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Preface

Wireless power transfer techniques have been gaining researchers’ and industry attention
due to the increasing number of battery-powered devices, such as mobile computers, mobile
phones, smart devices, sensors, mainly as a way to replace the standard cable charging, but
also for powering battery-less equipment.

Wired charging compared with wireless charging or powering brings several benefits:

- Improved performances and usability, mainly by eliminating the use of cables. Moreover,
the same charger can be used for different devices;

- Possibility of design and manufacture of much smaller and lighter devices by completely
removing bulky batteries;

- Increasing the mechanical resistance of devices so that they can be sealed, thus reducing
the risk of corrosion due to oxygen, water, or even chemical agents;

- Improvement of flexibility, in particular, for devices where the batteries or connection ca-
bles are expensive, dangerous, or even impossible to install (for example, for body implant-
ed sensors or devices, like automatic insulin pumps);

- Smart, adaptive, and flexible powering of devices, with controlled energy flow and charg-
ing cycles.

Special efforts have also been dedicated to the development of wireless charging methods
for the automotive industry, as the electric cars seem to be the solution for the future public
transportation. The storage capacity of batteries is an extremely important element of how a
device can be used. If we talk about battery-powered electronic equipment, the average au-
tonomy is one factor that may be essential in choosing one device or another. Also, the
amount of energy stored in the battery determines the maximum distance a car can travel.
As a consequence, these batteries’ charging operations occur at relatively short intervals,
from several hours to at most several days, and the way this recharge is done is essential.

A distinction has to be made between the two forms of wireless power transmissions, as
seen in terms of how the transmitted energy is used at the receiving point:

- Transmission of information or data, when it is essential for an amount of energy to reach
the receiver to restore the transmitted information. In this case, one may not be interested in
the energy efficiency of the transmission, the most important being that a sufficient amount
of energy reach the receiving point, enough to permit the information to be extracted;

- Transmission of electric energy in the form of electromagnetic field, when the energy trans-
fer efficiency is essential, the power being used to energize the receiving equipment.
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Preface

The second form of energy transfer is the subject of this book.

This book presents some of the fundaments of wireless power transfer using inductively
coupled coils, high efficiency power integrated circuits, together with recent research results
for dynamic wireless power transfer for in-motion objects or vehicles.

The book starts with a chapter dealing with fundaments and operating principles of induc-
tively coupled wireless power transfer (ICWPT) systems. The chapter begins with an outline
of the ICWPT systems, highlighting their major application areas, followed by present chal-
lenges in the field. Then the operating principle of this technology is presented including
system tuning, electrical equivalent circuit, power transfer capability, and power losses asso-
ciated with the system. The chapter ends with detailed derivations of the system coupling
efficiency, which is the most important portion of the efficiency analysis of ICWPT systems
for both series and parallel-tuned secondary side.

Chapter 2 deals with various compensation methods for resonant coupling of the wireless
energy transfer system. A proposed analysis is particularly relevant to any application
where contactless battery charging is used. Main parameters that are investigated are effi-
ciency, as well as circuit’s electrical variables (current and voltage). To analyze the most
suitable solution of coupling compensation, the relevant equations are graphically interpret-
ed for each discussed circuit topology. Finally, this chapter gives some recommendations on
how to design wireless power transfer system with the highest possible efficiency for given
set of system parameters (switching frequency, transmitting distance).

Chapter 3 presents a wireless power receiver for inductive coupling and magnetic resonance
applications. An active rectifier with shared delay locked loop (DLL) is proposed to achieve
the high efficiency for different operation frequencies. In the DC-DC converter, the phase-
locked loop is adopted for the constant switching frequency in the process, voltage, and
temperature variation to solve the efficiency reduction problem, which results in the heat
problem. An automatic mode switching between pulse-width modulation and pulse-fre-
quency modulation is also adopted for the high efficiency over the wide output power
range. This chip is implemented using 0.18 um BCD technology with an active area of 5.0
mm x 3.5 mm. The maximum efficiency of the active rectifier is 92% and the maximum effi-
ciency of the DC-DC converter is about 92 when the load current is 700 mA.

Chapter 4 focuses on a wireless power transmission system based on magnetic resonance
coupling circuit. Mathematical expressions of optimal coupling coefficients are examined by
the coupling model. Equivalent circuit parameters are calculated by Maxwell 3D software,
and then equivalent circuit was solved by MATLAB. The transfer efficiency of the system
was derived by using the electrical parameters of the equivalent circuit. The system efficien-
cy was analyzed depending on the different air gap values for various characteristic impe-
dances, by using PSIM circuit simulation software.

Chapter 5 describes a microwave power transmission scheme based on retro-reflective
beamforming. In the retro-reflective beamforming, wireless power transmission is guided
by pilot signals. To be specific, one or more than one mobile device(s) broadcast pilot signals
to their surroundings, and based upon analyzing the pilot signals, a wireless power trans-
mitter delivers focused power beam(s) onto the mobile device(s). Preliminary numerical and
experimental results are presented to demonstrate the feasibility of the proposed retro-re-
flective beamforming scheme. As microwave power transmission has the potential to supply
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wireless power to portable/mobile electronic devices over long distances (on the order of
meters or even kilometers) efficiently, several technical challenges remain to be resolved to
accomplish practical microwave power transmission systems, including (i) minimizing pow-
er loss due to microwave propagation, (ii) preventing humans and other electrical systems
from exposure to excessive microwave radiation, and (iii) reconfiguring wireless power
transmission in reaction to environmental changes (such as physical movements of portable
devices) in real time.

Finally, Chapter 6 presents the development of dynamic wireless power transfer (DWPT) to
solve two major bottlenecks, which are battery limitation and infrastructure requirements in
the commercialization of electric vehicles (EV). DWPT system in urban area ensures uninter-
rupted power supply for EV, whether during parking, stopping at traffic light or on the run.
The technology is able to extend or even provide infinite driving range with significantly
reduced battery capacity. Precious space in cities and urban areas are conserved with an un-
derground power supply network. On the other hand, railways have become indispensable
for public transportation in cities and towns, to reduce pollution and traffic congestion.
Wireless power transfer for train is safer and more robust than any other known method.
The construction of new high-speed railway systems will be less hassle as pantograph and
power rails are no longer needed. This chapter provides a review of the latest research and
developments of dynamic wireless power transfer for urban EV and electric train (ET). Fol-
lowing are the key technology issues discussed: (1) power rails and pickups, (2) segmenta-
tions and power supply schemes, (3) circuit topologies and dynamic impedance matching,
(4) control strategies, and (5) suppression of electromagnetic interference.

By presenting both state-of-the-art of the wireless power transfer technologies together with
some new challenges, such as microwave and dynamic wireless power transfer, this book
reaches its goal of being a short collection of current trends in this top domain, completing
the series of books published by InTech, a valuable source of information for engineers and
researchers, and anyone dealing with new technologies.

Eugen Coca
Stefan cel Mare University of Suceava
Romania
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Chapter 1

Fundamentals of Inductively Coupled Wireless Power
Transfer Systems

Ali Abdolkhani

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/63013

Abstract

The objective of this chapter is to study the fundamentals and operating principles of
inductively coupled wireless power transfer ICWPT) systems. This new technology can
be used in various wireless power transfer applications with different specifications,
necessities, and restrictions such asinelectric vehicles and consumer electronics. A typical
ICWPT system involves a loosely coupled magnetic coupling structure and power
electronics circuitries as an integrated system. In this chapter, the emphasis is placed on
themagnetic coupling structure, whichis the mostimportant part of the system. Although
this technology has motivated considerable research and development in the past two
decades, still there are several theoretical studies such as the level of the operating
frequency, operating athigh secondary circuit quality factor, coupling efficiency, etc., that
need further investigation to fully develop the governing mathematical relationships of
this technology.

The chapter begins with an outline about the ICWPT systems highlighting their major
applicationareas, followedby presentchallengesin thefield. Then, theoperating principle
of such a technology is presented, which includes system tuning, electrical equivalent
circuit, powertransfercapability,and powerlossesassociated with thesystem. Thechapter
ends with detailed derivations of the system coupling efficiency, which is the most
important portion of the system efficiency analysis for both series- and parallel-tuned
secondary side.

Keywords: Compensation, Coupling efficiency, Inductive power transfer, Magnetic
coupling, Power transfer capability, Resonant converters, Wireless power transfer

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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4 Wireless Power Transfer - Fundamentals and Technologies

1. Introduction

Wireless power transfer is to transfer electrical power from one point to another through an
air gap without any direct electrical contacts. This technology has been used for applications
as in electric vehicles (EVs), consumer electronics, biomedical, etc. where conventional wires
are inconvenient, hazardous, unwanted, or impossible. For instance, supplying electrical
power using mechanical slip-rings in rotary applications results in a system with a reduced
life span because of the frequent maintenance requirements due to wear and tear caused by
friction. Moreover, mechanical slip-rings are associated with arcing, which make them unsafe
to operate in the presence of explosive gases. Increasing the lifespan, reliability, and low-
maintenance operation can be achieved by eliminating the cables, mechanical slip-rings, as
well as plugs and sockets.

In the early days of electromagnetism before the electrical-wire grid was deployed, serious
interest and effort were devoted (most notably by Nikola Tesla) towards the development of
schemes to transfer energy over long distances without any carrier medium. These efforts
appear to have met with little success. Radiative modes of omni-directional antennas (which
work very well for information transfer) are not suitable for power transfer, because a vast
majority of power is wasted into free space. Today, we face a different challenge than Tesla.
Now that the existing electrical-wire grids carry power almost everywhere, wireless power
transfer technology creates new possibilities to supply portable devices with electrical energy,
which has been used in many different applications. A range of applications has been consid-
ered and several approaches have been proposed based on the individual requirements.
Currently, the main areas of wireless power transfer applications can be categorised as follows

[1]:

* Industrial (operation in harsh environment, e.g. mining, next to explosive gases)
* Automotive (electric cars and general battery charging)

* Aerospace (transferring energy to moving parts)

* Consumer electronics (charging a cell phone or a laptop wirelessly)

* Biomedical (inductive interface to power implantable biomedical devices)

2. Present challenges

2.1. Theoretical developments

The aim of an inductively coupled wireless power transfer ICWPT) system is to provide power
to a movable object across a gapped magnetic structure. Its theoretical development relies on
both magnetic and power electronics together as an integrated system. In the case of magnetic
structure, designing a magnetic coupling structure with a small air gap would result in high
magnetic coupling coefficient and increased power transfer capability. Modelling and
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representing the magnetic circuit and associate its geometrical characteristics with its electrical
behaviour are very important as: (1) to enable predicting the circuit performance and (2) to
provide the insight needed to achieve an optimised design. Furthermore, the magnetic
structure of an ICWPT system combines the magnetic properties of both an ideal transformer
and an inductor. There are more room for theoretical improvements in magnetisation, mutual
inductance, leakage inductance, and their connection with the structure geometry and AC
losses that are critical in power electronic designs. In ICWPT systems, in order to reduce the
skin and proximity effects associated with the coils, multi-strands-woven Litz wire is often
used. Modelling and developing functional analysis of such a phenomenon associated with
Litz wire are of high importance for the development of an efficient ICWPT system.

Power electronics, on the other hand, covers a large area including electronics, control, and
communications. Analysis and modelling of switch-mode non-linear circuits are the main
concerns. Like most other power electronic applications, the further development of ICWPT
systems depends largely on some fundamental advances in switch-mode non-linear theories.
Moreover, the loose magnetic coupling between the primary and the secondary coils of an
ICWPT power supply is more difficult to analyse than a traditional closely coupled trans-
former. This further increases the circuit complexity so that proper compensation and control
have to be taken into consideration in the design [2].

2.2. Technical limitations

Because of the air gap, designing an ICWPT system poses some unusual design constraints
compared to the traditional compactly coupled design. The relatively large gap in the magnetic
circuit results in a low mutual inductance and high leakage inductances. Eddy currents caused
by fringing flux can be formed in the magnetic material near the air gap and cause power losses
and EMI. Operating at high frequencies presents unique design problems due to the increased
core losses, leakage inductance, and winding capacitance. This is because physical orientation
and spacing of the windings determine the leakage inductance and winding capacitance which
are distributed throughout the windings in the magnetic structure [3]. Experienced SMPS
(switch-mode power supply) designers know that SMPS success or failure heavily depends
on the proper design and implementation of the magnetic components. Inherent parasitic
elements in high-frequency inductive power transfer applications cause a variety of circuit
problems including: high power losses, high-voltage spikes necessitating snubbers or clamps,
poor cross regulation between multiple outputs, noise coupling to input or output, restricted
duty cycle range, etc. [4, 5].

Some major constrains associated with the design and practical implementations are:

* Meeting the power demand. It is often difficult to deliver the required power to a load via
ICWPT system due to limited space on the receiver side and specific power flow regulations.

* Switching speed. Operating at a higher frequency can help reduce the size of an ICWPT
system. However, the switching speed of the switches is one of the major constraints. The
most suitable switching devices for ICWPT applications seem to be insulated gate bipolar
transistors (IGBTs) with commercial products up to the power level of 3kV/2kA, and a

5
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switching frequency up to 80 kHz. Power metal oxide silicon field effect transistors (MOS-
FETs) can switch at a speed up to MHz levels, but their voltage levels are too low for high-
power ICWPT applications.

* Efficient operation. Due to various copper and ferrite losses, achieving high system power
efficiency is a challenging task.

* Maximum temperature rise. This is an important factor to keep the system operating in an
acceptable range of temperature, especially when the system is used in a specified temper-
ature environment.

* System size/weight. The size and weight are limiting factors in designing an ICWPT system.
The conversion process in power electronics requires the use of magnetic components that
are usually the heaviest and bulkiest items of the circuit. The design of such components
has an important influence on the overall system size/weight, power conversion efficiency,
and cost.

* System stability and control. It is always important to have a stable system under full range
of load and magnetic coupling variations in practical applications. Variable frequency
controlled ICWPT power supplies can become unstable if not designed properly [6].

* Cost effectiveness. Existing ICWPT systems are costlier than traditional wired counterparts
due to the complicated power electronic circuitry and magnetic coupling design. It is a
challenging task to improve the system design to bring the cost down for practical applica-
tions.

* Compliance. Final practical products of ICWPT systems need to pass electromagnetic
compatibility (EMC) and safety standards, which can be a challenging engineering design
task.

The above mentioned challenges may interact with each other, making the system optimisation
very difficult. Trade-offs often need to be made depending on practical constraints and
requirements.

3. Operating principle and general diagram of ICWPT systems

3.1. Operating principle

The fundamental theory of ICWPT systems is governed by Faraday and Ampere’s laws as
shown in Figure 1. Based on Ampere’s law, current I generates a magnetic field H. Some of
this magnetic field links the secondary power pickup coil and according to Faraday’s law
causes a voltage V to be induced.

Ampere’s law can be mathematically expressed as:

gSﬁ.EZ =1 1)
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This equation states that the line integral of the magnetic field intensity around a closed loop
is equal to the current flowing through it.

Faraday’s law, on the other hand, is expressed by:

y__y 49

2 2)

where N, is the number of turns of the secondary coil.

The negative sign in (6) is described by Lenz’s law, which states that the current flow in the
secondary coil (when a load is connected) will be such that it creates a magnetic field that
opposes the primary magnetic field.

Faraday’s Law

I '\Ampére's Law
H

Figure 1. Fundamental theory of an ICWPT system.

3.2. General block diagram of an ICWPT system

A typical ICWPT system is normally constructed by winding the primary and secondary coils
into separate halves of ferrite cores parted by an air gap as shown in Figure 2. Since direct
physical contacts are eliminated in such a system, magnetic link is used to provide a reliable
and efficient power transfer across an air gap. As it can be seen, the magnetic flux ¢,, couples
from one half of the core to the other half and provides a mutual inductance M that couples
energy from the primary to the secondary side. The mutual inductance M is a function of
geometry and can be found by simulation, measurement, or modelling the physical structure
[7, 8].

7
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Figure 2. Typical flux linkage in an ICWPT system.

In such a loosely coupled power transfer system, the leakage fluxes can be very large and
cannot be ignored. The proportion of the primary coils flux that links with the secondary coil
is known as the primary coupling coefficient expressed by:

by ==t (4)

These two values are typically combined to give the overall system coupling coefficient as:
k =k k, ®)

The mutual inductance between the primary and the secondary coils then is given by:

M=kJL L ©)

where L, and L, are the self-inductances of the primary and the secondary coils.

An ICWPT system can then be considered as a loosely coupled power transfer system using
modern power conversion, control, and magnetic coupling techniques to achieve wireless
power transfer as shown in Figure 3. It consists of a primary side AC/DC/AC resonant
converter which converts the rectified AC power into high frequency AC power. The high-
frequency AC power then is fed to the primary coil which is magnetically coupled to the
secondary coil, while physically separated. The secondary side then can be movable (linearly
or/and rotating), giving flexibility, mobility, and safeness for supplied loads. In the secondary
side, the induced high-frequency power is converted and controlled by a secondary converter
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to meet the requirements specified by the load parameters. In fact, the time-varying magnetic
field generated by the primary coil induces an electromotive force in the secondary coil which
forms the voltage source of the secondary power supply. Since the magnetic coupling of an
ICWPT system is normally very loose compared to normal transformers, the induced voltage
source is usually unsuitable to be used to drive the load directly. Thus, a power conditioner
with proper circuit tuning and conversion is required to control the output power according
to the load requirements [9].

AC I-—J\[ Primary h\' Pramary "._ Secondary "-xl_Snmdm- A B .
| Ij power /| mming {| tuming /| power |/ RCHEEDN
source I'"|,. SO i | -V e | 4 load

Figure 3. Fundamental elements of an ICWPT system.

4. System tuning

Tuning the primary and the secondary inductances of an ICWPT system is important for
several reasons: (1) Compensating the primary inductance makes the power supply able to
drive the given limited voltage ratings of the employed switches, (2) Constructing a resonant
tank for resonant converters which is required to enable soft-switching operation of the
switches to reduce switching losses and EMI, (3) Prevent the harmonic propagation in the
circuit due to its filtering function, and (4) Compensating the secondary inductance improves
the power transfer capability of the system.

4.1. Primary side tuning

Compensating the primary inductance improves the power factor and reduces the required
Volt-Ampere rating of the primary power source. The compensation topologies are consid-
ered, namely series compensation, parallel compensation, and series-parallel compensation as
shown in Figure 4. In series compensation, the voltage across the capacitance compensates the
voltage drop of the primary equivalent reactance, making the required supply voltage to
reduce. In parallel compensation, the current flowing through the capacitance compensates
the current in the primary coil. Hence the required supply current is reduced. Series-parallel
compensation realises the reduction of both in voltage and in current. In Figure 4 in a series
compensation topology, the output current from the inverter bridge (I,) is equal to the primary
current which is passing through the primary inductance (I,,). This signifies that the primary
current in series compensation circulates through the inverter bridge which, in turn, causes
significant power dissipation in the switching network. Moreover, in series compensation, the
voltage is boosted because of the added voltage across the tuning capacitor. This results in an
increased voltage across the primary coil (V) that is higher than the inverter output voltage
(V). This is beneficial as it allows the power supply to drive a high primary inductance with

9
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a desired primary current. The parallel compensation, on the other hand, has a current increase
property. The primary current (I,) is greater than the power converter output current (;). This
is because the reactive current is circulating inside the resonant tank, and only the real current
is flowing through the inverter bridge. As a result, in a parallel tuned power supply design,
lower current rated switches may be used. The value of the primary compensation capacitor
is often designed to fully compensate the primary inductance at the primary operating angular
frequency (w). In this case, the primary compensation capacitance is determined by:

o— Cr
Series Parallel Series-Parallel

Figure 4. Primary tuning topologies.

Note that the capacitance of (7) is calculated for either a series- or a parallel-tuning topology.
In the case of a composite topology, it is a combination of the two topologies. One simple way
is to use C,, to fully cancel the primary leakage inductance (L,-M), and C,, to fully tune the
remaining portion of the primary self-inductance (M):

Cpl = oM @®)
1
" W (L,-M) ®)

4.2. Secondary side tuning

In an ICWPT system, because of the large internal reactance, the power transferred from the
primary to the secondary side is not sufficient for the load. For an uncompensated secondary
inductance, the maximum output power occurs when the load resistance R; is equal to the
internal reactance wL,, and can be expressed by [9]:

S (10)
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where V,, is the open-circuit voltage at the secondary terminals and I, is the short-circuit
current of the secondary side.

In order to improve the power transfer capability of the system, normally the secondary side
is tuned to the primary side operating frequency. There are two basic tuning topologies used
in the secondary side, namely series compensation and parallel compensation as shown in
Figure 5. An equivalent resistance (R,,) represents the equivalent load on the secondary side.

s L. < P 4 )
Vall) 5“... o Vafy - :|1.-:
!

N

(a) Series tuning

ST

&

L

e L0 1§ CTi Spo L.

5
L ‘H‘ﬁ\h\'

(b)) Parallel tuning
Figure 5. Secondary side-tuning topologies. (a) Series tuning. (b) Parallel tuning.

In Figure 5(a); the equivalent reactance and its compensation capacitance cancel each other at
the resonant frequency, making the output voltage independent of the load and equal to the
secondary open-circuit voltage. Likewise, in parallel compensation the equivalent admittance
and its compensating capacitance cancel each other at the resonant frequency, which makes
the output current independent of the load and equal to the secondary short circuit current as
illustrated in Figure 5(b). For maximum power transfer, the secondary resonant frequency is
normally designed to equal the nominal frequency. In this case, the secondary compensation
capacitance is determined as:

(11)

5. Equivalent circuit and power transfer capability

5.1. T-equivalent circuit

Typical ICWPT systems are modelled using the conventional transformer model with an
equivalent T-circuit as shown in Figure 6. It should be noted that normally the air gap in the
path of the flux leads to low flux densities which tend to make the core losses very small, so

11
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the core losses component may be neglected from the model without significant loss of
accuracy.

R, (L-M) L-M R

Figure 6. T-equivalent circuit.

From the above model, the power transfer capability of an ICWPT system is determined by
two fundamental parameters: V,. being the open-circuit voltage (when R,, = =), and I, being
the short-circuit current (when R,, = 0) obtained from two basic open-circuit and short-circuit
tests as [10]:

vV, =JjoMl, (12)

;=7 JjoM
VR + jo| M+ (L -M)]

(13)

In practice, in order to reduce the coils losses, a woven Litz wire is normally used with low
ESR (Equivalent Series Resistance); therefore, in (13) R, can be neglected giving the short-circuit
current as [10]:

(14)

~E

From the above equations, the uncompensated power S, of the secondary side can be expressed
as follows [10]:

2

S =V 1 =a).£.l2 (15)

u oc” sc P
s

In practice, the maximum power transferred to the load side without compensation is S,/2.
The power presented by (15) can be boosted up Qs times, using resonant techniques. As
detailed in the previous section, a capacitance can be added to the circuit in series or parallel
to tune the secondary inductance to the primary operating switching frequency. The maximum
power transferred to the load side for a certain Qg then can be given as follows:
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MZ
P=05,=0.0. -1, (16)

s

where Q) is the secondary circuit quality factor and it is different depending on the secondary
tuning topology as given by:

. oL,
Series — tuned secondary :—

0= - (17)

Parallel — tuned secondary :—=

s

It should be noted that for the parallel-tuned secondary, the secondary coil appears as a current
source, while for a series-tuned secondary it acts as a voltage source. The tuned output of the
secondary coil is then rectified and regulated to a constant output voltage using an appropriate
switch-mode controller according to the load requirements. However, based on the tuning
topology, different power regulation circuitry such as boost, buck, etc. is used on the secondary
side [11]. The quality factor Qs is determined by the secondary circuit parameters as well as
the equivalent output load, which is related to the operation of the switch-mode controller. It
is an important parameter which needs to be chosen carefully during design. Although higher
Qs increases the power transfer capability, for several reasons in practice, the highest Qs
reachable is limited to about 10. Firstly, the secondary operational bandwidth is inversely
proportional to Qs. Secondly, higher Qs would be obtained at the expenses of the higher
secondary VA rating so that practical size and thermal ratings also naturally limit Qg in
commercial systems. Thirdly, practical component tolerances and aging affect the sensitivity
of the circuit and make power transfer at high Qg impractical.

5.2. Mutual inductance model

The mutual inductance model uses the concepts of induced and reflected voltages to describe
the coupling effect between the secondary and the primary networks. Both the induced and
the reflected voltages are expressed in terms of the mutual inductance as shown in Figure 7.
Note that coils losses are assumed to be very small and not considered in the presented model.
In a mutual inductance model, the leakage inductance is not modelled separately from the
mutual portion for circuit analysis as in other models such as T-equivalent circuit. This is a
major advantage for ICWPT systems where the leakage inductance is too large to be ignored.

In the mutual inductance model, the reflected voltage is used to represent the total effect of
the secondary on the primary side. However, the effect of the secondary must be considered
together with the inherent properties of the primary coil in the analysis of the primary network.
The reflected voltage is determined by the current flowing within the secondary coil and the
mutual inductance between the primary and the secondary as given by:

13
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V. =—joMI, (18)

The effect of the secondary can be represented by the equivalent reflected impedance by
dividing the reflected voltage by the primary current as follows:

r

T )i

p P

_K_ —joMI,

(19)

The secondary current flowing through the secondary coil (I;), on the other hand, is defined
by the input impedance seen by the open circuit voltage as:

< V. _ JoMl, 20)
*Z zZ

Combining (19) and (20), the equivalent reflected impedance of the secondary back on to the
primary is expressed as:

(1)

The overall impedance of the secondary side for both series and parallel compensated
secondary side can be expressed as:

. . 1
Z,(series) = joL, + "ol +R, (22)

K

Z (parallel) = joL, +

; - (23)
joC, + R,
- .
Q) JolL,3 JOM ¢ joL, 2Ry
Iy V. Voo

Figure 7. Frequency domain mutual inductance model.
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Since the secondary network depends on the selected tuning topology, the reflected resistance
and reactance at the resonant frequency onto the primary side are different as given in Table
1.

Tuning topology Reflected resistance Reflected reactance
Series wM? 0

R,
Parallel M7R, wM 2

L 2 L,

Table 1. Reflected impedance for different secondary tuning.

It can be seen from Table 1 that the reflected impedance for the series-tuned secondary coil is
purely resistive, while the parallel-tuned secondary coil reflects both resistive and capacitive
components. This is one of the major differences between the series and the parallel compen-
sated secondary inductance. The reflected impedance can then be compared and combined
with the impedance of the primary coil. The power transferred from the primary to the
secondary is simply the reflected resistance (real part of the reflected impedance) multiplied
by the squared primary current as given by:

2N\ f2
P, (series tuning) = {wRM :|I§ (24)
eq
. MzReq 2
P, (parallel tuning ) = 0 I (25)

6. Power losses associated with the magnetic structure of ICWPT systems

Two types of power losses are associated with the magnetic coupling structure of an ICWPT
system: (1) core losses and (2) coils losses (conduction losses) as detailed below:

6.1. Core losses

Typically, core losses are divided into two groups: hysteresis and eddy current losses.
Hysteresis loss increases with higher frequencies as more cycles are undergone per unit time
and is associated with the applied voltage and its frequency. While, eddy currents loss is
proportional to the square of the applied voltage and it is independent of frequency. In the
case of core losses due to magnetic hysteresis, all ferromagnetic materials tend to retain some
degree of magnetisation after disclosure to an external magnetic field. This tendency to stay
magnetised is called hysteresis. And it takes a certain amount of energy to overcome this

15
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opposition to change every time when the magnetic field produced by the primary coil changes
polarity (twice per AC cycle). This type of loss can be mitigated by choosing a core with low
hysteresis (with a ‘thin” B-H curve), and designing the core for minimum flux density (large
cross-sectional area). The hysteresis losses per unit volume are approximated by the following
relationship [12]:

P =k f(%j (w/m) (26)

where k, 4, and d are the material-related constants, f,, is the switching frequency, and AB is
the flux excursion.

F Y

d

-
! Eddy 4
'.‘-:um.m:: r
l‘ “"'1- "“

Figure 8. Eddy currents created in a magnetic material.

The second part of the core losses is due to magnetic effects of the core material. This type is
resistive power dissipation due to the induced eddy currents in the core material. Usually,
when a low resistivity material is placed in a variable magnetic field, electric currents are
induced in the material similar to the currents induced in the secondary coil. These induced
currents tend to circulate through the cross-section of the core perpendicular to the main flux
path. Their circular motion gives them their unusual name: like eddies in a stream of water
that circulates rather than move in straight lines. These ‘eddy currents’” must overcome an
electrical resistance as they circulate in the core. To overcome the resistance offered by the core,
they dissipate power in the form of heat. Hence, there will be a source of power loss in the core
that is difficult to eliminate and largely depends on the conductivity of the material and the
magnetic field density. Thus, eddy currents can be minimised by selecting magnetic core
materials that have low electrical conductivity. Ferromagnetic materials such as ferrites have
a considerably low electrical conductivity, making them more suitable for high-frequency
applications. The eddy current losses in a volume like that of Figure 8 are approximated by
the following relationship [12]:
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p=2at ’;d (/) @)

where p is the resistivity of the material and f,,, is the switching frequency.

6.2. Conduction losses

In practice, there will always be power dissipated in the form of heat through the resistance
of current-carrying conductors. Increasing the gauge of the wire can minimise this loss, but
only with extensive increases in cost, size, and weight. Generally, the conduction losses of the
coils are classified into two groups: (1) the DC and (2) the AC losses. When a DC current flows
through an inductor, normally DC losses are the result of current I flowing through the wire
with resistance R, power (I?R) is dissipated and, accordingly, developing heat in the wire. When
an inductor is used in an AC circuit, on the other hand, normally due to the varying magnetic
field around the coils, the current distribution in the conductors is not uniform. The self-
inductance of the conductor, as well as the magnetic field created by adjacent turns of the same
coil, redistributes the current flow within the wire and reduces the effective cross-sectional
area of the conductor and accordingly increases the AC resistance. These effects are known as
skin and the proximity effects, and they become stronger at higher operating frequencies as
detailed below.

6.2.1. The skin effect

When a wire is carrying a DC current, the current is distributed uniformly over all the effective
area of the wire. This current distribution is non-uniform when the wire is carrying an
alternating current, as the current intensity and the magnetic field in a conductor change and
results in a phenomenon known as ‘skin effect’. The skin effect is the restriction of the flow of
alternating current to the surface of a conductor. This restriction is caused by the alternating
magnetic field that the current itself generates within the conductor. As depicted in Figure
9(a), the current flowing in the conductor generates a magnetic field around it. This field in
turn creates circulating currents in the wire. These currents are opposite to the main current
flow in the centre of the conductor and add to the main current closer to the surface of the wire.
The result is that more net current is flowing closer to the surface of the conductor, and
eventually an increase in the effective resistance of the conductor due to the reduced cross-
sectional area for current flow as shown in Figure 9(b). This area of current flow between the
outer surface and a level of the conductor diameter is called the “skin depth’. The skin depth is
thus defined as the depth below the surface of the conductor at which the current density has
fallen to 1/e(about 0.37) of Js. Typically, it is well approximated as:

(28)
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where p is the resistivityof the conductor, w is the angular frequencyof the current, and p =
U, o is the absolute magnetic permeability of the conductor.

Magmeix
field in the
conduc

Induced eddy
cuments

Available area

Redaced cross- for current flow

111 sectsonal area

(a) ib)

Figure 9. Impact of skin effect on the coil ESR: (a) generated eddy currents and (b) reduced cross-sectional area due to
skin effect.

6.2.2. The proximity effect

Proximity effect is the tendency for current to flow in other undesirable patterns, loops, or
concentrated distributions due to the presence of magnetic fields generated by nearby
conductors as shown in Figure 10(a). In fact, when another conductor is brought into proximity
to one or more other nearby conductors, such as within a closely wound coil of wire, the
distribution of current within the conductor will be constrained to smaller regions as shown
in Figure 10(b) in blue. Field intensity is no longer uniform around each conductor surface.The
resulting current crowding is termed as the ‘proximity effect’ and increases with the frequency.
This current crowding gives an increase in the effective resistance which results in higher
power losses in the wire.

In transformers and inductors, proximity-effect losses typically dominate over skin-effect
losses [13]. In Litz-wire windings, proximity effect may be further divided into internal
proximity effect (the effect of other currents within the bundle) and external proximity effect
(the effect of current in other bundles). The actual losses in one strand of a Litz bundle are

fa} it

Figure 10. Two conductors in proximity: (a) magnetic fields generated by nearby conductors and (b) impact of proxim-
ity effect on the cross-sectional area of a conductor.
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simply a result of the total external field, due to the currents in all the other strands present.
One approach of calculating the loss in a Litz winding is to look at it as a single winding, made
up of nN turns of the strand wire, each with current i/n flowing in it, where n is the number of
strands, N is the number of turns of Litz wire, and i is current flowing in the overall Litz bundle.
The loss in the Litz winding will be the same as in the equivalent single-strand winding as long
as the currents flowing in all the strands are equal [13].

7. System magnetic coupling efficiency

7.1. Series-tuned secondary

Figure 11 shows a diagram of a magnetic coupling structure of two magnetically coupled coils.
The inductances L, and L, represent the primary and the secondary coils, and R,, represents
the equivalent load resistance which includes the DC load resistance and any other resistive
part of the circuit such as the rectifier, voltage regulator, etc.

Figure 11. Simplified circuit with a series-tuned secondary.

The coupling efficiency of the circuit shown in Figure 11 can be simply expressed by:

output power across R, q

=
output power across R, + power losses
P

eq

" P 4B, +P

(29)

loss1 loss2

where Py, and P, are the primary and the secondary coils power losses respectively, and
P,, is the supplied active power to the load.

The power losses of the primary and secondary coils can be quantified based on their unloaded
and loaded quality factors. The unloaded quality factors are basically the coils quality factors
(Q1, & Qy); and when a load is added, it is referred to as the loaded or circuit quality factor
(Qs & Q,). The general definition of the quality factor is the ratio of stored energy in the circuit
to the energy lost in the circuit as given by:



20 Wireless Power Transfer - Fundamentals and Technologies

Stored energy _ Reactive power

- Dissipated energy  Active power
_ VAR oL
WATT R

From the above definition, the primary and the secondary coils quality factors are:

VAR, oL,
v Bossl - Rp
VAR, oL,

QL.\' = =
P]o.v.vZ Rs

(30)

(C2))

(32)

From (31) and (32), the power losses of the primary and secondary coils can be written as:

VAR

14

1)11).3'.3'1 =
QLp

VAR

S

O

loss2 —

Under load conditions, the secondary circuit quality factor is:

VAR
0 =0
Pt R,

loss2
From (35), the secondary reactive power can then be expressed as:

VAR; = (P[DSS2 + F’eq ) Qs

Substituting (36) into (34):

(33)

(34)

(35)

(36)

(37)
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The primary reactive power can also be expressed in terms of the secondary circuit quality
factor as [14]:

oy
VAR, = 2o (38)

Substituting (38) into (33), the primary coil power loss can be rewritten as:

B = 39
Toss1 K00, (39)

Substituting (37) and (39) into (29) gives the coupling efficiency for a series-tuned secondary as:

Ly
=
P P
L
s<Lp Ls s (40)
B 1
1+ ! + o
k Q.VQLp QLS - Qs
If Q;.>Qs, the term, Q,, — Qs = Q,.. Hence:
- 1
= —
I+ ! + o (41)
k Q\'QLp QL.\‘

7.2. Parallel-tuned secondary

A parallel-tuned secondary coil shown in Figure 12 is in fact a Norton equivalent of the series-
tuned secondary coil.

Vo= OV

e

(==}

Figure 12. Simplified circuit with a parallel-tuned secondary.
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Similar to the series-tuned secondary, the power losses within the primary and the secondary
coils can be expressed in terms of the coils quality factors as:

» VAR,
0SS = 42
loss1 QLp ( )
VAR
PZossZ = ?j (43)
The output power across R, is:
1)eq = [\2(Req (44)
In a parallel-tuned secondary, the resonant current through the coil is:
I =1 \1+0; (45)
The reactive power of the secondary coil then is:
2
VAR =1’ oL, = [1,“.«/1 + Qf} oL,
(46)
=1 (1+ 0} oL,
Taking the ratio of (46) and (44):
var, (1+07)ol, (1+0}) an
Peq Req Qs
Substituting VARSs from (47) into (43):
(1+0!)
0 (1+07) (48)

R 0552 Pe = Pe
o2 ! QLS ! QSQLS

Again the primary reactive power can also be expressed in terms of the secondary circuit
quality factor as:
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L
nmpzyé (49)

Substituting (49) into (42), the primary coil power loss can be rewritten as:

P

eq

R ossl — 72 50
ot kZQS QLp ( )

Substituting (48) and (50) into (29) gives the coupling efficiency for a parallel-tuned secondary as:

L 1 (1+0)) (51)

I+— +
k0.0, 00,

IfQ2>1, (51) becomes:

1
=7 """
1+ 5 1 + g (52)
k Qs QL]) QL.\'

8. Summary

This chapter has presented the fundamentals of ICWPT systems. Their major application areas,
operating principle, and present challenges associated with this technology have been
discussed. This technology has the ability to deliver major advancements in industries and
applications that are dependent on contacting connectors, which can be unreliable and prone
to failure. The basis of a wireless power transfer system involves essentially two magnetically
coupled coils separated by an air gap—a transmitter and a receiver coil. The transmitter coil
is energised by alternating AC power to generate a magnetic field, which in turn induces a
voltage in the receiver coil.

After a general overview of system compensation in this technology, a detailed modelling
based on T-equivalent circuit as well as a mutual inductance model including system power
transfer capability have been presented. Power losses associated with the magnetic coupling
structure of such a system have been detailed. A comprehensive study with mathematical
relationships has been conducted on the derivation of magnetic coupling efficiency of the
system for both a series- and a parallel-tuned secondary side.
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Abstract

This chapter compares various compensation methods for resonant coupling of the
wireless energy transfer system. A proposed analysis is particularly relevant to any
application where contactless battery charging is used. Main parameters that are
investigated include efficiency and electrical variables (current and voltage) of the
circuit. In order to analyze the most suitable solution of coupling compensation, the
relevant equations are graphically interpreted for each discussed circuit topology.
Finally, this chapter provides the recommendations how to design the wireless power-
transfer system with the highest possible efficiency for the given system parameters
(switching frequency and transmitting distance).

Keywords: Efficiency, wireless power transfer, configuration, resonant compensation,
distance

1. Introduction

Nowadays, electrically powered automobiles show higher interest in the automotive indus-
try. Electric vehicles gain this interest thanks to high efficiency. In the case of the asynchro-
nous motor, the electrical energy can be converted into the mechanical with an efficiency of 90%,
which is much more than the efficiency of the combustion engine that has an efficiency of only
25-34%. Due to the limitation of natural resources such as petroleum and natural gas, the power
electronics and energy conversion along with the development of new battery types contrib-
ute to the development and application in the automotive industry. The main disadvantage of
the electric car is the energy accumulation. Batteries are large, heavy, with short lifetime, and

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
open science | open minds and reproduction in any medium, provided the original work is properly cited. (e NN



28 Wireless Power Transfer - Fundamentals and Technologies

long charging times. These reasons show how necessary itis to solve anissue of battery charging
[1]. In general, charging systems can be classified as wired and these could be replaced with
wireless (inductive) systems.

Wireless power transfer and issues relevant to wireless charging of various types of electronic
devices are still important and emerging trends in electrical engineering [2—4]. Regarding of
wireless power transfer, each application requires several self-specific operational properties
or transfer characteristics. The most important of them are transmitting efficiency, value of the
output power, mutual position between the transmitter and the receiver, and their geometric
dimensions. One possible way how to influence these parameters lies in the main circuit
configuration of a compensation network of the wireless energy transfer (WET) system.
Inductively coupled power-transfer systems have been suited for a wide spectrum of consumer
applications including electromobility (battery charging of vehicles). Even high system
efficiency has been achieved (approximately 70%); however, the restriction to close range,
typically shorter than 30% of the coil diameter, is the main limitation for perspective usage in
high-efficiency or high-performance systems [5, 6].

It the beginning of 2000s, a team of researchers under charge of Prof. Soljacic introduced a new
concept of strongly coupled magnetic resonance for wireless energy transfer systems [7]. In
comparison with an inductively coupled system, the coils with resonant inductive coupling
have several significant advantages. The most important of them are as follows: the coupling
may be very efficient even at large transmission distances, it has low environmental impact,
and can be variously tuned/configured based on the requirements of target application. The
solution of the WET system based on the magnetic-resonance coupling represents constantly
investigated phenomena. Most of the analyses are based on the pure theory of physical
interactions, which are unable to provide clear and consistent overview of knowledge for
researchers in the field of electrical engineering [8, 9]. Based on this, it can be said that some
important relationships between system efficiency, amount of transmitted power, and
transmitting distance for magnetic-resonance coupled WET systems need to be introduced.

This chapter describes a simple equivalent circuit model for magnetic-coupled and resonant
magnetic-coupled WET systems. The resonant coupling is further described in details,
whereby all key system equations for various configurations of a resonant compensation
network with pure resistive load are derived. From the component design point of view, it is
also important to have knowledge about values of voltage and current in the main circuit. In
the last part of the chapter, the general recommendations for practical use of each variant are
provided.

2. Nonresonant magnetic coupling of the WET system

In the case of nonresonant magnetic coupling, the system acts as an air-cored transformer with
relatively low mutual inductance. Due to high supplying frequency, the primary and the
secondary leakage reactance cause a significant voltage drop, which limits amount of power
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delivered to the load. Equivalent circuit composed for this type of coupling is shown in Figure
1.

M

Il R1 n R2 Ig
> I—Ej ; —T
U1 @ Ll Lg

Figure 1. Equivalent circuit of the inductively coupled nonresonant WET system.

The circuit can be completely described by the system of loop currents calculated by Eq. (1):
U] [R+jol —joM I, .
0| | —joM R, +R, +joL,||], @

The parameters R; and R, represent parasitic resistances of transmitting and receiving coils
with self-inductances L, and L,, M forms the mutual inductance between respective coils, and
R, is the load (purely resistive). With regard to the high operational frequencies, the switched
power source with square-wave voltage should be used to supply the system. In this case, Eq.
(1) needs to be rewritten in Eq. (1) to consider selected frequency spectrum.

- k k=135..
k=1,3.5,. k |=

4 i U, :; .Rl+ JjkoL, Z — jkoM {I.I}
T .

; 2)
0 00 ]
0 D —jkoM > R, +R, + jkoL, |-?
k=1,3,5,.. k=1,3,5,..

On the other hand, the uncompensated leakage reactance forms in the circuit with a very high
impedance even for alower frequency component. This impedance causes a significant voltage
drop and therefore the contribution of this harmonic component is very low. The system can
be therefore analyzed only for the fundamental wave while keeping relatively good accuracy.
The winding currents derived for the fundamental wave are provided in Egs. (3) and (4):

R, +R, + joL, .
; ; >U, 3)
(R + joL).(R,+ R, + joL,)+(oM)

1 =
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—joM .
= ; ; >U, 4)
(R + joL).(R, + R, + joL,)+(woM)

12
The input power can be counted from the complex power on the primary side (5):
Py = m{Uljl*} ©)

The secondary side average power is then found using the loading resistance and the current
flowing through it (Eq. (6)):

Py =R L[ =R | —joM

“I(R + joL).(R, + R, + joL,) + (oM’ (6)

1

The transmitting efficiency (7) is further given by the ratio of the output power (6) and the
input power (5):

n= Bour _ R,0’M* | "
[S,]-cos(0)  |[ (R + joL).(R, + R, + jaoL,) + (@M ) | (R, + R, + jooL, ).cos(go)|
where
) R R, +R, + joL, 0
os(0) - R(S,) (R + joL).(R, + R, + joL)+(oM)* ' ©
S| R,+R, + jolL, "

U
(R + joL).(R, + R, + joL,)+(oM)* '

The simulation parameters are taken from two constructed experimental prototypes of
coupling coils, which are also identical. Their values are therefore the same on the primary as
well as on the secondary side. The self-inductance equals L, = L, = 127.4 uH, parasitic resistance
R;=R,=0.447 Q), and the load R; =8 Q. The analyzed frequency range (f,,,. = 290-340 kHz) is
set according to the resonant frequency obtained from the resonant magnetic coupling
discussed in the following chapter. The used compensation capacitors also have the same
capacities C; = C, = 2 nF. In the simulation, the minimal mutual inductance M,;, =1 uH
corresponds to the transmitting distance of 50 cm, whereas its maximal value M, =11 uH
represents the distance of 25 cm. This transmitting range is selected based on the application
area, i.e., tbattery charging of electric vehicles.

max
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The results from simulation of the inductively coupled WET system plotted against frequency
and mutual inductance are shown in Figures 2-4. The waveforms of the input and output
powers are shown in Figure 2, the source and load current are shown in Figure 3, and the
efficiency calculated using Eq. (7) together with a secondary induced voltage U, are shown
in Figure 4.

Figure 2. Input power (left) and output power (right) dependency on nonresonant coupling.

e — _— h— 2 e e —

Figure 3. Source current (left) and load current (right) dependency on nonresonant coupling.
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Figure 4. Efficiency dependency on nonresonant coupling.

As it can be seen from Figure 4 (right), the transmitting efficiency mainly varies with given
mutual inductance. The system is practically independent of frequency change even for the
whole considered frequency range.
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3. Series—series resonant coupling of the WET system

For series—series compensation, the capacitor is connected in series with transmitting and
receiving coils (Figure 5).

M
L ““ R K4 R 1L, ©
> | I - p I — |
-.-< :_*_-:.-
U, f;: Ly < > L, R,
J L
< -

Figure 5. Equivalent circuit of the series—series compensated WET system.

Mathematical model of series—series compensation is, from the point of view of complexity,
much easier than other compensation types. Using the methodology of loop currents, the
impedance matrix of this configuration can be expressed as follows (11):

. 1] . o :
|:R1 + J[O)Ll __]:|'IISS _JC‘)M-szss = UlfSS )
oC,
—joM.I, -+ {Rz +R, + j(a)L2 ——H.Iz =0 (10)
— a)Cz —
. 1 .
. R, +J[a)L1 ——j —joM .
|:U155:| _ oC, 11753 (11)
0 . . 1 I, g
—joM R, +R, + j| oL, ————
oC,

From (11), the formula for the current of the transmitting and receiving parts in the complex
form as (12) and (13) can be derived:

o R2+RL+j(a)L2—w1Cj .
I :11755 = ) : ) UlfSS (12)
{Rl + j(a)Ll —]HRz +R, + j{a)LZ —ﬂ +(oM Y
oC, oC,

1




Analysis of Wireless Power System Efficiency in Dependency on Configuration of Resonant Tank
http://dx.doi.org/10.5772/62998

. . —TjoM .
. =1 JO U17SS

7 {Rl + j[a)L, —wlqﬂ.{& +R, + j(sz _a)lczﬂ + (a)M)2 (13)

If the circuit is supplied by harmonic voltage with a frequency equal to the resonant fre-

quency, then the value of the capacitive and inductive parts of the complex impedance will
be the same and can be subtracted. Then, for the previous formulas (14) and (15), the follow-
ing conditions are valid:

. R +R :
=i = 270 U,

VRS RR+RR, +(oM) Y (14)
I, =1, .= U

2= 4y g RR, + RR, + (oMY’ 1_ss (15)

Equations (14) and (15) show that the circuit during resonance has only resistive characteristics,
and circuit currents are given just by the parasitic resistances of coils, load resistance, and
supply voltage. The input and output powers of the circuit with —series—series compensation
can be expressed as Egs. (16) and (17). The graphical interpretation of Eq. (17), as plotted in
Figure 6, shows that the operation of the system with this kind of compensation should be
excluded from resonant point. In other case, for low values of M (high distance of coils), the
input power, as well as the output power (output current), rises too sharply, which might
destroy the whole system.

R, +R, + joL, U2
1SS

{Rl + j{a)Ll —wlclﬂ.{Rz +R, + j[a)Lz _wlczﬂ +(oM )’ (16)

SINfSS = [.I'ULSS =

—joM U (17)

{R, +j[a)Ll —wlclﬂ.{Rz +R, +j[(0L2 _a)lczﬂ + (a)M)z} 7

Dependence of efficiency for the series—series compensated circuit in the frequency domain

Pourfss = RL'|I2|2 = RL‘

can be expressed using Eq. (18):
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_ Pourﬁss
n=————
SINfSS'COS((D)

R o’M* (18)

R[N RS N R Py

where
R l R, +R + joL, 1 UliSS
. R +j(a)L _jHR +R +j(a)L - ﬂ+(a)M)2
~ ER(SIN) B { l e P ’ wC,
cos(p) =— = 19)
[Swd
R, +R, + joL, 72
U]fss

{Rl + j(a)LI - a)lcl jHRZ +R, + j(a)Lz - wlczﬂ +(wM)?

Figure 6. Input power (left) and output power (right) dependency on series—series coupling.

The highest efficiency can be achieved at the resonant frequency. Its value is above 90% when
higher values of mutual inductance are considered. The main disadvantage of high efficiency
achievement is that for a given value of M, the transmitted power is too low (Figure 6, right).
This fact is crucial when simultaneously high efficiency together with high power transfer is
required. The solution is to operate the system at the frequency which is given by Eq. (20).

1 . . .
|:R1 +j(wL1 _wcj:|~llsp _ja)Mszsp = UlfSP (20)
1

Atsuch frequency, with value depending on the value of mutual inductance (distance between
the transmitting and receiving coils), it is possible to achieve a quite high value of the system
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efficiency together with peak power transfer. For example, when the system has M =5 uH,
which is relevant to 40 cm of distance between coils, then almost 85% of the system efficiency
can be achieved at the peak power that is transferred to the load. As it can be further seen in
Figure 7 (right), the value of efficiency naturally depends on the value of the output load.
Anyway, it is still possible to achieve an acceptable value of system efficiency even at the sharp
change of the output load. Such behavior is mostly welcomed for perspective wireless charging
systems, where high transmitting distance, high efficiency, high transferred power, and
variable load are required.

Figure 7. Dependency of efficiency on the series—series coupling (left) and on the output load change at M = 11 uH
(right).

From the practical point of view, during the design process of the system, it is necessary to
know the voltage waveform at compensation capacitors because these components are the
most critical. Figures 8 and 9 show voltage dependency for each system component. It can be
seen that even for a very low value of the supply voltage (in this case 30 V), the peak voltage
at each component multiplies several times. Situation is most critical when the system operates
at resonant frequency and also when a low value of mutual inductance is presented. If the
input voltage rises, then naturally each particular voltage rises correspondingly too. The
selection of the proper capacitor structure and configuration therefore means the most difficult
issue. Thus, the previous recommendation for system operation at border resonant frequencies
(19) also gives advantages from the system component design point of view. The same is valid

Figure 8. Dependency of voltage on the primary compensation capacitor C, (left) and on the primary coil L, (right) for
series—series coupling.
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for the wire selection of the transmitting and receiving coils, when the source and load current
show similar dependency, as the previous circuit variables (Figure 10).
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Figure 9. Dependency of voltage on the secondary compensation capacitor C, (left) and on the secondary coil L, (right)
for series—series coupling.
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Figure 10. Source current (left) and load current (right) dependency on series—series coupling.

4. Series—parallel resonant coupling of the WET system

Series—parallel compensation means that one capacitor is connected in series to the transmit-
ting coil and the other one is connected in parallel to the receiving coil, see Figure 11.

Using the method of loop currents, the impedance matrix of series—parallel compensated
circuit can be expressed as follows (24):

. ; | 1 . R
—JaM.I sp +|:R2 +j(alz —aEJ:|.IZSP +‘IE'I3—SP =0 (21)
2

N 2



Analysis of Wireless Power System Efficiency in Dependency on Configuration of Resonant Tank 37

http://dx.doi.org/10.5772/62998
Z=R+j|aL -
1 aﬂ

z =Rz+j[@ -L]
2 2 wz

R 1
]a)C'IZSP+|:RL_]a)C2i|'I3SP=O

(22)
2
_R +j| o, - ! - joM 0 |
117 J o, J
U s 1 1.17SP
0 |= — joM R, +j[wL2—wC ] J L g (23)
0 1 : 21 I &
0 J RL _j
L 2 2_
_ | 1 _
R +j| oL ——— —joM 0
. oC,
ULSP 1 [17SP
0 |= —joM R2+j(C‘)L2_wC ] ja)C . 127SP (24)
0 ’ ’ i} sP
1 1 -
0 . .
/ oC, vt oC,

If we substitute Z,=R, +j(a)L 1—%) and Z,=R, +j(a)L 2—%@), the circuit currents can be ex-
pressed as follows:
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Figure 11. Equivalent circuit of the series—parallel compensated WET system.

Compared with the series—series compensation, in this case the reactance of capacitor C, in-
fluences circuit variables when circuit is powered by the resonant frequency because C, is in
parallel to the load resistance R;. In this case, the power consumption, output power, and
efficiency can be calculated in the same way as in the case of series—series compensation
(Eqgs. (28)—(31)).
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The graphical interpretations of the mentioned variables are introduced depending on
frequency as well as M (Figures 12-14). Small change of frequency from resonant frequency
causes that power consumption and power delivered to the load are significantly reduced
(Figure 12). Considering similar dependency for efficiency, it shows no change when frequen-
cy is being changed (Figure 13, left). This is advantageous when power delivery at constant
efficiency needs to be managed.

EEEFCES

Figure 12. Input power (left) and output power (right) dependency on series—parallel coupling.

On the other hand, the poor efficiency is the highest disadvantage. Let now consider a different
situation, when M reaches higher values (reduction of distance between coils). Figure 13 (right)
shows that the efficiency is significantly increased. This means that the best efficiency can be
achieved for a short distance, while power transfer to the load is comparable with power
transfer for series—series compensation, see Figure 14 (left).

Efficiency also depends on the change of the load value. For series—parallel compensation, the
higher efficiency can be achieved at higher values of load resistance (reduction of delivered
power). Figure 14 (right) shows dependency of system efficiency on series—parallel compen-
sation at constant M =11 pH during load change. It can be seen that for lower transfer distances
(M =11 pH is relevant to 20 cm of mutual distance), the efficiency can be kept at high values
even for a wide range of load (Figure 14).
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Figure 13. Dependency of efficiency on series—parallel coupling (left) and on higher values of mutual inductance

(right).
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Figure 14. Dependency of the output power on higher values of mutual inductance (left) and dependency of efficiency
(right) on variable load at constant M =11 pH.

Voltage on capacitor C; (Figure 15) in the series—parallel compensated system also achieves
high levels. A decrease or increase in the switching frequency not only reduces the voltage
stresses on the capacitor, but also significantly reduces the transmitted power. The same
situation is valid for the voltage on coil L,.

EFEET

Figure 15. Dependency of voltage on the primary compensation capacitor C, (left) and on the primary coil L, (right) for
series—parallel coupling.
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Voltage on capacitor C, (Figure 16, left) is the voltage on the resistive load and the receiver coil
L, too because they are connected in parallel. In contrast to the voltage on capacitor C,, the
voltage on capacitor C2 is smaller. This voltage is increased when value of M is increased too,
but only up to a certain value of the mutual inductance, in our case it is 30 pH. The voltage on
capacitor C, falls above this value. Capacitor C, does not have to be necessary designed for
high voltage stresses, which reduces the overall costs of the system.

ERERE RN

Figure 16. Dependency of voltage on the secondary compensation capacitor C, (left) and on the secondary coil L,
(right) for series—parallel coupling.

Frequency dependencies of circuit currents are shown in Figures 17 and 18. It can be seen
(Figure 17, left) that I; decreases with the increase in the mutual inductance and its peak point
is shifted to higher frequencies contrary to resonant frequency.

Figures 17 (right) and 18 show the current of the receiving coil I, divided into current of
capacitor C, and a load resistance R;. Because the value of load resistor is realativelly small,
R, = 8 O, the majority of coil current flows just through load resistance, I,. Current I; of the
secondary capacitor C, has smaller magnitude. With the increase in the mutual inductance,
the maximum of all currents rises.
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€

Figure 17. Dependency of current I; (left) and I, (right) on series—parallel coupling.
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5 EEEE
EEEECEEEER

Figure 18. Dependency of current ; (left) and I, (right) on series—parallel coupling.

5. Parallel-series resonant coupling of the WET system

Figure 19. Equivalent circuit of the parallel-series compensated WET system.

Equivalent circuit for parallel-series compensation is shown in Figure 19. Capacitor C, is

connected in parallel to the power supply and transmitting coil. The secondary consists of

series connection of L,~C,—R;.

With consideration of equivalent circuit shown in Figure 9, it is possible to express a system

of three linear equations with three unknown parameters (14).

1
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Equation (32) gives relatively complicated results and therefore some simplifying substitution
1

oG, ) The aimed winding and

should be applied: Z,=R, +j(a)L 1—%) and Z,=R, + R, +j(a)L )
load currents are determined by Egs. (33)-(35):
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. joC(Z,Z,+&o*M*)-Z, .
I, :117PS _127PS = = ) 7 2 UliPS (35)
7.7, +(oM) + j-—2
142 ( ) chl
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ZZ,+(oM) +j—2
142 ( ) J oC,

Figure 20. Input power (left) and output power (right) dependency on series—parallel coupling.

The input and output powers are then found in the same way as from previous analyses (36)—
(37).
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where
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The graphical interpretation of Eq. (37) is shown in Figure 20. It shows that any frequency
deviation from the resonant state reduces the power delivered to the load. However, in this
case the system is less sensitive to frequency change as compared to the series-parallel
compensation.

The power delivery to the load for this type of compensation and for the selected operational
variables (load, mutual inductance, etc.) is, when compared to the previous types, very poor.
Efficiency dependency (Figure 21) is comparable to series—parallel compensation, whereby the
higher the value of the mutual inductance is, the higher efficiency can be achieved. Similarly,
as for series—parallel compensation it is expected that the parallel-series compensation type is
more valuable for higher values of mutual inductances, and thus for applications, where
distance is not the primary attribution of the WET system.

The advantage of this configuration is the low electrical stress of individual components
(Figures 22 and 23).

Figure 21. Dependency of efficiency on parallel-series coupling.
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FEFE TS

Figure 22. Dependency of voltage on the secondary compensation capacitor C, (left) and on the secondary coil L,

(right) for parallel-series coupling.

6. Parallel-parallel resonant coupling of the WET system

Equivalent circuit of the system is shown in Figure 23. Both compensation capacitors are

connected in parallel to the transmitting and receiving coils. Unlike the previous topologies,

this model forms the system of four linear equations with four unknown parameters (26):
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Figure 23. Equivalent circuit of the parallel-parallel compensated WET system.
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After substitution Zl=R1+j(a)L 1_wC1)’ ZZ=R2+j(a)L 2_w_cz)/ and Z,;=R;

important circuit variables can be obtained as follows:
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Regarding of the system performance, it is similar to characteristics found for nonresonant
magnetic coupling. Thus, this type of compensation is not suitable for applications where
simultaneously high power with high efficiency is required to transmit power on large
distances.

7. Conclusion

Based on the study, a table (Table 1) of key operating features for the discussed compensation
topologies is composed. Table 1 only covers the system behavior at chosen frequency and
distance range while considering constant supply voltage and low value of loading resistance.

In Table 1, attribute “A” marks the ability to transfer high power to the load, attribute “B”
means that the system operates with maximal efficiency at the same time when it transmits
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the maximal power. Attribute “C” distinguishes the compensation topology with higher fre-
quency sensitivity and finally attribute “D” indicates the ability to reach theoretical trans-
mitting efficiency, possibly higher than 90%.

Compensation Evaluated categories

A B C D
None x
Series—series x x x
Series—paralel x x
Parallel-series x x x
Parallel-parallel x

Table 1. Overview of key performance features.

According to Table 1, the noncompensated system and the system with parallel-parallel
compensation are both inappropriate for any type of wireless charger working at large dis-
tance and higher level of transmitting energy. On the other hand, they achieve maximum
efficiency precisely at the moment they deliver maximum power. Hence, they should be
used for low-cost micropower battery chargers which moreover require no frequency tun-
ing.

In contrast to other topologies, the series—series compensation provides relatively high power
even through a very large working air gap, but the efficiency reaches its peak only at off-
resonant frequencies. The system should be therefore operated at compromise between
useable energy and the transmitting efficiency. Despite this fact, the system is suitable for high-
power chargers for electric vehicles.

The series—parallel compensation forms more disadvantages than advantages and therefore
cannot be recommended for any battery charger. With respect to all evaluated categories,
the parallel-series compensation provides the best performance, but from power delivering
point of view, this solution is much worse. However, it could be recommended for high-end
frequency tuned micropower battery chargers.

Acknowledgements

The authors wish to thank the Slovak grant agency VEGA for Project No. 0579/14 Research of
topological structures of segments of power electronic system for wireless energy transfer.

47



48  Wireless Power Transfer - Fundamentals and Technologies

Author details

Michal Frivaldsky®, Pavol Spanik, Peter Drgona, Viliam Jaros and Marek Piri

*Address all correspondence to: michal.frivaldsky@fel.uniza.sk

Department of Mechatronics and Electronics, Faculty of Electrical Engineering, University of
Zilina, Slovakia

References

(1]

Wang, C.-S.; Stielau, O.H.; Covic, G.A. Design Considerations for a Contactless Electric
Vehicle Battery Charger. IEEE Transactions on Industrial Electronics. 2005;52(5):1308—
1314.

Hui, S.Y.R.; Zhong, W.; Lee, C.K. A Critical Review of Recent Progress in Mid-Range
Wireless Power Transfer. IEEE Transactions on Power Electronics. 2014;29:4500-4511.

Covic, G.A.; Boys, J.T. Modern Trends in Inductive Power Transfer for Transportation
Applications. IEEE Journal of Emerging and Selected Topics in Power Electronics.
2013;1:28-41.

Zhai, H.; Pan, HK,; Lu, M. A practical wireless charging system based on ultra-
wideband retro-reflective beam forming. Antennas and Propagation Society Interna-
tional Symposium. 2010:1-4.

Kim, S.; Jung, D.H.; Kim, ].].; Bae, B.; Kong, S.; Ahn, S.; Kim, J.; Kim, J. High-Efficiency
PCB- and Package-Level Wireless Power Transfer Interconnection Scheme Using
Magnetic Field Resonance Coupling. IEEE Transactions on Components Packaging and
Manufacturing Technology. 2015;5(7):863-878.

Covic, G.A.; Boys, ].T. Inductive Power Transfer. Proceedings of the IEEE. 2013;101(6):
1-14.

Kurs, A.; Karalis, A.; Moffatt, R.; Joannopoulos, ].D.; Fisher, P.; Soljacic, M. Wireless
Power Transfer via Strongly Coupled Magnetic Resonances. Science. 2007;317(5834):
83-86.

Peschiera, B.; Williamson, S.S. Review of inductive power transfer technology for
electric and plug-in hybrid electric vehicles, in Industrial Electronics Society. IECON
2013 —39th Annual Conference of the IEEE. 2013:4672-4677.

Daj, J.; Ludois, D.C. A Survey of Wireless Power Transfer and a Critical Comparison
of Inductive and Capacitive Coupling for Small Gap Applications. IEEE Transactions
on Power Electronics. 2015;30(11):6017-6029.



Chapter 3

Wireless Power Transfer by Using Magnetically Coupled
Resonators

Ali Agcal, Selin Ozcira and Nur Bekiroglu

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/64031

Abstract

In this chapter, a wireless power transmission system based on magnetic resonance
coupling circuit was carried out. Mathematical expressions of optimal coupling
coefficients were examined with the coupling model. Equivalent circuit parameters
were calculated with Maxwell 3D software, and then, the equivalent circuit was solved
using MATLAB technical computing software. The transfer efficiency of the system was
derived using the electrical parameters of the equivalent circuit. System efficiency was
analyzed depending on the different air gap values for various characteristic impedan-
ces using PSIM circuit simulation software. Since magnetic resonance coupling involves
creating a resonance and transferring the power without the radiation of electromag-
netic waves, resonance frequency is a key parameter in system design. The aim of this
research was to define the efficiency according to variations of coefficients in wireless
power transfer (WPT) system. In order to do that, the calculation procedure of mutual
inductance between two self-resonators is performed by Maxwell software. Equiva-
lent circuitis solved in circuit simulator PSIM platform. The calculations show that using
the parameters that are obtained by magnetic analysis can be used for the equivalent
circuit which has the capability to provide the efficiency using electrical quantities. The
chapter discusses the application of this approach to a coil excited by a sinusoidal
voltage source and a receiver coil, which receives energy voltage and current. Both could
be obtained to calculate the instantaneous power and efficiency. To do so, the
waveforms for voltage and current were obtained and computed with the PSIM circuit
simulator. As the air gap between the coils increased, the coupling between the coils
was weakened. The impedance of the circuit varied as the air gap changed, affecting
the power transfer efficiency. In order to determine the differences between the software
programs, efficiency values were calculated using three kinds of software. And it is
concluded that equivalent circuit analysis by means of numerical computing is proper
to obtain the voltage and current waveforms. Correspondingly, transmission efficien-
cy can be calculated using the electrical relations.

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
open science | open minds and reproduction in any medium, provided the original work is properly cited. (e NN
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Keywords: wireless power transfer, magnetically coupling resonators, efficiency var-
iations

1. Introduction

Wireless power transfer (WPT) has become popular recently and is expected tobe used in plenty
of technological devices. The main reason for the recent intense interest in WPT is the sharp
increaseintheuseofelectrical devices with varioussizesand typesofbatteries. Themain purpose
of WPT research was the transfer of as much power as possible, with the goal of high system
efficiency in spite of low mutual inductance between coils.

In the literature, one of the popular publications that take range variations into consideration
is [1]. Critical coupling, frequency splitting, and impedance matching issues were analyzed in
[1] using single-turn axillary loops to amplify the magnetic coupling added to resonators. In
[1], the authors revealed 50% efficiency for their system, which is suitable for various positions
of the receiver.

It has become widely accepted to use a series resonating circuit as the equivalent circuit of a
resonator to conduct analysis for resonant frequency [2]. In this context, different attempts
have been made to develop a sufficiently precise model [3,4]. There have been many methods
employed such as modification circuits and magnetic design of the core properties [5]. In those
studies, the scattering parameters were calculated by two port network theory using a network
analyzer.

The state space model was created to obtain an accurate mathematical model of wireless power
transfer (WPT) in [6,7], in which the transfer function of the bidirectional IPT system was
obtained. As the Ziegler-Nichols method has high overshoot, it was optimized the PID
parameters with a phase margin of 60° [8]. The PID parameters were optimized using the
geneticalgorithm in order to achieve better transient performance in [9]. The dynamic behavior
ought to be as fast as possible in [10], in which the H-bridge circuit structure was inserted into
the dynamic model. In [11], authors proposed a dynamic model for a multi-pickup system. To
overcome the higher order problem and make a straightforward real dynamic model from the
energy point of view, it was built a dynamic model of the WPT including a nonlinear inverter
and rectifier in [12].

In [13], authors proposed a design methodology using a series-series (S-S) contactless power
transfer system for an EV battery charger with two fixed operating frequencies. The converter
operates at one of the fixed frequencies for a load-independent current output and at the other
operating frequency for aload-independent voltage output. It was proposed hybrid topologies
using either SS and PS compensation or SP and PP compensation for battery charging [14].
Controlling output current or voltage is achieved with two different methods. One is PWM
(Pulse width modulation) control at a constant frequency at which huge changes in the duty
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cycle will not allow zero voltage switching (ZVS) [15]. Cost analysis was performed in [16],
and the results showed that coils are the most expensive part of the system.

System analysis in terms of electrical circuit is necessary since magnetic resonance coupling
involves creating LC resonance. To derive the analytical equations of the input impedance and
transferred power, a simplified circuit model of the WPT systems can be used. In order to
calculate parameters such as current and voltage as a function of frequency at various air gap
values and load conditions, mutual inductance between two self-resonators can be obtained
from magnetic circuit analysis. And the parameters that are obtained by magnetic analysis can
be used to solve the equivalent circuit which makes it possible to calculate the efficiency using
electrical relations.

2. Magnetic resonance circuit

Resonance is observed in many different ways in nature. In general, resonance denotes the
oscillation of energy between two different modes. For example, a mechanical pendulum
oscillates between potential and kinetic forms of energy. While a system is in resonance, a huge
amount of energy can be store with lower excitation. If the energy intake speed ratio of the
system is larger than the energy loss ratio of the system, energy accumulation occurs.

Figure 1. Resonator.

An example of an electro-magnetic resonator circuit with a coil, a capacitor, and a resistor is
shown in Figure 1.

In this circuit, the energy oscillates between the coil (which stores energy in the magnetic field)
and capacitors (which store energy in an electric field) at a certain resonance frequency.
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From Eq. (2), it can be seen that the quality factor of the system increases, decreasing the circuit
loss (the reduction of R).

In a high-resonance wireless power transfer system, the resonator system must have a high
quality factor for efficient energy transfer. High quality factor electromagnetic resonators are
normally made from the conductive components which have relatively narrow resonant
frequency widths. The resonance frequency range is narrow, and resonators can be designed
to reduce their interactions with foreign objects.

If two resonators are placed close to one another, the resonators can form a link and will be
able to exchange energy. The efficiency of the energy exchange varies depending on each
resonator and the coupling ratio k. The dynamics of a system with two resonators can be
identified from the coupling mode theory or from equivalent circuit analysis of the connection
system for the resonator. The equivalent circuit for coupled resonators has a series resonance
circuit structure as shown in Figure 2.

Figure 2. Equivalent circuit of coupled resonator system.

Here, R is the source internal resistance and the frequency is w(2mf). Vg is called amplitude of
the voltage source. L, and L, are source and device resonator coils, respectively. And mutual
inductance is indicated by M =k4/L L ;. Each coil has a series capacitor that forms a resonator.

R, and R, resistors denote unwanted resistance (including ohmic and radiation losses) in the
coil and the resonance capacitor for each resonator. AC load resistance is shown as R;.

The yield for this circuit can be determined from the ratio of transmitted power for load
resistance to the maximum available power of the source, while resonator system is strongly
coupled.
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To provide the best system performance, proper load and source resistance can be selected or
other resistance values can be captured using an impedance matching link. If the resistance is
selected using Eq. (5),

R
LR i (5)
R R,

power transfer efficiency can be expressed by Eq. (6)

U2

(1+\/1+U2)2 ©)

nopf =

Using Eq. (6), the maximum power transmission efficiency can be depicted as in Figure 3.

Systems with large values of U can achieve highly efficient energy transfer. Best wireless
energy transfer system efficiency can be possible by determining the performance factors of
the system, such as U which is depend on magnetic coupling coefficient k, and quality factors
of the Q, (source) and Q, (device).

For certain applications, the resonator quality factor and magnetic coupling between resona-
tors are used to determine the best possible performance for the system.

For wireless power transfer, it can be seen in Eq. (4) that the magnetic coupling coefficient and
quality factor of the significance is greater. The magnetic coupling coefficient represents the
magnetic flux connection between the source, while the device resonator is a dimensionless
parameter with a value between 0 (unconnected) and 1 (complete flux linked). Conventional
induction-based wireless power transmission systems (such as electric toothbrushes) have a
high coupling value and a close range, aligned between the source and the device. Eq. (4)
indicates that a high-quality resonator is more efficient than a traditional induction system.
More importantly, it becomes possible to work efficiently at low coupling values. Also, for this
reason, the need for precise positioning between the source and the device is eliminated.
Unfortunately, the biggest drawback of the high quality factor is that the capacitor’s peak
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voltage is too high. The relationship between the peak value of the capacitor voltage and the

quality is shown in Eq. (7) [17].

2,
VCpeak = Q 77:: (7)

1 0.5 D (1] 1I l.l."s 2
U(10™

Figure 3. Depending on the U function, the optimum efficiency graph of energy transfer.

2.1. Magnetic coupling circuit
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Since voltage and current are electrical quantities, the voltage equation can be written in a
manner that calculates the electrical efficiency [18]. This leads to a set of equivalent impedance
equations. The equivalentimpedance is obtained by (19). Assuming C=C, =C, in the resonance
coupling system, the efficiency can be defined by (22).

IR N

I v ﬁ iff--oad:ZD U
L R R

Figure 4. Magnetic coupling circuit.

2.2. Efficiency equation

77 — R)ut — ]zittznut (20)
Bn I;ZEq
Eq. (11) makes use of (21);
out __ JLma)
L jL2w+(.1 }LZ0 +R 1)
joC
Egs. (21) and (14) are substituted for Eq. (20);
iL @ Z
n=( J1m )2 0
jL2w+('C‘j+Z°+R »
@
/ R+jL1w+[ '1CJ+ L';w (22)
@ jL2w+£.]+ZO+R
joC

At a given resonant frequency, the conditions for system efficiency are defined for three states,
defined by Egs. (23), (24), and (25).
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Eq. (23) describes the maximum efficiency condition, while Eq. (24) represents the double
resonance frequency condition. Eq.(25) describes the condition of the system with a single-
resonant frequency at low efficiency level [19].

3. Efficiency and characteristic impedance variation simulations with
different software tools

Resonance frequency is a key parameter in system design, and the value can be changed by
adjusting the distance between the transmission and characteristic impedance of the electrical
circuit. First, the electrical circuit is created in a PSIM circuit simulator and the resulting voltage
and current waveforms are obtained via the simulator. PSIM is simulation software designed
for power electronics, motor control, and dynamic system simulation. The simulation is solved
in the Matlab platform, and a procedure to calculate the parameters of the equivalent circuit
is performed in Maxwell. For an air gap of 10 cm L =999.2nH, C = 124pF, L, = 128.6H, Z, =
5Q), the efficiency chart and variations in the equivalent impedance chart are given in Figures
5 and 6, respectively.

100

Efftsiency

0.5 1 25, 2 2.5

Frequency & 10?

Figure 5. Efficiency chart.
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Figure 6. Equivalent impedance chart.

The transmitter and receiver coils have four different resonance coupling states: In the first
state, both the transmitter and receiver coil loops are not resonant; in the second, the transmitter
coil loop is in resonance, while the receiver coil loop is not; in the third, the transmitter coil
loop is not resonant, while the receiver coil is; and in the last state, both the transmitter and
receiver coil loops are resonant. When the whole coupling system is in resonance, the impe-

dance value is at a minimum.
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Figure 7. Function of efficiency according to mutual inductance and frequency.

The resonant frequencies change from two points to one depending on the length of the air
gap. The double-resonance frequency region occurs at low impedance and short range. As the
air gap distance and impedance increase, one resonance region appears. At this operation
range, the efficiency falls sharply. The critical transmission efficiency would be the same as
the peak efficiency over a coupled range.
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The distance between the coils responsible for energy transfer should be kept at an optimum
value since any increase in the air gap value will degrade the energy transfer ratio. This
problem can be solved by optimizing the relation between the frequency and the quality factor.

Calculation of the parameters for the equivalent circuit was carried out in the Maxwell 3D

software platform as well as in PSIM.

3.1. Maxwell 3D software simulation results

Hundred volts were used for the ideal sine source of 13.552 MHz. An inductance of winding
value of 999.2 nH, mutual inductance of 128.6 nH, 124 pF capacitor values, R value of 0.22 ),
and Z, impedance value of 5 Q) were selected. The circuit scheme and modeled coils can be
seen from Figures 8 and 9. The magnetic flux density graphs and waveforms of currents and
voltage for air gap of 10 cm can be seen from Figures 10-14.

+2) | | T
[ 124pF *; f- ?12491'" ] I
) 100v C;{) E‘ E © - Sohm
3 =

-

o

U\ Et

0.22o0hm

Figure 8. Maxwell 3D circuit scheme.
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Figure 9. Receiver and transmitter coil for 10-cm air gap in Maxwell 3D.
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Figure 10. Magnetic flux density of receiver and transmitter coil for 10-cm air gap in Maxwell 3D.
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Figure 12. Maxwell 3D current passing through primary and secondary windings.
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Figure 14. Maxwell 3D primary and secondary winding terminal voltage for 10-cm air gap and the characteristic impe-
dance of 5 Q.

3.2. PSIM software simulation results

To determine the power and efficiency, the previously described methodology was fol-
lowed. First, the mean required values for the circuit parameters for the Maxwell field simu-
lator were computed. In the circuit simulation, the wireless power transfer system is driven
by a sinusoidal voltage source with amplitude of 100 V. Figure 15 shows the structure of the
direct fed wireless power transfer. In order to illustrate how the model works, transient sim-
ulations were performed with the PSIM circuit simulator.
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input waveforms (VP2 blue line).
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Figure 18. Air gap of 10 cm, characteristic impedance of 5 Q at 13.56 MHz (blue: input power, red: received power).
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Figure 19. Magnetic resonance efficiencies according to software platforms.

The transmitting current was 13 A, and the receiving current was 12.88 A for a supply voltage
of 70.71 V and the device voltage below 65 V. When input power was 919.2 VA, the amount
of power delivery is 837 VA. Approximately 82.2 VA dissipated for losses and the transmitter
required 0.098 W (an overhead loss) plus an additional input power of 1.098 VA for every
additional 1 VA of power at the receiver.

When the same simulations run on Maxwell and PSIM software platforms for various air gap
values, it is observed that for strongly magnetic coupled range up to air gap of 10 cm, efficiency
values can be obtained similar. However, if the magnetic coupling gets loosely by the effect of
elongated air gap distance, efficiency value differs. The reason of that is the numerical solution
method. Therefore, numerical computing such as circuit simulators can calculate the quantities
for strongly magnetic resonance couplings.
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4. Conclusion

In this study, analysis of voltage and current waveforms in terms of magnetic resonance
coupling is performed using numerical computing and a circuit simulator to define the
efficiency of wireless power transfer in the time domain. This approach takes into considera-
tion the nonlinear effects of power losses. The numerical results based on various air gap values
are determined from equivalent circuit parameters which are obtained directly from Maxwell
by the results of method of moments electromagnetics analysis. The calculation of mutual
inductance between two self-resonators is also performed using the Maxwell software, and
the equivalent circuit is solved in the circuit simulator PSIM platform.

The aim of this research was to define the efficiency according to the coefficients of variations
for the WPT system. The parameters of the system affect the coupling coefficient; Lm is the
mutual inductance parameter, while L, and L, are nonlinear loss resistance values that depend
on the frequency and characteristic impedance of the system. The results were validated using
the finite element method.

We concluded that equivalent circuit analysis by means of numerical computing is appropriate
for determining the voltage and current waveforms. Additionally, transmission efficiency at
a different distance range can be calculated based on the electrical relationship. Efficiency
results with respect to load variation show that there are double-resonance frequency regions
as well as one-resonance region. The resonant frequencies change from two points to one point
depending on the length of the air gap. The double-resonance frequency region occurs at low
impedance and short range. As the air-gap distance and impedance increase, one resonance
region appears. The efficiency falls sharply at this operation range.
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Abstract

This chapter presents a wireless power receiver for inductive coupling and magnetic
resonance applications. The active rectifier with shared delay-locked loop (DLL) is
proposed to achieve the high efficiency for different operation frequencies. In the DC-
DC converter, the phase-locked loop is adopted for the constant switching frequency in
the process, voltage, and temperature variation to solve the efficiency reduction
problem, which results in the heat problem. An automatic mode switching between
pulse width modulation and pulse frequency modulation is also adopted for the high
efficiency over the wide output power. This chip is implemented using 0.18 um BCD
technology with an active area of 5.0 mm x 3.5 mm. The maximum efficiency of the
active rectifier is 92%, and the maximum efficiency of the DC-DC converter is 92% when
the load current is 700 mA.

Keywords: wireless power receiver, high efficiency, active rectifier, DC-DC converter,
inductive coupling, magnetic resonance

1. Introduction

In recent years, research on wireless charging system (WCS) has been actively carried out with
therapid developmentofsmartphonesand wearable devices. Figure1showstheannual wireless
power revenues by application. Since wireless charging techniques are applied not only for
consumer electronics or mobile devices, but also for military applications and electric vehi-
cles, the market is predicted to continue to keep expanding to over 11.8 billion dollars by 2020.

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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Especially, for recent technology such as Internet of Things (IoT), The WCS is essential since
sensor and communication functions need to be embedded in a single chip and energy need
to be supplied simultaneously, while the user is communicating with other objects.

The remainder of this chapter is organized as follows. In Section 2, the WCS is described.
Section 3 provides a description of building blocks including the active rectifier, DC-DC
converter, successive approximation register (SAR) ADC, and low drop out (LDO) regulator.
Section 4 shows the experimental results from the implementation of a 0.18 pum BCD, and
Section 5 concludes the chapter.

Wireless Power Revenues by Application,
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Figure 1. Annual wireless power revenues by application.

2. Wireless power receiver architecture

The WCS involves two major methods: inductive coupling and magnetic resonance. Table 1
shows the characteristics of these two methods.

The inductive coupling method is used for distance <0.5 cm, and its transfer frequency ranges
from 85 to 375 kHz. In-band communication is used for transmitting and receiving packets.
This method applies to two standards: Wireless Power Consortium (WPC) and Power Matters
Alliance (PMA). Figure 2a shows the conventional inductive coupling method WCS structure

(1].

Method Inductive coupling Magpnetic resonance

Power transfer distance <0.5 cm >1 cm

Power transfer frequency 85-357 kHz 6.78 MHz

Communication scheme In-band communication 2.4 GHz BLE communication
Standard WPC, PMA A4WP

Table 1. Characteristics of inductive coupling method and magnetic resonance method.
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The magnetic resonance method is used for distances over 1.0 cm, and its transfer frequency
is 6.78 MHz ISM band. For the communication, 2.4 GHz Bluetooth Low Energy (BLE) com-
munication is used, and the standard is Alliance for Wireless Power (A4WP). Figure 2b shows
the conventional magnetic resonant method WCS structure [2]. The main differences between
the two methods are the frequency and communication scheme, which means the two methods
have different types of circuit implementations or issues.

Transmitter H Receiver
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Racdfer Regulator Charger
e
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Figure 2. Conventional WCS (a) inductive coupling method (WPC, PMA), (b) magnetic resonance method (A4WP).

The issues of the two different charging methods are as follows. Compared to the inductive
coupling method, the magnetic resonance method is a powerful WCS since it maintains high
efficiency; even the distance between the transmitter and receiver is significantly more than
several meters. However, since the frequency of the magnetic resonance method is 6.78 MHz,
enhancing the efficiency of the rectifier (which accounts for the largest portion of the total
efficiency of the receiver) is a very challenging task [2, 3].

The switching loss is relatively smaller for the inductive coupling method than that for the
magnetic resonance method since its transfer frequency of 100-400 kHz is much lower than
that of the magnetic resonance method. Although its charging distance is short, the inductive
coupling method can achieve higher receiver efficiency. However, the on-resistance of the
active rectifier and reverse leakage current should be minimized to enhance efficiency.
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As explained above, the most important issue is the need to maintain high efficiency regardless
of which charging method is used because heat from the chip caused by low efficiency will
cause various problems. In WCSs, since the input power at the normal operation is above 5W,
the heat caused by the receiver inefficiency further reduces the efficiency of the receiver, which
is a catch-22 situation [4, 5].

Figure 3 shows the detailed top block diagram of the receiver for the inductive coupling
wireless battery charging system. The AC voltage at the Rx input is converted into a DC voltage
by the rectifier. The power efficiency of the rectifier is very critical, as it provides the DC power
supply to the following stages [6].
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Figure 3. Top block diagram of the inductive coupling wireless power receiver [6].

The output of the multi-mode rectifier is converted into the desired DC voltage level through
the DC-DC converter. LDO regulator generates the clean DC voltage required for the Battery.
The power level of the input signal is measured at the power detector and converted into the
digital code, sig_str_a[7:0], by the 8-bit ADC and decoder. The DC output of the multi-mode
rectifier, VREC, is converted into the digital code, rect_pow_a[7:0], by the 8-bit ADC and
decoder. The communications and control unit receives various information from other blocks
and configures the packet based on them [6].

Figure 4 shows the top block diagram of magnetic resonance wireless power receiver.

Power is transferred from the transmitter to the receiver through the coil and matching
networks. The rectifier converts the AC voltage at the receiver input to DC voltage. The output
of the rectifier is converted into the desired DC voltage level through the DC-DC converter [5].

The DC output of the rectifier, VRECT, is converted into digital code, by the 10-bit SAR ADC.
The output of the ADC is then transferred to the transmitter through the digital control block.
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Figure 4. Top block diagram of the magnetic resonance wireless power receiver.

3. Building blocks of wireless power receiver

a. Active rectifier

Eq (1) defines the power conversion efficiency (PCE) of rectifier [7].

pcE = Your | Tour
Vv iy
¢))

__Your lour
Vour +Vioss  Iiv +1ross

where Vi, Vour, Vioss I Lour and I} oss are the amplitude of the input AC voltage, output DC
voltage, voltage drop, input AC current, output DC current, and current loss of the rectifier,
respectively.

Figure 5 shows the structure of a conventional passive full-wave rectifier. During the positive
half cycle of the supply, diodes D, and D, conduct in series, while diodes D; and D, are reverse
biased and the current flows through the load. Otherwise, during the negative half cycle of the
supply, diodes D; and D, conduct in series, while diodes D; and D, are reverse biased. The
current flowing through the load is the same direction as that for the positive half cycle of the
supply. To generate a steady DC voltage, the load capacitor should be added to the output of
the rectifier. The load capacitor converts the full-wave rippled output of the rectifier into a
smooth constant DC output voltage.
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The conventional rectifier using diodes has frequently been used in many applications since
it is simple to implement. However, P-N junction diodes induce large forward voltage drops
which directly lead to critical conduction loss. Although Schottky diodes have low dropout
voltages, they also have a high leakage current and are not available in most standard CMOS/
BCD processes.
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Figure 5. Conventional passive full-wave rectifier.

To address the issues explained above, a full-wave active rectifier which that replaces diodes
with MOSFETs should be designed. By implementing the active rectifier, voltage drop can be
reduced to 2Vpg, which is in the mV range when a single diode forward voltage drop is about
700 mV.

Figure 7a-c shows the active rectifier structures in prior works. Figure 6a shows the p-channel
metal-oxide semiconductor (PMOS) diode connection structure with the bootstrap technique.
This structure has the critical drawback of considerable conduction loss generated by the
threshold voltage of 0.7 V from diode connection structure [8].

In the case of the comparator-based gate control structure shown in Figure 6b, the comparator
is used to control a gate signal of active rectifier [8]. Since the delay caused by the comparator
cannot be compensated in this structure, reverse leakage current occurs and efficiency is
decreased. The structure in Figure 6c includes a zero delay circuit to compensate for the delay
of the comparator [9]. The high-side MOSFET of this structure, however, consists of a PMOS
cross-coupled structure, so that the size would be extremely large if the same on-resistance
was used as that of an n-channel metal-oxide semiconductor (NMOS). As can be seen from the
structures of Figure 7a-c, PMOS is used as high-side MOSFET. However, MOSFET involves
a break issue since the maximum V; voltage of PMOS is designated as 5 V in the recent BCD
process, which means that high voltage cannot be generated by the rectifier.
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Figure 6. Active rectifier structures in prior works (a) PMOS diode connection structure [8], (b) comparator-based gate
control structure [7], and (c) active rectifier with zero delay circuit [9].

A block diagram of the proposed active rectifier is illustrated in Figure 7. If a rectifier was

implemented with passive diodes, the efficiency would be limited by the forward voltage drop
of the passive diodes [5, 7, 10].
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Figure 7. Block diagram of the proposed active rectifier.
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In this work, the active rectifier is designed, where the MOS transistors are actively turned on
and off depending on the polarity of the received AC input voltage. The voltage drop across
the MOS transistors can be made to be significantly less than that of a diode-based passive
rectifier, therefore achieving higher-power conversion efficiency [5].

Unlike passive diodes, however, the current flow through the MOS transistors is bidirectional,
which means that the current can flow from the DC output to the AC input. This reverse leakage
current severely degrades the power conversion efficiency (PCE) [9, 11, 12].

The frequency of the input power is 6.78 MHz for the A4WP standard. A propagation delay
of the circuit generates reverse current; it then reduces the PCE. The frequency range of input
power according to the WPC standard is from 85 to 205 kHz [1], while that according to the
PMA standard is from 277 to 357 kHz [13].

Firstly, in the A4WP mode, DLL operates to maximize the efficiency while the adaptive zero
current sensing (AZCS) circuit is off. The proposed active rectifier uses a shared DLL to
compensate for the delay caused by the limiter, buffer, and level shifter. By compensating for
the delay, the reverse leakage current can be removed while maximizing efficiency.

In the case of wireless charging standards such as WPC or PMA that specify hundreds of kHz
frequencies, conduction loss is the most significant factor determining the total efficiency [1].
However, in the A4WP standard where the operating frequency is 6.78 MHz, the switching
loss due to the high-voltage MOSFETs drastically increases. In order to reduce the conduction
loss, MOSFETs should be designed to be as large as possible to minimize the on resistance [5].

Figure 8. Timing diagram of the active rectifier with DLL.

Secondly, an AZCS is used to define the current path of the input current, I,.. AZCS is only
used in the WPC or PMA mode. The WPC and PMA modes do not have a constant frequency;
the frequency is changeable. The active rectifier needs to operate switching according to the
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input frequency. When the WPC or PMA mode is selected, the DLL circuit is turned off and
only the voltage limiter, edge detector, and SR latch are operated.

The timing diagram of the active rectifier with the DLL is illustrated in Figure 8. As can be
seen in Figure 8, the reverse leakage current is mainly due to the finite delay of the limiter,
buffer, and level shifter that drive the power MOSFETs, which are large enough to minimize
the voltage drop across them. The delayed turn-on of the power MOSFETs is not problematic
because it does not cause any reverse leakage current. The delayed turn-off, however, results
in reverse current flow which degrades the power conversion efficiency.

The measurement results of the WPR in A4WP mode for the output power of 6 W are shown
in Figure 9a. The power efficiency of the WPR can be calculated using Eq (2) [5].

_ Vin_peak *IIN_pEAK

Py 5 xcos(6y —0r) 2)
Pour= Vauek %L 1oap ®)
Pout
=21 %100
n Py 4)

InEq (4), Vin_peare Iiv prars Oy, 01 Vucw and I o,p are the input peak voltage, input peak current,
phase of input voltage, phase of input current, output voltage of buck DC-DC converter, and
load current, respectively.

Figure 9b shows the measured power efficiency of the proposed active rectifier in A4WP mode.
When the shared DLL function is used, the maximum efficiency of the active rectifier is 92%
in A4WP mode.
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Figure 9. (a) Measured waveform (b) power efficiency of the active rectifier.
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b. DC-DC converter

Figure 9 shows the structure of the conventional buck DC-DC converter.
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Figure 9. Block diagram of the conventional DC-DC converter.

M, energizes the inductor current, while M, de-energizes it. Therefore, both energized and de-
energized inductor current flow to the load. The PWM generator activates the switch to
regulate the outputs. The error amplifier and compensation network generate V. voltage
which is controlled by Vy; voltage. The PWM generator determines the switching threshold
by comparing Vs, and V¢ voltage. During this process, load current is changed by a feedback
loop for DC output voltage [14].

There are several issues with the conventional DC-DC converter. First of all, the efficiency is
reduced in the event of PVT variation since the switching frequency is varied. To solve this
problem, phase-locked loop (PLL) is set to have a constant switching frequency regardless of
PVT variation.

Secondly, the efficiency is reduced in light load condition. One of the drawbacks of the PWM
method is alow efficiency inlightload conditions. In the PWM method, switching loss is almost
the same in the wide load current range because of the fixed switching frequency. In contrast
to the PWM method, switching frequency in the PFM method changes in proportion to the
load current. By changing the switching frequency, it is possible to reduce the switching loss
atlow load current conditions. By exploiting the two different methods, the proposed DC-DC
converter adopts the PWM method in heavy load condition and adopts the PEM method in
light load condition.

Figure 10 shows a block diagram of the proposed DC-DC converter.
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Figure 10. Block diagram of the proposed DC-DC converter.

The proposed DC-DC buck converter adopts a PLL to generate a constant frequency in spite

of PVT variation and external circumstances [5].

Figure 11a shows the duty variation of the proposed DC-DC converter. As can be seen from
the results, duty is varied by load current. When the load current is 700 mA, duty ratios of
GATE_A and GATE_B are 335 ns (67%) and 160 ns (32%), respectively, also with about a 1%
non-overlap period.
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Figure 11. (a) Measured waveforms (b) measured efficiency of proposed DC-DC converter for load current of 700 mA.
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Figure 11b shows the measured power efficiency of the proposed DC-DC converter. When
the PLL function is used, the maximum efficiency of the DC-DC converter is 92% at the load
current of 700 mA.

c¢. SAR ADC

Figure 12 shows the block diagram of conventional SAR ADC. In the conventional SAR ADC,
the capacitance of capacitor digital-to-analog converter (CDAC) is changed and compared to
the sampling value, using a binary searching mechanism to define the output code from the
most significant bit(MSB) to the least significant bit(LSB).

The capacitor for CDAC should have 2NC capacitance to satisfy the output resolution. This
means that size becomes extremely large when designing high-resolution ADCs and the power
consumption of the reference generator used as the charging and discharging capacitor
increases as a result [15].

Since the proposed dual-sampling SAR ADC structure can be compared to the MSB signal
through a sampling process, CDAC can be designed to have 28C capacitance.
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Figure 12. Block diagram of the conventional SAR ADC.

This means that the MSB capacitor can be reduced, and consequently, the size and power
consumption can be reduced. Moreover, by adopting the adaptive power control (APC)
technique for the comparator, power consumption can be reduced and overall system
efficiency can be optimized.

Ablock diagram of the proposed SAR ADC is presented in Figure 13 [5]. It consists of a simple
analog block, including a DAC, comparator, reference voltage generator, and SAR.
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Figure 13. Block diagram of the proposed SAR ADC.

The proposed SAR ADC processes the voltage and current for the rectifier and DC-DC
converter as well as information from the temperature sensing block through a MUX.

Figure 14 shows the timing diagram of the proposed SAR ADC.
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Figure 14. Timing diagram of the proposed SAR ADC.
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In the MUX, the selection signal Vyx cont<2:0> was composed to save the data and processing
during three cycles right after the EOC signal and then controlled by I*C [5].

d. LDO regulator

The input voltage range of conventional LDO regulators is decided by the rated voltage of the
components. In general, the rate voltage of CMOS has a maximum of 5 V, so high output
voltage from the rectifier cannot be processed. The proposed LDO regulator can operate at
high voltage using laterally diffused mOS (LDMOS) as the power MOSFET and the input range
of the LDO regulator is increased to a maximum of 20 V by using a high-voltage buffer for
efficient driving. Moreover, a capacitor feedback circuit is proposed for power supply rejection
ratio (PSRR) and fast settling.

Figure 15 shows a block diagram of the proposed LDO regulator. The output voltage drop due
to rapid and large load variation could be minimized with a fast regulation loop.

Application of this fast transient LDO regulator is useful for low noise at wide input ranges
and transient response (high voltage at rectifier input).
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Figure 15. Block diagram of the LDO regulator.

In addition, the push-pull structure of the capacitor feedback circuit can provide a fast path
for discharging and charging the gate of the pass transistor, which can respond to transient
input with a buffer.

4. Experimental results

The chip was fabricated using the 0.18 um BCD process with, a single poly layer, four layers
of metal, MIM capacitors, and high sheet resistance poly-resistors. The chip microphotograph
of the WPR is shown in Figure 16. The die area of the WPR is 5.0 mm x 3.5 mm.
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Figure 16. Chip microphotograph of the WPR.

Figure 17a shows the simulation results for the WPR in A4WP mode. Since the voltage for
operation of the active rectifier is not generated at initial operation, the rectifier operates with
the passive diode from the high-voltage MOSFET.
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Figure 17. Simulation results of the active rectifier (a) A4WP mode (b)WPC mode.
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When the output of the rectifier increases above 5.2 V, the active rectifier also begins to operate
without any help from the passive diode [5].

As can be seen from the simulation results, with 7.5 W input and 13.83 Q output load, a
maximum power of 6.9 W and an efficiency of 92% were achieved at the maximum efficiency
condition when DLL was locked.

Figure 17b shows the simulation waveform of WPR in WPC mode. WPR is supplied by VAC
power, UVLO increases, detecting mode during mode select time. The frequency of VAC is
175 kHz, WPC mode is selected to send not only configuration packets but also error control
packets.

The measurement board for the WPR is illustrated in Figure 18a. The Tx coil and Rx coil were
located at the bottom and top sides, respectively. The power was transferred from the WPT
board to the WPR board through the Tx and Rx antenna.

Figure 18b shows the measured system efficiency of the proposed WPR. The maximum system
efficiencies are 84 and 86% in A4WP and WPC/PMA modes, respectively.
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Figure 18. (a) Measurement board and (b) measured system efficiency of the WPR.

The comparison between the reported-related WPRs, and this work is summarized in Table
2. As can be seen from Table 2, the proposed WPR is the only chip that supports three different
types of standards, namely A4WP, WPC, and PMA and shows the highest overall efficiency.
Moreover, the results show that the proposed WPR has a wider input voltage range than the
other references [2, 9, 16, 17], which is from 3 to 20 V.

5. Conclusion

This chapter presents a WPR for inductive coupling and magnetic resonance applications.
Especially for the rectifier, which consumes the most significant portion of overall efficiency,
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shared DLL and AZCS structures are proposed to improve the efficiency at different frequen-
cies. In the DC-DC converter, PLL was adopted for a constant switching frequency during
PVT variation to solve the efficiency reduction problem, especially due to heat.

References [2] [9] [16] [171 This work
Technology 0.35 um 035um 0.5 pm 018 um  0.18 um
BCD BCD CMOS CMOS  BCD
Supported standard A4WP A4WP - A4WP  A4WP, WPC/
PMA
Overall system efficiency (%) 86 (Off Chip 75/68 77 (rectifier 50 A4WP, 84
Rectifier) only) WPC/PMA, 86
Power transfer frequency (MHz) 6.78 3.23/6.78  13.56 6.78 6.78,
0.085-0.375
Input voltage range (V) 20 4-8 2.15-3.7 20 3-20
Maximum output power (W) 6 3 0.037 1 10.8
Output voltage (V) 5 5 3.1 3.1 50r9
Die area (mm?) 5.52 (w/o 18.3 0.585 6.25 17.5
rectifier)
Maximum output power/die 1.09 (w/o 0.16 0.06 0.16 0.62
area (W/mm?) rectifier)

Table 2. Performance summary of the WPR.

This chip is implemented using 0.18 pm BCD technology with an active area of 5.0 mm x 3.5
mm. The maximum efficiency of the active rectifier is 92%. The maximum efficiency of the DC-
DC converter is 92% when the load current is 700 mA. Total system efficiency for the A4WP
mode is a maximum 84% with 700 mA load current. Also, for the WPC/PMA mode, the
maximum system efficiency is 86% with 500 mA load current.

In the future, the power conversion efficiency of the WPR needs to be improved since the
maximum output power level is increasing more and more. The die area should be minimized
for mobile applications at the same time.
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Abstract

Microwave power transmission has the potential to supply wireless power to portable/
mobile electronic devices over long distances (on the order of meters or even kilome-
ters) efficiently. Nevertheless, several technical challenges remain to be resolved in order
to accomplish practical microwave power transmission systems, including (i) minimiz-
ing power loss due to microwave propagation, (i) preventing humans and other electrical
systems from exposure to excessive microwave radiation, and (iii) reconfiguring wireless
power transmission in reaction to environmental changes (such as physical movements
of portable devices) inreal time. In this chapter, amicrowave power transmission scheme
based on retro-reflective beamforming is proposed to address the above challenges. In
the retro-reflective beamforming, wireless power transmission is guided by pilot signals.
To be specific, one or more than one mobile device(s) broadcast pilot signals to their
surroundings, and based on analyzing the pilot signals, a wireless power transmitter
delivers focused power beam(s) onto the mobile device(s). Preliminary numerical and
experimental results are presented to demonstrate the feasibility of the proposed retro-
reflective beamforming scheme.

Keywords: microwave power transmission, antenna array, retro-reflective beamform-
ing, pilot signals, microwave power focusing

1. Introduction

Microwave power transmission has been actively pursued for more than 50 years as one of the
possible technologies to deliver electrical power wirelessly [1-3]. The microwave power
transmission technique employs propagating electromagnetic waves in the microwave
frequency range as the carrier of wireless power. Compared with techniques based on induc-
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tive coupling [4], microwave power transmission has the potential to reach longer distances (on
the order of meters or even kilometers). Meanwhile, microwave power transmission enjoys
several advantages relative to optical power transmission [5]. First, microwave has better
penetration compatibility than optical waves. Second, the conversion efficiency between DC
power and microwave power is usually higher than that between DC power and optical power.
Third, microwave beams can be steered straightforwardly through the phase control, where-
as beam steering without resorting to mechanical motion is much more difficult in the optical
regime. In 1960s, Brown [6] successfully demonstrated supplying microwave power from a
ground station to a helicopter, which is probably the first impactful demonstration of micro-
wave power transmission in the history. Since 1970s, a range of research efforts are conducted
onusing microwavebeam to deliver power fromssatellites to the earth, albeit to date its feasibility
is still under evaluation [7]. A case study from 1997 to 2004 is reported in the studies of Lan Sun
Luk [8] and Celeste et al. [9] to construct a point-to-point wireless electricity transmission to a
small isolated village called Grand-Bassin in France. An antenna array was developed by the
University of Colorado in 2008 to harvest 100 mW power from a transmitter 1 meter away [10].
In 2009, the feasibility of using a car-borne power broadcaster to power sensors installed over
a bridge is studied in the work of Mascarenas et al. [11]. Today, many researchers are investi-
gating taking advantage of microwave power transmission to eliminate/relieve the battery life
bottleneck of mobile/portable electronicdevices [12]. Despite of its long research history, several
technical challenges remain to be resolved before microwave power transmission canbe applied
in practice, as elaborated below.

(i) Efficiency improvement

In microwave power transmission, power loss is mainly attributed to two factors: microwave-
to-DC conversion and microwave propagation. With the development of novel rectennas, the
microwave-to-DC conversion loss has been reduced to less than 20% [13, 14]. In order to
improve the microwave propagation efficiency, beamforming (i.e., focusing electromagnetic
fields in space) is the only effective means. Beamforming can be achieved straightforwardly
using highly directive antennas when both the wireless power transmitter and wireless power
receiver are stationary [8]; however, it is challenging when multiple mobile/portable devices
residing in a large region need wireless power simultaneously. Traditional phased-array
beamforming [15] does not constitute an ideal solution, since it fails when the line-of-sight path
between the phased array and the target receiver is blocked by obstacles.

(if) Safety assurance

Excessive microwave radiation may produce hazardous effects to human bodies as well as
electrical devices. Thus, while wireless power is transmitted to target receivers, it is vital to
ensure that humans and other electrical systems in the surroundings are not under intensive
microwave illumination. As a matter of fact, a range of regulations have been established by
various agencies for microwave radiation to safeguard human safety and electromagnetic
compatibility [16-18].
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(iii) Real-time reconfigurability

A practical microwave power transmission system must be capable of reconfiguring itself in
reaction to the environmental changes (such as physical movements of portable devices) in
real time, to maintain high efficiency and safety performance.

In order to address the above challenges, a retro-reflective beamforming scheme is proposed
in this chapter. In the proposed scheme, one or more than one wireless power receiver(s)
broadcast pilot signals, a wireless power transmitter receives the pilot signals, and based on
analyzing the pilot signals, the wireless power transmitter constructs focused microwave
beam(s) to deliver wireless power to the receiver(s). In other words, before transmitting
wireless power, the wireless power transmitter plays the role of radar: it tracks the locations
of mobile/portable receivers through analyzing pilot signals broadcasted by the receivers.
Based on the outcome of radar tracking, the wireless power transmitter constructs spatially
dedicated channels to deliver wireless power to the receivers, which minimizes the power loss
associated with microwave propagation. As a radar, the wireless power transmitter is able to
identify obstacles along the line-of-sight path toward the wireless power receivers such that it
could avoid directly illuminating power beams onto humans or other objects. The proposed
scheme is highly reconfigurable because wireless power transmission is guided by pilot
signals. Specifically, wireless power is always focused onto the locations from which pilot
signals stem. As a result, as long as the target receivers broadcast pilot signals periodically,
wireless power beams would follow their motions dynamically. A range of numerical and
experimental studies have been conducted to verify the feasibility of the proposed retro-
reflective beamforming scheme [19-21]. The numerical and experimental results demonstrate
that the proposed retro-reflective beamforming scheme is able to track mobile receivers’
locations and focus wireless power onto the receivers’ locations in real time.

2. Retro-reflective beamforming scheme and numerical modeling

The proposed retro-reflective beamforming scheme is illustrated in a typical indoor environ-
ment shown in Figure 1. The wireless power transmitter consists of a base station and multiple
charging panels. The charging panels are mounted over the ceiling or walls. Each charging
panel includes an array of planar antenna elements. The base station and charging panels are
connected through cables. Mobile/portable devices in the room receive wireless power from
the wireless power transmitter through the following two steps.

Step (1) One or more than one device(s) broadcast pilot signals.

Step (2) In response to the pilot signals, the charging panels jointly construct focused (that is,
dedicated) microwave power beam(s) onto the target device(s).

When the mobile/portable devices are in motion, the microwave power beams would follow
the devices’ locations dynamically as long as the devices broadcast pilot signals periodically.
A charging panel transmits power only if it has line-of-sight interaction with the target
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Figure 1. Depiction of wireless power transmission based on retro-reflective beamforming.

device(s); if the line-of-sight path is blocked by any obstacle, the charging panel is deactivated
such that the obstacle, which might be human being, is not illuminated by power beams
directly.

The underlying theory of retro-reflective beamforming is “time-reversal,” which takes
advantage of channel reciprocity to accomplish a space-time matched filter [22]. Specifically,
propagation of pilot signals follows the “channel from target devices to charging panels,”
whereas propagation of microwave power beams follows the “channel from charging panels
to target devices.” If these two channels are reciprocal to each other and if the microwave
power transmission is tailored to be the retro-reflected version of pilot signals, microwave
power is spatially focused onto the locations from which the pilot signals stem, that s, locations
of the target devices. Furthermore, spatial focusing due to retro-reflection/time-reversal does
not suffer from multipath environments [23-27].

The timing sequence of the retro-reflective beamforming scheme is depicted by a flow chart
in Figure 2. Interactions between the wireless power transmitter and wireless power receiver
are toggled among three modes: communication mode, radar mode, and charging mode. The
process in Figure 2 starts when a wireless power receiver (a mobile device, for instance)
communicates a “charging request” signal to the wireless power transmitter. Once the wireless
power transmitter acknowledges “charging request,” the system enters the radar mode in
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Figure 2. Timing sequence in the retro-reflective beamforming scheme.

which the wireless power receiver transmits pilot signal and the wireless power transmitter
prepares for beamforming through analyzing the pilot signal. When the wireless power
transmitter is ready, both the wireless power transmitter and wireless power receiver march
into the charging mode and power is delivered to the receiver through spatially focused beams.
In practice, the environment may change during the charging process; for examples, the
wireless power receiver may move and/or another wireless power receiver may request for
charging. As a result, the beamforming plan must be adjusted accordingly. To accommodate
these situations, the system is periodically switched from the charging mode to the commu-
nication mode and the radar mode such that the system would be reconfigured in reaction to
the environmental changes.

A system block diagram of the retro-reflective beamforming scheme is plotted in Figure 3. The
wireless power receiver is assumed to be a mobile/portable device, and thus, it is imperative
to minimize its size, weight, and cost. To this end, the wireless power receiver only includes
one antenna and two simple circuit blocks. The “pilot signal generator” block in the wireless
power receiver is an impulse generator, which generates a periodic train of narrow impulses
as the pilot signal. The other block in the wireless power receiver, “microwave-to-DC con-
verter,” converts microwave power received from the wireless power transmitter to DC. The
wireless power transmitter is composed of multiple antenna elements coordinated by a base
station. Behind each antenna element, there are two circuit blocks: a “pilot signal analyzer”
and a “microwave power generator.” The “pilot signal analyzer” analyzes the pilot signal
received from the wireless power receiver, and the “microwave power generator” generates
microwave power based on the outcome of analyzing pilot signal. Since the pilot signal is
composed of an impulses train, its spectrum covers multiple discrete spectral lines. The
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wireless power transmitter selects some of these discrete frequencies to analyze the pilot signal
and transmit microwave power. At any discrete frequency, if the pilot signal has phase ¢,
microwave power is generated with phase — ¢; in other words, microwave power is configured
to be the conjugate version of pilot signal because “phase conjugation in frequency domain”
is equivalent to “reversal in time domain” [19].
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Figure 3. System block diagram of the retro-reflective beamforming scheme [20].

Employing narrow impulses as the pilot signal constitutes one of the major merits of the
proposed retro-reflective beamforming scheme. In prior research efforts on retro-reflective
beamforming, pilot signals are always generated by a microwave oscillator [28, 29]. Compared
with microwave oscillators, impulse generators can be realized using relatively low-complex-
ity and low-power circuitries [30] and hence is more suitable for mobile/portable devices.
Because periodic impulses include information over multiple discrete frequencies, the wireless
power transmitter has the flexibility of selecting multiple frequencies to transmit microwave
power; in contrast, if the pilot signal is a continuous wave, the flexibility is limited to the pilot
signal’s frequency and its high-order harmonics. Moreover, employing multiple frequencies
to carry wireless power would result in better performance in spatial focusing, as demon-
strated by some numerical results below.

Figures 4-6 show some numerical results for the retro-reflective beamforming scheme
described above. The numerical model is illustrated in Figure 4. Eight charging panels are
assumed to be deployed over a circular region with radius 3 m in the x—y plane. Each charging
panel includes an antenna array with 5 by 5 elements equal spaced by 12 cm. Two devices
reside in the region. The antennas over the charging panels and devices are all z-oriented
dipoles. The devices transmit short impulses as pilot signals, which cover frequency band [4
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Figure 4. Numerical model of the retro-reflective beamforming scheme [19].

GHz, 6 GHz]. Charging power is allocated to N discrete frequencies in this band. To represent
more realistic scenarios, a metallic plate with length 1 m and height 0.6 m is placed to block
the line-of-sight path between the devices and one charging panel, which is Charging Panel B
in Figure 4.

The model in Figure 4 is simulated by a full-wave solver based on the Method of Moments [19].
Simulated E, field distributions in a 2 m by 2 m region around the two devices are presented
in Figure 5. When one device (the one at the center) sends pilot signals to the charging panels
with the absence of obstacle, all the eight charging panels are active. If the charging panels
only transmit power at one frequency 4.09 GHz (i.e., N = 1), the field distribution is shown in
Figure 5(a). Apparently, field is focused at many locations other than the device (the undesired
focal points resemble side lobes of regular phased beamforming [31]). When N is chosen to be
30, only one focal point remains, which coincides with the device’s location, as shown in
Figure 5(b). When both devices send pilot signals, the field is automatically focused onto the
two devices (Figure 5(c)). In Figure 5(d), the obstacle is assumed to be present, and Charging
Panel B is blocked and turned off (the other seven charging panels are active). Field focusing
does not rely on the obstacle’s presence and the number of active charging panels, as shown
in Figure 5(d). With the presence of obstacle, which charging panels should be deactivated can
be determined through analyzing the pilot signals. Two charging panels, Charging Panel A
and Charging Panel B, are used as examples. After these two charging panels receive pilot
signals from one device, phase differences between two local antenna elements are plotted in
Figure 6; one of the two local elements is at the center and the other at the corner in the 5 by 5
array. As expected, since Charging Panel A has line-of-sight interaction with the device, its
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phase difference follows a straight line proportional to the frequency (corresponding to a time
delay), whereas such a pattern does not appear at Charging Panel B.

3. Experimental verification of retro-reflective beamforming scheme

We have conducted a range of experimental studies to verify the retro-reflective beamforming
scheme described in the previous section [20] [21]. Some of the experimental results are
presented in this section.

One of the experimental setup is depicted in Figure 7. The wireless power transmitter includes
one charging panel, which further includes four microstrip antenna elements. The wireless
power receiver has one microstrip antenna. The power transmitter is stationary, whereas the
wireless power receiver moves along the x axis in the experiments and it emulates a mobile/
portable device. “x=0" denotes the location over the x axis right in front of the charging panel.
The distance between “x = 0” and the wireless power transmitter is 50 cm.
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Figure 7. Depiction of an experimental setup with one charging panel [21]. (a) Power receiver broadcasts pilot signal to
power transmitter. (b) Power transmitter transmits microwave power to power receiver.

The experimental procedure has the following two steps.

Step (1): Power receiver transmits pilot signal to power transmitter (Figure 7(a)). The power
receiver’s antenna is connected to an impulse generator. The impulses transmitted by the
power receiver’s antenna behave as the pilot signal. In our implementation, the impulses are
generated through amplitude modulating a continuous wave at 2.08 GHz by periodic square
impulses with a pulse width of 25 ns and a pulse repetition rate of 4 MHz (its waveform is
illustrated in Figure 8). The pilot signal is received by the four antennas of the power trans-
mitter and then analyzed by the “pilot signal analyzers.”
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Step (2): Power transmitter transmits wireless power to power receiver (Figure 7(b)). In this
step, the power transmitter’s four antennas are fed by microwave power generators. The
microwave power generators are configured according to the outcome of Step (1) so that a
focused power beam is constructed toward the location from which the pilot signal is emitted.
Wireless power collected by the power receiver’s antenna is detected by either a power meter
or a rectifier. The rectifier is implemented by following a voltage multiplier design in [32] and
optimized around 2.1 GHz.

A photo of the experimental setup is shown in Figure 9: in Step (2), wireless power is delivered
from the power transmitter to power receiver and wireless power reception is indicated by a
light emitting diode (LED) on the power receiver.

The four antenna elements in the power transmitter are identical to one another. Each is a
regular rectangular microstrip patch with dimensions 31.4 mm by 46 mm over FR4 substrate.
The four antenna elements are equispaced with the distance between two adjacent elements 7

250 ns : 2.08 GHz
Lyl L

Figure 8. [llustration of the impulse pilot signal.

Power ttansmitter

LED

Power receiver

Figure 9. A photo of the experimental setup with one charging panel [21].
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cm. Each antenna element’s “~10 dB return loss frequency band” is roughly from 2.055 to 2.155
GHz. Each antenna element has a gain value of 3.8 dBi and half-power beamwidth of 136°.
The microstrip antenna in the power receiver is the same as those in the power transmitter.
All the antennas in Figure 9 are linearly polarized, and the electric field is polarized along the
x direction marked in Figure 9.

The two vital blocks in Figure 7, “pilot signal analyzers” and “microwave power generators,”
are illustrated in Figures 10 and 11, respectively. In Figure 10, the pilot signals received by the
four antennas are amplified by four low-noise amplifiers, down-converted through four
mixers and a local oscillator at frequency f; 5, and then converted to the digital format by a four-
channel analog-to-digital converter (ADC). The digital signals are stored within the memory
of a personal computer and read by a signal processing program developed in the C++
language. The signal processing program calculates the phases of the four digital signals using
short-time (20 ps, to be specific) discrete Fourier transform at the frequency f. With the
calculated phases (denoted as ¢, ¢, ¢5, and ¢,), a system control program operates a digital-
to-analog converter (DAC), which provides four DC bias voltages (denoted as V;, V,, V3, and
V,) to control the phase shifters in Figure 11. The DAC also outputs a control signal Vi that
is used to turn on/off the oscillator in the microwave power generators. In Figure 11, a
continuous wave generated by an oscillator at frequency f, is split into four channels first; next,
each channel goes through a phase shifter and power amplification before reaching the
antenna. The retro-reflective beamforming is achieved by properly controlling the state of the
four phase shifters so that the transmitting array is fed with phases — ¢, — ¢,, — ¢3, and — ¢,,
respectively. This is done by the system control program that determines the output DC bias
voltages of the DAC based on the characteristics of the four phase shifters. The system control
program is also responsible for controlling the operation sequence of the entire system.
Specifically, in Step (1) of the experiment, the system control program activates the ADC and
calls the signal processing program to analyze the pilot signal. In the meantime, the oscillator
in the microwave power generators is turned off by the control signal Vi to avoid the
interference of microwave power to the pilot signal analyzers. In Step (2), the system control
program deactivates the ADC and reset Vg, to turn on the oscillator so that the wireless power
is transmitted.

The pilot signal analyzers and microwave power generators are implemented using commer-
cial off-the-shelf components with model numbers listed in Figures 10 and 11. The mixers,
amplifiers, and the oscillators are made by Analog Devices Inc. The four phase shifters are
made by Beijing Tianhua Zhongwei Technology. The 1:4 power splitters are made by Mini-
Circuits. The ADC and DAC are made by Beijing Art Technology Development Co. The ADC
PCI8502 provides four synchronized channels with a sampling rate of 40 MHz and 12-bit
resolution. The DAC PCI8250 provides eight synchronized channels with 16-bit resolution.

Employing impulses as the pilot signal leads to the flexibility of configuring f,. The pilot signal’s
spectrum is centered at 2.08 GHz and contains discrete spectral lines with separation of 4 MHz.
In one of the implementations, f, = 2.08 GHz with f,, = 2.079 GHz and f;; = 1 MHz. f, can be
reconfigured to other frequencies straightforwardly; for instance in another implementation,
f;is reconfigured to be 2.108 GHz with f;,=2.1 GHz and f;; = 8 MHz.
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Figure 12. Received microwave power at frequency 2.08GHz [21].

In the experiments, a pilot signal is broadcasted by the power receiver at a location denoted
as x,, and the pilot signal is received and analyzed by the power transmitter; then after the
power transmitter is configured by the outcome of analyzing the pilot signal, the power
receiver moves along x axis to detect the wireless power. In all the experiments, the total power
transmitted by the power transmitter is roughly 1 Watt (that is, 250 mW from each of its four
antennas).

In Figure 12, microwave power measured by a power meter is plotted when f,=2.08 GHz. The

VZa7i

four subplots in Figure 12 correspond to “x;, = 0,” “x; = = 10 cm,” “x, = — 20 cm,” and
“xy=—30 cm,” respectively. The calculated curves in Figure 12 are obtained using the Friis

transmission equation [31]

1 2
B.=F|-—| GG
r t(47rd] t~r

When x, =0 and x = 0, the transmitted power P, =1 Watt, wavelength A = c/f, c is the speed of
light in free space, the transmitter—receiver distance d = 50 cm, the transmitting antenna’s gain
G, =9.8 dBi, the receiving antenna’s gain G, = 3.8 dBi, and the received power P, is calculated
to be 12 mW. In Figure 12, the measured data and calculated data generally match each other.
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The measured data in reaction to “x,=0" have a peak at “x=0,” with peak value of the received
power about 14 mW. The measured value (14 mW) is slightly larger than the calculated value
(12 mW); we believe it is because the power receiver does not reside in the power transmitter’s
far-zone, which makes Friis equation not very precise. When x, changes to -10, —20, and -30
cm, the power beam is steered and the beam center tracks x,. In our experiments, the beam
cannot be steered beyond -30 cm due to the limitation of individual microstrip antennas’
radiation patterns. When x, takes positive values, the power beam is steered and the beam
center tracks x, as well; beam steering for positive x, values is not demonstrated because it is
symmetric to the negative x, values. Similar sets of results are displayed in Figure 13, after the
power meter is replaced by the rectifier. The vertical axis in Figure 13 represents the DC voltage
measured over a 1.8-kQ load resistor in the rectifier. Beams in reaction to four x, values are
clearly shown. When x, = 0, the peak voltage 3.5 V corresponds to (3.5)%/(1.8 k) = 7 mW.

After f, is reconfigured to 2.108 GHz, curves similar to those in Figure 12 are plotted in

Figure 14. The beamforming phenomena exhibited in Figure 14 are basically the same as those
in Figure 12.

On the basis of the experimental setup in Figure 7, another set of experiments are carried out
as illustrated in Figure 15. As a progress with respect to Figure 7, the wireless power trans-
mitter in Figure 15 includes two charging panels, each consisting of four antenna elements.
The two charging panels are placed over x axis and y axis, respectively. The wireless power
receiver moves within a certain region in the x-y plane. Figure 16 shows a photo of the
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Figure 13. Received DC voltage at frequency 2.08GHz [21].
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Figure 15. Illustration of an experimental setup with two charging panels [20].
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Figure 16. A photo of the experimental setup with two charging panels [20].

experimental setup corresponding to Figure 15. The antennas of the wireless power transmitter
are microstrip antennas polarized along z direction; the antenna of the receiver is a monopole
antenna, with omni-directional radiation pattern in the x—y plane.

Some results measured with the configuration in Figures 15 and 16 are shown in Figure 17.
The microwave power transmitted by each antenna element of the wireless power transmitter
is roughly 175 mW, with a total of 175 mW x 8 = 1.4 Watt. A power meter is connected to the
wireless power receiver’s antenna, and the measured microwave power is plotted in Fig-
ure 17. The two plots in Figure 17(a) and (b) are obtained when the pilot signal is broadcasted
from (x = 60 cm, y = 60 cm) and (x = 70 cm, y = 70 cm), respectively. Figure 17 clearly demon-
strates that the microwave power is focused onto the location from which the pilot signal is
broadcasted as a result of retro-reflective beamforming.

4. Conclusion

This chapter presents a retro-reflective beamforming scheme aiming to supply microwave
power to portable/mobile electronic devices over long distances (several meters or longer)
efficiently. The preliminary numerical and experimental results demonstrate that the proposed
retro-reflective beamforming scheme is capable of focusing microwave power onto target
devices’ locations through analyzing pilot signals broadcasted by the target devices. We are
currently conducting research to verify the retro-reflective beamforming scheme more
comprehensively.
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from (x =60 cm, y =60 cm). (b) Pilot signal from (x =70 cm, y =70 cm).
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Abstract

Dynamic wireless power transfer system (DWPT) in urban area ensures an uninterrupt-
edpowersupplyforelectricvehicles(EVs), extending orevenprovidinganinfinitedriving
range with significantly reduced battery capacity. The underground power supply
network also saves more space and hence is important in urban areas. It must be noted
that the railways have become an indispensable form of public transportation to reduce
pollution and traffic congestion. In recent years, there has been a consistent increase in
the number of high-speed railways in major cities of China, thereby improving accessi-
bility. Wireless power transfer for train is safer and more robust when compared with
conductive power transfer through pantograph mounted on the trains. Direct contact is
subject to wear and tear; in particular, the average speed of modern trains has been
increasing. Whenthepressureof pantographisnotsufficient, arcs, variationsofthecurrent,
and even interruption in power supply may occur. This chapter provides a review of the
latest research and development of dynamic wireless power transfer for urban EV and
electric train (ET). The following key technology issues have been discussed: (1) power
rails and pickups, (2) segmentations and power supply schemes, (3) circuit topologies
and dynamic impedance matching, (4) control strategies, and (5) electromagnetic

interference.

Keywords: dynamic wireless power transfer, magnetic coupler, circuit topologies,

control strategies, electromagnetic interference
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1. Introduction

In recent years, studies on DWPT have gained traction especially from The University of
Auckland, Korea Advanced Institute of Science and Technology (KAIST), The University of
Tokyo, Oak Ridge National Laboratory (ORNL), and many other international institutions. The
topics discussed include system modeling, control theories, converter topologies, magnetic
coupling optimization, and electromagnetic shielding technologies for DWPT.

The University of Auckland and Conductix-Wampfler manufactured the world's first WPT
bus with 30 kW power. A demo ET with 100 kW WPT capability and a 400 m long track without
any on-board battery was also constructed [1] as shown in Figure 1.

Figure 1. WPT for EV and ET.

KAIST constructed electric buses powered by an online electric vehicle (OLEV) system. The
buses are deployed in Gumi city for public transportation, running on two fixed routes
covering a total distance of 24 km as shown in Figure 2. The OLEV system on these routes is
able to supply 100 kW power with 85% of transfer efficiency [2].

Figure 2. KAIST OLEV.

The research in Oak Ridge National Laboratory focuses on coupling configuration, transfer
characteristics, medium loss, and magnetic shielding. The dynamic charging system as shown
in Figure 3 constructed by ORNL consists of a full bridge inverter powering two transmitters
simultaneously through a series connection. The experimental results show that the positions
of the electric vehicle significantly affect the transferred power and efficiency [3].
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Figure 3. DWPT system of ORNL.

Researchers in The University of Tokyo proposed using the combination of a feedforward
controller and a feedback controller to adjust the duty cycle of the power converters in the
DWPT system to achieve optimum efficiency. With the advanced control method, a wireless
in-wheel motor is developed as shown in Figure 4. The current WPT is from the car body to
the in-wheel motor. In future, the wireless in-wheel motor can be powered directly from the
ground using a dynamic charging system [4].

Figure 4. Wireless in-wheel motor.

On the other hand, the Korea Railroad Corporation (KRRI) designed a WPT system for the
implementation in railway track. A 1 MW, 128-m-long railway track was developed to
demonstrate the dynamic charging technology for EV. The coupling mechanism consists of a
long transmitter track and two small U-shaped magnetic ferrites to increase the coupling
strength. As a long transmitter track has high inductance, high voltage drop will occur when
the current flows through it. In order to reduce this voltage stress, the compensation capacitors
are distributed along the track as shown in Figure 5 [5].

< Crots-secthon =

Figure 5. Wireless power rail developed by KRRIL
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The researchers from the Japan Railway Technical Research Institute proposed a different
design of coupling mechanism for the ET. The transmitters are long bipolar coils, and “figure-
8” coils are used as the matching pickups as shown in Figure 6. The system is able to transfer
50 kW of power across a 7.5-mm gap with 10-kHz frequency [6].

Pickup codl

Feeder Cable

Figure 6. The non-contact power supply system for railway vehicle.

Bombardier Primove from Germany is currently leading in WPT technology for EV and ET.
Studies have been primarily conducted for better exploitation of the technology. Apparently,
the technical information of the WPT system developed by Bombardier Primove has not been
published. In 2013, the company proposed a design shown in Figure 7 to ensure high reliability
when powering the EV. The main DC bus is supplied by k-number of AC/DC substations
connected in parallel. This configuration is used to increase the robustness of the system. If
one of the AC/DC substations breaks down, that particular substation will be disconnected
from the system and other neighboring substations can continue functioning normally, thus
avoiding power interruption. Each transmitter cluster is supplied by multiple high-frequency
DC/AC inverters in parallel. Similar to the DC bus, the power supply at the AC bus will not
be interrupted if an inverter breaks down. At the receiver side, the train contains a DC bus as
shown in Figure 7. Multiple receivers are supplying to the DC bus simultaneously via AC/DC
rectification. The DC bus powers the motor through a controller. If any of the rectifiers is
damaged, other receivers can continue providing sufficient power to the DC bus [7].

By e

¥ .-
E . |
i B --_.-Lg. "

Figure 7. DWPT system for railway vehicle.
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The Harbin Institute of Technology demonstrated dynamic charging using segmented
transmitters with parallel connections to the inverter [8]. At the receiver side, two layers of flat
coils wounded in the same direction are stacked against each other to cancel the points, where
transferred power is zero, thereby increasing the overall efficiency. Using the decoupling
principle to design the size and position of the two-phase coil, the cross-coupling is cancelled
and high efficiency is then achieved at any position [9].

Although several studies have been conducted all over the world yielding exceptional results,
factors such as power transfer performance, construction cost, and maintenance cost still
require improvement. Other important considerations for practical DWPT implementation
include high-power rail, robust control strategies, and EMC.

2. Power rails and pickups

Core-less rectangular coils and bipolar coils are the two general types of coils used in WPT.
The University of Auckland proposed using long rectangular rails to transfer power. A larger
surface area for road construction necessitates less amount of power to be transferred per
surface area. The design is also sensitive to lateral displacement of the electric vehicles.
Moreover, a high level of magnetic field leakage occurs at both sides of the rail [10]. KAIST
proposed an improved version by adding a magnetic core with an optimized design. Com-
pared to the transmitter rail proposed by the University of Auckland, the transfer efficiency
and transfer distance are increased. However, the construction cost is also higher.

KAIST presented an advanced coupling mechanism design and optimization technology in
their past research. In 2009, the first-generation OLEV was successfully produced. An E-shaped
magnetic core is used as the power transmission rail. The air gap is only 1 cm and the transfer
efficiency 80% [2]. A U-shaped transmission rail was also proposed in the same year by
significantly increasing the transmission gap to 17 cm with an efficiency of 72%. In 2010, a
skeleton-type W-shaped magnetic core is proposed, thus further increasing the transfer
distance to 20 cm and efficiency to 83% [2]. From 2011 to 2015, researchers from KAIST
designed fourth-generation I-shaped bipolar rails and fifth-generation S-shaped bipolar rails
with even larger transfer gap, narrower frame, and higher efficiency [2]. With bipolar rails, the
magnetic field path is parallel to the moving direction of the vehicle instead of being orthogonal
to the moving direction. The new design is well suited for DWPT due to its advantages such
as high power density, narrow frame, and therefore lower construction complexity, robust to
lateral displacement, and lower magnetic field exposure on both sides of the rail [10-12]
(Tables 1 and 2).

In 2015, KAIST proposed using a dq-two-phase transmitter rail for cancelling the zero coupling
points along the moving direction [13] using the control method which is relatively complex.
A double loop control is implemented by detecting the phase of the primary current. The
amplitudes and phases of the d-q currents are controlled using a phase-locked loop and DC
chopper according to the position of the receiver.
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Type Coreless long coil Bipolar rail
Merits Even magnetic field distribution, stable power High power density, narrow design, robust to lateral
transfer, coreless, and low manufacturing cost displacement, low construction complexity, and low

level of magnetic field exposure

Demerits Low power density, sensitive to lateral Uneven magnetic field distribution, zero coupling
displacement, large surface area is needed for point. High cost due to the usage of ferrite core
construction, and

high level of magnetic field exposure

Table 1. Advantages and disadvantages of commonly used powering rail.
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Table 2. Wireless power rails and receiving pickups developed by KAIST (From generation 1 to 6).

3. Segment and power supply scheme

In order to overcome the issues of low transfer efficiency and high sensitivity to the changing
parameters in a centralized power supply system, a new segmented scheme is proposed [14].
The voltage at the 50 Hz AC bus is first stepped up to reduce transmission loss. Then, before
the segmented transmitters, the voltage is stepped down via the inverter. Constant current is
also used at the transmitters. Efficient converter topologies are also reviewed for implementing
a centralized power supply system.

(1) Centralized power supply scheme (Figure 8)



A Review of Dynamic Wireless Power Transfer for In-Motion Electric Vehicles
http://dx.doi.org/10.5772/64331

With the increasing length of the transmitter rail, the bandwidth of the primary side channel
becomes narrower. Therefore, the system is more sensitive to the variations of parameters, and
the robustness is decreased. The controller for the centralized power supply is relatively

High requirements of the components due to a single module supporting large power.
b. The whole rail is activated and causes high loss.
c¢. Low reliability due to any breakdown will affect the whole rail.
d. The efficiency is low when the load is small.
e. High self-inductance and therefore high voltage across capacitor.

f. Highly sensitive toward the variations in parameters, causing low stability.

—_— i e Hisn
i Hactifier ' Rericsiant
Power Grid R watice

ared filter e qralatas e

Figure 8. Centralized power supply scheme.

Figure 9. Power frequency scheme—segmented rail mode.

(2) Power frequency scheme—segmented rail mode (Figure 9)
The advantages of segmented rails are as follows:

Different segments can be turned on at different time periods, decreasing the power loss;
b. Smaller-sized power converters;

c. Higher reliability, when one of the segments breaks down, other segments will still be
functioning normally;

115



116  Wireless Power Transfer - Fundamentals and Technologies

d. Lower self-inductance, less sensitive to variations in parameters, and therefore increasing

the system stability.

However, segmented rails also have the following disadvantages:

a. High number converters, difficult to control and high maintenance and construction cost;

b. High number of components is required and therefore low reliability of the whole system.

(3) High frequency scheme —segmented rail mode (Figure 10)

With segmented rails and centralized power supply, the advantages of this design are as

follows:

a. Lesser power converter units, easier to maintain;

b. Different segments can be activated at different time periods, lesser power loss;

c¢. Lower self-inductance, less sensitive to variations in parameters, increases the system

stability.
Power
Power Grid Power Rail
converter L A
Switch Switch
Resonant Resonant Resonant
compensation compensation compensation
1 1
| i
i i
L. - B AT
Exciting Rail . . I lo;'. z.
...................................................................................... S T 5 | —

Rail Segment 1 Hail Segrment 2

Rail Segment N

Figure 10. High frequency scheme—segmented rail mode.

However, this design has the following disadvantages:

a. When the power supply breaks down, all of the segmented rails will stop functioning,

thus lowering the system reliability;

b. High loss in the cable connecting the power supply to the segmented rails;

¢. High capacity power supply and therefore large requirements of the components;

(4) High frequency and high voltage scheme and low voltage and constant current rail mode

(Figure 11).
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Figure 11. High frequency and high voltage scheme —low voltage and constant current rail mode.

(5) Combination scheme (Figure 12)

This type of rails combines the advantages of abovementioned rails; however, the system is
complex and only suitable for a large-scale dynamic charging system.
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Figure 12. Combined type rail scheme.

4. Circuit topologies and impedance matching

In the DWPT system, the gap between the receiver and transmitter is always changing.
Different cars have different heights with respect to the ground and the coupling coefficient
will varies significantly. Coupling coefficient is an important parameter in WPT. If the value
is too low, the efficiency may drop considerably. Contrarily, frequency splitting phenomena
may occur if the coupling coefficient is too high, and the system functions in the unstable
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region. Therefore, the circuit topology should be designed to be insensitive to coupling
changes.

In order to achieve a steady power supply with variations in coupling and to increase the
system stability in the light-load region, an LCLC topology can be used. The current at the
primary is kept constant and stress on switches is reduced during on-off. At the receiver side,
a parallel-T configuration can increase the tolerance of the system toward coupling variation.
The proposed topology is shown in Figure 13.

Figure 13. Circuit topology of double LCLC.

The transmitter current is written as follows:
i,=U,-U,)/(L,) 1

With A=L /L ,<1 as the load coefficient, the receiver output voltage is as follows:

pstp

U,=U,/Ai=wk[LLI,[A 2)

The output voltage is 1/A times the receiver voltage. A step-up voltage converter is used to
provide sufficient power when coupling is low, therefore increasing the tolerance of the system
against lateral displacement.

The voltage ratio and efficiency are given as follows:

{GzMR/l/LO(R/?,2 +1)+17,C, (M@ +1,(RA* +1,)) o

n=w,M’RAL, /(a)gM2 +7,(RA? + 1)Ly (RA* +1,) + C 1y (g M? +7,(RA” +71,)))

where 7, is the internal resistance of the inverter circuit, r, is the resistance of the transmitter,
and ST the resistance of the receiver.

The power and efficiency curves are given in Figure 14. The efficiency is high at the low-
coupling region which is particularly important for the DWPT application.

As shown by the curves in Figure 15, the efficiency and power are significantly improved for
different loads and coupling coefficient compared to series topology.
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Figure 15. Power and efficiency of the two kinds of structure vs. coupling coefficient.

While designing the circuit of WPT, the compensation is performed under no-load condition.
In normal operating condition, frequency tracking is used to ensure resonance by keeping the
same phase between primary voltage and primary current [12]. Besides, to ensure the EMC
and system stability, control is used to achieve constant current. The magnetic field from the
transmitter is in steady state. For example, in the WPT system developed by KAIST, the input
voltage of the inverter is adjusted using a three-phase thyristor converter shown in Fig-
ure 16 to achieve constant current at the transmitter.
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Figure 16. Diagram of the KAIST IPTS showing a power inverter, a power supply rail, and a pickup.

For the secondary side, in order to realize constant current, constant voltage, or constant power,
a DC/DC converter is usually implemented. Figures 17 and 18 show the DC/DC converters
used in the WPT systems of the University of Auckland and KAIST [15, 16].

‘ I

. D L

I E_J * . T Vibcom
g R

Ly L _:T .

Figure 17. Secondary DC/DC converter.
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Figure 18. Functional diagram of OLEV power receiver system.
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Figure 19 shows a secondary-side circuit which consists of both controllable rectifier and DC/
DC converter. SPWM synchronous rectification is employed at the controllable rectifier. The
duty cycle of the rectifier is regulated through SPWM,; the effective resistance can be adjusted
in the range of R, ~°. While for a boost converter, the effective resistance can be in the range
of 0~ . Therefore, any desired values of the effective resistance can be realized to improve
the system overall efficiency.

Resonant

|
|
|
|
|
|
| Load
|
|
|
=0mA [
circunt |

Controlled

reclifier

Figure 19. Dynamic impedance adjustment for secondary side pickups.

5. Control strategies

Three types of control were proposed for DWPT: primary control, secondary control, and
double-side control. The University of Auckland proposed adjusting the duty cycle of the
inverter to control primary resonant current, simplifying the system configuration [17]. KAIST
designed constant current control at the primary. A DC/DC converter is added before the
inverter, and the DC voltage from the main line is adjusted to achieve constant current for
different loads [13]. The main objective of primary control is to produce constant magnetic
field, then robust power control can be implemented. The University of Tokyo utilizes
secondary control strategy. A buck converter is added after the rectifier [4]. General state space
averaging (GSSA) is used to construct the small-signal model. Constant power or maximum
efficiency is then realized using PI pole placement [18]. In addition, controllable rectifier and
hysteresis comparator are also proposed for implementation at the secondary side to control
the output power or maximum efficiency [19]. Double-side control can be with or without
communication. ORNL combines the control of both sides, using a closed loop control and
frequency adjustment with communication to realize wireless charging [3]. The Hong Kong
University proposed simultaneous control of both power and maximum efficiency without
communication. The smallest input power is searched to realize constant output power of the
inverter [20] (Table 3).
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Control  Primary control Secondary control Both side control
strategy With close-loop Without close-loop
communication communication
Merits Constant current in Constant charging ~ Both desired power and Both desired power and
transmitter, steady current, constant maximum efficiency are maximum efficiency are

magnetic field, no need to charging voltage, or achievable simultaneously achievable simultaneously

consider reflected maximum efficiency
impedance

Demerits  Unable to control for Adjustable range of ~ Additional wireless Conflict control between
maximum efficiency, the secondary sideis communication is required, primary side and

limited control of output  limited, and accurate lower the system reliability ~secondary side
load, and constant current model is required and real-time performance

charging is not realizable

Table 3. Comparison of advantages and disadvantages of various control strategies.

The DWPT system is subject to disturbances such as variation of mutual inductance caused
by movement of the vehicles. New robust control strategies, which are more superior to PID
controllers [4,18,19] in disturbance suppression, are currently being studied.

6. Electromagnetic interference

The DWPT uses a high-frequency, strong magnetic field to transfer power wirelessly. The EMC
is an important consideration as the DPWT system is surrounded by many sensitive electronic
circuits. The requirements include shielding design, frequency allocation, and grounding
design. According to the standard set by the International Commission on Non-lonizing
Radiation Protection (ICNIRP), the current density exposed to the public is 200 mA/m? when
the frequency is 100 kHz. The values may affect the nerve system of human body. The limit of
specific absorption rate (SAR) is 2 W/kg and power density is 10 W/m?; if the exposure to the
human body is higher than these limits, heating of the human tissues may occur (Table 4).

Shielding  Metal conductor Magnetic material Active shielding Resonant reactive shielding

method

Merits Fully enclosed metal Magnetic field shaping, Flexible placement, Does not consume power
conductor housing increasing coupling good shielding effect from the system, controllable
provide excellent coefficient and therefore
shielding effect low loss

Demerits Eddy loss affecting the ~ Limited shielding effect Additional coil lower Difficult to design, complex

system efficiency the system efficiency  configuration

Table 4. Comparison of merit and demerit of various magnetic shielding methods.
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The suppression of the leakage field can be divided into active shielding and passive shielding.
In passive shielding, a magnetic path is created using magnetic material or canceling field
using alow magnetic permeability metallic conductor [21-23]. The self-inductance and mutual
inductance are increased when using magnetic material. The magnetic flux distribution is
improved due to higher coupling coefficient, and transfer loss is decreased. However, the
shielding effect is limited. Metallic shield is widely used in a high-frequency magnetic field to
suppress electromagnetic interference. Both KAIST and ORNL utilize this kind of shielding
method. The advantages include simple design and easy to use. However, metallic shielding
cannot cover the transmitter and receiver completely. The exposed conductor is subject to
friction and eddy current which will increase the heat loss. KAIST proposed a new active
shielding method in 2015. A conventional ferrite plate is embedded in multiple metallic sheets
as shown in Figure 20. Experimental results show that the magnetic interference is effectively
reduced [24].

()
) ¥ Pperiodic line current sources
Source region , 1 .
® ® ® @ ® ®
&

Region (I) (44.5,)

Ferrite plate  "Metal strips’ Region (I1) (fhft,»5ot,)

Region (111) {44.5;) Shielded region

(b
Figure 20. Ferrite shielding structure using an embedded metal sheet.

Regarding active shielding, additional coils with or without power supply are implemented
at the WPT system to create a cancelling field as shown in Figure 21. Compared to metallic
shielding, the space required is smaller.
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Figure 21. Magnetic field cancellation using a resonant coil.

KAIST published a paper in 2013, proposing an active shielding method using a resonant coil.
A switching array is used to change the values of compensated capacitors, thereby controlling
the amplitude and phase of the cancelling field. An experiment was performed using green
public transportation [25]. In 2015, an improved version using double loop and phase adjust-
ment to achieve resonance was proposed to achieve an active shielding without power supply.
The shielding coils are placed at the side of the coupling mechanism as shown in Figure 22.
The current induced by leakage field is then sensed. Magnetic field with the same amplitude
but opposite polarity with the leakage is then created for field cancellation [26].

Load Coil Primary Shiesd Codl Smrr'fl‘iﬁdl:‘ﬂll

e
S LT AV : T
induced Cancaliing

Source Col Magnetic Field

Figure 22. Resonant reactive power shielding with double coils and four capacitors.

In 2013, ORNL proposed using an aluminum board to reduce electromagnetic interference
[27]. As shown in Figure 23, a 1-mm-thick aluminum shield is placed above the cables. The
magnetic field measured at the passenger-side front tire is reduced from 18.72 uT to 3.22 uT.
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Figure 23. Suppression of magnetic field after adding aluminum plate and its effect.
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7. Conclusions

With the advancement of EV and ET, the significance of DWPT has been consistently growing.
Recent developments in DWPT for EV and ET have been presented throughout this chapter.
Five different aspects of this technology, such as power rail and pickup design, power supply
schemes, circuit topologies and impedance matching, control strategies, and EMC, are

reviewed. Despite obtaining significant results post study in this field, some issues of concern

are yet to be resolved. Previous results as well as the challenges in deployment of DWPT in
real application have been highlighted in this chapter.
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