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Abstract—Starting from Tesla’s principles of wireless power transfer a century ago, this critical review
outlines recent magneto-inductive research activities on wireless power transfer with the transmission
distance greater than the transmitter coil dimension. It summarizes the operating principles of a range
of wireless power research into (i) the maximum power transfer and (ii) the maximum energy
efficiency principles. The differences and the implications of these two approaches are explained in
terms of their energy efficiency and transmission distance capabilities. The differences between the
system energy efficiency and the transmission efficiency are also highlighted. The review covers the 2-
coil systems, the 4-coil systems, the systems with relay resonators and the wireless domino-resonator
systems. Related issues including human exposure issues and reduction of winding resistance are also
addressed. The review suggests that the use of the maximum energy efficiency principle in the 2-coil
systems is suitable for short-range rather than mid-range applications, the use of the maximum power
transfer principle in the 4-coil systems is good for maximizing the transmission distance, but is under a
restricted system energy efficiency (< 50%); the use of the maximum energy efficiency principle in
relay or domino systems may offer a good compromise for good system energy efficiency and
transmission distance on the condition that relay resonators can be placed between the power source

and the load.
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l. INTRODUCTION

Wireless power transfer based on the magnetic resonance and near-field coupling of two loop
resonators was reported by Nicola Tesla a century ago [1]. As pioneered by Tesla, wireless power
transfer can be radiative or non-radiative depending on the energy transfer mechanisms. Radiative
power can be emitted from an antenna and propagates through a medium (such as vacuum or air) over
long distance (i.e. many times larger than the dimension of the antenna) in form of electromagnetic
wave. However, due to the omni-directional nature of the radiative power emission, the energy
efficiency of power transmission is very low. Non-radiative wireless power transfer relies on the near-
field magnetic coupling of conductive loops and can be classified as short-range and mid-range
applications. In this review, mid-range applications refer to the situation that the transmission distance

between the power source and the load is larger than the dimension of the coil-resonators.

It should be noted that wireless power transfer has been applied extensively in ac machines, which
were also pioneered by Tesla [2]. Using a cage induction machine as an example, energy is transferred
from the excited stator windings across the air gap to the rotor cage. Energy transfer via coupled
windings is the basic principle used in electric machines. Therefore, wireless power systems can be

mathematically described by electric circuit theory for magnetically coupled circuits.

Wireless power transfer has been an active research topic for transcutaneous energy systems for
medical implants since 1960’s [3-7] and induction heaters [8] since 1970’s. For modern short-range
applications, the inductive power transfer (IPT) systems [9-13] and the wireless charging systems for

portable equipment such as mobile phones [14-19] have attracted much attention since 1990’s and
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2000’s respectively. Wireless charging technology for portable electronic devices has reached
commercialization stage through the launch of the “Qi” Standard by the Wireless Power Consortium
[20], now comprising over 135 companies worldwide. For both of the IPT systems and wireless

charging pads, it has been a common practice to adopt Tesla’s principles of

1) using near-field (i.e. non-radiative) magnetic coupling (i.e. magneto-inductive effects) ;

2) resonance techniques for both transmitter and receiver circuits.

The main reasons for using the near-field magnetic coupling and resonance techniques together are to
compensate the leakage inductance (i.e. taking advantage of the resonance of the magnetic field and
electric field for physicists and the resonance of inductance and capacitance in the LC circuit for
electrical engineers) in the power flow path and to ensure good wireless transmission energy efficiency.
For the IPT applications of several kilowatts such as charging electric vehicle, energy efficiency higher
than 90% is possible. For the low-power wireless charging of mobile phones (up to 5W), a typical
system energy efficiency exceeding 70% can be achieved. For these modern short-range domestic and
industrial applications, the operating frequency is usually in the range of 20 kHz to a few megahertz.
Such a frequency range is chosen because the power processing circuits (which are power electronics
based switched mode power converters) with this operating frequency range are commercially available
and economical. This frequency range is often neglected in recent mid-range wireless power research,
but is a very important factor affecting the overall system energy efficiency and costs in both short-range
and mid-range wireless power transfer systems, particularly when the power level is high. For non-
radiative mid-range wireless power transfer, operating frequency ranging from 10 kHz in Tesla’s work
[2] to almost 200 MHz [21] has been reported. Using an operating frequency in excess of 10 MHz, for

example, would substantially increase the costs and switching losses of the driving circuits.

With the short-range wireless power technology reaching a mature stage for domestic and industrial

applications, mid-range wireless power research has been gathering momentum in the last decade. In
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this paper, Tesla’s early work on mid-range wireless power research is briefly summarized and its
implications on modern research are addressed. Then recent progress on mid-range wireless power
applications, starting from the use of (i) 2-coil systems (ii) 4-coil system with impedance matching (iii)
wireless power systems with relay resonators (iv) wireless power domino-resonator systems is
described. Their operating principles can be summarized as the maximum power transfer and maximum
energy efficiency principles. While these systems are still based on Tesla’s wireless power transfer
principles, some new advancements such as techniques to extend the transmission distance not
previously described by Tesla are described. This paper is an extended version of [22]. The frequency-
splitting phenomenon of wireless power systems previously observed is explained. Related technologies
such as reduction of winding resistance and control techniques are also included. Critical comments on
the practical issues essential to the engineering implementation are included so as to link theory and

practice together.

Il. TESLA’S EARLY WORK ON NON-RADIATIVE MID-RANGE WIRELESS POWER TRANSFER

Tesla was the inventor of a series of technologies that have affected human society since the 20"
century [2]. His work on tuned circuits, wireless power and radio circuits shared some common themes.
In a study of Tesla’s contributions [23], some important quotations are cited from a 1943 technical
article [24] that “Tesla is entitled to either distinct priority or independent discovery of:

1. The idea of inductive coupling between the driving and the working circuits.
2. The importance of tuning both circuits, that is, the idea of an ‘oscillation transformer’.
3. The idea of a capacitance loaded open secondary circuit.”

Obviously, these 3 aspects of discovery have formed the founding principles for both non-radiative

and radiative wireless transfer. In particular, his discovery of using both tuned circuits as an “oscillation

transformer” indicates that both of the transmitter and receiver circuits are tuned to operate in the
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resonance mode. The “oscillation transformer” concept goes beyond pure magnetic induction principle,
and more precisely, refers to the use of magnetic resonance between two magnetically coupled coil-
resonators. The combined use of magnetic induction, tuned circuits and resonance operating frequency
has been a common theme in his wireless power and radio investigations. Some of these features are

later referred to as “non-radiative”, “magneto-inductive” and “magnetic resonance” in recent mid-range

wireless power research.

Despite the lack of modern equipment such as an RF power amplifier or other forms of high-power
power supply with tens of megahertz frequency range a century ago, Tesla’s early work on non-radiative
wireless power still influences recent mid-range wireless applications. According to [2], Tesla designed
his own ‘high-frequency” ac generator and managed to test his apparatus at 10 kHz to 20 kHz. A
diagram of one of Tesla’s mid-range wireless power transfer experiment is shown in Fig.1 [25]. The
setup consists of a primary (transmitter) coil and a secondary (receiver) coil. While Tesla’s idea of a
capacitance loaded open secondary circuit is highlighted in [23, 24], it should be noted that if a high-
frequency power supply that could work up to several tens of megahertz were available in Tesla’s time,
he could have taken the advantage of the intra-winding capacitance of the receiver coil for magnetic

resonance.

nv weps
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Fig.1 A diagram of one of Tesla’s wireless power experiments [25]

For efficient wireless power transfer, Tesla showed that using magnetic resonance between a pair of
magnetically coupled coil-resonators could achieve optimal energy transfer. This discovery has also

been the focal point in recent mid-range wireless power research. The use of the resonance concept is in
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line with his other inventions such as tuned circuits for radios [26] and his low-frequency wireless power

transfer via natural media (e.g. the use of the resonance frequency of the earth) [23].

Il BASIC PRINCIPLES FOR MID-RANGE WIRELESS POWER TRANSFER

Recent mid-range wireless power systems can be mathematically described using the electric circuit
theory. Assuming a general system with n magnetically coupled coil-resonators as shown in Fig.2, the

mathematical model can be developed as:

i . 1 . . .
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where:

M;; = kij\/rl_j (i, j=12,---,n;i = j) is the mutual inductance between winding-i and winding-j;

R, is the load resistance which is connected to winding-n;

I;: Current in winding-i

L;: Self-inductance of winding-i

Ci: Compensating capacitance of winding-i

R;: Resistance in resonator -i (including the resistance of winding-i and the equivalent series resistance of the capacitor C;)

: Angular frequency
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Fig.2 Schematic of a system with n resonators

A. Two Fundamental Concepts of Power Transfer

Before the recent work of mid-range wireless power research is addressed, it is important to
differentiate two important basic concepts, namely (i) the maximum power transfer principle and (ii)
the maximum energy efficiency principle. In the literature review, it is noted that the importance of
using a power source of low impedance is often ignored in the system energy efficiency consideration.
For power electronics (PE) researchers, using a power source with minimum source impedance is a
basic concept for all switched mode power supply designs because the paramount priority of a power
supply is high energy efficiency. However, for Radio-Frequency (RF) researchers, using the impedance
matching concept (i.e. the maximum power transfer theorem) is a common practice in many RF circuit
designs. To achieve high energy efficiency for wireless power transmission over the mid-range
distance, it is therefore necessary to understand the advantages and disadvantages of the two power
transfer principles so that practicing engineers can decide which approach they should adopt in order to
suit their specific applications. The choice of the operating principles will have significant implications

in terms of system energy efficiency and transmission distance.

B. Impedance Matching for Maximum Power Transfer

Copyright (c) 2013 |EEE. Personal use is permitted. For any other purposes, permission must be obtained from the |EEE by emailing pubs-permissions@ieee.org.



This article has been accepted for publication in afuture issue of this journal, but has not been fully edited. Content may change prior to final publication.

The impedance matching method adopted in many wireless power transfer projects is based on the
maximum power transfer theorem. In general, any wireless power transfer system, regardless of it
being a 2-coil or 4-coil system can be represented as an equivalent circuit as shown in Fig.3a. The
maximum power transfer principle requires impedance matching between the source and the load. If
the source impedance is Rs + jXs and the load impedance is R + jX., then maximum power can be
delivered to the load if Rs= R, and Xs= -X.. Recent mid-range wireless power transfer research based
on the 4-coil systems adopts this approach. However, it should be noted that the maximum power
transfer and maximum energy efficiency concepts are not identical. Based on the equivalent circuit
shown in Fig.3a, the variations of the energy efficiency and output power are plotted in Fig.3b as
functions of the ratio R /Rs. The maximum power theorem applies to a situation in which the source
impedance is fixed. For a given Rs, the maximum power output (i.e. maximum power transfer) is
achieved when R is equal to Rs. When Ry is larger than R, the larger R, is, the higher the energy
efficiency becomes. From Fig.3b, it can be seen that when maximum power transfer occurs at
impedance matching, the maximum system energy efficiency under the maximum power transfer
approach cannot exceed 50% as illustrated in (2).

For impedance matching (i.e. Rs=R_), the system energy efficiency 7e that includes the power loss

in the power source is:

N

TETPR, 4R, R.+R_ 2

Therefore, at least half of the power will be dissipated in the source resistance (Rs) if the maximum
power theorem is adopted. Therefore, the power loss in the power source cannot be ignored in a
wireless power transfer system. An example of such a low energy efficiency can be seen from [27], in
which the overall system energy efficiency of a 4-coil system is only 15% while the wireless transfer
efficiency (or the transmission efficiency) between the sending and receiving resonators over about 2m

is about 40%. Therefore, the maximum power transfer theorem should be used in mid-range
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applications in which the system energy efficiency is not of primary concern. It is suitable for relatively
low power applications and unsuitable for mid- and high-power applications such as wirelessly
powered public lighting systems and wireless charging of electric vehicles. Examples of suitable
applications may include wireless charging of wireless sensor nodes of power in the order of tens of

milliwatts.

Rs+jXs

== Efficiency

== Qutput Power

RU/Rs

Fig.3b Variations of energy efficiency and output power as a ratio of R, and R; for the equivalent

circuit in Fig.3a [Y-axis: Per-unit scale]
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Researchers with an RF background are familiar with the use of the scattering matrix and two-port
network approach as shown in Fig.4 for analyzing wireless transfer systems. It is important to
differentiate the terms system energy efficiency (7e) and transmission efficiency (7r). The system
energy efficiency refers to the ratio of the output power (P3) and total input power (P;) from the power
source. Its calculation includes the power loss in the power source. The transmission efficiency is the
ratio of the output power (P3) and available power from the output of the power source for Port-1 (Py),
and does not include the power loss in the power source. Therefore, high transmission efficiency does
not necessarily imply high system energy efficiency because the source resistance can consume a

significant amount of power if the impedance matching or maximum power transfer concept is

adopted.
) ,
Tle P 3)
_R )
h ) (4)

The scattering parameters are used to analyze the forward gain of the mid-range wireless systems.

For a two-port system shown in Fig.4, the relationship of the incident and reflected waves can be

b, _ S oS\ &
[bj_(sm Szzj(azj ()

where a; and a, are the incident power waves on Port-1 and Port-2, respectively; b, and b, are the

represented by

reflected power waves on Port-1 and Port-2, respectively. According to the definition of S-parameters,
if Port-2 is terminated with a load identical to the system’s source impedance then, by the maximum
power transfer theorem, b, will be totally absorbed by the load making the reflected power a, equal to
zero.

The forward voltage gain Sy1 (sometimes known as the transmission coefficient) is defined as:
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b, V.,
8212_2_ :

a,

(6)

Therefore, the S,; parameter, which is the ratio of the output and input voltage values, has been used as
an indicator for transmission performance of mid-range wireless power systems. The maximum power

transfer condition can be met by maximizing this S,; parameter.

P 7 P, P
s 1

2-port — b,
network

< az Z|_

Fig.4 Schematic of a 2-port network

C. Maximum Energy Efficiency

The maximum energy efficiency principle aims at maximizing the energy efficiency in the power
transfer process. Fig.3b and (2) indicate that high efficiency can be achieved by using a power source
with very small source impedance. This concept is a common practice in power electronics based
switched mode power supplies. If Rs is very small, the i°Rs loss is very small and most of the power
goes to the load (i’Ry), resulting in high energy efficiency.

For a wireless power transfer system based on the use of coil-resonators, a typical equivalent circuit
is shown in Fig.5. Since air-core resonators are usually used for mid-range wireless power transfer,
there is no magnetic core loss. Assuming the capacitors’ equivalent series resistance is negligible and
non-radiative power transfer is employed, the only types of losses are the conduction loss due to the ac
resistance of the coils and the power loss in the source resistance. Any loss from unwanted stray loads

will decrease the energy efficiency. The control objective is therefore to maximize the system energy
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efficiency function (7). In order to achieve high energy efficiency, a power source with very low source
resistance Rs will be employed. The value of Rs will not be matched with the equivalent load. Litz wire
or copper tube will be considered for reducing the ac winding resistance (Ry, ... Ryn) under high
frequency operation. Investigations of using superconductors are also underway to further improve the
system energy efficiency. In principle, system energy efficiency higher than 50% is possible if this
approach is adopted. Therefore, this approach is suitable for relatively high power applications.

iR,
iZ(Ry +R,)+iZR, +...+i2 (Ry +R,)

e = (7

where 7 is system energy efficiency, i, and R, are the current in and the ac winding resistance of the
n™ coil respectively; R, is the load resistance.

The maximum energy efficiency operation relies on high magnetic coupling coefficients between
the coil-resonators, which increase with the quality factor and decrease with the transmission distance.
This requirement somehow restricts the transmission distance for a 2-coil system as explained in the
following session. Nevertheless, transmission distance can still be extended with the use of relay

resonators.

A A
& e

Fig.5 Equivalent circuit of a wireless power transfer based on multiple magnetically coupled resonators
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IV. RECENT WORK ON MID-RANGE WIRELESS POWER TRANSFER

A Wireless Systems with 2 Coil-Resonators

(1) Energy efficiency with transmission distance

The analysis of mutual coupling between two resonant circuits has been well established [28-30]. For
mid-range applications, it has been shown in [29] that the magnetic coupling coefficients i, between

two resonator coils are:

1
Ko = (8)

127 rﬂm

if the transmission distance d is comparable with the radii of the transmitter and receiver coils r; and r.

Ifd>>ryand d>>r,.

1

Ke® 77— % ©)

Z(d/\/?lrz)3

It has also been shown that the real-power energy efficiency is proportional to the square of the
magnetic coupling coefficient, implying that the efficiency drops rapidly with transmission distance
(10). This seems to be the bottleneck of a 2-coil resonator system for mid-range applications and also a

possible reason for the relatively lack of mid-range applications based on Tesla’s original work.

K.
Mg o % (10)

At the boundary of the short-range and mid-range transmission at which the transmitter coil
dimension and the transmission distance is the same, it has been shown that high system efficiency can

still be achieved by designing the transmitter and receiver coils of a 2-coil system with high Q factor and
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by using energy-efficient soft-switched power converter as a low-impedance power source. In [31], a
transmitter coil (with a diameter of 30cm and a Q factor of 1270) and a receiver coil (with a diameter of
20cm and a Q factor of 1100) are used to transfer power of 105W over a transmission of 30cm. A
system efficiency of 77% has been achieved in this case when the dimension of the transmitter coil and
the transmission distance are the same. But if the transmission distance exceeds the transmitter coil

dimension, the system energy efficiency will fall rapidly according to (10).
(i) Frequency-splitting

As mentioned previously, most of the recent mid-range wireless power research based on the 4-coil
systems adopts the maximum power transfer approach by matching the load impedance with the source
impedance. The forward voltage gain S;; parameter is often used as an indicator for power transfer
performance. The maximum power transfer approach, although not preferable from a system energy
efficiency standpoint for short-range applications, can also be applied to a 2-coil system. A phenomenon
recently observed in mid-range wireless power transfer research is called “frequency splitting”.
Frequency splitting occurs when the conditions for the maximum power theorem cannot be met at the

resonance frequency of the resonators within the over coupled region.

For a simplified equivalent circuit as shown in Fig.6 and assuming pure resistive source and load

impedance, the reflected load resistance (Rg) is:

AVE 21,2
_aoyMy, _ ook Ll

R
" R R

(11)
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Fig.6 Equivalent circuit of a 2-coil system

Based on a 2-coil resonator system with parameters tabulated in Table I, Fig.7 shows the S-parameter
S, as a function of the mutual coupling coefficient and operating frequency. The mutual coupling
coefficient xi, is inversely proportional to the transmission distance d. So a decreasing 1, means an
increasing d. It can be seen from Fig.7 that, within the over-coupled region, maximum S,; occurs at two
frequencies in this example. Beyond the critical coupling point, S;; reduces exponentially with an

increasing d (i.e. a decreasing xi).

Table | Parameters for a 2-coil wireless power transfer system

Frequency L; L, Rs R
1 MHz 100pH | 100 pH | 50Q 50Q
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Fig.7 A plot of Sy; as a function of mutual coupling coefficient and operating frequency for the example
with parameters shown in Table I.

B. Wireless Systems with 2 Coil-Resonators and Input and Output Impedance Matching (or The 4-Coil

Systems)

KsRr

e

KRD

Kps

Sending Receiving

Load

Zo

Q) v

KPR, Ksp, Kpp : Weak coupling

(a)
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(b)

Fig.8 (a) Wireless power system with two coil-resonators, a power driving coil and a load coil, and (b)
the equivalent circuits [36] — copyright IEEE

The use of intermediate resonators between the transmitter and receiver coils is not new. This idea
was reported in 1998 in [32] . The recent interests in the 4-coil systems may be sparked off by the work
reported in [27]. This structure involves a Power driving coil, a Sending resonator, a Receiving
resonator and a load coil [27,33-41], as shown in Fig.8. While the coupled mode theory is used in [27],
several references [33,34,36] have transformed the analysis using electric circuit theory, which is easily
understood by electrical engineers. In addition, it has been pointed out [34] that the coupled mode theory

does not include high order phenomena.

The use of the power driving coil and the load coil offer two extra mutual coupling coefficients for
impedance matching (assuming that the mutual coupling of the driving loop and the load loop is
negligible). Beside the mutual coupling coefficient between the Sending resonator and the Receiver
resonator (ksg), the two extra coefficients are the mutual coupling coefficient between the Power driving
coil and the Sending resonator (kps), and that between the Receiving resonator and the load coil (krp).
Reference [36] contains a detailed circuit analysis of this 4-coil system and step-by-step explanations on
how to match impedances in various stages in order to maximize power transfer. The 4-coil system
provides 3 mutual coupling coefficients kps, ksg and krp Which can be utilized to maximize the power

transfer if the following condition can be met:
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——=1 (12)

The four coupled circuits in Fig.8b can be expressed in the form of the equivalent circuit of Fig.3. If the
equation (12) can be satisfied, the input impedance Z;, and the reflected load impedance Z, of Fig.8 will

be matched [36], therefore meeting the condition for maximum power transfer theorem:

Z, =27 (13)

0 n

The 4-coil system provides a mechanism to extend the transmission distance. In order to maximize
the transmission distance d for mid-range applications, the mutual coupling coefficient between the
Sending resonator and the Receiving resonator (ksg) should be minimized. For example, if the
transmission distance between the Sending and Receiving resonators are far apart so that ksg=0.01, by
keeping kps =0.1 and kgrp=0.1, the conditions of (12) and (13) can be met. Therefore, appropriate
adjustments of the two extra coefficients (icps and krp) allow a small ks to be selected. A minimization
of ksr represents a maximization of the transmission distance. This method is also demonstrated in a
variable tuning method in [40]. Compared with the basic two-coil systems, the two extra mutual
coupling coefficients (kps and xgrp) in the 4-coil systems provide extra freedom for extending the
transmission distance by minimizing xsg through the use of (12). However, the impedance matching
requirement of (13) also implies that such a system has its overall energy efficiency not higher than
50%, as indicated by (2). This inherent limitation could form a bottleneck of this 4-coil approach for
mid- and high-power applications, unless energy efficiency is not a primary concern. Nevertheless, the
4-coil systems still offer a better solution (in terms of the system energy efficiency and transmission
distance) than the 2-coil systems for mid-range application when the transmission distance is much
larger than the transmitter coil dimension. The 4-coil system reported in [27], with a Sending resonator

dimension of 30 cm and a transmission distance of 2m, achieves a system energy efficiency of 15%. For
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a 2-coil system with the same coil dimensions and transmission distance, the system energy efficiency

would be much less than 15%.

Frequency splitting phenomenon has been observed in the 4-coil systems [37]. The reason for such
phenomenon is similar to that of the 2-coil systems when the concept of impedance matching is
involved. Within the over-coupled range, near-constant power transfer can be achieved. Therefore, the
power receiving load can be placed within a certain range, which is an important feature for medical
implants [38]. To avoid the complication of frequency splitting, adaptive matching methods based on
frequency tracking have been developed [39] [42]. In addition, it has been shown in [43] that antiparallel
resonance loops can be used to eliminate the effects of frequency splitting so that constant resonance

frequency can be retained.

So far, research in the 4-coil systems based on impedance matching (i.e. maximum power transfer
theorem) has been demonstrated to be an effective means in extending the transmission distance at the
expense of system energy efficiency. Recent research has covered new areas such as multiple
transmitters [44,45] and multiple receivers [46-48]. This trend has the potential of opening a door to
powering very low-power multiple sensor nodes in the vicinity of a single sending resonator. However,
the authors have reservation on their application potentials for high power applications due to the

limitation of the energy efficiency.

C. Wireless Systems with Relay Resonators

Operating at 15 kHz for power applications, the use of intermediate or relay resonators without
using impedance matching have been reported in [32]. Operating at high frequency exceeding 10 MHz
and based on a series of planar printed resonators, magneto-inductive waveguide has later been used for

transmitting signal and low power [49-51]. The magneto-inductive waveguide adopts the impedance
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matching method (i.e. obeying the maximum power transfer theorem). Therefore, the system energy
efficiency of the magneto-inductive waveguide cannot exceed 50%.

The use of relay resonators between the Sending coil and Receiving coil has recently been tested
[52-56] for improving system energy efficiency and extending the transmission distance. Some of these
projects rely on high frequency operation above several megahertz and adopt the maximum power
theorem. High operating frequency requires an RF amplifier or a sophisticated power electronic
inverter as the power source. On the low-power front, an interesting use of the relay resonators in
matrix forms have been proposed to develop body sensor network technology [57] for health-care and
medical research, including continuous, non- invasive, and inexpensive monitoring of physiological

variables.

D. Wireless Power Domino-Resonator Systems

Modified from the magneto-inductive waveguide concept, wireless domino-resonator systems have
recently been investigated. The wireless domino-resonator systems are very flexible systems that allow
the coil-resonators to be placed in various domino forms [58-61]. Unlike the magneto-inductive
waveguide which has to operate at high frequency (typically in excess of several megahertz), the
wireless domino-resonators systems work under the near-field magnetic coupling and maximum energy
efficiency principles at sub-megahertz regime. They have been successfully tested at about 500 kHz,
which is the typical switching of existing low-cost switched mode power converters. The sub-
megahertz operation ensures that the switching power loss and the ac winding resistance can be kept
low. In addition, new analyses on the optimization of the spacing of the resonators, the operating
frequencies, the loads for achieving maximum energy efficiency have been conducted [60].

By placing the adjacent resonators in shorter distances, the strong mutual coupling and thus high

energy efficiency can be achieved in the wireless domino-resonator systems. Domino-resonator
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systems of straight-line, curved, circular and Y-shape (Figs.9a-9d) have been demonstrated [60]. One
interesting feature of the domino-resonator system is that the power flow can be controlled with great
flexibility. In addition, the power paths can be split or combined.

Research in the wireless domino-resonator systems is still in its initial stage. One possible
application of the domino system is for wireless power transfer along a robotic arm made of non-
ferromagnetic composite. A traditional robotic arm may use a power cable for power transfer from the
upper arm to the lower arm. The frequent bending actions of the elbow joint and therefore the cable
would adversely affect the reliability of the cable. Coil-resonators can be placed around the elbow joint
so that no cable is needed between the upper and lower arms.

If superconductor is used to form a conducting wireless power guide, the domino-resonator system
offers a highly (physically) flexible structure with simply air gaps between the adjacent resonators.
This is in contrast to a relatively rigid structure of a traditional superconductor cable composed of a
continuously solid superconductor strand covered first with an electrical insulation layer, then cooled
with a liquid nitrogen layer and finally insulated with a thermal layer (along the entire solid cable

structure).

(a) Straight chain (c) one chain splitting into two

¥
iy g
X é@ \\\’MGO

(b) Curved chain (d) two chains emerging into one

Fig.9 Examples of domino-resonator arrangements [60] - copyright IEEE
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Due to the use of multiple coil-resonators, the cross coupling of the non-adjacent resonators cannot
be ignored. It has been shown that such cross coupling effects could shift the optimal switching
frequency away from the natural resonance frequency of the coil-resonators [58]. Because the domino-
resonator systems are operating under the maximum energy efficiency principle, they are suitable for
relatively high power applications.

Circular domino-resonator systems exhibit interesting behaviors because the power flow paths are in
both clockwise and anti-clockwise directions. These behaviors can be studied with the superposition
principle as reported in [59]. A photograph of a circular domino-resonator system powering an 18W

compact fluorescent lamp is included in Fig.10.

Receiver
coil

_ Transmitter
coil

Fig.10 A photograph showing a circular domino-resonator system powering a 18W compact

fluorescent lamp [59] — copyright IEEE

E. Other related technologies

Q) Winding resistance reduction
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In general, coil-resonators used for mid-range wireless power transfer do not require magnetic cores.
Besides the power loss in the ac power source, the major factor of the total power loss in the entire
system is the conduction loss in the windings of the resonators. Since most of the wireless power
transfer systems are operated at a frequency of several megahertz, the conduction power loss arising
from the ac resistance of the windings cannot be ignored. Ac winding resistance due to skin and
proximity effects increases with operating frequency. Therefore, techniques that can reduce ac winding
resistance are of paramount important if high energy efficiency is required. Reference [62] highlights a
new spatial layout of a coil for reducing winding resistance. The special winding design is based on a
surface spiral layout as shown in Fig.11. The thickness of the conduction layer is identical to the skin
depth at the operating frequency for reducing the skin effects. The turns spiral over the surface for
reducing the proximity effects. Using this winding design, it is reported in [62] that a high energy
efficiency of 95% can be achieved for a transmission distance of 30cm for a 220W wireless power

transfer system.

An alternative approach to reducing winding resistance is to use magnetoplated wires. Reference [63]
illustrates a winding structure with the surface plated with magnetic thin film. Such technique has been

demonstrated for reducing the ac resistance by 40% at 12MHz.

Isometric view Bottom view

Fig.11 Winding based on surface spiral winding design [62] — copyright IEEE

(i)  Capacitor structures
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Because of the requirements for tuning the resonance frequency, capacitor structures with adjustable
capacitance have been studied. Coaxial-like capacitors vertically arranged and coaxially arranged with
helical coils are reported in [64]. These structures make it flexible to control the capacitance and

therefore the resonance frequency of the coil-resonators.

V. HUMAN EXPOSURE ISSUES

With increasing transmitted power level and transmission distance for mid-range wireless power
transfer, one obvious concern is the safety issues related to human exposure of electric, magnetic and
electromagnetic fields (EMF). Established adverse effects on health depend on the frequency and
intensity of the EMF. In general, 100 kHz is a crossover the frequency below which the
electrostimulation effects dominate, and above which the heating effects dominate. For short-range and
low-power applications such as wireless charging pads for portable electronics (5W), the human
exposure problems can be mitigated by using localized charging principle together with the use of the
EM shields [18]. For short-range high-power applications such as wireless charging of electric vehicles
(2kW), special magnetic designs can be adopted to guide the magnetic flux in order to minimize the
leakage flux [65]. In order to compile with the human exposure regulations, an idea of detecting the
presence of humans and lowering the power level when humans are in the very near vicinity has been
suggested [66]. For short-range applications, only the leakage flux is of concern and therefore the EMF

issues are less severe.

For mid-range wireless power transfer, the two guiding regulatory documents are (i) the ICNIRP
Guidelines for Limiting Exposure to Time-varying Electric, Magnetic and Electromagnetic fields (1Hz
to 100kHz) [67] and (up to 300GHz) [68] and (ii) IEEE Standard for Safety Levels with Respect to
Human Exposure to Radio Frequency Electromagnetic Fields 3kHz to 300 GHz [69]. The typical human

exposure limits of the ICNIRP and IEEE standards are shown in Fig.12 and Fig.13, respectively. The
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ICNIRP regulations provide two different sets of limits for occupational exposure and for general public
exposure, while the IEEE standard provides only one set of limits. For mid-range wireless power
transfer, the majority of the work is conducted at or below 13.56 MHz. Within this frequency range, it
can be observed from Fig.12 and Fig.13 that the maximum EMF levels for both the electric and

magnetic fields become more stringent as the frequency increases.

ICNIRP Reference Levels
100000 — 1000000

= 100000

10000
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1000

- 100

= 10

Electric field (V/m)
=
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Magnetic field (A/m)

-

0.01 = 0.1
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0007 555 100 1k 10k 100k 1M 10M 100M 1G 10G 100G
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Fig.12 ICNIRP Reference levels for exposure to time-varying electric and magnetic fields
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Fig.13 IEEE Reference levels for exposure to time-varying electric and magnetic fields — Copyright
IEEE
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Several tests have been reported to evaluate the EMF issues of mid-range wireless power transfer for
the 4-coil systems. The report in [70] in fact sheds some light on the EMF issues of the 4-coil system
reported in [27]. When 60W is transferred over 2m between the Sending resonator and the Receiving
resonator under an operating frequency of 10MHz, the electric field in the position halfway between the
two resonators is E;ns=210V/m, and the magnetic field is H,ms=1A/m. At the point of 20 cm from the
resonator coil surface the electric field and magnetic field increase to E;ms=1400V/m and Hns=8A/m,
respectively. Under the 10 MHz operation, the electric and magnetic field exposure levels are higher
than their respective limits shown in Fig.13. In order to compile with the IEEE regulations, the author of
[67] replaces the self-resonant coils with capacitively-load loops to confine the electric field in the
capacitors and lowers the operating frequency to 1MHz (which further reduces the transmission

efficiency).

A comprehensive investigation into the human exposure issues of the 4-coil system described in [37]
has been reported in [71] using the anatomical whole-body models of both adult and child dimensions.
The study focuses on the specific absorption rate (SAR) that can be determined based on the method
detailed in [72]. The dimensions of the Driving and Load loops are 305mm (outer diameter), and of the
Sending and Receiving resonators are 580mm (outer diameter, 6.1 turns). The anatomical models are
exposed to the Sending resonator placed 10mm from the backs of the models. Tests are conducted with
the Sending coil arranged in the coronal, axial and sagittal planes (Fig.15 and Fig.16 in the Appendix).
Fig.14 shows the simulation results of the local specific absorption rates (SAR) of an adult model and a
child model in two sagittal planes (centered and 75mm off center) reported in [71]. The most restrictive
limits are found to be for the coronal exposure because the coil exposes the largest area of the body in
this orientation. In the practical evaluation, a test loop is placed near the Sending coil so that the induced
current can be measured and referenced to the transmitted power (Fig.16, Appendix). When a

homogenous phantom is used for checking the SAR distribution, the resonance frequency is shifted from
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theoretical value of 8 MHz to 6.7 MHz. This observation leads to an important point that the optimal
frequency of a mid-range wireless power systems should be designed with the actual working
environment in mind, as foreign objects could affect the effective magnetic coupling and magnetic field
distribution. Based on the localized SAR limit of 2W/kg averaged over 10g of tissue stipulated in [69], a
test loop current of 0.44A.ys is recorded when the 2W/kg limit is reached in the practical set, whilst a
pre-recorded test loop current of 0.5A corresponds to a transmitted power of 45W. This important result
is probably the first of this kind that successfully quantifies the order of magnitude of power that can be

wirelessly transmitted over a mid-range distance in accordance with an international standard.

=20

=30

Normalized SAR in dB

=40

=50

Fig.14 Local SAR of an adult model and a child model in two sagittal planes (centered and 75 mm off
center) for coronal exposure [71] — Copyright IEEE.

VI. CONCLUSIONS

The recent progress on mid-range wireless power transfer is critically reviewed in this paper. The
basic principles laid down by Tesla are highlighted. The system characteristics and key features of 2-coil
systems, 4-coil systems, systems with relay resonators and domino-resonator systems are described. It
can be seen that these recent mid-range wireless power transfer applications still apply the basic
principles proposed by Tesla a century ago. The operating principles of wireless power can be classified

into the maximum power transfer principle and the maximum energy efficiency principle. It should be
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noted that the system energy efficiency achieved by the maximum power transfer theorem, which
requires impedance matching, cannot exceed 50%. This is an inherent limitation of the maximum power
transfer principle for mid-range wireless power transfer. Thus, a high transmission efficiency does not

necessarily imply a high system energy efficiency.

In general, the 2-coil systems (adopting maximum energy efficiency principle) are suitable for short-
range applications, and their energy efficiencies drop rapidly with mid-range transmission distance. The
adjustments of the two extra mutual coupling terms in the 4-coil systems (adopting maximum power
transfer principle) allow a flexible control of the impedance matching in the equivalent circuit and
consequently enable the transmission distance to be maximized, at the expense of system energy
efficiency. If relay resonators are allowed between the power source and the load, the wireless power
systems with relay resonators or the wireless domino-resonator systems could be a good compromise in
terms of extending the transmission distance and retaining reasonably high system energy efficiency,

because these two kinds of systems can employ the maximum energy efficiency principle.

The human exposure (EMF) regulatory limits are likely to be the major limiting factors on the power
capability of future mid-range wireless power transfer systems. Further research in mid-range wireless
power transfer requires the combined efforts of the professionals and researchers in the areas of power
electronics, control, RF, high-frequency magnetics, electromagnetic compatibility, material science and
medical health care. Future challenges in mid-range wireless power transfer include further
improvements in low-loss high-frequency power supplies and resonator designs with better energy
efficiency for a given transmission distance, and new dynamic power and frequency control strategies
for making wireless power systems adaptive to the presence and movements of foreign objects

(including humans) for the compatibility with international EMF regulations.

VIiI APPENDIX
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The orientations of the coronal, axial and sagittal planes are illustrated in Fig.15. The orientations of
the resonator coil at 10mm distance to the body and the test loop for providing corresponding power

measurements are shown in Fig.16 [71].

Coronal Plarie

Fig.16 Orientations of the resonator coil at 10mm distance to the body (and the test loop for providing
corresponding power information) (from left to right: coronal, axial and sagittal planes) [71] —Copyright
IEEE
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