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Varun Nagoorkar
Thesis Chair: David M. Beams, Ph. D, PE.
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May 2014

Recent years have seen numerous efforts to make wireless power transfer (WPT) feasible
for application in diverse fields, from low-power domestic applications and medical
applications to high-power industrial applications and electrical vehicles (EVs). As a
result, it has been found that WPT by means of non-radiative magnetically-coupled
resonant circuits is an optimum method for mid-range applications where the separation
of source and receiver is in the range of 1-2m.

This thesis investigates various aspects of the design of magnetically-coupled resonant
circuits for non-radiative WPT. Firstly, a basic four-coil network for a mid-range (1-2m
gap) WPT system with a single power source and single resistive load was developed and
simulated. The system was then constructed and experimental results were obtained for
comparison with theoretical expectations. Methodologies were developed for empirical
measurement of flux-coupling coefficients (k) among the coupled resonator coils and
measurement of resonator parameters (inductance, capacitance, and equivalent-series
resistance). Secondly, a structure called a universal resonator is proposed to permit design
of WPT networks of arbitrary complexity with multiple power sources (transmitters) and
multiple loads (receivers). An Excel simulation tool has been developed to analyze
designs involving up to eight resonators. Designs with five resonators (including one

power source and two loads) and six resonators (with two power sources and two loads)

ix



with separation of 1m between transmitting and receiving resonators have been analyzed,
constructed, and subjected to experimental validation. The measured outputs numerical
were found to be in good agreement with the predicted models. Conclusions and
suggestions for future work are provided.



Chapter One

Introduction

Wireless power transfer (WPT) is a technique for transferring electrical power
from source (transmitter) to load (receiver) without intervening conductors. WPT is a
technology which holds the potential to change the way people lead their lives by
offering new levels of convenience, mobility and safety. In general there are two types of
WPT: (i) near-field (non-radiative coupling) and (ii) far field (radiative coupling). The
advantage of near-field non-radiative coupling is that most of the energy that is not being
absorbed by the receiver will remain near the source rather than being radiated to
surroundings and thus increase the losses in the system. The non-radiative coupling
technique is the principal method employed in short- and mid-range (1-2m) WPT
systems.

Recent developments have shown a renewed interest in commercial development
of WPT using magnetically-coupled resonant circuits (MCRC) for short- and medium-
range WPT (distances between source and load are typicallyl-2m). In this technique,
power is transferred between mutually-coupled coils that are tuned to a specific resonant
frequency since the most efficient energy exchange will take place among resonators at
their resonant frequency. Various applications have been developed based on the MCRC
technique, such as wireless charging for battery-operated consumer electronics; medical
devices; home appliances; industrial-level high-power applications; and automotive
applications. These will be discussed in the next chapter.

In this thesis, magnetically-coupled WPT systems are investigated. Initial
investigations concern a WPT system with a single power source and receiver.
Subsequently, a universal resonator block for multiple-resonator WPT systems with
multiple transmitters and/or receivers has been proposed, and a method for analysis of

such systems has been devised. Experimental measurements for validation of the models



have been carried on three systems: a single-source, single-load system; a single-source

system with two loads; and a two-source two-load system.

1.1 Organization of Thesis

This thesis is divided into five chapters. Chapter Two discusses development and
prior research in WPT beginning with the work of Tesla. Chapter Three describes the
basic-four coil network with a single source and load, including a numerical model of the
four-coil WPT system and methodologies for determination of resonator electrical
parameters and flux-coupling coefficients between resonators. Experimental validation of
the model is presented as well. Chapter Four describes a proposed universal resonator
block, analytical expressions for WPT with an arbitrary number of resonators, a design
tool to analyze WPT systems with up to eight resonators, and numerical models of WPT
systems with five resonators (including two loads) and six resonators (including two
transmitters and two loads). Chapter Four also includes experimental validation of the

numerical models. Chapter Five discusses conclusions and directions for future work.



Chapter Two
Background

2. 1 Tesla’s experiments in wireless power transfer

Recent years have seen the introduction by a number of vendors of commercial
applications of wireless power transfer (WPT). These applications span a range of power
levels and applications; a common application is recharging the batteries of portable
devices. Despite this recent activity, the origin of WPT took place a century ago. Nikola
Tesla was first to demonstrate the idea of wireless power transfer at the beginning of 20"
century with his well-known electro-dynamic induction theory. Efficient mid-range
wireless power transfer is possible using resonant circuits, a technique demonstrated by
Tesla more than a century ago with the Tesla Coil which produces high-voltage, low-
current output with a high-frequency alternating input current. The Tesla coil is a
resonant electrical transformer invented about 1891 [1]. Unlike conventional transformer
(which has tight flux coupling and a small distance between windings), the Tesla coil
consists of loosely-coupled primary and secondary windings separated by a relatively
large air gap. Figure (Fig. 2.1) shows a schematic representation of one of the wireless
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Fig. 2.1 A diagram of one of Tesla’s wireless power experiments [2]



In one of his experiments with high frequency (HF) currents, Tesla presented a
two coils coupled magnetically and operating under resonance will provide most of its
energy at primary (P) to secondary (S). From above Fig. 2.1 one can see that primary (P)
IS connected to transformer or condenser and spark gap (S.G), when spark breaks the gap
primary will get the supply and will light up the 110v, 16 cp (16 candle power or 40W,
[2]) lamp connected to secondary (S) even when coils are separated. Tesla also stated that
distance of separation can be varied depending upon size and spark coil used for
excitation. Tesla presented this phenomenon and provided further description on it in one
of lectures in Institution of Electrical Engineers (IEE) at London in 1892 [3]. Later it was
proved that these high frequency currents could be used in medical applications as these
high frequency currents are harmless and can be passed through body of person without
causing any pain or discomfort (below the significantly high limit of current to burn out
tissues) [4].

Fig. 2.2 shows a drawing from the patent for wireless energy transmission [5]
which was granted to Tesla in 1900, in this figure, the system is seen to consist of a
transmitting side and receiving side. In transmitting side of the system, coils C and A
form a transformer. Winding A is the secondary of transformer it has many turns and is
a large diameter spiral structure. Primary is C has a much shorter length and larger cross-
section conductor. Coil C is wound around A and is connected to a source of current G
which can be a generator. One terminal of the secondary A is at the center of the spiral
coil, and from this terminal the current is led by a conductor B to a terminal D to transmit
power to the receiving unit. The other terminal of the secondary A is connected to
ground. At the receiving station a transformer of similar construction was employed, with
coil A" as the primary winding and coil C' as the secondary winding of the transformer.
Elevated terminal D' was used to receive power; it was connected to center of primary
coil A" while the other end of A’ is connected to ground. Loads (L and M in Fig 1.2) can
be connected to secondary coil C'.



No. 645,576. Patented Mar. 20, 1900.
N. TESLA.
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Fig. 2.2 Tesla’s wireless energy transmission patent [5]

After demonstrating the principle of WPT at a technical discussion in 1892, Tesla
focused his vision on development of a prototype. Tesla constructed a research facility,
known as the “Wardenclyffe” tower, where he demonstrated a proof of concept for WPT
by transmitting electrical power from the tower to loads without the use of wires. Fig. 2.3
below shows the 187-ft (57.0m) tower. The transmitter was configured to minimize the
radiated power, unlike a conventional radio transmitter. Tesla’s transmitter’s energy was
concentrated near surface of ground [6]. The giant transmitter was resonant at 150 kHz
and was fed by 300kW of low-frequency power [7, 8]. There are no clear records which
describe efficiency and power delivered using this tower; however, Tesla demonstrated

the system’s performance by lighting 200 incandescent lamps simultaneously while the



transmitting and receiving sides of the system were separated by a distance of 26 miles
(42km).

» e R A = ERPCARGTh TR

Fig. 2.3 Wardenclyffe tower located in Shoreham, New York [9]

Since the late 1950s wireless power has been an active topic of research. In 1959,
a wireless monitoring system using radio pills was developed to study internal conditions
of the human body [10-11]. In 1962, an echo capsule (swallowable radio transmitter) was
developed for similar purposes; it is energized from outside the human body to transmit
information on temperature, acidity or other condition within the digestive tract [12].
Early in the 21% Century, numerous experiments were performed to develop new
applications for WPT. In 2007 researchers at MIT (Massachusetts Institute of
Technology) used a similar method of resonance to light a fluorescent lamp at a
separation of greater than 2m between transmitting antenna and receiving antenna with an

output power of 60W at an efficiency of 40% [13].

2. 2 Developments in wireless power transfer (WPT)
Use of power cords is diminishing with the rise of wireless charging systems that

are capable of charging portable devices. Though the principles of WPT have been



known for over a century, recent advances have allowed it to be practical. Today WPT is
being used in various fields such as consumer electronics, medical devices, the

automobile industry, domestic applications, and defense systems.

2.2.1 Development by MIT and Witricity

In 2007, Soljacic and colleagues at MIT demonstrated the feasibility of efficient
non-radiative WPT using two resonant loop (self-resonator) antennas. Since then there
has been much interest in closely studying the phenomenon. It was found that when two
antennas are closely spaced, they are in a coupled-mode resonance region, and in this
mode very high power transfer efficiency (PTE) can be achieved [13]. The MIT research
team found magnetic resonance as a promising means to transfer power without use of
wires because magnetic fields travel freely through air and yet have little effect on the
environment and biological systems.

In 2007, the MIT group demonstrated the ability to power a 60W light bulb
without use of wires based on strong electromagnetic coupling between resonant objects
using non-radiative coupling. Their design consisted of 4 coils; one was used to couple
power into the system, two coils served as high-Q LC resonators, and the fourth coil was
a load coil connected to a 60W incandescent lamp. The two self-resonant coils were
designed to resonate together at 9.9MHz and were separated by 2m with co-axial and
coplanar orientations. This apparatus powered the lamp with efficiency of about 40%
[13]. Similar results were obtained when the path between the resonators was blocked
with a wooden panel. The same apparatus was able to power a 60W bulb with an
efficiency of about 90% for separation of 1m between the resonant coils.

After successful demonstrations of mid-range wireless power (on the order of a
couple of meters), the MIT group launched a firm named “Witricity” to develop
commercial WPT devices using resonant energy transfer in the mW range to kW range.
They are developing wireless power applications in fields as diverse as home appliances,
mobile devices, automotive applications, and medical devices. Fig. 2.4 below shows

typical arrangement of coils in design of MIT for mid-range WPT.
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Fig. 2.4 Arrangement of coils to transfer power over a distance of 2m by MIT [14]

2.2.2 Formation of ‘Qi’ WPT standards

To enhance the versatility of WPT (compatibility of all devices with appropriate
transmitters and receivers) and to reduce cost, the Wireless Power Consortium (WPC)
issued an interface standard known as “Qi.” This name (pronounced as “chee”) is a
Chinese word that means “air.” Qi uses inductive power transfer and focuses on
technology that transmits power to devices within close proximity to a charging station.
Typical devices developed using Qi standards can power the devices over a distance up to
4 cm for low power-applications of about 5W using non-radiative technique [15]. The
wireless charging system is comprised of a power transmission pad and a compatible
receiver in the device. When a device is placed on transmission pad, the device is charged
through inductive resonant coupling. Systems confirming to Qi standards will have
output voltage regulated by means of a digital control loop in which the receiver
communicates with the transmitter for more or less power using back scatter modulation,
in which change in current at transmitter for a loaded receiver is monitored and
demodulated into information required for devices to work together. In 2011, WPC
extended the Qi standard for medium level power which is about 120W. Fig. 2.5 below

shows the typical WPT application from wireless power consortium.



Fig. 2.5 Qi-standard wireless charging pad from Proxi charging multiple devices. [16]

The base acts as a transmitting pad, which receives power from an ac power supply.
Receiver coils embedded into the devices receive power and charge mobile devices
without use of cords or wires.

The Qi standard is capable of transferring power efficiently to multiple
receivers/devices/loads as shown in Fig. 2.5 above. The wireless charging pad charges
multiple mobile phones at same time. In initial stages of development of the Qi standard,
a drawback with these systems was that they needed to be placed precisely in order to
make an efficient charging system, but recently this drawback has been overcome [16].

The developments discussed above in sections 2.2.1 and 2.2.2 have all adopted
Tesla’s principle of near field (i.e., non-radiative) magnetic coupling and resonance for
efficient power transfer without wires.

Wireless charging technology for portable electronic devices has reached the
commercialization stage. Today, WPC consists of more than 209 companies (as
members) worldwide that provide wireless charging for their products using Qi as the
interface standard. Leading cellular companies like Samsung and Nokia are also
providing wireless chargers that employ Qi standards.



2.2.3 Recent WPT products for mobile applications

Apart from Qi there are also other standards in WPT, such as Alliance for
Wireless Power (A4WP), Powermat, and Cota. Companies like Intel, Fulton Innovation,
Splashpower (later acquired by Fulton Innovation in 2008) and Qualcomm are
developing wireless power products conforming to the A4WP standards.

In 2008 Intel demonstrated wireless illumination of a 60W light bulb on stage at
Intel Developer Forum (IDF) [17]. Since then Intel showed their Wireless Resonant
Energy Link (WREL) powering a laptop, computer without batteries or to play music
through speakers without wires.

Figure (Fig. 2.6) below shows the design and arrangement for WPT from Intel in
powering a light bulb of 60W at a distance of 70cm from transmitter. Intel’s WREL can
provide the stable electrical power to moving receivers that can be arranged almost in any
orientation (can allow any angle up to 70 degrees) with respect to source within the
constant region of 70cm from transmitter. An Adaptive auto-tuning algorithm has been
used that allows efficiency of 70% even when the sender and receiver are not aligned

parallel to each other.

—

Fig. 2.6 Intel’s demonstration of WPT [17]

Qualcomm is also introducing WPT applications where it has designed a mobile

device charger that can be used to power mobile phones, tablets and a wide range of
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applications using a resonance based method [18]. Fig. 2.7 below shows the

demonstration of Qualcomm’s WPT application.

Fig. 2.7 Qualcomm demonstrating WPT application [18]

It can be used to charge devices without direct contact and can power devices
with different power levels simultaneously; metallic devices will not affect the charging
process. Qualcomm is also is looking forward to get into revolutionary wireless charging
of electric vehicles (EVs) which is discussed in a separate section.

There are various WPT systems like Powermat, Getpowerpad, Qualcomm’s
WiPower, Fulton and eCoupled conforming to WPC standards and use high frequency
and thinner coils. All of these systems provide wireless charging for mobile devices using
a mat (as transmitter) as shown in Fig. 2.5 and Fig. 2.7. As mentioned above, a system
from Qualcomm which uses resonance based inductive coupling can transfer power up to
a distance of 2ft (0.61m) and can be used to power or charge mobile devices like mobile
phones, Bluetooth devices, and speakers, so forth within automobile. The next level of
WPT applications is to power laptops, television receivers, home appliances, and similar
devices. Various vendors are working on these developments. Fulton Innovation is
working with commercial furniture manufacturers, designing applications for home and

office uses.
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2.2.4 Recent developments in WPT for electric vehicle (EV) applications

One of the important applications of high power application with WPT is rapid
and efficient wireless charging of EVs. There are various companies such as Plug-less
Power, Qualcomm (Halo IPT technology), Fulton, Tesla, and Hevo Power which are
aiming to produce efficient wireless charging for EVs using inductive coupling. Charging
units (chargers) of EV’s are of large dimensions and transmitting antenna to charge it are
relatively small, can send power up to 4-6in (10-15cm) from the ground to a receiver
attached to the underside of the EV. When the EV is parked over the transmitter, the
transmitter can charge the EV battery without the EV’s being precisely placed over the
transmitter [19]. Automatic algorithms are also being used to guide drivers to place EVs
over the transmitter and can stop sending power if any obstacles come between the
transmitter and receiver. Tesla Motors has already designed and employed rapid wired
charging (for the Tesla Roadster) which can fully charge the EV in about 45-60min with
95% efficiency and is now working on implementing a wireless charging system. Fulton
Innovation has designed a wireless charging system for EVs which could achieve an
efficiency of approximately 80% (it predicts about 85% in theoretical efficiency).

In 2012 Qualcomm demonstrated wireless charging of EVs with their Halo IPT
Wireless Electric Vehicle charging (WEVC) technology as in Fig. 2.8 below. These rapid
charging systems operate in the range of kW using the inductive power transfer (IPT)
method demonstrated at the London Consumer Electronics Show (CES) [20, 21]. The
IPT system consists of two coils; one is in the ground (the base charging unit) and the
other is embedded in the vehicle (the vehicle charging unit). The battery of the EV may
be charged even if the alignment of the coils is not optimal. Qualcomm is presently
conducting trials of this system on more than 50EVs. According to [22] the frequency
range used in this power transmission system was from 20kHz -140kHz with the power
input from 3kW using a single-phase ac supply, 7kW using a 3-phase supply, or 18kW or
higher for rapid charging. A setup using 3kW supply can fully charge the EV overnight.
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Fig. 2.8 Qualcomm demonstration of its new wireless power transmission system for
electric vehicles (EVs) at the London, Consumer Electronics Show (CES) [22]

Shown in Fig. 2.8 is a demonstration of WPT for EVs from Qualcomm which consists of
a power source, power transmitting pad, power receiving pad and control unit to display

the alignment of the coils.

2.3 Recent trends and applications in WPT with single source

Wireless power is technology which is changing the way people are leading their
lives by offering new levels of convenience, mobility and safety. There are different ways
of transferring power from transmitter point to receiver point such as (1)
radio/microwaves; (2) lasers; (3) ultrasound; (4) inductive coupling; (5) coupled resonant
circuits; and (6) capacitive coupling. Each method has its advantages and disadvantages.
Resonant circuits (MCRC) method that is being used for mid-range distances (1-2m) with
reasonable efficiency and potential for high power is magnetically-coupled resonant
circuits in which both transmitter and receiving coils are resonant at the same frequency.
In the following section there will be presented a discussion of research into MCRC WPT

and means for improving their efficiency.
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2.3.1 Review of prior research work

A brief literature survey reveals various previously-published papers which were
useful in providing solutions for various issues such as enhancing distance, improving
efficiency, increasing power, reducing losses, and modeling nonlinear loads in WPT
systems with single loads. A discussion of WPT systems involving multiple sources
and/or multiple loads will be presented in Chapter Four.

Zierhofer [23] demonstrated that the flux-coupling coefficient between
magnetically-coupled coils can be enhanced by distributing turns of coils across the

diameter rather than concentrating them at the circumference.

@ | ®

Fig. 2.9 (a) coil turns concentrated across circumference (b) coil turns distributed across
diameter.

Kurs et al. [13] presented a model based on coupled mode theory (CMT). Their
design included helical coils and was capable of delivering 60W over a distance of 2m
with an efficiency of 40% while operating at 9.9MHz.

Kim et al. [24] investigated coupled-mode behavior of electrically-small meander
antennas which demonstrated that high power efficiency can be achieved in the coupled-
mode region of operation. An inductive load in the system will change the resonant
frequency which will reduce the power transfer efficiency (PTE) of system.

Imura et al. [25] demonstrated a system with helical antennas for electric vehicles
(EVs) to transfer power of about 100W over an air gap of 200mm at a frequency of
15.9MHz at an efficiency of 95% — 97%.
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Beh et al. [26] described a study to improve the efficiency of MCRC WPT system
with an impedance-matching technique. This work states that to achieve maximum
efficiency in a WPT system, the resonant frequency of resonators and the operating
frequency of system should be matched, an impedance matching network was used to
adjust the resonant frequency of resonators to 13.56MHz which was the operating
frequency. The impedance-matching network boosted efficiency from 50%—70%.

Ng et al. [27] demonstrated optimal design using a spiral coil for WPT systems
with larger spacing between each turn and less number of turns which would improve the
quality factor (Q) of the coils and hence improve efficiency of WPT system.

In 2010, Taylor et al. [28] demonstrated a wireless power station for laptop
computers using magnetic induction which can deliver 32W of power to a laptop
computer with a maximum efficiency of 60% at a frequency of 240 kHz. The system also
had the ability to detect the presence of loads in order to reduce the no-load power
consumption.

In 2011, Kim et al. [29] demonstrated a WPT system with intermediate resonant
coil. Using an intermediate coil properly has enhanced the efficiency and distance
between transmitter and receiver. System efficiency varied from 70%-85% with an
intermediate coil placed in the system with a resonant frequency of 1.25MHz.

In 2011, Imura et al. [30] analyzed the relationship between maximum efficiency
and air gap using the Neumann formula (a formula to calculate mutual inductance
between pair of coils) and equivalent circuit model and proposed the equations for
conditions required to achieve maximum power at given air gap.

In 2011, Lee and Lorenz [31] demonstrated a methodology of WPT system for
multi-kW transfer over a large air gap using loose coupling between coils. This design
delivered 3kW over an air gap of 30cm between transmitter and receiver with efficiency
of 95% at a frequency of 3.7MHz. This work also discussed design of coils for higher Q.

Sample et al. [32] demonstrated a system with adaptive frequency tuning
technique which compensates efficiency for variation in distance between transmitter and
receiver. It demonstrated a constant efficiency over 70% for a constant-load receiver that
can be moved to any position within a range of 70cm with resonant frequency of
7.65MHz.
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Kim et al. [33] demonstrated an optimal design of a WPT system for an LED TV
using multiple resonators. This system used a frequency of 250 kHz to transfer power of
150 W for a 47in (1.2m) LED TV with an efficiency of 80% for a separation of 20cm
between resonators (transmitter and receiver).

Kiani et al. [34] demonstrated the circuit theory behind magnetically coupled
resonant circuits and compared coupled-mode theory (CMT) with reflected load theory
(RLT) and concluded both will result in the same set of equations in steady-state analysis
while CMT is simpler as it reduces by 2 the order of differential equations when
compared to RLT.

In addition to the work discussed above, there is also research taking place at the
University of Texas at Tyler. In 2011, Beams and Annam [35] described a Matlab-based
computational tool for calculating self- and mutual inductances for inductors of arbitrary
shape and orientation in free space based on magnetic vector potential. Experimental
measurements have validated the tool. In addition, an image method was introduced to
compute inductances when coils are backed by sheets of high magnetic permeability
(e.g., ferrite material).

Beams and Annam [36] also proposed a simplified method for designing four-coil
resonant WPT network by sequential application of reflected impedances through mutual
inductances. The design was verified by experimental validation.

In 2012, Annam [37] investigated a four-coil WPT system using resonant
inductive coupling which proposed a design methodology of reflected impedances in
loosely-coupled inductors in this method impedances are reflected sequentially through
the inductors from load to source. The design was subjected to experimental validation
and demonstrated efficiency exceeding 76% for various distances between transmitter
and receiver.

Beams and Nagoorkar [38] investigated a theoretical design of a four coil MCRC
WPT design that could transfer power over a distance of 2m with efficiency exceeding
70%, design yet has to be practically implemented.

Beams and Papasani [39] investigated a state-equation approach to model WPT
network [20]. This approach permits termination of WPT networks with non-linear loads

which is not possible with the usual phasor-transform network approach. This method
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was simulated with a 3 coil WPT network and was compared with a verified model of the
WPT network with resistive loads.
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Chapter Three
Design and validation of a midrange WPT system

With a single source and load

In this chapter, the design and experimental validation of an MCRC WPT system
with a single transmitter and receiver (load) that transfers power efficiently using non-
radiative coupling is presented. The chapter begins with modification of the basic four-
coil WPT system, followed by simulated design, and experimental design. Methods are
described for measuring resonator parameters and flux-coupling coefficients between
inductors. The chapter concludes with a summary of design validation.

3. 1 System and circuit topologies

The design presented in this section represents a departure from previous work.
Unlike previous systems [36] the pickup coils which terminate with only a resistive load,
a series capacitive component has been added to the make load coil resonant at the
operating frequency, since with resistive termination; change in resistive loads will reflect
only the resistive component, which avoids change of resonant frequency of the prior
coils. The modified Basic circuit of 4-coil WPT is as shown in Fig. 3.1 below under

Basic WPT system section.

3.1.1 Basic WPT system

The proposed midrange WPT system employs a four-coil topology rather than a
two-coil topology. The four-coil system has greater flexibility with regard to impedance
transformation than the two-coil system [36] and power can be transferred over greater
distance with reasonable efficiency by the four-coil system than the two-coil system [40].
The circuit shown in Fig. 3.1 represents a typical modified four-coil WPT system.
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The topology shown in Fig. 3.1 is consists of four inductors: driving coil L;; transmitting
resonator coil Ly; receiving resonator coil Ls; and load coil L4. Four capacitors C;—C,4 and
a load resistance R complete the system. The system is energized by a square-wave
source Vsq. Sinusoidal, steady-state analysis by means of the phasor transform may be
applied to the circuit of Fig. 3.1 by decomposing the square-wave source Vs, into its
harmonic components. For this type of analysis, Vs is replaced by sinusoidal source vs at
the appropriate fundamental or harmonic frequency. In practice, the WPT network is
designed such that the fundamental frequency of the square-wave source is the only
constituent of the square wave that delivers significant power [36]. The output resistance
of the driving square-wave source Vg is Rs. Losses in each of the four loops are modeled
by including equivalent series resistance (ESR) elements R;—R4. It is assumed that all
four coils are coupled through mutual inductances Mi,, Mi3, M14, M3, M24, and Mz,. The
principal (major) mutual inductances representing the direct path for power transfer are
M2, Mas, and Ms,. The effect of the other mutual inductances (which may be termed
parasitic mutual inductances) is to complicate the design and analysis process.

Source -

Mis

Fig. 3.1 Basic four-coil WPT system including loss elements and resistive load
Analysis of this circuit is straightforward if the appropriate component and parametric

values are known a priori. Design is a much-more complex task due to the large number

of degrees of freedom.

19



3.1.2 Design of a midrange WPT system

The goal of this design was a system capable of transmitting power over a nominal
distance of 2m with an efficiency of at least 50% to a nominal load resistance of 5Q. The
operating frequency was chosen to be 100 kHz for the relative ease of realizing a square-
wave source at this frequency. It was assumed that coils with Quality factor (Q) > 200
were practical at this frequency if wound with Litz wire. Coils designed for the system
are single-layer spirals with a pitch (turn-to-turn spacing) of 0.015m for coils L; and Ly,
while it is 0.01m for coils L, and L3. The coils were designed with a large radius in order
to improve their Q [40]. Coil data and computed self-inductances are as shown in Table
3.1 below. Identical coils were chosen for L, and L3 to simplify the design process. Coils
were designed with a Matlab application created by the University of Texas at Tyler that
draws the inductors and computes their self-inductances by magnetic vector potential
methods [35].

Table 3.1 Winding data and calculated self-inductance for the coils of the proposed

midrange WPT system

Self
Initial radius,
Coil Turns Inductance,
m
uH
L, 5.25 0.5 65.77
L, 32 0.275 1069.92
Ls 32 0.275 1069.92
Ly 1.25 0.5 6.89

The geometry of the circuit is shown in Fig. 3.2. Calculation of M3, the mutual

inductance of L, and Ls, gives 47.29uH and a flux-coupling coefficient kyz of 0.0442. The
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condition for maximum distance and power transfer as suggested in [41, 42] is shown in

Eq. (3.1) (excluding the parasitic coupling coefficients):

(k12 k34) _
(k—23) =1 (3.1)

where ki, is the flux-coupling coefficient of L; and L, and ks4 is the flux-coupling
coefficient of Lz and L4. The separations of coils 1-2 and 3-4 shown in Fig. 3.2 were
determined by simulation by calculating flux-coupling coefficients as the separations
were varied. With the separations indicated, the calculated value of ki, at a separation of
0.3m was 0.2529 and ks, at a separation of 0.28m was 0.1913, giving a product of 0.0483,

which is slightly larger than the calculated value of ks.

D23

0.3m 0.28m

Fig. 3.2 Coil geometry of the proposed four-coil WPT system for midrange power
transfer. The separation between transmitter resonator coil L, and receiver resonator coil

L3 is designated Dys. Its nominal value is 1m.

Magnetic vector potential methods were then applied to compute values for flux-
coupling coefficients that vary with D,3. Table 3.2 below gives the results.

Capacitors C,, C3 and C, were chosen to resonate with L, L3 and L4, respectively,
at the operating frequency of 100 kHz; their calculated values are 2.367nF for C,,
2.367nF for Csand 367.639nF for C4. In Fig. 3.1, Capacitor C; was chosen to be rather
large to ensure that the input impedance of the WPT network would always retain a net
inductive reactance.
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Table 3.2 Coupling coefficients v/s D3, separation between transmitter and receiver

resonator coils

D23, m 0.75 1 1.25 1.5 2
Kis 0.0366 0.0225 0.0146 0.0100 0.0052
Kia 0.0117 0.0073 0.0047 0.0031 0.0014
kos 0.0800 0.0442 0.0264 0.0168 0.0079
K2a 0.0258 0.0157 0.0102 0.0069 0.0036

It has been found by experience and demonstrated by simulation that a load
manifesting capacitive reactance can produce large shoot-through currents at switching
transitions of the square-wave driver, possibly leading to its destruction [43].

The rms value of the fundamental component of the square wave driving the
network was set to 45V and the output resistance of the square-wave drive was fixed at
0.3Q; both values are reasonable for the application. The ESRs were estimated for all
coils L1-L4 (assuming Q of 200 at 100 kHz) as R; = 0.2066Q2, R, = R3 = 3.361Q2, and R4 =
0.02169.

3.1.3 Simulation results of midrange WPT system

Table 3.3 below gives a summary of simulation results for input power, output
power, and efficiency for cases: (i) with all coefficients and (ii) with major coefficients.
The phase reference for all phase measurements is the input square wave; 0° is taken as
the point of zero-crossing on a low-to-high transition of the input square wave.

From Table 3.3, it is clear that output power with a 1m transmitter-to-receiver
separation is maximized (for case without parasitic coefficients), conforming to the
expectations of Eq. (1). From Table 3.3, it can be seen that the results of all coefficients
and major coefficients cases are almost similar indicating parasitic coefficients have

negligible effects (except for spacing of 0.75m).
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Table 3.3 Simulated input power, output power, and efficiency, for the four-coil
midrange WPT network vs. D3 (separation of the transmitter and receiver resonator

coils)
Input power, W Output power, W Efficiency, %
Dy m All co- Major co- | All co- Major co- | All co- Major co-
efficients | efficients | efficients | efficients | efficients | efficients
0.75 33.7 22 25 16.4 74.2 74.4
1 32.9 28.9 24.8 21.8 75.4 75.4
1.25 17.6 17.5 11.9 11.8 67.4 67.3
15 9.8 9.8 5.2 5.2 52.8 52.7
2 5.1 5.2 1.2 1.2 22.8 22.8

The efficiency of the four-coil WPT system may also be estimated from reflected

resistances, as given in Eq. (3.2) below [36] which can be derived using the network

shown in Fig. 3.3
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Fig. 3.3 Network to derive expression for efficiency shown in Eq. 3.2
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where 1 is fractional efficiency (0-1.0), R34 IS the resistance reflected into Lz from Ly,
Riefo3 1S the resistance reflected into L, from Ls, and Reefr2 IS the resistance reflected into

L, from L,. The reflected resistance into coil x from coil y was computed by Eq. (3.3):

Rretxy = ©My, <—> cos(ziy — £iy +90°) (3.3)

where w is angular frequency of system; M, is mutual inductance between coil x and

coil y; ix is current in coil x, and iy is current in coil y.

Computed reflected resistances and efficiencies from equations are shown in Fig.
3.4 below. The nearly-constant reflected resistance Ryess IS unsurprising given the
constant flux-coupling coefficient ks, and the relative isolation of L, from the other

inductors except Ls.

reflected resistances and efficiency of midrange 4-coil WPT
system vs transmitter to receiver separation

Refl2 =-=-=-Rref23 Rref34 Efficiency

80
70
60 <
50 3
40 5
30 é’
20 @
10

0

1 1.25 15 1.75 2
transmitter-to-receiver separation D,;, m

Fig. 3.4 Calculated reflected resistances computed with Eq. (3.3) and efficiency
computed from Eq. (3.2) as a function of D3 (separation of transmitter and receiver

resonators) in the four-coil WPT network
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The effects of coil Q were also investigated for a nominal transmitter-to-receiver spacing
of Im. The resultant plot is shown in Fig. 3.5.

efficiency vs coil quality factor
with transmitter - to - receiver separation (D,3) of 1m
100 7 T
C\? 8O e
> 60
S
'S OA0 T
E
(<B] 20 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
0 ‘ i i i i
50 100 150 200 250 300
quality factor, Q

Fig. 3.5 Efficiency vs. inductor quality factor (Q) at a constant transmitter-to-receiver

separation of 1m

The evident strong dependence of efficiency upon Q is expected.

3. 2 Empirical validation of design

3.2.1 Fabrication of coils

After designing and simulating the model to transfer power over a distance of 2m
with reasonable efficiency, the design was realized for experimental validation. Coils
were designed in spiral form to produce the inductances in Table 3.1, but practical
implementation of spirals of such large size was difficult. Instead, octagonal coils
approximating spirals were constructed using acrylic coil supports and spacers mounted
on peg board. Coils were fabricated using Litz wire as it minimizes skin and proximity
effects when operating at higher frequencies [41]. Three of the coils are shown in Fig. 3.6

below.
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Fig. 3.6 Octagonal coils in approximation to spirals. Coils visible in this image are (left to
right) Ly, L, and L3

After designing the coils as shown above, self-inductance (L) and quality factor
(Q) of the coils were measured at 100 kHz using the L (series L-R) measurement mode

of an Agilent 4362 LCR Bridge. Readings are as shown in Table 3.4 below.

Table 3.4 Measured data for fabricated coils

Measured
) Calculated
Coils Inductance, Measured Q )
resistance, Q2
uH
Ly 66.40 220 0.19
L, 1053 410 1.6
Ls 1052 410 1.6
Ls 7.99 76 0.07

Measurement of L and Q of coils was performed with the coils oriented vertically and
with their bottom edges elevated 20cm to avoid any effects due to the structural steel in

the building floor. The accuracy of Q was limited by measurement capability of LCR
Bridge.
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3.2.2  Tuning coils to resonance

The WPT system design required resonating all inductors (except L;) at the design
resonant frequency (100kHz). Resonating inductors at 100kHz required precise
adjustment of resonating capacitance so combinations of fixed film capacitors were used
to bring the resonant frequency to slightly above 100kHz, and additional adjustable
capacitance was supplied with a “sheet” capacitor fabricated from double-sided printed-
circuit board material. Fig. 3.7 shows one such sheet capacitor. The side of the board
visible in Fig. 3.7 is divided into 100 rectangular sections of 21mm x 29mm each; the
reverse side is covered by a solid sheet of copper. The capacitance between each
rectangular section and the backside sheet is approximately 24pF. Connecting rectangular
sections in parallel allowed precise control of the resonating capacitance, Sheet capacitors
like the one in Fig. 3.7 were used in resonating coils L, L3 and Ls. An HP33120 Arbitrary

Waveform Generator was used as a signal source for these tests.

Fig. 3.7 Sheet capacitance used to adjust resonant frequency

3.2.3 Measurement of resonator parameters

Each of the four resonant circuits was characterized. Measured parameters
included self-inductance (L), equivalent series resistance (ESR), and capacitance (C).
The resonant frequency (f;) for each resonant circuit (or resonator) was computed from
the measured values of L and C. To obtain measured data, an LCR resonant circuit was
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formed as shown in Fig. 3.8 below. A current sense resistance of 1Q was installed in
series with the resonant circuit, and an HP33120 Arbitrary Waveform Generator was
used as a sinusoidal signal source. The generator had an additional output resistance of
50Q, and it was adjusted to an open-circuited output voltage of 20Vpp. The voltage at the
input of the resonator (vi, in Fig. 3.8) and voltage across the current-sense resistance (Vo;
in Fig. 3.8) were measured using an Agilent DSO-2000X digital oscilloscope. Using the
data acquired from oscilloscope, ratio of output voltage to input voltage was calculated
using excel spreadsheet. Later, calculation of ratio of output voltage to input voltage and
phase angles using Egs. (3.4) and (3.5) shown below were determined.

Resonant |
circuit  |1£

Signal
generator

Fig. 3.8 Circuit for measurement of resonator parameters

Voi| _ Rsense (3.4)
N . 1 '
Vil {(Ryense + ESR) +j (0L — —=)}
1
wl - —=)
2 = _tan?! ( wC 3.5
vln Rsense + ESR ( )

The measurement technique was as follows. The frequency of the signal generator
was adjusted until vi, and v, were in phase at series resonance. ESR was computed using
Eqg. (3.6):
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ESR = Rsense | 77— 1 (3.6)

where Vi, is the voltage at the input of the resonator at resonance and v, is the voltage
across the sense resistor at resonance. Then the generator frequency was varied in steps;
at each measurement frequency, the magnitudes of vi, and v,; and the phase angle of vy;
relative to vi, were measured. The error between measured phase and calculated phase at

each frequency was computed with Eq. (3.7):

1
- WL — —
gp(w) = Z—fn + tan! —( o)C)

3.7
Vin Reonee  ESR (3.7)

where go(w) is the error between measured phase and expected phase at angular
frequency ®. Parameters L and C were determined numerically to minimize the sum of
the squares of the phase errors. Parameter values for respective resonant circuit are as

shown in Table 3.5 below.

Table 3.5 Parameters L, ESR, C, measured by techniques outlined in Section 3.2.3,

Resonant frequency f, was calculated from measured values of L and C

Circuits L, uH C, nF fr, kHz ESR, Q Q,, calc
L1 Cy 69.024 219.42 40.8 0.270 160.6
L, Cs 1044.99 2.430 99.9 3.405 192.8
L3Cs 1055.75 2.400 99.9 3.806 174.3
LsCy 8.00 313.86 100.4 0.175 28.7

3.24 Measurement of flux-coupling coefficients

Measurement of flux-coupling coefficients (k) was done between one pair of coils
at a time. Other coils were open-circuited. The measurement circuit was as shown in Fig.
3.9 below.
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+ v,

ob -

R sense_b

Fig. 3.9 Circuit for measurement of mutual inductance My, of inductors L, and L, where
Ly, is part of a series-resonant circuit. The signal generator was an Agilent HP33120A

Aritrary Waveform Generator
A loop equation for the resonant circuit in Fig 3.9 gives:

1-— szbC

(JwMapi,) = —ip < joC + Rgense b + ESR) (3.8)

Where M,y is mutual inductance between coil a and coil b.

Loop current i, is determined by measuring the voltage across sense resistor Rsense a. At

resonant frequency oy :

1
w, =
" JLC
Then Eq. (3.8) evaluated at o, gives:
(JwrMapiy) = _ib(Rsense_b + ESR) (3.9)
Wy Mgp|iy | £ iy +90° = (Rsense b + ESR) iy, | £180° (3.10)

From Eq. (3.10), it can be seen that current i; must lead iy by +90° at ;. Thus resonance
in the LyC circuit may be determined by locating the frequency at which i, and i, are in

quadrature. Then the mutual inductance My, between L, and L, may be computed by:
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(Rsense_b + ESR)
Wy

Iy

My, =

(3.11)

a

Actual measurements were made with an HP33120 Arbitrary Waveform Generator as the
signal source. The generator was set to produce a sinusoid with an open-circuit voltage of
20Vpp. The output resistance of the HP33120A is 50Q. Current-sense resistors were
10Q2 carbon-film. The flux-coupling coefficient ky, between L, and L, was computed by

Eq. (3.12). This procedure was

Mab
kg, =— 3.12
ab LaLb ( )

:

followed to calculate kip, ks, and kss. Flux-coupling coefficients ki3, ki, koq were
neglected as they are expected to have little effect as shown in Section 3.1.3. Table 3.6
below shows the simulated and measured flux-coupling coefficients for D3 = 1m and

2m.

Table 3.6 Simulated and measured coupling coefficient (k) at different separations D3
between L, and L3

D23=1.0m D23 =2.0m
Coupling coefficient (k) Simulated Measured Simulated Measured
K12 0.2529 0.2322 0.2529 0.2332
ko3 0.0442 0.03741 0.0079 0.00756
Ksg 0.1913 0.1919 0.1913 0.1919

Comparison of measured flux-coupling coefficients and simulated flux-coupling
coefficients in Table 3.6 shows there is a slight discrepancy. It is not unexpected,
however, as the calculation of flux-coupling coefficients assumes the coils to be spirals

but the actual coils were octagonal.

31



3.25 Measurements of electrical performance

Measured electrical performance parameters were the input current, input voltage,
and output power at the load. To measure the input current, a sense resistor of 1Q was
installed in series with coil L; (which could be accommodated in simulation by adding
1Q to the ESR of L;). A square-wave driver circuit with an output resistance on the order
of 0.1Q was used to drive the system. The driver circuit was itself driven with a square
wave at 100.0kHz supplied by an Agilent 33120A Arbitrary Waveform Generator. A
variable supply of up to 100V allowed the square-wave driver to produce up to a 100Vpp
signal. Using an Agilent DSO-2000X digital oscilloscope, the current through coil L;
(determined from measured voltage across the current-sense resistor) and voltage across
coil L; were acquired. The phase reference for all measurements was taken at the point of
zero crossing on a low-to-high transition of the input square wave. Digitized waveform
data were acquired by the oscilloscope and transferred to Excel for analysis. In the case
of current 1; through L; and the voltage across coil L;, the waveforms were non-
sinusoidal. These waveforms were decomposed into their fundamental and harmonic
components by numerical determination of amplitude and phase parameters of the
Fourier-series representation of the original waveform.

Once the Fourier-series parameters of the input voltage and input current

waveforms were determined, the input power could be determined by Eq. (3.13) below

|2||2| Ivnllnl

P, = 2SIy ”ll | ————cos(2v; — Liy) + ——cos( Lv, — Liy) + -+ + ——cos( 2v, — 2i,)

(3.13)

where |v,| is the amplitude of the n™ harmonic of the input voltage (including the
fundamental component, for which n=1), |i,, | is the amplitude of the n"™ harmonic of the
input current, v, is the phase of the n™ harmonic of the input voltage, and /iy is the
phase of the n™ harmonic of the input current. In most cases, there will be very little
power delivered by any frequency component except the fundamental, and the input

power may be computed as below
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|vs 1] |
Pi =~ >

cos(2vy — Liy) (3.14)

where |v; | and |i; | are amplitudes of voltage and current, respectively, and £v; and iy
are the phase angles of voltage and current, respectively, of the fundamental
components of the input voltage and current waveforms.

Voltages across coils L, L3 and L, were measured. These voltages were
sinusoidal in nature as would be expected from resonant circuits of high Q. Output
power was measured using the measured voltage across non-inductive resistive load (R.)

value at coil L4 using the Eq. (3.15) shown below.

2
]/T'TYLS

R,

Poue = (3.15)

where Vs is the rms voltage across load resistor R.. Measured results are summarized in
Table 3.8 below. Table 3.8 below shows measured and simulated data for input power,
output power, and efficiency at distances D,3 of 1m and 2m between the transmitting and
receiving resonators. Measurements for D,3=1m were acquired when system was excited
with 100Vvdc supply, while for D,3=2m, the system was excited with 50Vdc supply.

Measurement of the input power for the network at spacing D3 of 2m was not performed
by Fourier decomposition of the input voltage and current waveforms, but was rather
determined as the product of dc bus voltage to the square-wave driver and dc supply
current. For these measurements, the dc bus voltage was supplied by an Agilent E3631A

DC power supply.
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Table 3.7 Measured output power, efficiency, and input current (magnitude and phase)
for the four-coil midrange WPT network vs. D3, separation of the transmitter and
receiver resonator coils

Efficiency,
Input power, W Output power, W y
0
5 Dc Bus
2 Voltage, | Measured | Simulated | Measured | Simulated | Measured | Simulated
m
\Y

1 100 35.07 28.9 24.75 21.8 71 75.4
2 50 1.3 1.290 0.364 0.294 18 22.8

Performance of system was close to what simulation has predicted. The reason for slight
drop of efficiency at both distances is the actual quality factor (Q) recorded is lower than

value used in prediction.

3.3 Summary

In this chapter, the design of a four-coil magnetically-coupled resonant circuit
WPT system with a single transmitter and single load was investigated. This system has
been validated with both experimental and simulated data which agree within +5%.
Methodologies for measuring resonator parameters (self-inductance (L), capacitance (C),
equivalent series resistance (ESR), and flux-coupling coefficients (k)) were presented. A
method of measurement of input power by Fourier series decomposition has been

demonstrated.
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Chapter Four

Modeling of WPT system with multiple sources and loads

4.1 Summary of recent work in WPT with multiple sources and receivers

WPT systems with single loads have been discussed and demonstrated to transfer
power over a mid-range (1-2m) with power ranging from mW to kW with reasonable
efficiency using non-radiative coupling, loosely-coupled inductors and resonating
capacitors. This chapter is intended to discuss and demonstrate the performance of WPT
systems with multiple transmitters and/or multiple loads or receivers.

For over a decade, WPT systems using near-field (non-radiative) coupling with
single loads (receivers) have been found to be attractive with good efficiency and power
levels for reasonable distances. However, recent work in magnetically-coupled WPT
systems includes multiple transmitters and multiple receivers. Some of recent
developments of WPT systems using this type of topology are discussed below.

In 2010, Kurs et al [44] demonstrated power transfer to multiple devices.
Demonstration with one source found powering two devices simultaneously resulted in
increased overall efficiency even with relatively lower flux-coupling coefficients with
individual devices.

In 2010, Kim et al [45] analyzed wireless energy transferred to multiple devices
using CMT (coupled-mode theory) which states that efficiency of a multiple-receiver
system is dependent on coupling coefficients between the source and loads and on the
coupling coefficient between multiple loads systems and for reasonable efficiency of
system one should be limited with number of receivers included in system.

In 2011, Bong [46] investigated design with variety of transmitter and receiver
combinations WPT for improving power transfer efficiency (PTE). This was followed by

a Monte Carlo simulation which predicts the optimum number of transmitters and
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receivers for improving PTE of the system.

In 2012, Kim et al [47] described a compact planar structure which has multiple
self-resonators (a total of 5) with a single load in which the position of the load can be
varied over a region in which the receiver will couple with any one of the resonators. By
varying the resonant frequency of the load coil the efficiency of the system was
improved.

In 2013, Ahn and Hong [48] investigated a WPT system with multiple
transmitters and multiple receivers. Frequency conditions for maximum efficiency and
power are addressed under flux coupling coefficient (k) with multiple transmitter and
receivers placed in a limited space which include cross coupling coefficient (flux-
coupling coefficient (k) between multiple transmitters and multiple receivers) also.
Automatic adjustment of operating resonant frequency of system is provided. Power
transfer of 51W-65W with efficiency between 45%—-57% under very low flux-coupling
coefficients of 0.025-0.063 was demonstrated.

In 2013, Shin et al [49] investigated high power application of a WPT system. A
system with six supply and receivers pairs to obtain high power output is proposed using
magnetically coupled resonance method. Power of 490kW was transferred over an air
gap of 11cm with an efficiency of 90% at a frequency of 20 kHz.

In 2013, Lee et al [50] proposed a new topology suitable for dynamic wireless
charging. The system consists of a transmitter and multiple coils commensurate with
moving receivers. It uses reflected reactance by receiver in to transmitter to automatically
increase the field strength between transmitter and receiver and reach maximal efficiency.
The system operated at 100 kHz with a total output power of 300W.

4.2 Design tool for WPT system comprising multiple transmitter (source) and/or
receivers (loads)

A major design consideration for commercial application of WPT is the space or
region in which a device may be placed for drawing power without use of cords or cables
[12]. In this section, a discussion is presented of a WPT design with multiple resonators,
each of which may be used as a power source (transmitter), passive resonator, or power

sink (load or receiver) which may enhance the region over which device can be placed
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for drawing power wirelessly. A calculation tool using Excel has been developed to

estimate the performance of multiple-resonator WPT networks.

4.2.1 Development of a universal resonator block
The circuit shown below in Fig. 4.1 is a basic resonant circuit with an inductor
(L), a capacitor (C), and a resistance (Resr, the sum of equivalent series resistances of L

and C), as the basic components.

C

RESR

Fig. 4.1 Basic passive resonator of a generic WPT system

The passive resonator can be transformed into a receiver (load) by adding a load
resistance R_ as shown in Fig. 4.2(a); it can be transformed into transmitter (source) by
adding a voltage source Vs with an output resistance Rs and output inductance Ls as
shown in Fig. 4.2(b); and it can be used as a passive/self-resonator without adding any
other components. A square-wave source is used in practice as voltage source Vs. An
output inductance Ls is included in series with the source for mitigation of the possibility
that the impedance connected to the terminals of Vs might become capacitive under
certain loading conditions. Driving a capacitive load with a square wave driver may
result in destruction of the driver [43]; in most circumstances, however, it is expected that
Ls will be zero.

Combination of the source resonator and the receiver resonator will result in
formation of universal resonator block as shown in Fig. 4.3 that can be used to fulfill any
role (as source, load/receiver, passive/self-resonator) as needed by proper choice of

components and parameters.
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Fig. 4.2 (a) and (b): Transformation of the basic passive resonator into a receiver (a) and

a transmitter (b)

1 C Ress

Lo =R
+ -

Rs )
/

Fig. 4.3 Universal resonator block. The reference polarity of the inductor and

direction of current | have been added

4.2.2  Analysis of a WPT network composed of universal resonator blocks
A WPT network composed of n universal resonator blocks is diagrammed in Fig 4.4

below.
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Fig. 4.4 WPT system with multiple resonators

The resonators are linked through mutual inductances Miz, Mys..... Mp-yn. A loop
equation may be written for each resonator, and these loop equations may be solved
simultaneously. Loop equations are given below for the network of Fig. 4.4 under

sinusoidal, steady state excitation at angular frequency o:

1
~Var = 1R + Respa + Run) + [0y + 1) = —<| s .
1

+HjwMi Iy + joMzl3+.. HjwM, 1,

) 1
—Vs2 = Iz(Rsz + Rgspz + Ry2) +J [w(Lsz +Ly) — E] I; ...
2

+jwMi 1 + joMyzI3+. . +jwMy, 1L

) 1
—Von = In(Rsn + Rgspn + RLn) +]J [(‘)(Lsn + Ln) - wC I ..
n

+HjwMynly + joMypLh+. . HjwMgy_1ynlh-1 (4.1)

These equations can be expressed in a matrix form as shown below:
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_ 1 .
(R1 + jwl; + —) (JoMiz) (jwMgsz) ... joMy)

]a)Cl 1 Il VSl
(jwM12) (Rz +jwl, +]a)—CZ) (wMy3) ... jwMay,) 1:2 — V§2 (4.2)
' Ll Ve

' 1
(JwMyy) (joMz,) (jwMsy) .. (Rn +jwly + - )
i jwCy/ ]

where R{, R; , ..., R}, represent the sums of all resistances (R, = Rg, + Rgsrn + Rpp) IN
each resonator; M;y, Myy, ... M(n_1)n are mutual inductances; L}, L5, ... Ly are sum of
inductances (L, = Lg, + Lgsrn) N €ach resonator; Cy, C,, ... C, are the capacitances in
each resonator; I, I,, ... I, are currents in each resonator; Vgq, Vs, ... Vo are the supply
voltages in each resonator.

Eg. (4.1) may be solved using tools such as Excel or Matlab in a relatively
straightforward manner. An Excel spreadsheet calculator for analysis of multiple-
resonator WPT systems has been developed to solve the loop equations for networks of
up to eight resonators. Input parameters for each resonator include the source voltage V;;
phase of the source voltage; resonator inductance (L); source resistance (Rs); source
inductance (Ls); inductor ESR (ESR\), capacitance (C); ESR of the capacitance (ESRc);
and load resistance (R.). Flux-coupling coefficients (ki,... kzg) are also supplied by the
user. Individual resonators may be excluded from the network if a WPT network of fewer
than eight resonators is to be represented. This spreadsheet predicts the performance of
the system by computing current in each resonator, voltage across each resonator’s
inductor, input power to each source (transmitter) resonator, and output power at each
load resistance. Losses in each resonator, as well as overall efficiency, are computed. A

Matlab script has been written to validate the calculations of the spreadsheet.

4. 3 Design of a multi-resonator WPT system with one transmitter and two receivers

A 5-resonator system with one transmitter, two passive resonators, and two
receivers has been designed, analyzed with the Excel WPT design tool, constructed, and
tested.
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4.3.1 System and circuit topology

The proposed mid-range WPT system with multiple resonators employs five
resonators as in Fig. 4.5. They are the transmitting resonator (including L;); passive
resonator (including Lj); receiving resonator (including Ls3); and receiver (load)
resonators including L4 and Ls. Five capacitors C;—Cs and two load resistances R4 and
RLs composed non-inductive thick-film power resistors complete the system. The system

is driven by a square-wave source Vg; in resonator 1. It is assumed that voltage source Vs;

Cs Resrs

Fig. 4.5 Schematic of five-resonator WPT system with one source and two loads.

produces a square wave. However, sinusoidal steady-state analysis by means of the
phasor transform may be applied to the circuit of Fig. 4.5 by decomposing the square-
wave source into its harmonic components. For this type of analysis, Vs; is replaced by
sinusoidal source vs at the appropriate fundamental or harmonic frequency. In practice,
the WPT network is designed such that the fundamental frequency of the square-wave
source is the only constituent of the square wave that delivers significant power [36].
The output resistance of the driving square-wave source Vs; is Rs;. Losses in each of the
five loops are modeled by including equivalent series resistance (ESR) elements Resgri—
Resrs. It is assumed that all five resonators are coupled through mutual inductances My,
M1z, M1, Mis, Moz, Mg, Mos, Mag, M3s and Mys. The principal mutual inductances
representing the direct path for power transfer are M, Mj3, M34 and Mss. The effect of
the other mutual inductances (which may be termed parasitic mutual inductances) is to

complicate the design and analysis process.
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4.3.2 Design of WPT system with five resonators

The design of five coil system is relatively straightforward, and its design process
is similar to that described in Section 3.2.1, except that the single load was replaced with
two new load resonators (which include L4 and Ls). Coils Ly and Ls were designed as
identical 10-turn single-layer spiral structures with a pitch (turn-to-turn spacing) of
0.015m and an initial (inner) radius of 0.14m. The calculated self-inductance of each coil
was 55.56uH.

Linear separation between resonators in this design is same as the separation
described in Section 3.2.4. The two load resonators replaced the resonator L4-C4 of the
previous design. Magnetic vector potential methods were then applied to compute values
for flux-coupling coefficients among the pairs of resonator inductors for Doz =1m. Flux-
coupling coefficients ki, ki3 and ko3 were assumed to be unchanged from their previous
values. Table 4.1 below gives the calculated flux-coupling coefficients related to L4 and
Ls.

Table 4.1 Coupling-coefficients related to resonators L, and Ls

Resonator 1 2 3 5
4 0.00450 | 0.00829 | 0.10687 | 0.03150
5 0.00450 | 0.00829 | 0.10687

Capacitors C,, C3, C4 and Cs were chosen to resonate with L,, L3, Ly and Ls,
respectively, at the operating frequency of 100.0 kHz; the calculated values for C, and Cs
are 2.367nF, while those for C, and Cs were 45.469nF. Capacitor C; was chosen to be
rather large as discussed under Section 3.1.2.

The rms value of the fundamental component of the square wave driving the
network was set to 6.08V (consistent with a square wave source of 13.5Vpp) and the
output resistance of the square-wave drive was fixed at 0.3Q2; both values are reasonable
for the application. The ESRs were calculated (assuming Q of 200 at 100 kHz) as R; =
0.2066Q2, R, = R3 = 3.361Q2, and R, = Rs = 0.175Q.
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4.4 Construction and test of WPT system with five resonators

4.4.1 Fabrication of new load resonators for the five-resonator system

The five-resonator WPT system was constructed to validate experimentally the
model described in Section 4.3.2. Resonators L4 and Ls were fabricated by winding them
on acrylic coil supports attached to peg board as discussed in Section 3.2.1. The
fabricated coils L4 and Ls are shown in Fig. 4.6 below. Fig. 4.7 shows the arrangement of

resonators for experimental validation

Fig. 4.6 Fabricated resonators Ls (left) and L4 (right). The circuit board between the two
coils is a load block consisting of nine clusters of 50Q noninductive power resistors
which could be combined to form various resistance values. At the center of each coil

are found fixed capacitors and sheet capacitors for precise resonator tuning.
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Fig. 4.7 Diagram of resonator arrangement of the five-resonator network with two

receivers (loads) and a single transmitter (source), Numbers indicate resonator numbers.

After having fabricated coils L4 and Ls in Fig. 4.6, resonators were constructed by
adding capacitors and load resistors. Capacitance values were chosen to resonate coils L4
and Ls at 100.0kHz. Fine-tuning of the resonant frequencies of each resonator was

accomplished with “sheet” capacitors as discussed in Section 3.2.2.

4.4.2 Measurement of resonator parameters
A parameter-characterization test was performed on all resonators. The
measurement methodology was the same as discussed in section 3.2.3. Below Fig. 4.8 —

Voi

Fig. 4.12 show the plots of measured and calculated values of

and L(E) VS.

Vin

Vin

frequency which were obtained during the process of resonator characterization.

44



resonator L,-C, characterization test: voi/vin vs. frequency

|voi/vin|, meas |voi/vin|, calc
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Fig. 4.8 Characterization of L;-C; resonator Values of L;=67.308 uH, C;=256.3 nF,

Resr1=0.566Q2 provided the best fit of measured and calculated values

resonator L,-C, Charactarization test: voi/vin vs. frequency
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Fig. 4.9 Characterization of L,-C, resonator Values of L,=1040.18 uH, C,=2.438 nF,

Resr2=3.663Q2 provided the best fit of measured and calculated values
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resonator L;-C, characterization test: voi/vin vs. frequency
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Fig. 4.10 Characterization of L3-C3 resonator Values of L3=1044.99 uH, C3=2.418 nF,

Resr3=3.846Q provided the best fit of measured and calculated values
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Fig. 4.11 Characterization of L4-C,4 resonator Values of L,=53.17 uH, C,=47.409 nF,

Resr1=0.111Q provided the best fit of measured and calculated values
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resonator Ls-C.Charactarization test: voi/vin vs. frequency
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Fig. 4.12 Characterization of Ls-Cs resonator Values of Ls=55.67 uH, Cs=45.469 nF,

Resrs=0.235Q provided the best fit of measured and calculated values

Measured parameters of the resonators of the five-resonator system are summarized in
Table 4.2 below:

Table 4.2 Measured parameters L, ESR, C, and fr of resonators of five-resonator network

Resonator L, uH C, nF fr, kHz ESR, Q
1 67.308 256.22 38.32 0.566
2 1040.18 2.4381 99.90 3.663
3 1044.99 2.4189 100.10 3.846
4 53.17 47.409 100.24 0.11
5 55.67 45.469 100.03 0.235

Using the measured parameter for L, C, f;, and ESR, flux-coupling coefficient (k)
between the pair of coils was measured using the procedure as described in Section 3.2.4;

measured values of coupling coefficient are as shown in Table 4.3 below.
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Table 4.3 Measured flux-coupling coefficient between pairs of resonator coils for the

five-resonant network.

Resonator 1 2 3 4
Ly
L, 0.2448
Ls 0.0167 0.0334
L4 0.0037 0.0068 0.0943
Ls 0.0044 0.0071 0.0993 0.0294

4.4.3 Comparison of experimental and simulated results

Tests were performed to validate the simulated design of the five-coil system as
discussed above. Resonator coils were planar and were arranged in parallel planes. The
configuration is diagrammed in Fig. 4.7 below.

The transmitter resonator (resonator 1) was energized with a 13.5Vpp square
wave at 100kHz. An Agilent 33120A arbitrary waveform generator provided the
controlling waveform to the driver circuit. The driver circuit had an output resistance on
the order of 0.1Q2. The receiver resonators were terminated with different combinations of
load resistances; various load resistances could be obtained by placing various numbers
of 50Q non-inductive thick-film resistors in parallel. Fourier decomposition was applied
to the waveforms of the driving voltage and current in resonator L; acquired from a
digital oscilloscope. Tables below show the simulated and experimental data of the five-
resonator system for the various combinations of load resistances on each of the
receivers.

Tables 4.4 through Table 4.6 below show the simulated and experimental currents

in resonators 1, resonator 4, and resonator 5 for various combinations of R 4 and R;s.
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Table 4.4 Simulated and experimental currents in resonator 1

vs. load resistances Ry 4 and R 5

1, A I, A D,° | D,°

R, Q | Ris, Q (sim) (exp) (exp) (exp)

10 0 0.081 | 0.088 | -23.4 | -2538

o0 16.7 0.101 | 0.090 | -25.79 -24

12.5 12.5 0.058 | 0.058 | -17.89 | -35.9

12.5 25 0.068 | 0.071 | -19.84 | -29.2

10 16.7 0.058 | 0.061 | -18.1 -34.7

10 12.5 0.054 | 0.057 | -17.59 | -37.6

Table 4.5 Simulated and experimental current in resonator 4

vs. load resistances R4 and Ry 5

o, A | 15, A | @4,° | Py,°

R, Q | Rys, Q i
(sim) | (exp) | (exp) | (exp)
10 0 0.176 | 0.171 | 73.67 89.1
v | 167 | - i i i

125 125 | 0.092 | 0.08 7T 91.2

125 25 0.114 | 0.107 | 76.17 | 88.7

10 16.7 | 0.116 | 0.1043 | 78.68 | 89.5

10 12.5 | 0.106 | 0.0911| 79.1 91.7
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Table 4.6 Simulated and experimental current in resonator 5

vs. load resistances Ry 4 and R 5

Is, A Is,A | &5,° | &s5,°

Ria, Q | Res, Q (sim) (exp) (exp) (eXp)

10 o - - |- -

0 16.7 | 0.147 | 0.134 | 69.2 87.5

12.5 125 | 0.098 | 0.097 | 77.73 | 885

12.5 25 0.061 | 0.066 |73.69 |89.1

10 16.7 | 0.075 | 0.077 | 76.19 |89.1

10 125 | 0.087 | 0.0866 | 77.65 | 88.3

Table 4.7 shows the simulated and experimental powers in the load resistors R, 4 and Rys.

Table 4.7 Simulated and experimental power in resonators 4 and 5
vs. load resistances R 4 and Rs

PoaW | P4W | PsW | PsW

Ris, Q | Ris, Q
H ko (sim) (exp) (sim) (exp)
10 o0 0.309 0.292 - -
00 16.7 - - 0.362 0.300

12.5 12.5 0.105 | 0.079 0.12 0.118

12.5 25 0.162 | 0.143 | 0.094 | 0.108

10 16.7 0.135 | 0.108 | 0.094 | 0.099

10 12.5 0.112 | 0.089 | 0.099 | 0.098
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Table 4.8 shows simulated and experimental power input to resonator 1 and simulated

and experimental efficiencies (1)).

Table 4.8 Simulated and experimental power in resonator 1 and efficiency
vs. load resistances R 4 and Rs

PL,W|PLW | n,% | n,%

R, Q | Ris, Q (sim) (exp) (Sim) (EXp)

10 0 0.452 | 0.452 | 68.3 64.6

00 16.7 | 0.554 | 0.458 | 65.3 65.5
12.5 125 | 0.333 | 0.278 | 67.8 71
12.5 25 0.361 | 0.372 | 68.8 69.6

10 16.7 | 0336 | 0.299 | 68.2 69.8

10 125 | 0314 | 0.272 | 67.2 66.5

Experimental results are in good accordance with simulation results

4.5 Design of a WPT system with multiple resonators with two transmitters and two
receivers:
After design and validation of a WPT system with two receivers, the design of a
multiple resonators system with two transmitters and two receivers was undertaken. The
system contains six resonators with two transmitters, two passive resonators, and two

receivers.

45.1 System and circuit topology

The proposed mid-range multiple resonator WPT system with multiple resonators
employs six resonators as in Fig. 4.13. The topology shown in Fig. 4.13 includes of six
inductors: transmitting resonators Lg and L7; passive/self-resonator L,; passive/self-

resonator Ls; and receiver (load) resonators L4 and Ls. Six capacitors C,—C; and two load
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resistances R 4 and Ry s composed of non-inductive resistors complete the system. The
system is energized by a common square-wave source Vg (as in Fig. 4.14) for two
transmitters. Sinusoidal, steady-state analysis by means of the phasor transform may be
applied to the circuit of Fig. 4.13 by decomposing the square-wave source Vg into its
harmonic components. For this type of analysis, Vs is replaced by sinusoidal source vs at
the appropriate fundamental or harmonic frequency. In practice, the WPT network is
designed such that the fundamental frequency of the square-wave source is the only
constituent of the square wave that delivers significant power [36]. The output resistance
of the driving square-wave source Vyq is Rs. Losses in each of the five loops are modeled
by including equivalent series resistance (ESR) elements R,—Ry7. It is assumed that all six
resonators are coupled through mutual inductances M7, Mg2, Mgz, Mss, Mgs, M7z, My,
Mz74, M75 Moz, M2y Mos M3q Mss and Mys. The principal mutual inductances representing

the direct path for power transfer are Mgz, M72, M3 M34, and Mgs.

Me2
e b e i b R S e e
+,L L + = C
Resss  Ce V. 6 Resw Gy Vo Ly L2 Resr2 Ls Resr3 Cs LsLs °
Is 6 N 7 *+ c, °*+ c Resra  +°© ®+  Resr
- 7 -
L L g Vo g V3 V4 E g V5
s6 s7 ) ) RLs i i Ruis
-+ Re - + Ry uz &Ylg I“q) &Vls
M3 Mas
Mz,
M
Mes
Mes

Fig. 4.13 Schematic of six-resonator WPT system



Resr? c, V7. L,

Fig. 4.14 Schematic of excitation of Lg and L7

45.2 Design of a WPT system with six resonators

The six-resonator WPT system was created by modification of the five-resonator
system. This was done by replacing transmitter resonator L;-C; with two transmitter
resonators Lg-Cg and L;-Cy. Lg and L7 were designed identically to coils Ly and Ls in the

five-resonator system. Separation between resonators in this design is as in Fig. 4.15.

0.3m 1.0m 0.28 m
Re 5 | |
| 4 Receiver
+ Passive | =
2 3
Vs resonators

- 7 4 5 % Receiver
i | . R|_5
Transmitters

Fig. 4.15 Diagram of inductor arrangement of the six-inductor network with two

receivers (loads) and two transmitters (sources), Numbers indicate resonator numbers.
Magnetic vector potential methods were then applied to compute values for flux-
coupling coefficients (k) between each pair of resonator inductors for D,z =1m. Flux-

coupling coefficients among L,—Ls will be unchanged because the orientations of these
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coils have not changed. Table 4.9 below gives the flux-coupling coefficients related to L
and L.

Table 4.9 Flux coupling-coefficients related to resonators Lg and L;

Resonator 2 3 4 5 6
6 0.099699 | 0.007988 | 0.001978 | 0.001360 | 0.031502
7 0.099699 | 0.007988 | 0.001360 | 0.001978

Symmetric construction of the system leads to the expectation that the coupling
coefficients of coils Lg and L7 with L, will be equal; a similar argument holds for L.

Capacitors C,, C3, C4 and Cs were chosen to resonate with L, L3, Ly and Ls,
respectively at the operating frequency of 100.0kHz; their calculated values are
C,=C3=2.367nF and C4,=Cs=45.469nF. Capacitors Cs and C; were chosen to be rather
large to ensure the input impedance of the WPT network would always retain a net
inductive reactance as discussed in Section 3.1.2. Both Cg and C; were 300nF. The rms
value of the fundamental component of the square wave driving the network was set to
13.50V (corresponding to a 30Vpp square wave) and the output resistance of the square-
wave drive was fixed at 0.3Q; both values are reasonable for the application. The ESRs
were calculated (assuming Q of 200 at 100 kHz) as Rg = R7 = 0.175Q2, R, = R3 = 3.361Q),
and R4 = Rs= 0.175Q).

4.6 Empirical design of WPT with six resonators:

4.6.1 Fabrication of load resonators for the six-resonator system

To validate the model of WPT system with six resonators as discussed in Section
4.5.2 experimentally, resonators Lg and L; need to be fabricated which was done by
fixing acrylic coil support and spacers on peg board as discussed in design of WPT
system with five resonator. Fig. 4.16 below shows the fabricated resonators for Lg and L
which are arranged side by side so that their mutual inductance is minimized, on a peg

board that occupied same size for load coil in chapter 3’s empirical design. These new
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coils occupy the same space as the transmitter coil L1 in four- and five- coil WPT

systems described in Section 3.2.1 and Section 4.4.1

Fig. 4.16 Fabricated resonators L; (left) and Lg (right)

After installing capacitors in series with transmitter resonators Lg and L7, they were

excited with a common square wave source

4.6.2 Measurement of resonator parameters

Characterization tests (to measure parameters of resonators) of resonator were
performed on all resonators. Measurements of the resonator parameters followed same
procedure as discussed in Section 3.2.3. Figures, Fig. 4.17 through Fig. 4.22 below show

Voi

the plots of measured and calculated values of

and 2 (@) vs. frequency which were

Vin Vin

obtained in the process of characterization of resonators and resonator parameter that best
fits the data.
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resonator L,-C, characterization test: voi/vin vs. frequency

——|voilvin|, calc ® |voi/ vin|, meas
Phase(voi/vin), calc Phase(voi/vin), meas

e T A A T - 90
=
=2
‘S
>

0.3

0.0 ;

99 99.25 995 99.7/5 100 100.25 100.5 100.75 101

frequency, kHz

Fig. 4.17 Characterization of L,-C, resonator. Values of L,=1025.16 uH, C,=2.475 nF,

Resr2=3.256 Q provided the best fit of measured and calculated values

resonator L;-C, characterization test: voi/vin vs. frequency

® |voi/vin|, meas |voi/vin|, Calc
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Fig. 4.18 Characterization of L3-Cs3 resonator. Values of L3=1036.78 uH, C3=2.443 nF,

Resr3=3.932 Q provided the best fit of measured and calculated values
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resonator L,-C, characterization test: voi/vin vs. frequency

® |voi/vin|, meas [voi/vin|, calc
¢ Phase(voi/vin), meas Phase(voi/vin), calc
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Fig. 4.19 Characterization of L4-C,4 resonator. Values of L4,=53.17 uH, C4,=47.409 nF,

Resra=0.111Q provided the best fit of measured and calculated values

resonator Ls-C; characterization test: voi/vin vs. frequency
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Phase(voi/vin), meas Phase(voi/vin), calc

0 - 50
|
0.75 25 §
§ 0.7 0 €
= =
S g
0.65 -25°g
@
o

0.6 -50

99.5 99.7 99.9 100.1 100.3 100.5 100.7 100.9 101.1 101.3
frequency, kHz

Fig. 4.20 Characterization of Ls-Cs resonator. Values of Ls=59.83 uH, Cs=41.807 nF,

Resrs=0.340 Q provided the best fit of measured and calculated values
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resonator L4-C4 Characterization test: voi/vin vs. frequency
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Fig. 4.21 Characterization of Le-Cg resonator. Values of Ls=59.85 uH, C¢=271.66 nF,

Resre=0.340 Q provided the best fit of measured and calculated values

resonator L,-C, Characterization test: voi/vin vs. frequency
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Fig. 4.22 Characterization of L,-C; resonator. Values of L;=55.64 uH, C;=289.82 nF,

Resr7=0.340 Q provided the best fit of measured and calculated values
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Measured parameters of the resonators of the six-resonator system are summarized in
Table 4.10 below:

Table 4.10 Measured inductance, capacitance, ESR, and resonant frequency of the

resonators of the six-resonator WPT network.

Resonator L, uH C,nF fr, kHz Resr, Q
L, 1025.16 2.475 99.91 3.256
Ls 1036.78 2.443 99.99 3.932
Ly 53.17 47.409 100.2 0.111
Ls 59.83 41.807 100.62 0.340
Le 59.85 271.66 39.47 0.340
L; 55.64 289.82 39.47 0.340

Using the measured parameters for L, C, f;, and ESR, flux-coupling coefficients
(k) between the pairs of coils were measured using the procedure described in Section
3.2.4; measured values of coupling coefficients are as shown in Table 4.11 below. Gray

blocks in Table 4.11 indicate repeated values of flux coupling coefficients.

Table 4.11 Measured flux-coupling coefficients between pair of resonator inductor for

six-resonator network

Resonator 2 3 4 5 6
3 0.0338
4 0.0068 0.0946
5 0.0073 0.1047 0.0294
6 0.0979 0.0077 0.0018 0.0014
7 0.0836 0.0062 0.0011 0.0020 0.0236
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4.6.3 Comparison of measured and simulated results for six-resonator network

Tests were performed to validate the design of the six resonator system.
Resonator coils were planar and were arranged in parallel planes. The configuration is
diagrammed in Fig 4.21 below.

The transmitter resonators (resonator 6 and resonator 7) were energized with a
30Vpp square wave at 100 kHz. An Agilent 33120A arbitrary waveform generator
provided the controlling waveform to the driver circuit. The driver circuit had an output
resistance on the order of 0.1Q. The receiver resonators were terminated with different
combinations of load resistances; various load resistances could be obtained by placing
numbers of 50Q non-inductive thick-film resistors in parallel. Fourier decomposition was
applied to the waveforms of the driving point voltage and current in Lg and L; acquired
from a digital oscilloscope. Tables below show the simulated and experimental data on
the system with six resonators for various combinations of load resistances on each of
receivers.

Tables 4.12 through Table 4.15 below show the simulated and experimental
currents in resonator 6, resonator 7, resonator 4, and resonator 5 for various combinations

of load resistances R4 and Rys.

Table 4.12 Simulated and experimental current in resonator 6

vs. load resistances R4 and Ry 5

|61A |61A QDG’O ¢6|°
Ris, Q Ris, Q . .

(sim) (exp) (sim) (exp)
10 16.7 0.321 0.367 -46.07 -50.4

16.7 10 0.3123 0.34 -45.2 -45
12.5 12.5 0.3173 0.351 -45.5 -47.6
125 25 0.3522 0.418 -51.7 -53.7
25 12.5 0.3405 0.420 -50.3 -58.1
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Table 4.13 Simulated and experimental current in resonator 7

vs. load resistances R4 and R 5

7, A 7, A &, ° @7, °
Ri4, Q Ris, Q ) :

(sim) (exp) (sim) (exp)

10 16.7 0.3484 0.316 -54.4 -53.2
16.7 10 0.3395 0.314 -54 -51.3
125 125 0.3441 0.308 -54.0 -49.9
125 25 0.3788 0.3424 -58.3 -58.6
25 12.5 0.3677 0.375 -57.41 -59.7

Table 4.14 Simulated and experimental current in resonator 4

vs. load resistances Ry 4 and R 5

14, A 14, A Dy, ° Dy, °
Ria, Q Ris, Q . )

(sim) (exp) (sim) (exp)
10 16.7 0.458 0.442 45.1 58.2
16.7 10 0.2656 0.243 43 65.2
125 125 0.3606 0.343 443 61.1
125 25 0.4215 0.406 39.7 52.6
25 12.5 0.2028 0.190 38.2 55.8
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Table 4.15 Simulated and experimental current in resonator 5

vs. load resistances Ry 4 and R 5

Is, A Is, A D5, ° Ds , °

Ris, Q Ris, Q ) ]
(sim) (exp) (sim) (exp)
10 16.7 0.3191 0.335 447 57.8
16.7 10 0.5012 0.5127 48.5 57.3
125 125 0.4136 0.4326 46.8 57.8
125 25 0.2465 0.254 38.6 49.7
25 12.5 0.462 0.467 43.1 50.1

Table 4.16 shows the simulated and experimental power dissipation in load

resistors R4 and R 5 vs. load resistances R 4 and Rs.

Table 4.16 Simulated and experimental power dissipation in load resistances R, 4 and R 5

Ps, W Ps, W Ps, W Ps, W
R, Q Ris, Q . i

(sim) (exp) (sim) (exp)

10 16.7 2.097 1.951 1.7 1.874
16.7 10 1.178 0.982 2.512 2.629
12.5 12.5 1.625 1.474 2.138 2.339
12.5 25 2.221 2.062 1.519 1.609
25 12.5 1.028 0.900 2.668 2.725

Table 4.17 shows simulated and experimental power input to resonator 6 and

resonator 7 and Table 4.18 shows simulated and experimental efficiencies (1).

62



Table 4.17 Simulated and experimental power in resonators 6 and 7
vs. load resistances R4 and R

Ps, W | Ps, W | P;,,W | P;,, W

(sim) | (exp) (sim) | (exp)

10 16.7 3.015 | 3.164 2.74 2.572

Rus, Q | Res, Q2

16.7 10 2972 | 3.248 | 2.698 | 2.649

12.5 12.5 3.006 | 3.212 | 2.731 | 2.685
12.5 25 2948 | 3.364 | 2.688 | 2.422
25 12.5 2939 | 2981 | 2675 | 2.519

Table 4.18 Simulated and experimental efficiency vs. load resistances R4 and Rys
Ria, Rs, | 7,% | ,%
Q Q (sim) | (exp)
10 16.7 66 66.7

16.7 10 65.1 | 61.2

125 | 125 | 65.6 | 64.7

12.5 25 664 | 63.4

25 125 | 65.8 | 65.9

Experimental results and simulated values were largely in line, except for the
measured phase of current I,. The expected reason for the differences is due to highly
sensitive nature of system to input parameters. It is found that a slight change in the value
of the coupling coefficient ks, the difference between the experimental and simulated
phases of 14 could be reduced.

4.7 Summary
The design of WPT system with multiple resonators with loose coupling has been
validated with both theoretical and experimental data and both have been found matching
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and error within 5%. Tool designed using spreadsheet has also been successfully
validated with theoretical and experimental data. For a WPT system with multiple
resonators, case with one power source (transmitter) and two loads (receiver) and case
with two power sources (transmitters) and two loads (receivers) has been successfully

verified.
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Chapter Five

Conclusion

5. 1 Conclusions

The primary data gathered from the experiments performed are useful in shaping
the future of wireless power transfer, as it progresses toward goals of high power and
high efficiency. In this thesis, design and analysis of WPT systems involving four, five,
and six coils have been validated by experiment. Methodologies for measuring resonator
parameters and for measuring mutual inductances are also described. The efficiency
reached by the experimental model (incorporating a single source and load) described in
Chapter Three reached about 70% with an air gap distance of 1m between transmitting
and receiving resonators. A model for WPT networks including an arbitrary number of
resonators has been proposed. An analysis tool for WPT designs including up to eight
resonators at a time has been modeled. The simulated work was validated by experiment
for five- and six-resonator WPT systems. The efficiency reached by the experimental
five-resonator network described in Chapter Four reached about 70% with an air gap of
1m between the source and load resonators. It was also found that efficiency of system
was improved with two loads acting on a system. Later, a six-resonator system with two
sources and two receivers was also experimentally validated. The efficiency reached by
the six resonator system was about 68% for a separation of 1m between the transmitter

and receiver resonators.

5. 2 Future work

The immediate extension of this thesis could be validating the designed four-coil
method under different resonator-to-resonator separations and with nonlinear (instead of
resistive) loads. Work could also be undertaken for empirical validation of multiple-

resonator systems with various physical configurations (e.g., arrangement of resonators in
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a circle or resonators in parallel offset lines for “leapfrog” power transfer). In addition,
modeling and validation with realistic loads (including nonlinear loads) could be a

fruitful area of research
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