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ABSTRACT

In this thesis, the design and implementation of power converter and controller for
wireless power transfer systems are studied. Transferring electricity without a direct use of
conductors to transfer power from the source to the load has become a hot topic recently
despite the existing limits on the level of transferred power, distance, and efficiency of the
system. The newly commercially available fast high-power switches have enabled power
electronics designers to address some of the limitations, as high frequency switching is one
of the requirements for wireless power transfer. As the increase of switching frequency
entails higher switching losses, soft switching methods are normally used to in transfer
systems.

A new control method is introduced that guarantees the soft switching with
controllable active load power injection using only one feedback. In this control method,
zero voltage switching is achieved using variable frequency control. Moreover, a
systematic magnetic design process is introduced to effectively design the inductive power
system. The implemented magnetic design is verified with accurate Maxwell simulation.
Through first harmonic approximation, a converter design is developed for the IPT system.
With many uncertainties in the design process, the experimental and simulation results are
slightly different. In addition, a resonant wireless power transfer system is designed
through optimized searching of the available options. The bottleneck for design is

identified through comprehensive analytic and simulation analyses.
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CHAPTER 1

INTRODUCTION

1.1 Background

The idea of transferring electricity without wire is almost as old as the idea of
electricity for public. Although the electrical energy was cleaner than its mechanical form,
the electrical engineers’ ambitions were set even higher from the very beginning. In 1904,
Nikola Tesla tried to make the idea of free electricity for all without any wire, through
Tesla tower [1]. Although the huge project was not a success, the simple idea behind it was
simple and meaningful: to pick up the magnetic energy.

Although during the next decades wireless communication was coined, Tesla’s
ambitious idea to transfer a large amount of power to cover a town’s need was not anything
close to reality for almost a century. With the introduction of semiconductor devices and
their improvement in every aspect including voltage, current and frequency rating, Tesla’s
dream looks closer to feasibility today than any time before. With the improvement of
power electronic converter technology, the AC source that Tesla dreamed has become a
reality already. Meanwhile, the idea of picking up magnetic energy has found different
applications after the deregulation of economy in the many countries, in contrast with
Tesla’s super socialist idea of free electricity for all.

Wireless power transfer (WPT) refers to a wide range of technologies, in which

electric energy is transferred from a source to a load without direct use of conductors to

1



transfer power from the source to the load. Depending on the amount and distance of power
to be transmitted, numerous methods and technologies have been developed. With the
enhancement of power electronics in recent decades, some of the untouchable wireless
power technologies have been realized, especially since 2007, when a research group at

MIT introduced the magnetic induction resonant WPT [2].

1.2 Categorization and principle of operation

In this section, different types of technologies existing of WPT with a wide range
capability are introduced and then operation principle of two important types of WPT
technologies are explained. At the end, the performance evaluation parameters for WPT
systems are introduced.
1.2.1 Categorization

Based on the physical functioning, WPT technologies are divided into four major
categories: electromagnetic radiation, electric induction, magnetic induction and capacitive

power transfer as shown in Figure 1-1.

Electromagnetic Microwave
Wireless Radiation
Power Electric
Transfer Induction
(WPT) : :
Magnetlc< Inductive (IPT) |
Induction Resonant (RWPT)|

Capacitive Power
Transfer (CPT)

Figure 1-1: Categorization of WPT

Electromagnetic radiation works well in the far-field range [3] and is itself

categorized into two types: microwave WPT and laser WPT. Microwave technology is
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used in applications like supplying a sensor from far range using antennas and also RFID!
technology [4]. Laser WPT is also a far-field function which has applications in photo-
transceivers [5] and also high-altitude powered platforms [6].

For electric induction type, the power is transferred through electric field of
components such as capacitors. The work range of electric induction is always in the near-
field range, which means the dimensions of transmitters and receivers are bigger than the
distance transferred [7].

Capacitive power transfer (CPT) refers to wireless power transfer using electric
flux as the means of transfer [8]. CPT’s applications are limited to short distances
(millimeter range) [8].

In magnetic induction wireless power transfer (MIWPT), which is also a near-field
range technology, the power is transferred using the magnetic coupling of two or more
coils [9]. Based on the essence of this coupling, it is divided into two types: inductive
wireless power transfer (IWPT? or IPT) and resonant wireless power transfer (RWPT)?.
IWPT’s applications can be found in a wide range, namely automatic guided vehicles,
battery charging for people movers, electric buses and cellphone chargers [10]. Since
realizing inductive coupling is limited to a short distance, the distance of IWPT for the
power to be transferred is very short. Figure 1-2 shows a Murata IWPT block diagram[11].
Basics of RWPT technology was introduced by Tesla a century ago. However, RWPT was

not effectively realized until recently, when 60 Watts of power was transferred through a

! Radio-frequency identification

2 Also referred to as IPT in many references.

3 The literature is not consistent with these terms. There are many instances (usually short-range power
transfers) that resonance is, but the technology is simply referred as IPT. At these instances, it’s usually the
short-range essence of the work that makes the distinction.



2-metre range [2]. Although one categorization [3] mentions RWPT as near-range* WPT,
some other references [9] consider it mid-range as the dimension of the coils in RWPT can
be much smaller than the distance between the coils. Some applications of this technology
are hybrid vehicles battery charging [12], robot arms [13] and also home appliances [9].
The mechanism of RWPT coupling is different from that of IWPT. In RWPT, each coil
has a capacitor (either parasitic or separate), which resonate with the resonant frequency.

Hence, these coils are referred to as resonators[14].

Magnetic flux
AC Do
Power N—s u

receiving coll Reactifiar
circuit

A
fy =

Fower
transmitting cail

AC-DC
corvartar

Figure 1-2: IWPT: Magnetic field display [11]

1.2.2 IWPT principle of operation

The principle of operation of IWPT is basically the magnetic current induction of
one coil onto another coil [15]. As shown in Figure 1-3, the sending coil is connected to a
voltage source and hence a current passes through it. The current in the coil generates a
magnetic field around the coil. Any other coil in the range of this magnetic field can be
induced with a current through it. This principle of operation is the same as that of
transformers, with the difference that the magnetic field in transformers passed through
high-permeability medium, and hence faces less reluctance. In IWPT, the medium is only

air which is not a good medium for magnetic field.

4In [3], any non-radiative WPT technology is considered a near-range one.



A schematic of a typical IWPT system is shown in Figure 1-3. The two DC power
supply units (DC PSUs) are plugged to AC grid. The power amplifier (PA) guarantee the
amount of power to be transferred with an internal load-matching unit. The sending
(transmitter) coil and the receiver coil are tagged as TX and RX respectively. The load can

be either AC or DC, and that is why the diode bridge rectifier at the secondary can be

removed.
|
DC : Clock
1 psgy 19enerator Load
L [aT]
AC Prlr
| DC
PsU

Figure 1-3: IWPT: a schematic of the system implementation [15].

Another example of IPT is introduced by [16] as shown in Figure 1-5. The coils in
this structure are 70 cm and are large enough to transfer 2kW to the electric vehicle battery.
The design of secondary side converter (pick-up converter) and also magnetic design of
the coils is studied in [16]. The leakage inductances of the transmitter and receiver are
compensated with parallel capacitors C; and Cz. The frequency range for the converters,
which are controlled with switches on both sides, is 10-40 kHz.

The different designs for IPT focus on magnetic design and converter design. In
higher operating frequencies switching loss will be noticeable. So, the lack of soft
switching achievement for the aforementioned structures in [7]-[16] is an existing problem

to be solved.



IPT Source

ACIn Power Supply

: 5

=

Magnetic
Coupling via M g
Power Pads L, AN
C

IPT Pick Up
Controller

S\Qitchcd Mo'dc
Controller

=
Figure 1-4: An IPT design for electric vehicles [16].

1.2.3 RWPT principle of operation

To achieve better efficiency from magnetic fields to farther distances, the concept
of resonance was adopted into the magnetic induction. This idea, like most of the other
WPT technologies, was developed by Tesla [17]; but it was not realized because of
technical issues like power electronic devices capable of operating in such high
frequencies.

The resonance in RWPT works as a continuous transaction between magnetic
energy and electric energy in the coils, so that the efficiency in RWPT is higher than IWPT
and hence it can achieve longer distances compared to IWPT. Figure 1-5 shows a schematic
view of a typical RWPT system. From the structural viewpoint, there are two types of
RWPT: one composing of the two coils, referred to as two-coil or direct RWPT system;
and the other the four-coil or indirect RWPT system [14]. The four-coil system has
advantages over the two coil system in terms of efficiency and maximum power transfer

capability [9] in power engineering applications.



There are two main technical issues associated with RWPT system: one is the
frequency of the input source, and the other is the high electric field in the capacitor. In
Figure 1-5, the capacitors in the transmitter and receiver coils are parasitic; hence, the
resonance frequency of each resonator is high in the range of several kilohertz to a few
megahertz. With all the progress in power electronic devices, operation in this range is yet
not realized for power applications. However, a breakthrough is expected in near future

with widespread use of Gallium-nitride base switches [18].

Tx Coil Rx Coil

Load or
Device

Directional "
Coupler

Signal
Generator &
RF Amplifier

Figure 1-5: RWPT: Sketch of the magnetically coupled resonant wireless power
system consisting of an RF amplifier, on the left, capable of measuring the forward
and reflected powers. A two-element transmitter, made of a single-turn drive loop and
high-Q coil, wirelessly powers the receiver on the right [19]

Figure 1-6 (a) and (b) show the electrical circuit models for the two-coil and four-
coil RWPT systems respectively.

The two-coil schematic models two coils with their mutual inductance and two
capacitors as compensators, where the four-coil schematic shows a wireless power system
where additional coils are used between the source and load and is proved to increase the
power transfer distance and efficiencies. There are more degrees of freedom in the four-
coil model, but the design is more complicated, because of increase in the number of

elements.
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Figure 1-6: RWPT circuit model: (a) two-coil system model assuming ideal resistance-
less coils; (b) four-coil system

Performance evaluation

The performance of the IWPT and RWPT systems can be evaluated by the
achievable efficiency and the distance between the main transmitter and receiver coils.

In terms of efficiency, there are two parameters used to identify system
performance: the wave voltage ratio denoting the output voltage to input voltage® of the
coils, modeled as a two-port network; and power efficiency, which is the ratio of the output
power to the input power®.

In terms of power transfer distance, two important points should be discussed: 1)
the maximum distance, and 2) robustness of the system with respect to the change of

frequency. In applications such as charging a hybrid vehicle in static mode, the system

5 This parameter is mostly used in electronics applications, like supplying a sensor wirelessly, in the range of
mill Watts.

¢ Some references [9] also mention the ratio of output power to the power after the source. In other words,
the power dissipated in the voltage source is not considered as efficiency loss.



maximum distance is important [12], whereas in charging the same car while moving the
robustness factor is of great importance; the reason is that the system should work in a wide
range, as the car moves along the sources of power.

In this section, the mechanism of WPT technology was briefly explained. The next

section is specifically about the power electronic converters used in technologies.

1.3 Converters in WPT

1.3.1 Inductive power transfer

Inductive power transfer has been applied to some power engineering applications,
specifically battery charging for vehicles [20]-[21]. The advantages of transferring power
wirelessly are highlighted in damp and untidy areas, where using wires can cause safety
issues [22].

Class E converter is a type of resonant converter used for IPT coils due to the low
harmonic distortion [23]. Class E converters’ principle of operation is explained in [24].
An example of Class-E converters applied along with resonant converters is introduced in
[25], the schematic of which is shown in Figure 1-7. The series (Cs) and external capacitors

(Cex and Cgx2) resonate and the load side voltage is controlled only with a diode.

CEXQ
L Cs
A " "
D‘I
1 Mi vV Lﬁsé L.
—_— == \Y e =
O To.  ALVe o v = vmp

Figure 1-7: A resonant single-ended primary inductor converter introduced in [25]



As shown in Figure 1-7, Cs and Lgs produce the resonance frequency, while Cex>
along with D1 play the role of class E converters, which is to produce a ripple free DC
output [25].

Another example of using power electronics in IWPT technology is introduced in
[10], in which a switched mode regulator is introduced for the receiving side of the IWPT
system. The analysis on the circulating current control is also provided. Figure 1-8 shows

the circuit of the receiving side of the system.

o — —_—— e —————— -

Pick-up resonant Switch mode regulator
network

Figure 1-8: The LCL pick-up circuit for the secondary side of IWPT [7]

The term “pick-up” in this circuit refers to the receiving essence of the whole
circuit. The current I; is the current in the transmitter coil and M is the mutual inductance
between the sending and receiving coil. The authors show that this system can control the
flow of power by sensing the output voltage [10].

A direct AC-AC converter is designed for the primary side of IPT converter [26].
The schematic is shown in Figure 1-9. In this method, series resonance is applied and Req
can be replace by the coils and load of an IPT system. The novelty of the circuit [26] is that

it does not need any DC power supply unit.
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Figure 1-9: Primary side converter for IWPT [26]

A three-phase version of IPT converter was introduced in [21]. Figure 1-10 shows
the schematic for a three-phase IPT converter. The primary side is controlled by full bridge
converter, while the tracks at the secondary are 13-meter long, 1-meter wide coils. The
vehicles can move in tracks A, B or C. However, current imbalance is a big issue for three-
phase converter and necessitates the use of capacitors and wires at the secondary to achieve

balanced currents.

c1 1:2

© _»_g C4 Track A+

Q1 Q2 | a3 : THCS  Teded
5 E ||k ™

Vdc a ? C6 Track B+

b ct— L, T\ C7 Track B-
= = = £ &

Q¢ | a5 | @6 | 7 ? I7C8  TrackCr

- T C9 Track C-
T3

Figure 1-10: Schematic for a three-phase IWPT [21]

1.3.2 Resonant WPT

While there are numerous publications on IWPT converters, only few has been

published on RWPT converters. One reason may be the older history of IWPT and more
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commercialized items existing in the market. Among the numerous patents of Witricity,
only one is devoted to converters [27]. To achieve smaller systems, higher frequencies
operation is a necessity in WPT converters. In this regard, resonant converters are currently
one of the best options for high frequency production [28]. The principle of operation of
three half-bridge resonant converters is explained in [29]. Figure 1-11 shows a series half-
bridge resonant converter, in which C, is the parallel resonance role-player and Cy/2 is the
series resonance role-player. Compared with half-bridge parallel resonant converter, half-
bridge resonant converter circuit shows good voltage regulation characteristics as well as

no load voltage characteristics.

En

A

1l

O—

Figure 1-11: Half-bridge series-parallel loaded converter [29]

One important problem for RWPT systems to be applied to power applications, is
the very high resonant frequency (larger than 50 kHz) needed. As suggested in [3] this
problem can be tackled by increasing the turns ratio and the diameter of the transmitter and
receiver coils. It is shown that there is a trade-off between the dimension of the RWPT
system and the frequency choice of the system.

An example of the switched-mode power converters applied to RWPT systems is
the one introduced in [30]. It is analogous to the work in [10] in the sense that both regulate
the output voltage by applying switching in the receiving side. The left circuit in

Figure 1-12: Conventional and proposed receiver circuits for RWPT [29] shows the

12



conventional rectifier in the receiver side of the RWPT system, and the circuit at the right
shows the switched mode system to regulate the output voltage.

The efficiency and regulation characteristics of the receiver side of the RWPT
system is improved compared with the uncontrolled circuit.

The EV charger proposed in [28] uses self-resonant PWM. This work has claimed
efficiencies around 80% for a 6.6 KW charging interface for a distance of 12-20 cm. One
of the advantage of this topology is that it does not need a second stage chopper. An
alternative way is to use variable frequency to maintain the efficiency, however, due to the
disadvantages of variable frequency, the authors in [31] use a fixed frequency. Another
feature of the proposed topology is the bidirectional power flow, i.e. the battery can
discharge and inject power to the source when needed. Figure 1-13(a) shows the schematic
of the proposed system in [28], with Ls representing the transmitter and receiver coils.
Figure 1-13(b) and Figure 1-13(c) show the control scheme and the equivalent ac circuit of
the system respectively. This converter is controlled with constant frequency PWM with
reasonable efficiency around 90%. However, the implementation is complicated with 8

controlled switches and three feedback signals.

[7x]

BUCK
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| Resonant — |
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Figure 1-12: Conventional and proposed receiver circuits for RWPT [29]
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The EV charger proposed in [28] uses self-resonant PWM. This work has claimed
efficiencies around 80% for a 6.6 KW charging interface for a distance of 12-20 cm. One
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of the advantage of this topology is that it does not need a second stage chopper. An
alternative way is to use variable frequency to maintain the efficiency, however, due to the
disadvantages of variable frequency, the authors in [31] use a fixed frequency. Another
feature of the proposed topology is the bidirectional power flow, i.e. the battery can
discharge and inject power to the source when needed. Figure 1-13(a) shows the schematic
of the proposed system in [28], with Ls representing the transmitter and receiver coils.
Figure 1-13(b) and Figure 1-13(c) show the control scheme and the equivalent ac circuit of
the system respectively. This converter is controlled with constant frequency PWM with
reasonable efficiency around 90%. However, the implementation is complicated with 8

controlled switches and three feedback signals.
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Figure 1-13: The schematic of the bidirectional converter (a), the control schemes (b)
and the equivalent ac model (c) proposed in [31].
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1.4  Magnetic design

IPT is still categorized as emerging technology, because of existing technical
challenges such as the level of transferred power, distance range of transfer and efficiency.
Unlike resonant converters, in IPT topology normally consists of two capacitors to
compensate the reactive power flowing through the coils which in turn reduces the loss
[32]. Among different possible resonant converter resonant tank topologies, LCL tank is
the closest match for IPT applications topologies[33]. Magnetic design for resonant needs
great expertise due to the importance of the magnitude of the magnetizing inductor in the
model for operation in the resonant frequency. However, transformer design in wireless
power is even more complicated due to the trade-off between best efficiency in specific
frequency and acceptable operation in a range [34]. An acceptable design approach is used
in [35] to transfer power using the current source characteristic of capacitor compensation,
which is called Boucherot current source.

For the sake of saving space and weight, the coils designed for wireless power are
flat spirals rather than helixes in ordinary inductors. There are three designs that are more
popular, circular spiral shown in Figure 1-14, rectangular spiral shown in Figure 1-15, and

DDQ shown in Figure 1-16.

w » o r ¥

.Figure 1-14: Circular spiral [36]
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Figure 1-15: Rectangular spiral [37]

The focus in [38] is on rectangular spirals. Spiral shapes can be divided into several
rectangles and mutual inductance integrals can be applied to calculate the leakage and
mutual inductances [36]. There are specific analytical calculations for rectangular spirals
considering the width and thickness of the track [38]. Also, there are suggestions that
rectangular spiral implementation is easier than circular spiral implementation [38].

In a comparison based on mutual inductance, it is shown that circular coils offer
better coupling than square coils under perfect alignment [39]. However under any
misalignment, square coils are superior [39].

Several advantages are sought by adding a primary coil which is electrically in
parallel to the first coil, to make multiple primary coils [40]. Multiple primary coils reduces
the system sensitivity to both system components’ variation such as the changes in
capacitor and inductor values from the rectifier model as well as load variation[40]. As
shown in Figure 1-16, using three charger pads (DDQ structure) is a more efficient, yet
more complicated method to improve the spirals. The DDQ coils are more robust to
misalignment and the charging zone increase compared to simpler spiral coils. The

disadvantage of DDQ files is the higher amount of copper used and the non-flat structure.
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Currently there are quite a few commercially available converters for hybrid
electric vehicle battery charging. One example is shown in Figure 1-17 that is used in
electric vehicles in France and New Zealand [12]. The advantage of this type of charging
is a high level of safety in case of a failure in the charger system, due to the electric isolation
between the charger and car’s electric system. The magnetic design used in this approach

is DDQ that shows great robustness to misalignment of the pickup coil.

MULTICOIL
Quadrature & DD
WINDINGS

PAD LENGTH
PAD WIDTH

Figure 1-16: DDQ structure[41]

Currently there are quite a few commercially available converters for hybrid
electric vehicle battery charging. One example is shown in Figure 1-17 that is used in
electric vehicles in France and New Zealand [12]. The advantage of this type of charging
is a high level of safety in case of a failure in the charger system, due to the electric isolation
between the charger and car’s electric system. The magnetic design used in this approach
is DDQ that shows great robustness to misalignment of the pickup coil.

Normally, rectangular spiral is used for IPT technology, to use the space optimally
and circular spiral is used for RWPT technology due to better use of the surface (getting
higher coupling for a given surface area). The magnetic designs used in this thesis is

coreless structures to avoid extra weight for the setup.
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Figure 1-17: A typical inductive charger for hybrid vehicles [12]

1.5  Control methods

Among important issues in IPT converters are design and implementation of the
switching strategy and control systems. It is shown that for IPT applications frequency
control is one of the best approaches [42]. There is a trade-off in switching frequency
selection of the IPT system. The closer the system operates to resonant frequency, the
higher the efficiency is [43]. However, the frequency should be controlled so that soft
switching is guaranteed for all operating conditions [41]. Using nonlinear control, soft-
switching can be achieved with self-sustained methods [44]-[45]. In this thesis, a simple
alterative control approach is introduced which guarantees the soft-switching with a more
transparent control system block diagram. In the proposed approach in this thesis both
active and reactive power injected to the wireless power system can be independently
controlled. The amount of reactive power is shown to have close relationship with soft
switching and efficiency of the system. This control method is not limited to IPT and can
be applied to other types of converters as well. The control method that is proposed for this
thesis has two objectives (transferred power and zero voltage switching) and uses only one

feedback (primary side current), which makes it practically efficient.
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1.6  Description of the proposed structures

Both prototypes of IPT and RWPT are studied in this thesis as shown in Figure 1-18

and Figure 1-19. Review of the existing designs reveals that it is inevitable to have

inductive elements as well as capacitors which resonate in high frequency. The need for

high frequency input necessitates a converter block of very fast FETS.

The block diagram of the proposed structure of IPT of Chapter 2 is shown in

Figure 1-18. Capacitors are used to compensate the effect of leakage inductance to increase

the efficiency. The variable distance transformer consists of two coils and is the main part

of transferring power without wire (this is the wireless part of the system, where energy is

delivered through air).
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Figure 1-18: IPT scheme and its control scheme

A full bridge converter is used to generate an AC voltage at the primary of the

transformer with variable frequency.
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The control method for this converter is designed so that soft switching is
guaranteed for a wide range of operating conditions. The feedback for the control system
is the primary current and consists of two loops. The inputs of the control system is
reference active and reactive powers. The proposed control method in Chapter 2 guarantees
soft switching for the converter in high frequency, which is a privilege over the existing
methods.

The magnetic design Figure 1-18 comprises of two coils so that magnetic energy is
delivered. In the load side, the energy is received in the form of electric energy.

The control loop is supposed to trace reference power (Pref), so a loop (a-loop) is
designed to make sure that desired power is delivered. A second input is used to set the
phase difference of voltage and current so that the switching loss is minimized in high
frequency.

The IPT prototype is studied in two chapters. Chapter 2 discusses the converter part
and its logic, and chapter 3 discusses the magnetic design.

In Chapter 4, an RWPT design procedure is proposed based on the output power
level for a four-coil system. The structure of the coils in this design uses four coils to match
the load with designed loops and coils. It is shown that unlike IPT structure, the maximum
transferred power is not delivered at the shortest distance and the bottleneck for this design

is the output power at the longest distance.

1.7 Objectives and scope
One of the objectives of this thesis was to develop and implement a magnetic design
process for wirelessly power transfer applications. Moreover, it was intended to develop

and implement a control method that is robust for wireless power application with
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guaranteed soft switching of all switches. The scope of this study is focused on power

engineering applications, with a minimum level of tens of Watts and not through beams of

electromagnetic waves.
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1.8 Thesis layout

Figure 1-19: RWPT scheme

C3

Resistive Load

In this chapter, a short literature of technologies, converters and magnetic designs

related to WPT were provided. In chapter 2, a new control method is introduced for IPT

wireless power system. In chapter 3, the magnetic design process is explained for the IPT

system discussed in chapter 2, a case study is simulated, implemented and experimental

results are provided to validate the design process. Chapter 4 provides a design

methodology for four-coil RWPT configuration. Chapter 5 is dedicated to conclusion and

suggested future work.
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CHAPTER 2

IPT CONVERTER
2.1 Introduction

Chapter 2 and chapter 3 are devoted to the analysis of a two coil inductive wireless
power transfer system. As Tesla desired a century ago, the basic need for transferring power
and realizing resonance, is to have a reliable high frequency ac source which is affected
least by its load. Power electronics switches have made this desire feasible through power
converters. A full-bridge converter is introduced in this chapter to achieve this goal. A
control method based on power feedback is introduced to achieve both soft switching and

output power control.

2.2 IPT compensation types

Resonance between capacitors and inductances leads to compensation of the
inductive characteristic of the circuit. In two coil systems, there are four main types of
compensation based on the position of capacitor in primary and secondary [46]. In
Figure 2-1 to Figure 2-4, the input voltage source (Vi), represents the model of the full
bridge converter to produce ac voltage.

2.2.1 Series-series (SS)

SS systems are the most common type of compensation [41], with two capacitors
in series to compensate the effect of leakage inductance of either side as shown in

Figure 2-1. The dashed box in Figure 2-1 shows the coils modeled as conventional
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transformer model. The advantage of series compensation is the option of directly

compensating the leakage inductances of the coils.
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Figure 2-1: Series-series type.
222 Series-parallel

The idea in this type is to compensate on the primary and make a current path along
with compensation in the secondary as shown in Figure 2-2. The advantage of parallel
compensation at the load side is to reduce the output voltage ripples while compensating

the leakage inductances.

L,
' Y Y Y =i

. 1 [} < b +

O 3R
: - vy
Vi - E -
[}
------------------------------ -l
Figure 2-2: Series-parallel type.
223 Parallel-series type

This type compensates the primary leakage in parallel and the secondary inductor
in series. However, as the converters are normally voltage source type, there should be an

interface (Lin) for the primary side capacitor as shown in Figure 2-3.
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Figure 2-3: Parallel-series compensation.

224 Parallel-parallel type

Similar to Figure 2-3, in Figure 2-4 the parallel-parallel compensation needs an

inductor in series.
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Figure 2-4: Parallel-parallel compensation.

2.3 Series-series compensation types
The circuit in Figure 2-5 shows the model for a two-coil inductive power transfer.

It is assumed that the primary and secondary coil resistances (R, and Rs) are very small.

B
P
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YYY

Figure 2-5: First harmonic approximation (FHA) or ac model for IPT
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To better understand and compare the analysis of this model with the one that
will be introduced in chapter 5, it would be good to take a better look at the core of the
system, which is the two coupled coils. Two coils can be modeled as mutually coupled

inductances as shown in Figure 2-6, or a transformer as in Figure 2-7.

M
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Figure 2-6: Mutual inductance model.
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Figure 2-7: Transformer model.

These two models can be related with basic two-port tests using

Ly =L, +nM Eq. 2-1
L,=n’L+nM Eq.2-2
L,,=nM Eq.2-3

There are two ways to compensate the leakage inductance in this model:
1) To use C; to compensate L, and use C> to compensate Ls at the resonant

frequency [47], [48]
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The objective is to reduce the series elements voltage drop in Figure 2-5 so that the

input voltage is reflected to the output only with a turns ratio.

1
C= Eq. 2-4
! c)sz 4
1 Eq. 2-5
2= T, q. 2-
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Figure 2-8: Simplified circuit for type 1 compensation.

Although, type 1 compensation (Figure 2-8) is very popular and seems to be
reasonable way to get the best efficiency at the output, there is a big disadvantage to it. The
output current and output power in this method are highly dependent on Ro. However, the
advantage will only be available only if the two simplifying assumptions below are met: a)
Assumption that the circuit works exactly at resonant frequency; b) Assumption that there
is no leakage resistance; in practice, converter limitations will not let these assumptions
become true.

2) Another possibility in series-series compensation is to use C; to compensate L;
and C; to compensate L at the chosen resonant frequency [46].
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The idea behind this over-compensation (compensation of more than leakage
inductance), is to have a current source, independent of the load, rather than a voltage
source. By compensating the primary leakage inductance and magnetizing inductance in
the primary, a constant current flows at the secondary independent of the load. It is shown
in Figure 2-9 that the same amount of impedance is in the primary side’s series branch, i.e
—jwM, as the parallel branch. This structure leads to a current source and is called a
Boucherot bridge [46].

The compensation that will be used in this chapter, is type 1; because type 1 output
voltage sensitivity to frequency change is lower compared to type 2. The frequency
response of the different types of compensation is studied in the literature. Series-series
compensation tries to transfer the input voltage directly onto the load. The major work that
uses parallel compensation is [49], which does not consider switching loss a problem. In

this thesis, switching loss reduction will be the main focus for higher frequencies.

I] _M I —M
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+
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Figure 2-9: Simplified circuit for type 2 compensation.
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2.4  Network Analysis
A.l.1 Type 1
The high frequency transformer model is accurate for WPT applications, because
in wireless power coils, the distance of the coils is higher than the transformer and thus,
the series capacitors that are modeled for high frequency power transformers, have very
small impedance in this case and can be ignored. According to [32] and [42], the linear
element estimation and FHA are both acceptable assumptions for this study, because the
resonant tank will pass only the frequencies very close to designed resonant frequency.
Using first harmonic approximation (FHA), model of the linear elements of the
converter, a transfer function can be derived for Figure 2-8. Without considering the turns
ratio for simplicity, the transfer function for the output load voltage to the ac input V;

(output of the inverter) can be determined as follows.

Hac(s): & _ S.RO.Lm B -6
Vi SLy (sLyt %) #8 Ly (sLy+ %) +(sLyt %) (Lt %) q.
H,.(s)= *Rolm LT Eq. 2-7

L 1/R 1
2 omyomy Pyos )y (2e) o -
s?(L,LiptL Lyt L, L) +s(R Ly +R L )+ <C1 oot Cl) +3 (Cl) te.G
The transfer function of Eq. 2-7 is a 4™ order polynomial, although there are five active

elements. As shown in Figure 2-10, three inductors form a cut-set and thus the degree of

the circuit is decreased by one.
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Figure 2-10: Cut-set involving three inductors in type 1 model.

2.5  Zero voltage switching

To decrease the switching loss, the switches are turned on and off at the time when
the voltage is zero so that there is minimal power loss at the switch. This method is called
zero voltage switching (ZVS). To achieve ZVS for the converter, consider a MOSFET and
its internal diode and its parasitic capacitor in Figure 2-11. At the moment of switch turn
on, if a negative switch current (Iswitch) passes through the group of switch, diode and
capacitor, this current passes through the diode, which makes the switch voltage Vps equal
to negative of the on voltage of the diode before the gate signal rises. So, the switch’s

voltage and current will never be non-zero at the same time as shown in Figure 2-12.

4 Io
D +
AN= V.
G -
S
¢Iswitch

Figure 2-11: MOSFET model
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So, when the gate signal is on, the switching loss of the MOSFET and diode are

reduced to on-state loss of the diode only.

Vbs

Vonid 0d ¢ Time

Figure 2-12: ZVS at switch turn on

The capacitor voltage (V¢) is discharged during the on state of the switch. So, when
the signal goes from on to off, Vps will show reluctance to rising because of the parasitic
capacitor as shown in Figure 2-13. This will reduce the switching loss. The capacitor for
the switch can be chosen so that the ZVS at turn-off is realized.

To achieve soft switching, it is necessary that the primary current (I;) lags the
primary voltage (Vi). The phase difference of Vi and I is equal to the phase of the

denominator of Eq. 2-7. A typical phase difference graph is shown in Figure 2-14.

VDS

» Time

Figure 2-13: ZVS at switch turn off

It can be seen that, in order to achieve soft switching, the operating frequency

should be higher than the frequency that the phase is zero. In the specific case that primary
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and secondary sides have the same parameters (Li=L,=L and C;=C,=C), by setting the
phase of the denominator of Eq. 2-7 to zero, the zero-phase-difference frequency can be

derived as Eq. 2-8.

1
f= Eq 2-8
" /LG

90

Phase difference (deg)
[w]

IRegion
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1 |
-90 1 I

f

Figure 2-14: Phase difference of Viand I

Thus, the resonant frequency (f;) is the lower limit for operating frequency, because
soft switching is an objective.
Type 2

Using first harmonic approximation (FHA), the resulting transfer function is

derived as:
Hl= o2 - 1
ac Vi 2 Eq. 2'9

J [Q(fﬁ (Z—;+n2(1+a1)) o2 (G120 ) +ay) B+

where:

fo_ L f=f Eq. 2-10
T onfOr, 2nJGL 0" f
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L L Eq. 2-11
a1 Lm’aZ Lm
L Eq. 2-12
I'IZRO C2

2.6 IPT Design problem

In IPT systems the distance between the coils and hence the coupling of the
transformer are not constant. This can be interpreted by a change in L. A possible design
approach is to guarantee that for a given range of L,,;s, and hence a range of distances
between primary and secondary coils, the ac gain of the converter, |H,| is larger than the
minimum requirements at the resonant frequency. This way we can always assure that the
output voltage can be controlled at the desired value for all given load conditions. Although
in section 2.7, it is shown that the operating point is not necessarily kept at the resonant
frequency, the transformer design will be based on the optimal gain at the resonant

frequency.

2.7 Control method

After power converter design, control system should be designed to guarantee soft
switching and other control objectives such as output power regulation [50]. As we have
two degrees of freedom in the amplitude and phase of the current waveform in the tank,
we can independently achieve both control objectives. Figure 2-15 shows as schematic of
the converter and its control system along with the IPT module. The control loops settle
the switching frequency and inverter voltage’s (Vab) first harmonic amplitude with the

desired power (Pref,Qref) as the input and primary current (I) as the feedback.
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Figure 2-15: Schematic of the whole IPT system.

2.7.1 Proposed control method

In many applications including electric vehicles’ application, it is not cost-effective
to get the feedback from secondary side. Hence, it is desirable to have only one feedback
from the primary side current. Two goals are sought from the current:

a) soft-switching of the inverter

b) set the level of transferred power

The proposed control system logic for forcing the phase difference between voltage
and current is shown in Figure 2-16. The fundamental component of the inverter voltage

V. 1s desired to lead the primary current by y degrees to guarantee ZVS. The bigger vy is
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set, the larger the safety margin for soft switching is. However, if y is too large, excessive
reactive power flows into the circuit, which will in turn reduce the efficiency and will
cancel out the benefits of operating above the resonance frequency at ZVS. To set the
optimum value for vy, the parasitic capacitance of the switches should be considered [51].To
implement the idea in Figure 2-16, the current phase is derived from the feedback signal

(I) and V,, is shaped through switching with some delay.

—— Intended Voltage Phase . |
—— Current Phase

v

Figure 2-16: The logic of generating inverter signal (switching logic)

The control system in Figure 2-16 controls the converter using:

a) the frequency of the saw-tooth signal (phase control)

b) the firing angle of the voltage a (amplitude control)

The gating logic diagram is shown in Figure 2-17: Complete gating logic without
considering voltage amplitude control. It is guaranteed that the DC voltage source is not
short circuited, because the switches on one leg are never on simultaneously.

To control the amount of power, the firing angle (a), is used to reduce the amount
of voltage’s first harmonic. The first harmonic of the voltage is reduced by a factor of

cos(a) if there are two notch levels of 2o/w seconds as shown in Figure 2-19. In Eq. 2-13,

(2V2/nVpe) is the RMS value of the first harmonic of the full square wave.
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02
Vii= — Vpccos(a) Eq. 2-13

To achieve this voltage amplitude control, the sawtooth signal generated through
w-loop is compared with a, n-a, 1+o and 27-a to set rising positive edge, falling positive
edge, falling negative edge and rising positive edge respectively. Also, the sawtooth signal

is altered by y for soft switching. So, the complete gating logic can be depicted as

Figure 2-17.
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Figure 2-17: Complete gating logic

The gating logic will cause the switches to work in 6 intervals as shown in
Figure 2-18. In all intervals, the ZVS is achieved for the switches at turn on and turn off.

The inverter voltage is shown in Figure 2-19. As shown in Figure 2-15, two control
loops determine the frequency (f) and the firing angle (o), which are named w-loop and a-

loop respectively. The w-loop generates y through an input of Q . and the a-loop generates

o through an input of P,.;. The parameter y is set to make sure there is enough negative
current to discharge the parasitic output capacitor to achieve ZVS. Therefore, the value of
v depends on the switch’s parasitic capacitor. This determines how much reactive power

should be circulated to assure complete ZVS and is controlled by Q, . in Figure 2-15.
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Figure 2-19: Inverter voltage V,;, and current.
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2.7.2 Control system principle of operation

If the system is stable, it can be proved that both control loops can track a given
Qref and Ppr lower than a certain value. Let’s assume that the normalized primary current
is sin(2ft + ¢) and the normalized inverter voltage is sgn(sin(2 = ft+v )), where vy is
the reference phase difference of V,;; and I; and ¢ is the actual phase of ;. As it can be
seen in the w-loop of Figure 2-15, m is a signal that is proportional to the multiplication of

normalized current and cos(2rft):
1
> (sin(4 7 ftrgrt v ) +sin(9) ) Eq.2-14

The first term in Eq. 2-14 is at a high frequency and will be filtered out by the low-
pass filter. The signal z is derived as:

1
Zzzsind) Eq. 2-15

Thus the input signal to the PI in w-loop in Figure 2-15 is Qref- % sin ¢, which will

be forced to zero over the time assuming a stable system. This is achieved by changing the
frequency. In other words, the integrator changes the frequency 2 « ft so that the actual
phase angle between the voltage and current is set to the desired phase value.

The logic in a-loop is similar. The input of the Pl is P t-P, 11, Where Pyqq 1S equal
to Vap11; . To reduce the number of sensors V1 is not measured and its normalized value
is estimated by sin(2 = ft). If the normalized P, that is for simplicity shown as P, ¢y,41
is not equal to the normalized desired power P, a is automatically tuned so as to generate

a zero error for the normalized transferred power.
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2.8 Simulation
A detailed magnetic design process will be discussed in Chapter 4. However to
verify the control method only, the design adopted from [46] is approached for fixed values

of L, and Lg and for varying parameter of L,,. It is desired that the gain |H,| is not lower

than 4. Table 2-1 shows the parameters of the resonant tank.

2 |- -
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Coupling Coefficient (k)

Figure 2-20: Gain variation with coupling coefficient
Gain Variation with only changing coupling coefficient is shown as Figure 2-20.
From Figure 2-20, it can be seen that with the desired minimum gain of 4, the range of
[0.1653,0.4125] is set for the coupling effect. In other words, the designed transformer
should have an L,, in the range of [1.777 puH - 6.388 pH]. The optimum coupling for this
design is at k=0.25 or L,, = 2.88 pH.

The PI parameters, k,, and k; of the control design, are 60 and 108for the w-loop

and 3x10* and 0.8 for the a-loop.

Table 2-1: Circuit elements for .

Parameter L, L L4 L., n Cy C, fr
Value 12.57 pH 39.23 pH 4 uH 25 uH 4/10 180nF  42.6nF  85kHz

For P,..s set to 200 W and when the transformer coils are located at their optimal

distance, where at k=0.25 the gain is maximized, as shown in Figure 2-20.
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Figure 2-21: Inverter voltage and current in three cases

Comparison of the graphs in Figure 2-21 shows how the control system is
maintaining the 10 degrees phase difference so that at the rising edge of inverter voltage,
the negative current guarantees soft switching of Ss4. Also at the falling edge of inverter
voltage, the positive current guarantees soft switching of S».

The ZVS is achieved for all cases of Figure 2-21.

For larger L,,s, considering the fact that £, is larger than unity, the denominator in
Eq. 2-9 becomes smaller and hence larger gains are achieved at the output. This can justify
the fact that the current in Figure 2-21(b) is smaller than the case of Figure 2-21(a). Same
trend can be seen in (c). So, the current simulation results can be justified with the model

presented in this chapter.
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Also from the viewpoint of the control system, the oscillations in transferred power
are damped more easily for the cases of higher coupling. The reason is that the system is
stabilized at a narrower voltage signal (higher o). The a-loop generates a equal to 67.8,
63.9 and 54.4 degrees for the three cases respectively.

The power reaches the steady state of 200 W in less than 20 milliseconds. The
frequency of all cases is stabilized slightly larger than the nominal 85 kHz, which is 88.00
kHz, 87.57 kHz and 85.26 kHz. This is the cause for observing larger currents at case 2
compared to case 3. The efficiency in case 2 is not better than case 3. The reason is
matching loss with the change of L, although the gain is higher. The efficiency evaluations
in Chapter 4 will be meaningful, because the system will be always in matched mode.

Figure 2-22 shows that the system works very well at the power level of 1000 W.
Again, the response is settled in less than 20 milliseconds. Even the current level has not
increased. Instead, the inverter voltage on width is higher. In other words, o has dropped

to 32 degrees.

29 Conclusion

In this chapter, a power circuit analysis and control system of a two-coil IPT
converter is introduced and discussed based on the physical transformer model. The
compensation method is based on series-series capacitors to generate a constant power at
the primary in case of ideal resonant frequency operation. Zero voltage switching is
explained and its achievement requirement for the proposed topology is derived. The
control approach guarantees soft switching and a given reference power to be transferred
for all the simulated cases. The method will be easy to implement with only one feedback

and for different setups only two PI controllers need to be adjusted.
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CHAPTER 3

IPT MAGNETIC DESIGN

3.1 Introduction
Magnetic design is the core part of the inductive power transfer converter design.
The schematic of the studied IPT system is shown in Figure 3-1. The magnetic component

in this IPT system is the transformer that needs to be analyzed and designed.

i
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PRy

Transforme

e Ly

Controller

Figure 3-1: Schematic of the designed inductive power transfer.

The algorithm to design a transformer for Figure 3-1 with certain specifications is
shown in Figure 3-2. The transformer has to be designed for a specific frequency and power
level considering the converter soft switching limitation. To meet these limitation we need

to iterate the design process.
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Experimental Implementation

Analytical dimension
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Figure 3-2: Flowchart for magnetic design.

In the following sections, this flowchart is explained in more detail.

3.2 Step by step design for analytical circuit parameter calculation

The objectives of the design will be given as output voltage and output power. The
design is supposed to use a constant resistance (Rr) as the load model.

Step 1: The first step is to calculate the nominal load at maximum output power

(Pax) and nominal output voltage (V,).

Vs

R, = Eq. 3—1
t Pmax
In terms of peak voltage, the equation can be rewritten as:
V2
R = —bek Eq. 322

Step 2: The second step is to relate the mutual inductance of the transformer to the

desired power. Consider the simplified circuit of Figure 3-3.
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Figure 3-3: AC model of the system for analysis of the transformer.

The method that is used in IPT system is called Boucherot method. The idea is

shown in Figure 3-4.

Véig L ] Ly

Figure 3-4: Boucherot current source bridge.

In the circuit of Figure 3-4, KVL for the left mesh can be written as:
Vi=Z,(I. + L)+Z,], Eq. 3-3
Assume Z;+Z,=0 (Boucherot’s idea), then the load current can be written as:
Vi

L =— Eq. 3-4
L7
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Which is independent of Z; . Comparing Figure 3-4 and Figure 3-3, it is concluded
that Boucherot method can be implemented in IPT application by choosing C; to
compensate L;.

Mesh analysis of the circuit in Figure 3-3 is shown in Eq. 3-5 to Eq. 3-7.

joLi+— joM
[Vi]: P [ Eq. 3-5
0 joM  Rigaqtjo Lot —
L+ ! V;
det JQ) 1 ch i
L= joM 0
2 1 . Eq. 3-6
joC
det 1
joM R+JcoL2+ij2

-jo M.V;

2 2 Ly Ly Rigad 1 5437
(» M Ll )ﬂU)RLoadLlJr(C CZ) joCq 0)2C1C2

Iz_

In the design process, the operating frequency is assumed to be equal to the resonant

frequency, where the load current becomes independent of the load resistance:

Vi

Eq. 3-8
joM

12:

From Eq. 3-1 and Eq. 3-8, Eq. 3-9 is derived, whichshows the relation of power to
mutual inductance:

\V&s
Po=Rpoad —— Eq. 3-9
0™ ™Load o (Z)Mz
Where Py, is the output power at the resonant frequency. Hence, at the end of step

two, M can be calculated from other parameters: The output of step 2 is to find M.

Mot (R Eq. 3-10

wo Po
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In the third step, the required leakage inductance at the maximum coupling
coefficient (k,,.) should be determined so that the transformer’s circuit parameters
(L;,L,, M) at its worst case (farthest distance) are obtained. The leakage inductance at the
primary can be found in terms of L, and k., using Eq. 3-11. k., is the maximum coupling
coefficient associated with farthest distance and is a given parameter for the design.

M2
krznaxLZ

L, Eq. 3-11

A degree of freedom arises in Eq. 3-11, because there is one equation and two
unknowns (L;,L,). For experimental considerations, it is compensated with assuming
equal leakage inductances for the coil, meaning that the coil parameters matrix is
symmetrical, i.e. Li=L,.

It is shown in Figure 3-5 that the idea of having equal leakage inductances is good
from the viewpoint of input impedance. The frequency response of the input impedance
(Xjy) in smallest in case of equal leakage inductance. The assumption made in this graph

is fixed k (coupling coefficient).

jabs(X, )

1 1 |
0 0.5 1 1.5 2 25

Normalized frequeny (w/wn)

Figure 3-5: Frequency response for the case L;=L, (black), for the case L;=10L,
(blue).
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The fourth and last step of the design is to design the capacitors. For full

compensation of leakage inductances, C; and C, are obtained through:

1
C1=C2 = rw(z) Eq 3-12

The novelty of this design process lies in its capability to calculate inductor and
capacitor directly from power and voltage inputs. This design is customized for series-
series compensation for IPT and does not apply to other topologies. Also it should be noted
that the coils from this design are similar, which makes building the experimental prototype

easier.

33 Soft switching condition for the converter

As discussed in Chapter 2, the converter produces an ac voltage whose frequency
and firing angle can be controlled (V; in Figure 3-3). The design parameters obtained in
section 3.2 should guarantee soft switching within a certain range for frequency, feasible
voltage range for the capacitors, and feasible current range for the converter. The bottom-
line for this part of design is the price, i.e. if the designed parameters do not satisfy the
objective power (assuming that the control method pushes the frequency to a level that soft
switching is achieved) in the simulations, it is need to go back to the design section and
increase Pmax.

As mentioned in the algorithm, if the circuit elements from 3.2 are not satisfying
the soft switching condition, one should reconsider the design parameters for the converter.
This can be realized by varying L; and L. If the one degree of freedom is used so that the
two leakage inductances are not equal, mathematically infinite alternative solutions exist.

This makes the design process iterative, and the designer can change the pair of L and Lo
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many times so that a cheaper design is achieved. Other than the price, the voltage stress on
the capacitors must be taken into consideration, because those are among the other design
limits.

To make sure that all design objectives are satisfied we accurately simulate the
converter with the transformer. The following criteria are checked in simulation to verify
the design:

- Frequency of the converter does not exceed 1.2 times the resonant frequency

- Voltage of the capacitors do not exceed 5 times the input DC voltage

- Power control tracking is achieved with zero error.

3.4  Analytical dimension calculation

Approximations of Neumann integral can be found in [52], [53] and [54]. One of
the simplest rules for analytical methods is the Greenhouse method [53], where the net
mutual inductance is set to the sum of mutual inductance of any two parallel conductors.
Customized variations of Neumann formula for shapes like rectangular spirals can be found
in [38], [55] and [54]. For the specific shape used in this thesis (flat rectangle with circular
cross-section wires), the self-inductance is calculated using an approximate method

introduced in [51].

. N*X2 1 (Dyyq

T

D
(arcsinh (%) -1) Eq. 3-13

Where D,,, is the average of inside length (D;) and outside length (D) as shown in

Figure 1-12, and R is the equivalent radius of the litz wire, and N is the number of turns. It

is assumed that the winding of the coil is tight (no spacing between the wires). Therefore,
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two identical windings with the same self-inductance are to be built. There is two degrees

of freedom, as D,,, R and N are design parameters, and there is only one equation.

3.5  Design using FEM

The design obtained in section 3.4 should be verified with finite element method
(FEM). FEM enables solving numerical problems including partial differential equations
using mesh analysis.

3.5.1 Ampere’s Law, self- and mutual inductance

For finding the self- and mutual inductance of coils, the Ampere’s law is applied to

a volume. Ampere’s law in partial differential form is shown as in Eq. 3-14 [56].
VXB=p oJ Eq. 3-14

In Eq. 3-14, V X is the curl sign, y, is vacuum permeability and J is the current
density vector assigned to each point. With all the current density in a given volume known
and through Eq. 3-14, magnetic flux density vector (B) at each point can be derived.
However, partial differential equations are very complicated. So, magnetic design software
is used to solve these equations. The post-process of this solution would be to calculate the

self- and mutual inductance. The equations for this post-process is given in Eq. 3-15 and

Eq. 3-16 [57].
LS Eq. 3-15
L
% Eq. 3-16
L

In Eq. 3-15 and Eq. 3-16, ¥; and ¥, are called self flux linkage and mutual flux

linkage respectively. These magnetic flux linkages can be derived for a simple structure of
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Figure 3-6 as in equations Eq. 3-17 and Eq. 3-18. dS is the normalized vector perpendicular

to the surface of each coil.

Loop 1 Loop 2

Figure 3-6: Flux density vectors caused by a current in two coils.
qll - j Bl.ds Eq. 3'17
Loop1l

lIIZ = j BlZ'dS Eq. 3'18
Loop2

It should be noted that Eq. 3-17 and Eq. 3-18, all the existing flux density comes
from loop 1 current ;.

Both the numerical differential equation solution (Eq. 3-14) and the post process
(Eq. 3-15 to Eq. 3-18) calculations are developed by the software ANSYS Maxwell.

3.5.2 Finite Element Method

Finite element method is applicable to boundary value partial differential problems.
Rewriting Eq. 3-14 in Cartesian coordinate system, the three equations Eq. 3-19, Eq. 3-20
and Eq. 3-21 are obtained.

B, By, g+8 Eq. 3-19

dy oz ot
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0B, OB, OE, )
T H

0B, B, GE,
_MOZ at

- Eq. 3-21
oy Ox

Where By, B, and B, are the components of flux density; E,, E, and E, are
components of electric field; J,, J, and J, are components of electric current density; It
should be noted that Eq. 3-19, Eq. 3-20 and Eq. 3-21 are true for every point in the space.
In this study, the time derivatives of electric field can be ignored, because the static
inductances of the coils are to be derived.

The geometry of the problem is given to a numerical software (ANSYS Maxwell),
to solve the equations Eq. 3-19 to Eq. 3-21. Through this, the self- and mutual inductance

of the designed coils can be verified.

3.6 Case study design problem

It is desired to design a 100 W IPT system with parameters of Table 3-1.

Table 3-1: System prarameters.

Output power 0-100 W

Input voltage 25V DC

Output voltage 20V AC
Maximum matching factor 0.2

Following the instructions and assuming equal inductances for simplicity, the first
iteration gives circuit elements like in Table 3-2.

The step by step design process is shown in the next page.
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20°
R=22 4 0 Eq. 3-22

100
25 4
_ _ Eq. 3-23
= =11. H q-
M 277;70000‘/100 368 1
M 11.368
= T e—— T e— E . 3'24
L,=L, 02 56.84 u H q
242
Vi=——Vpc=22.5V Eq. 3-25
C,=C : 90.94 nF Eq. 3-26
=Cy=——=90.94n .3
! 2 47'[:2f2L1
Table 3-2:circuit elements
L, L, C, C,
56.84 uH 56.84 uH 90.94 nF 90.94 nF

To make sure that the transformer and capacitor designs work, first an open-loop
simulation is done in PSIM to get the maximum output power. The schematic is the same
as Figure 3-3 and it is assumed that a clear sinusoidal waveform is the input of the circuit.

Important circuit variables for voltage stress are V¢, and V¢, which are shown in
Figure 3-7 and Figure 3-8.

Providing 91 nF capacitor with a rating above 200 V is feasible, so we can proceed
with the design parameters.

It can be seen that the first harmonic approximation was a good method, because
the coils act like a filter and let the resonant frequency to pass only, which is the reason for

sinusoidal waveforms of Figure 3-7 and Figure 3-8.
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Figure 3-7: Primary capacitor voltage.
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Figure 3-8: Secondary capacitor voltage.

Also the open-loop load current is shown in Figure 3-9.

The coils shown in Figure 3-10 show the magnetic design with ANSYS Maxwell
that provide the electrical circuit elements very close to what is desired in Table 3-2. The
coil turns and dimensions and the resulting parameters from the software are shown in

Table 3-3.
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Figure 3-9: Primary current
Ansys Maxwell simulation was based on flat square coil and was done along with
building the experimental setup. The medium around the coils were set a one meter cube

so that the flux density boundary condition does not affect the validity of the results.

L
0 50 100 {mm)

Figure 3-10: Schematic of the magnetic design
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Table 3-3:Simulated coil in Maxwell

Number of turns in each coil 10
Exterior coil length 250 mm
Interior coil length 210 mm

Distance between two coils 32 mm

L11 61.91 uH
L12 13.79 uH
L21 13.79 uH
L22 61.91 uH

The schematic of the closed-loop test circuit is shown in Figure 3-11.

v,34Q

> "'_ 1 L,=61.9 uH

M=13.8 uH

S, | Controller | ——————

Figure 3-11: Circuit model for the whole system

The parameters for the controller in this case are also shown in Table 3-4. kIQ and
kyp, are the integrator coefficients of the a-loop and w-loop PI respectively. k;, and kp, are

the proportional coefficients of the a-loop and w-loop PI respectively. The filters’ cut-off

frequencies are set so that they include the switching frequency.
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Table 3-4: Closed-loop parameters.

kq 9 1.5e6
kp 9 1.52e2
w-loop filter Cut-off frequency 140 Hz
kip 1.75
kpp 5e-3
a-loop filter Cut-off frequency 140 Hz
Prer 45 W

The reference power and soft switching are both satisfied in this case, which is

shown in Figure 3-12.

30
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Figure 3-12: Primary current and voltage

0.05003

The primary current in Figure 3-13 is a bit off-sinusoidal, because the resonant tank

(the coils) are not ideal and have passed little portions of the input signal harmonics.
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Figure 3-13: Primary current
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The off-sinusoidal shape of the current is due to the fact that it is working off-

resonance frequency (79.1 kHz). Load current graph is shown in Figure 3-14.
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Figure 3-14: Secondary current.

0.050025

0.05003

System frequency settles at 77.9 kHz in less than 10 milliseconds. In addition, it

can be seen that the secondary current is 84 degrees lagging the primary current which is

close to theory in which the phase difference is 90 degrees at resonant frequency.
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3.7  Experimental Results

The same case study is experimented through the setup shown in Figure 3-15. The
coil visible at the top is the load coil and an almost identical source coil is sitting on the
table with a distance of 30 millimeters. The step by step design was done for the case of
resonant frequency of 70 kHz and power of 0 to 100 Watts. The resulting load is a 4 ohm
rheostat on the right side of the table and the capacitors are selected 91 nF; the secondary
is attached to the rheostat and the primary is connected to the inverter. The RLC meter
shows that the primary side inductance L; is 70.54 pH and the secondary is 73.20 uH and
both coils have 0.8 ohm resistance. The measured values for the leakage inductances and

capacitors are and tabulated in Figure 3-6.

Figure 3-15: Experiment setup.

Table 3-5: Measured circuit parameters.

Li (uH)

R1 (Q)

Lo (uH)

R2 (Q)

Ci1 (nF)

C> (nF)

RLoad (Q)

70.54

0.78

73.20

0.81

92.57

93.18

3.99
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Sensing the feedback current was the biggest issue in the experiment. The high
sampling frequency like the one used in PSIM simulations (1 MHz) caused the processor
not be able to do all the simulations in practice. To address this problem, only the w-loop
related part of the control system was processed with 1IMHz frequency, and the rest was
processed with 400 kHz. The w-loop calculations need to be done in every 70 kHz period
(at least 2 samples with the Nyquist rate, which is best case).while the a-loop does not need
to be that fast, because power tracking error can be tolerated for thousands of cycles. The
processor (TI128335) could handle operations with 150 MHz bandwidth, so, the number of
operations with both control loops is critically close to the bandwidth of the processor.
With slowing one loop down, the operations are doable for the processor.

The case of 45 W is experimented and the voltage and currents in primary is shown
in Figure 3-16 and load variables are shown in Figure 3-17. The switching frequency is

77.1 kHz.
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Figure 3-16: Primary voltage and current for case 45 W
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Figure 3-17: Load voltage and current for case 45W

One interesting phenomenon observed in load current and voltage, is the phase
difference, which is due to the highly inductive effect of the load (1.18 pH) in high
frequency.

The settled frequency is 73.8. The efficiency of the IPT system according to the
oscilloscope is 71% which is acceptable with the excessive leakage inductance in all the
connecting wires. The input power is 42.51 and the output power is 35.24 W.

The primary side waveforms for the case of 52 W input power is shown in
Figure 3-18. The frequency at this case was set to 74.8 kHz. The input power is measured
at 51.68 W and this is almost the maximum power that this IPT setup can handle. The
reason is the design is being compromised for ZVS, and cannot reach its nominal input
power, because it should not work at resonant frequency. ZVS is achieved by the controller,

because all switches turn on when a negative current is sunk from the switch’s diode.
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Figure 3-18: Primary side waveforms for case: 52 W

The output voltage for this case is shown in Figure 3-19. The output power of 42.5

W and efficiency of 82% is achieved at this case.
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Figure 3-19: Load side waveforms for case: 52 W
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The last case’s waveforms are shown in Figure 3-20 and Figure 3-21 for an input

power of 16.40 W.
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Figure 3-20: Load side waveforms for case: 52 W

The frequency is 73.8 kHz and output power and efficiency are at 14.28 W and

87.07% respectively.
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Figure 3-21: Load side waveforms for case: 52 W
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The common phenomenon among the three cases of the experimental results are
achievement in ZVS. Comparison of the three cases show that efficiency is higher when

the controller sets the frequency closer to the resonant frequency.

3.8  Conclusion

In this chapter, a simple step by step approach for designing the magnetic part of
the IPT and converter setup is explained. The method can work with given values of
inductances and is highly sensitive to the input values. A magnetic design process was
introduced, based on which a 20 V-100 W setup was implemented. The magnetic design
simulations using Ansys Maxwell were verified in practice. The converter simulations
were done with PSIM and the whole system was implemented on a TI 28335 processor.
The results were slightly different from simulation because of parasitic circuit parameters
involved and also the non-ideal current sensors. However, the control system was settled
and ZVS was achieved in all cases. The closer the controller settles the frequency to

resonant frequency, the higher the efficiency of the setup will be.
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CHAPTER 4

RWPT APPROACH

4.1 Introduction

As discussed in chapter 1, resonant wireless power transfer (RWPT) systems have
attracted significant attention in recent years for applications such as home appliances and
hybrid vehicles battery charging [58]. There are many papers in the literature which
analyze the efficiency and performance of RWPT systems with circuit models analysis.
Normally the circuit model is presented and analytical results are compared with the
experimental system in terms of loss and efficiency [59]. In another approach, the circuit
model is presented and the efficiency of the indirect-fed WPT is studied under different
distances and operating frequencies, and for two different WPT systems with very high
resonant frequencies in the range of megahertz [19]. In most of the existing approaches the
circuit is studied in great detail. However, they do not explain the relationship of the
dimensions and positions of the structure with the circuit parameters. Hence, while useful
RWPT analysis tools are presented in [19] and [59], no design instruction is presented.
Although applied to very high frequency, a direct dimension-related analysis is
demonstrated in [60] for the mutual inductance and the performance of a wireless power
transfer system with two impedance matching units. Neumann formula is the basis of [60]

and the objective is to achieve the maximum efficiency.
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Few papers have presented the design process for RWPT. A design approach for
RWPT in a transit bus charging system has been introduced and implemented in [13] with
details on the management issues of where and how to charge the batteries of the buses.
However, unlike the research in [59]-[60], the design in [61] is done for a WPT with a core
which delivers power more efficiently. In this chapter, the design problem for a coreless
indirect-fed RWPT is studied with the goal of minimizing the coil size. Unlike most papers
in the literature, the delivered power is chosen as one of the design inputs rather than
efficiency. The reason is that in practice, loads need a minimum power. Therefore, in this
chapter, the circuit model analysis along Neumann formula are used to design a RWPT
capable of delivering a minimum Pout to the load in an optimally-sized system. The
characteristics of the WPT system with respect to changes in coil size is explained
analytically. A design approach is also introduced to determine the optimal size without

time-consuming design process.

4.2 An indirect-fed resonant wireless power transfer design problem

Designing a wireless power transfer unit includes many details. The unit to be
designed, is a resonant wireless power transfer (RWPT) system with four resonant circuits
(indirect-fed type). The WPT unit contains four coils:

1) A source loop which is electrically connected to the AC source;

2) A sending resonant coil;

3) A receiving resonant coil; and

4) A load loop which is electrically connected to the load.

These loops will be referred to with their corresponding numbers in this chapter.

Figure 4-1 shows the schematic view of the system to be designed.
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Figure 4-1: Indirect resonant wireless power transfer system.

Given the minimum load rating and the distance range between the sending and
receiving resonant coils (D), the design objective is to find the proper wire and coil
diameters, as well as the distances between the loops and the coils. It is assumed that the
coils are of circular shape. In addition, it is assumed that the source and load loops (loops
1 and 4) are of the same shape and dimension. The sending and receiving coils (coils 2 and
3) are also identical and the material used for all the loops and coils are identical and have
the same radii.

The design problem can be defined like an optimization problem with some
differences. The desired goal for this problem is smaller size, which is interpreted into
smaller radii in the coils. The constraints for the design problem are listed below:

1) The maximum number of turns (Nj) is limited to Nmax

2) The capacitors’ capacities are limited to (Ci max)

3) Wires’ diameter (2a) has a limited number of choices

4) A minimum power (Pmin) is transferred to the load for all distances D in the
range (Dmin- Dimax)

5) The operating frequency is bound to fmax
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The first three constraints are direct limitations to be considered in the design, while
the rest of the constraints become feasible under certain operating frequency and depend
on the operating status of the WPT system with the load and the source. The former are
named static constraints and the latter are named operating constraints.

It is important to find a relationship between the circuit elements’ dimensions and
the equivalent circuit model parameters (L, R, C and M).

For one single coil, the total resistance R and self-inductance L of the coil are

calculated as [62]:

8r
L=rp,u rN2 [ln (;) —2] Eq. 4-1
_Nr 2rfuon, Eq. 4-2
° a 20
2mf L7 Eq. 4-3
erzoN((T) 7 1?) q-
R:R0+Rr Eq. 4-4

In equations Eq. 4-1 to Eq. 4-4, L is the self-inductance of the coil; N is the turns
ratio in the coil; r is the coil radius; a is the wire radius; f is the operating frequency; o is
the conductivity coefficient; ¢ is light speed. R: and R, are radiative and ohmic resistances
respectively, which add up to form the whole coil resistance.

In each coil, a capacitor is added to provide resonance with the fixed frequency,
which is the same as the maximum achievable frequency (fmax). Hence, the coils include a

capacitor with the value of Eq. 4-5.
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1

C=—sm Eq. 4-5
2 rf)’L

Also, the mutual inductance of each two coils can be calculated with Neumann

formula (Eq. 4-6) [60].

M. = ‘uO\/HTZB .on 2n cos(@q — 9p)dPad @y Eq. 4-6
12 = :
A Jo Jo 1 —2B.cos(¢a — pp)
Where f is obtained from (Eq. 4-7).
B L Eq. 4-7

D2+ rZ +1f
Using Taylor’s series across zero for the term ¢,-¢,,, Eq. 4-6 can be simplified to
Eq. 4-8.

o iy B 15 5 . 315 5 . 56199
M= B ey g2 20 24272 2, 20777
=g R Bt o Bt s

B x?] Eq. 4-8
Eq. 4-8 is a closed form and the greater the distance D, the smaller the value of 3,
hence the more precise the formula will be. f is the largest when r1 and r; are equal and D

is minimum, which means f is always smaller than 0.5. So, ignoring the higher terms in

Eq. 4-8 is reasonable when the distance D is in the range of the radii of the coils or larger.

4.3 Circuit analysis

The design problem is dependent on the operating condition of the system. The two
parameters, output power and efficiency, can determine the performance. The distance
between the coils (D) as well as the optimal operating frequency (fop) selection, can both
change the performance of a given possible design drastically. Given the circuit model
(Figure 4-2) for indirect-fed WPT [19], the output power of the WPT system can be

calculated as Eq. 4-9.
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Figure 4-2: The circuit model of the indirect-fed WPT system.
o - Ry o "MHM33 M3, Vi
out™ -
o[k, s M%2M§4a)4+Z3Z4M%2a)2+ZSZ4i/[§3w2+ZSZZM§4m2+ZSZZZ3Z4 ? 22 Eq. 4-9
The values of Z1, Z», Z3, Z4, Zs and A are shown in Eq. 4-10 - Eq. 4-15.
ZIZR1+JQ)L1+ Eq 4-10
JoCy
Z,=Ry+j o Ly+- Eq. 4-11
Jo G,
Z3:R3+j w L3+ - Eq 4-12
Jo G
Z,=Ry+j o Ly+- Eq. 4-13
JoCy
Z=7,FR; Eq. 4-14
A=ZM?, 0 2+Z M3 0 247,757, Eq. 4-15

The design problem might be able to deliver more power in an operating frequency
different from resonance frequency. Hence, the operating constraint for output power is
done for the best frequency (the one which gives the highest output power) below the

resonant frequency.
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431 Analysis of a given design

According to Eq. 4-9, at the fixed resonance frequency (f;), while changing the
distance D results in a bell-shape curve; i.e. starting from very close distance (minimum
D), the output power increases with D until a critical point D¢ (which corresponds to a
critical M¢r). However, further increase in D causes the output power to decrease. For the
distances below D¢, which will be called overcoupled area, working in an operating
frequency (fop) different from f; helps meet higher output powers. This fact is shown in
Fig. 3 in the simulation section. In other words, given any distance in the overcoupled
range, there exists two frequencies, different from f;, in which the output power is locally
maximum. This is rather close to the concept of frequency splitting discussed in the
literature [14] and [9], with the difference that this new concept is about the output power.

For a given design, output power is always decreasing if the proper frequency is
chosen. Hence, if the voltage source is capable of providing any frequency, it is expected
that the bottleneck for the 4" constraint is when the coils are at their farthest position, i.e.
maximum D.

432 Sensitivity Analysis of the design

Substituting Eq. 4-8 and Eq. 4-1 in Eq. 4-9, a direct analytical function that relates
output power to the distance D is achieved. Taking the derivative of Eq. 4-9 with respect
to 13 proves Eq. 4-16.

aP out
or3

>() Eq. 4-16

The interpretation of Eq. 4-16 is that when other parameters remain unchanged,
the larger the diameter of the sending and receiving coils are, the larger the amount of

output power will become; i.e. the trade-off for the design problem is coil size versus output
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power. If the design requirements need higher output power rating, an increase in the
sending and receiving coil radii helps.

When constant output power is needed (rather than a minimum output power), the
critical (knee) point should be determined. The knee point is on the output power curve at
resonant frequency [11]. At the knee point, the derivative of output power with respect to
Mzs is zero. By keeping all other parameters constant, M3 at the knee point (M) is
calculated in Eq. 4-17.

oP oM mM
o g, = M2 Mg
OMp; R, R

Eq. 4-17
To derive Eq. 4-17, Eq. 4-9is rewritten at the resonant frequency as inEq. 4-18.
Zi:Ri Eq 4-18

202 2 2
_RMpM3 o M3;

Eq. 4-19
out . 2
2 (M3, M2, & 2+R RM2;)

As shown in Eq. 4-18, the model becomes simpler at resonant frequency. The
derivative of Eq. 4-19 with respect to the main coils’ mutual inductance, is obtained as in
Eq. 4-20.

2 2
dPo  RiMM3, 0% (MiMi0?) -(RLRM3;)

- _ . Eq. 4-20
d(M33) 2 (M},M%, o 2+R; RyM33)

According to Eq. 4-17, critical distance (Dcr) is a point that has constant M»3 if the
frequency, M2 and Mss are fixed. Because M3 is constant, and it is known that M3
decreases with D, hence: by increasing the radius of the coils, D¢ also increases. In other

words, the knee point of the output power versus distance curve will be at larger distances.
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Setting Eq. 4-20 to zero, only leads to one point which is derived in Eq. 4-17. Based
on Eq. 4-20, this point is a maximum point, because at values of M3 lower than Eq. 4-17,

the derivative is positive and at values higher than Eq. 4-17, the derivative is negative.

4.4  Algorithm to find the optimal size

In terms of maximum output power, there is an optimal frequency for each distance.
Hence, if the voltage source is capable of providing any frequency, the bottleneck of the
4th constraint in 4.2 is when the coils are at their farthest position, i.e. at Dmax. Based on
this, the flowchart in Figure 4-3 is proposed. In Figure 4-3, the minimum radius of the
sending and receiving coils is determined so that a minimum output power (Pdesired) 1S
satisfied. The algorithm is a smart try and error on the coils’ radius. The radius is
increased/decreased slightly so as to keep the output power above the desired level. The
solution is the minimum radius that satisfies Pout>Pdesired at Dmax. This flowchart is useful
when the parameters for the rest of the RWPT system are determined, e.g. loop 1 and loop

4 sizes.

4.5 Case Study

The desired design discussed in the previous sections is done for a 15 W load. The
distance range is 40-80 cm from the sending resonant coil to the receiving resonant coil. In
other words, it is needed for the WPT to transfer a minimum output power of 15 W for all
values of D in the range of 40-80 cm. The resonance frequency is set to 100 kHz. The
operating frequency can be varied from 95 kHz to 100 kHz. Table 4-1 shows the options

for optimization variables which form a total of 28800 set of options.
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Figure 4-3: Flowchart to determine the radius of sending and receiving coils.

The results show that the minimum size of the receiving package with the given
constraints, is achieved by the values given in Table 4-2. The important result is that the

optimal solution occurs when the coils’ and loops’ diameters are equal.

Table 4-1: Optimization variables’ options

Optimization .
lifariable Options
n& 13 [ 0.05 -0.50] meters
& 14 [ 0.05-0.50 ] meters
Nao& N3 [ 1-10 ] turns
[3.6740,3.2720, 2.9135,2.5945,2.3105,2.0575, 1.8325,
a 1.6320, 1.4530, 1.2940 | millimetres
Wires #1 to #10 respectively [63]
diz and das [1,2,5,10,20,50 ] centimeters
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Table 4-2:Dimensions in the solution design.

Optimization Variable Solution
& 13 0.075 meters
& ra 0.075 meters
No>& Nj 10 turns
A 3.6740 mm (Wire #1)
di> and d34 1 centimeter

Figure 4-4 shows the output power of the WPT with respect to D. As r2 and r3 are
small and approximately in the same range as D (or smaller), Eq. 4-8 can be used with error
less than 0.1%. Eq. 4-9 and Eq. 4-17 can explain why Figure 4-4 has an asymptote at

infinity and a maximum at De;.
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Frequency/_Overcouple
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N O ©o
T

[ [ £
0.5 1 15 2 25
D (m)
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Figure 4-4: Output power versus distance for the optimal design

Figure 4-4 shows that for the optimal design, the critical distance (Dcr) 1s 0.729 m.
Moreover, using the flowchart in Fig. 3, it is concluded that, the critical r3 (=r2) is 7.2 cm
that occurs at D=80 cm where 15 W can be delivered to Ry. It can also be concluded from

Figure 4-4 that the output power is low at resonant frequency in the overcoupled region.

74



However, by controlling the source frequency, the output power can be kept almost at a
constant curve above 15 W.

As shown in Section III, the output power increases with the coil size. Figure 4-5
shows the sensitivity analysis of the output power delivered to the load with respect to the
coil radius, for all the distances in range 0.4-0.8 m.

It can be concluded that the feasible designs (the ones that can satisfy the power
delivery constraint) are the ones that can satisfy the condition only at Dmax. In other words,
satisfying the power condition at D=0.8 m is a sufficient condition for the general case of
satisfying minimum power (15W) in the range of 0.4-0.8 m. It can also be concluded from
Figure 4-5 that if the distance range decreases, the optimal design can be realized with
smaller sizes. For example, coils of 6¢cm radius can satisfy the minimum power of 15W in

the range 0.4-0.65 m.

20 T T T T T 3 3

. - =10cm™”

16 e = =75em™
15 \
s 14 S h

L L L L L L L
8.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8
D (m)

Figure 4-5: Sensitivity analysis on the radius of the coil

In Figure 4-5, the conclusions in section 4.3 are illustrated: an increase in the radius

of the coils cause the knee point to move to a farther distance. The knee points are
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connected via the dash-dotted red line in Figure 4-5. On the dash-dotted red line, all the
points have the same M23, albeit at different r and D values.

As shown in 4.3, the output power increases with an increase in the coil size
(radius). Same concept does exist for the maximum output power. Figure 4-6 is derived by
changing all the four elements’ radii equally while other parameters are constant. It is
observed that increasing the distance between the sending coil and sending loop (equally
between receiving coil and receiving loop) has a negative effect on output power. It is also
observed that the maximum output power increases with a radius increase. However, this
would not be the case if the radii of r; and r4 are kept constant (5 centimeters). The graph
in this case is shown in Figure 4-7. It is observed that the maximum output power does not
monotonically increase with respect to r2 and r3. This is why the assumption of equal size

for all the coils is a good one.

25 T T T T

201

——d12=d34=0.01
—— d12=d34=0.02
— d12=d34=0.05

(max

——d12=d34=0.10 |
——d12=d34=0.20

Increase in d12

0 0.05 0.1 0.15 0.2 0.25
radius (m)

Figure 4-6: Maximum Output power (W) when all radii are equal at different values
of di2
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Figure 4-7: Maximum Output power when radii of 11 and r4 are kept constant for
different values of di2

4.6  Conclusion

In this chapter, a design approach for an indirect-fed type resonant wireless power
transfer system is proposed. The objective of the design procedure is to find a minimum
structure size. The relations between the dimensions of the coils and their positioning is
first translated into a circuit model and then to the output power. It is concluded that the
optimal design for a range of distances between the sending and receiving coils, is better
achieved by controlling the operating frequency according to the distance. Moreover, the
bottleneck of the design constraints is to satisfy the minimum power condition at the
maximum distance in the desired distance range. A flowchart is provided to find an
optimum solution. All optimal solutions are common in having equal diameters for all
coils. The simulations results to find a 15W WPT system is presented to validate the
analytical results. For further study, a more precise model for circuit analysis, which

considers the mutual inductance between the non-adjacent coils, is suggested.
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CHAPTERS

CONCLUSION AND FUTURE WORK

Wireless power in power electronics has been applied to charge electric vehicles
and applications where using wires is unsafe or undesired. Applications range from a few
Watts to several kilowatts. For these applications, two or more coils are involved, and the
energy transfer is through magnetic coupling of these coils. Existing magnetic design for
such applications was reviewed in this thesis and then simple magnetic design procedure
was proposed for the chosen topology’s control and magnetic design.

Converter topologies in the literature was reviewed. Converters are needed to make
the voltage level and specifically frequency level possible. Detailed process of designing a
converter and a new control method applicable to high frequency was developed in this
thesis. The proposed converter and control system offer a new method to control the WPT
system so that the frequency is automatically determined to guarantee ZVS. Both IPT and
RWPT approaches were studied in this thesis with more weight given to the IPT system
for implementation. The conclusions of the IPT design are listed below.

1. The control method achieves power control and soft switching with two
control loops. This method reduces calculations burden in every sampling

cycle.
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5.1

il.

1il.

1v.

ii.  Biggest challenge in building the experimental setup is sampling frequency.
The problem was addressed by multi-rate control approach by dividing the
control process into high frequency and medium frequency sections.

iii.  The important contribution of RWPT design was to determine the design
bottleneck. The bottleneck is to guarantee the maximum required power of

the load at the maximum distance.

Suggested Future Work:

The tasks below are suggested for future work.

Development of a fixed power load model; most power appliances necessitate a
certain level of power.

Implementation of the resonant wireless power transfer system introduced in
chapter 5.

Extending the control method to variable distance position for the coils

Analyze the effect of misalignment on the control method
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