area function as A,(z — Az,y — Ay). The

induced voltage, V'(Ax, Ay), for misalignment case is obtained

+00 400
V(8w 8y) = oo [ [ (o)A o y-d)ldedy (4.5
—o0J —o0

Further, for analytical equivalence, the V' is normalized by a factor Vy = jwu,N, to give
normalized induced voltage V = V'/V}. Since the general expression of a continuous space

domain 2D convolution [#] is given by [97]

g(X/,Y/) = fl(X7 Y) * f2(X’Y)

oo poo (4.16)
_ / / ALY (X — XY — Y'Y dX dY
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A careful comparison of (4.15) with (4.16) reveals that the normalized induced voltage
function for misalignment case is convolution of H-field distribution and Rx

area function, hence,

V(Az,Ay) = H,(x,y) x Ar(z,y) (4.17)

Here, (z,y) and (Az, Ay), both are space variables, however, former denotes coordinate
of any point in the Rx plane, whereas, latter represents misalignment of the Rx coil center

from the original location in the coordinate system.

Optimal H,(z,y) solution for any objective V(Azx, Ay)

It is noted from (4.17) that the V is a function of misalignment (Axz,Ay) and its shape
is determined by the shapes of H.(xz,y) and A,(z,y). Since A,(z,y) is predefined
as rectangular shapes in (4.13), the V(Ax, Ay) shape in (4.17) depends solely on H,
distribution. Therefore, a solution of optimal H, distribution to achieve any objective
V(Az, Ay) shape is now derived using Fourier analysis. Applying Fourier Transform
(FT) on (4.17) gives FT[V(Ax, Ay)] = FT[H.(z,y) x A.(x,y)] which is further solved for
optimal H, by using convolution property FT[X * Y]=FT[X].FT[Y] to obtain

FT[V(Az,Ay)] = FT[H.(z,y)].FT[A.(z,y)]

=SFT[H.(z,y)] = W o
B FT[V (Az, Ay)]
=H.(z,y) = IFT [FT[A(xy”

where IFT is the inverse Fourier transform operation. Since 2D Fourier analysis is
involved, (4.18) is solved numerically, however, a closed form solution can be obtained
using separation of variables method by dividing the problem in to 1D. For instance, the
2D spacial functions, V(Ax, Ay) and A,(x,y), are realized being separable in = and y
directions. Let V(Az, Ay) = V*(Ax) - VY(Ay). Therefore, to define an objective V, V7
and V¥ can be defined individually. Similarly, A,(z,y) = A*(x) - A¥(y) is separable from
(4.13) into

atviapyy =4 b (4.19)

0 otherwise

This is used in (4.18) to simplify optimal H, solution as

oy = [FLL 200 V)

FT[A%(z) - AV(y)]

Using separability and linearity property of the FT we obtain

(4.20)

H.(z,y) = IFT [FT [V (Ax)] - FT [Vy(Ay)]}

FT[A%(2)] - FT[A¥(y)]
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Hence, the optimal solution of H,(z,y) distribution to achieve any objective V(Ax, Ay)
function is obtained in (4.20). Now, the H, solution to obtain specific V' distribution is

presented.

4.3.4 Objective function for an ideal V(Az, Ay) in the Rx coil

As discussed in Section 4.3.1, ideally, V' should be independent of (Az, Ay). To mitigate
lateral misalignment for Rx displacement range |Az|, |Ay| < v, the ideal target V(Az, Ay)

shape defines the objective function as,

Find H.(z,y)

1 —v<(Az,Ay) < (4.21)
s.t. V(Az, Ay) = v (AzAy) v

0 otherwise

whose corresponding separable 1D functions V*(Az) and VY(Ay) are given by

1 —v<Az/Ay<w
VY (Az/Ay) = (4.22)

0 otherwise

The optimal H, solution of (4.21) is found by substituting FT of (4.19) and (4.22) in

(4.20) as

H.(x,y) = IFT sinc(vwy) - sinc(vwy)

sinc(bwg) - sinc(bwy) (4.23)

where w,, are spacial angular frequencies along z/y directions. To obtain a closed form

z/y
solution of (4.23), the range, for which the lateral misalignment is mitigated, is assumed
to be an integer multiple of the Rx maximum dimension i.e., v = nb, where n is an integer.

Therefore, (4.23) is expanded to

H.(z,y) — 1P |Se(nbwe) - sinc(nbw,) (4.24)
sinc(bwg) - sinc(bwy)
which by using separability is written as
sinc(nbw,,) sinc(nbwy)
H =IFT | ——| - IFT | —=* 4.25
+(@,9) [ sinc(bw,) ] [ sinc(bwy) (425)
Hz(xa y) = Hn(x) ’ Hn(y) (4263‘)
here _ppp [ ety 4.26b
where n(l’/y) = m ( . )

The H,(z,y) is also separable in two identical 1D functions, H,(z) and H,(y), each in
and y direction, respectively. Hence, analysis of any one function in (4.26b) is sufficient

and further performed to obtain the final solution. To analyze Hj,(x) further from (4.26b),
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solution is observed for specific n, e.g., for n =1, Hi(z) =IFT[1]= §(z), for n = 2,

Hy(z) =1FT [m] =d(x—b)+d(z+Db),
and for n = 3,
Hs(x) =IFT [m} =4(z) + 6(x — 2b) + §(x + 2b).

Hence, for general n, the solution of H,(x) is obtained as

3] —2m x+2m. or odd n
H ()= 5(3?%2:7”:1[6(3: 2mb)+d(z+2mb)]  for odd (427)
>orin[0(z—(2m—1)b)+0 (z+(2m—1)b)] for even n

The H,(y) is also given by (4.27). Hence, the H,(x,y) distribution is evaluated by
substituting (4.27) in (4.26a) and represents the closed form solution of the objective
(4.23). To further investigate the solution, a condition on A,(z,y) is derived to satisfy

the solution (4.27) of the objective function (4.23). For this, (4.17) is rewritten in terms

of separable 1D functions as

VEH(Az) - VI(Ay) = [Hu(z) - Ho(y)] * [A%(z) - AY(y)]

(4.28)
hence V®/Y(Az/Ay) = [Hn(x/y) . Af/y(x/y)}
which, in conjunction with (4.22) and for v = nb, shows
Vi Az) =1V —v< Az <w (4.20)
= A%x)« Hy(x) =1V —nb<z<nb .
Substitution of Hy(z) from (4.27) in (4.29) results in conditions
5]
A¥(x) + [A¥(z — 2mb) + A" (x + 2mb)] =1
P (4.30a)
V —nb<xz<nb foroddn
15)
[A%(x — (2m — 1)b) + A%(z + (2m — 1)b)] =1 (4.30b)

=1

3

V —nb<z<nb forevenn

The conditions (4.30a) and (4.30b) are graphically demonstrated in Figure. 4.18. The ideal
solution of H,(x) obtained in (4.27) is consisting of impulse train which upon convolution
with A%(x) generates a rectangular function corresponding to a uniform V*(Ax) (since
V = H x A) achieving the ideal objective function as demonstrated in Figure. 4.18.

Similarly for total 2D functions, the H,(z,y) follows the same properties and corresponding
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o(x+m-1)b) o(x+b) | O(x-b) o(x-(n-1)b)
| B | aw] Veax) |
/
T N T
. : : ! x
-nb -m-2)b 26 -b 0 b 2b (n-2)b nb
(a)
S(x+(n-1)b) S(x+2b)  dx)  (x-2b) S(x-(n-1)b)
'y Hn(x) A{ -~ A,\‘(x) 'y V\‘(Ax) '
/
B :F"—" 2 N
. ! x

-nb -(m-2)b -3b -2b -b 0 b 2b 3b (n-2)b nb
(b)

Figure 4.18: Ideal objective solution: 1D function for (a) even n (b) odd n.

condition on A, (z,y) is visualized in Figure. 4.19 in 3D as a proof. Apparently, the uniform

A,(x-b, y-b)
Hz(x, y) S(x+b).0(-b) T 8(x-b).0(-b)
r
O(x+Db).0(y+b p (x y)*H (x y)
V(dx, A.V) N ,:—: ===== e [
it
4 H
—A
32 b 0 b 26 3
(a)
A (x, p)*H (x, y)
Hz(x,y) S(x+2b). d(y-2b) Afx, )
Fx+2b). 60, 30,900, y
atr20. o+ 2p AN ae| N/ 4| | 07
Vidx, dy) A1 1775 7 :j_jjj,:g
SLTTFTTTA L
E | . (LD x
— i S
= i ! =

30”20 b/ O
(b)

Figure 4.19: Ideal objective solution: total function for (a) n =2 (b) n = 3.
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V is achieved by the optimal H, solution of (4.27).

Let us revisit the H, solution obtained in (4.27) for the ideal case where d(x) is located
at an integer multiple of b. Now, if we shift the §(z) locations to an integer multiple of
b+ 0z, where Oz is a fraction, the targeted range of uniformity in V' becomes v = nb+ dz.
In this case, if (4.27) still represents the H, solution to produce uniform V in the range of
—v to v, the conditions (4.30a) and (4.30b) must be satisfied. However, these conditions
encounter discontinuities (gaps) for the v = nb + Jdz case and an aliasing effect for the
v = nb — Jx case, respectively. These effects are demonstrated graphically for n = 2 in

Figure.4.20 for v = nb — Oz and in Figure.4.21 for v = nb+ dx. The figures presented in

S(x+b-ax) J(x-b+ax)
2 A
H:A9) Vx(4x)
—
. /
8 EEE EEEEE o A¥(x-b+ax)
A¥(x+b-ax) i —

— .

I | Aliasing

5 .

-(2b-2x) -(b-2x) () b-ax 2b-ox
(a)

H/(x, y) A, (x-b+ax, y-b+ay)
O(x+b-2x).0(y-b+2y)" 4 u—g 4 S5(x-b+ax).5(y-b+ay)
O(x+b-ax).0(y+b-a21) 1 y
b7 A2 L.
AN Aliasing

b 2b 3b -3b

/ (b)

Figure 4.20: Aliasing effect for v = 2b — 9(z) (a) 1D (b) total 2D functions.

this study depict the occurrence of aliasing and discontinuity effects for both the 1D and
total 2D functions. These effects create problems with the impulse train of H, in (4.27)
as it is unable to produce constant V values in the desired range of Rx misalignment after
convolution with the rectangular function A,. Thus, it is necessary to adopt periodic
functions other than §(x) to achieve a constant V' function. However, generating the ideal
H,(x) solution of (4.27) is not feasible due to the fact that realistic distributions should
not have abrupt variations.

Therefore, the objective V' function, which is ideally assumed to be rectangular, must
be redefined to have a gradual change for a practically realizable H,(z) solution.
This redefinition is crucial in ensuring that the function remains stable and produces
reliable results. In summary, it is important to consider the effects of aliasing and
discontinuity when designing functions and to redefine the objective function to suit

realistic distributions with gradual changes.
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o(x+b+ax) O(x-b-ax)
{ H,(x) 1
— T V(4x)
A*(x+b+ax) / A¥(x-b-2x)
\ 1 /
i Pax X

-(Qb+ox)-(b+ox) (0  btox 2b+ox

(@)

H(x, y) A ,(x-b- 2x, y-b-2y)
d(x+b+ax).0(y-b-ay) A I(x-b-2x).5(y-b-2y)
S(x+b+ax).d(y+b+a, yd

Figure 4.21: Discontinuity effect for v = 2b + d(z) (a) 1D (b) total 2D functions.

4.3.5 Objective for a realistic V(Ax, Ay) function

To address lateral misalignment, the objective has been modified to define a realistic
V(Az, Ay) function, as shown in (4.20). Since the 2D functions are fully separable, only
1D functions in x are analyzed for brevity, and the total functions can be computed by
multiplication. The aim is to achieve uniformity in the range —(v — ¢) < Az < (v — ¢),
and an arbitrary roll-off region of size 2c¢ is defined by a function K (z), as illustrated in
Figure 4.22.

It should be noted that the uniformity in V (Azx, Ay) is essential for the proper functioning
of wireless power transfer systems. Therefore, a gradual change in the objective function
is necessary to avoid abrupt variations in the realistic distributions. To achieve this, the
arbitrary roll-off region is defined using K (x), which ensures that the function smoothly
changes from the uniformity region to the discontinuity region. By defining a realistic
V(Az, Ay) function, it is possible to obtain a practically realizable H,(z) solution that

can produce a constant V' function in the desired range of Rx misalignment. The objective

V(dx) G(x)

-(vtc)-v -(v-c) 0 v-c v vte _2-0 < 0 c 20 - 0 c

(a) (b) (©)
Figure 4.22: (a) Realistic V*(Az) objective function (b) Roll off K(x) (¢) G(z).
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function with realistic target V' is defined as

Find H.(z) s.t.

0 —c0o <Az < —(v+¢)
K(Az4v—c) —(v+c) < Az < —(v—c) (4.31)
VE¥(Az)=41 —(v—c)<Az < (v—2c)

KAz —v+¢) (v—c) <Az <(v+c)

0 (v+e¢) < Az < 400

The function K(z) in this context represents an even function within the range z €
[—2¢,2¢], and its purpose is to effect gradual change, or roll-off, in V*(Ax) as depicted in
Figure. 4.22(b). In order to determine H, to achieve the objective stated in (4.31), it is

necessary to derive certain relationships that will be used later in the analysis.

Derivation of a useful relation to find H, solution

Define a function G(x) which is related to K(z) by

x
K(z) = G(x) xrect (%) (4.32)
hence K(z)= / G(z —T)dr for x>0, (4.32a)
—ctx
ct+x
and K(z)= G(z — 7)dr for z <O0. (4.32Db)

—C

Since K(x) is an even function limited in range = € [—2¢,2¢], the G(z) function has a

range [—c, c] and satisfies conditions

o0 c
G(z) = G(—z) and / G(x)dx = G(x)dx =1 (4.33)
—00 —C
Graphical illustrations of V¥, K, and G defined in (4.31), (4.32) and (4.33) are depicted
in Figure. 4.22. Further, let B(xz) is a rectangle function defined as

1 —v<x<w
B(x) = rect (i) = -

o (4.34)

0 otherwise

The G(x) is defined in such a way that its convolution with B(z) equals to the function
V?(Ax) defined in (4.31). Hence, the useful relation between V*(Ax) and G(z) is defined
by .

V*(Az) = G(z) *» B(x) = / G(Az — 7)B(7)dr (4.35)

The proof of this useful relation (4.35) is now presented.
Since V¥ is a piecewise function as defined in (4.31), the relation (4.35) is proved for

various range of VZ(Azx).
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a) For range —co < Az < —(v+¢) and (v+¢) < Az < o0

Using convolution property, since G(z) = 0 outside range —c¢ < z < c and B(x) = 0 outside
range —v < x < v, the result of G(x)*B(x) is zero outside the range —(v+c¢) < z < (v+-c).
Hence, this is equated with V/(Az) = 0 in (4.31) for the mentioned range.

b) For range —(v +¢) < Az < —(v —¢)

The function G(Axz —7) in (4.35) is non-zero V 7 € [Azx —¢, Ax+c] and B(7)V 7 € [—v,v].

Both are illustrated in Figure. 4.23. The maximum range of 7 where G(Az — 7) # 0 for

G(4x-1), Ax<-(v-c) G(4x-t), -(v-c)<Ax<(v-c) G(4x-t), Ax>(v-c)
4

/

B(t)
T
< S 2

Ax-¢c Ax -v Ax+c Ax-¢c 0 Ax  Ax+c Ax-¢c v Ax  Ax+c

Figure 4.23: Graphical illustration of G(Az — 7) and B(1).

—(v+e)<Azr<—(v—c)is

G(Az—7)#0 =V 71 €[ (v+2c) ,—v] for Ax=—(v+c)

(4.36)
G(Az—7)#0 =V 71 € [-v,— (v—2¢)] for Az=—(v—c)

As shown in Figure. 4.23, G(Axz — 7) overlaps with B(7) from left side and the range of
(4.36) is used in (4.35) to evaluate

(Az+-c)
V¥(Ax) = / G(Az — 7)dr

—v

which by change of variable 7 = (7 — v 4 ¢) converted to

(Az+v)
VT(Ax) = / GAz+v—c—n)dn (4.37)

—cC

Since for this case Ax < —(v—c¢) = (Az+ v —¢) < 0, (4.32b) is used with substitution
Az = (Az + v — ¢) to conclude (4.37) as V(Az) = K(Axz + v — ¢) which is matched to
(4.31). Hence, the relation (4.35) is true for —(v + ¢) < Az < —(v — ¢) range.

c¢) For range (v —¢) < Az < (v +¢)

Similar to the above analysis, in this case, G(Az—7) and B(7) functions are demonstrated
in Figure. 4.23. For Az > (v — ¢), the G(Axz — 7) will overlap with B(7) from right side.

For the extreme values of Az, the G(Axz — 7) range is given by

G(Az—7)#0 =V 1 € [(v-2¢),v] for Az=(v—c)

(4.38)
G(Az—7)#0 =V 1 € v, (v+2¢)] for Ax=(v+c)
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Analysis of the extreme range of (4.38) in Figure. 4.23, suggests to rewrite (4.35) for this

range as

V¥(Ax) = / G(Axz — 7)dr
(Az—c)

which by change of variable 7 = (n + v — ¢) converted to

V*(Az) = /C G(Az —v+c—mn)dy (4.39)
(Az—v)

In this case, A(v —¢) < z = (Az — v+ ¢) < 0, therefore, (4.32b) is applicable and used
(after substitution Az = (Az — v + ¢)) in (4.39) to conclude V(Az) = K(Az — v +¢)
which is matching with (4.31) for this range.

d) Range —(v—c¢) < Az < (v —¢)

Similarly, this range is also demonstrated in Figure. 4.23 and for the extreme values of

Az, the maximum range of G(Az — 7) is determined as

G(Az—7)#0 =V 71 € [—v,— (v—2¢)] for Ax=—(v—c)

(4.40)
G(Az—7) #0 =V 1 € [(v—2c),v] for Ax=(v—c)

The convolution is same at both extreme ranges as per (4.40) and demonstrated in

Figure. 4.23. Hence, (4.35) for this range becomes

(Az+c)

V¥(Ax) = / G(Az — 7)dr
(Az—c)

which by change of variable 7 = (n+Ax) followed by use of property (4.33) gives V*(Az) =

f G(—n)dn = 1 showing matched value with (4.31) for this range also.

Hence, the useful relation (4.35) is proved to be true and used further to obtain the solution

of the objective (4.31), next.

Optimal H, solution of the objective (4.31)

The optimal H, solution obtained by (4.20) is used to achieve any objective V function.
However, due to complexity of the realistic V' objective defined in (4.31), a direct solution
is cumbersome. At this point, the relation (4.35) is found very useful to obtain a closed
form solution. Substitution from (4.35) in (4.20) gives

[FT(B(x) * G(x)] - FT[B(y) * Gy

Hz(””’y)‘m[ FT[A%(x)] - F A(y] }
_[FT[B)]- FT [G() T [B(y)] - FT[C (4.41)
IFT[ FT [4%(2)] }IFT{ FT[Ay@)] }

= H(z)- H(y)

Hence, the H,(x,y) is separable into 1D identical functions H, in z and y. The H, is
further solved to obtain closed form solution. By substituting A*(z) from (4.19) and B(x)
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from (4.34)
H.(z) = IFT

FT [Tec (£)] -FT[G(x )]]
FT [rect (55)]
(x

e [ i) TGy fscls)] g

sinc sinc(bwy)

(4.42)

To solve (4.42) further, v = nb is assumed where n is an integer, and solution pattern from

(4.27) is adopted. Hence, the solution of optimal H, distribution is achieved as

o(x —I—Zm 1 (at—2mb)+5(x—|—2mb)]> * G(x)
for odd n
) 15 (a—(2m— 1)b)+6(x+(2m1)b)]> « G(x)

w[3

2

for even n

(4.43)

(o

(

<G vyl 6@ - 2mb) + o+ me)}>
for odd n

(

s 6@ — @m - 10p) + 6 + @m - 1>b>1)

for even n

It is observed from (4.43) that the optimal H,(x) solution of objective (4.31) is given by
copies of G(z) at different locations = +bm as graphically demonstrated in Figure. 4.24.
Similarly, the final solution of H,(z,y) will be copies of G(x)G(y) at locations (+bm, £bm).

A¥(x) *G(x)

O(x-nb+b)

b (Db b b0 ch (n-)o mo =
(v+0) -(v-¢) ~(b+c) 0 (b+c)2 b (v-c) v (v+c)

Figure 4.24: Optimal solution for real objective, 1D functions for odd n.

Since, V = Ax H,, it is observed from the figure that the overlapping area of various copies
of AxG ensures uniformity in the solution of V. Hence, A, (x,y)« H,(x,y) = V(Ax, Ay) =
1V zy€[-(v—c),(v—c)] where v = bn is achieved and the corresponding optimal
H(x) distribution is given by (4.43).

4.3.6 Summary of the proposed design procedure

Proposed step-wise procedure for Tx coil antenna design to mitigate lateral

misalignment problem



82 Chapter 4.  Single Port Tz Coil Antennas

S1 Define objective V(Az) function and set n for its desired uniformity for a given Rx

dimension b.

S2 Obtain K (z) function from V(Az) as

ViAz—v+c¢) —c<Az<0
K(Ax) =
ViAr+v—¢) 0<Azx<c

S3 Derive G(x) function graphically or by using (4.32) as

FT(K(Ax))
Glz)=IFT | —————— 4.44
@) (FT(rect(%f))) (4.44)

S4 Use G(x) in (4.43) derived from Step-3 to obtain the optimal H,x,y) distribution

mitigating lateral misalignment.

S5 For a given n, design the Tx coil array antenna using magnetic field forming technique

to generate the desired H,(x,y) distribution in the Rx plane.

S6 Simulate the transmitter coil and adjust parameters further to obtain the desired
H.(z,y).

As a result, the procedure reveals a Tx antenna for lateral misalignment mitigated in the

range (z,y) € —(v —¢) to (v — ¢) where v = nb.

4.3.7 TIllustration of the proposed analysis with simple functions

In the proposed analysis, G(z) can adopt any arbitrary shape depending on K(Ax),
however, for illustration purpose, simple mathematical functions such as rectangular,
triangular, raised cosine, etc., can be chosen. In this section, the procedure is demonstrated
assuming K (Az) to be a triangular function.

For this example, in Step-1, the 1D function of objective V(Ax, Ay) from (4.31) is defined
in Figure. 4.25(a). In Step-2, the corresponding K<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>