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THREE-COIL TOPOLOGY FOR WIRELESS
POWER TRANSFER

COPYRIGHT NOTICE

A portion of the disclosure of this patent document con-
tains material, which is subject to copyright protection. The
copyright owner has no objection to the facsimile reproduc-
tion by anyone of the patent document or the patent disclo-
sure, as it appears in the Patent and Trademark Office patent
file or records, but otherwise reserves all copyright rights
whatsoever.
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FIELD OF THE INVENTION

The present invention relates generally to wireless power
transfer based on resonant inductive coupling. In particular,
the present invention relates to a three-coil topology for wire-
less power transfer whereby occurrence of voltage stress at a
power source is discouraged.

BACKGROUND

Wireless power transfer (WPT) based on resonant induc-
tive coupling is a process of energy transfer between two or
even more physically-unconnected objects through electro-
magnetic induction. Transferring electric power without
using power cables is more convenient and safer in some
applications. An efficient WPT system can greatly promote
advances in portable electronic devices, micro robotics and
medical equipment, whose functions are often limited by a
need for power. Furthermore, the availability of high-power
WPT systems can promote popularity of electric vehicles
(EVs) significantly.

The technology of WPT through resonant inductive cou-
pling was first introduced by the MIT in 2007 [1], where
self-resonant coils in a strongly coupled regime were used to
achieve WPT. Resonant-coupling WPT uses two copper coils
tuned to resonate at the same resonant frequency. The
coupled-mode theory (CMT) was applied to decouple the
resonating coils and then analyze the WPT system.

Since then, the technology of WPT has gone through
dynamic evolutions in recent years. In most cases, two-coil
systems (each with one transmitter coil and one receiver coil)
are used [2]-[4]. The use of lumped equivalent circuits
replaces the CMT in analyzing these systems. To raise the
delivered power and to improve the transfer efficiency, con-
siderable research has been carried out regarding these sys-
tems. Various techniques, including impedance matching,
frequency tuning, coupling efficiency improvement and oth-
ers [5]-[8], have been considered. Finite element analysis
(FEA) is usually used for magnetic simulation and coil
design. Multi-coil systems with multiple transmitters or mul-
tiple receivers have also been introduced [9], [10]. These
multi-coil systems are good solutions for wirelessly powering
several devices at the same time. In general, a multi-coil
system can be equivalently viewed as consisting of a number
of'two-coil subsystems with mutual coupling among the coils
in the multi-coil system.

The two-coil topology works quite well in low-power
applications (defined by the Wireless Power Consortium,
WPC, as applications with a wireless transfer within 0 W to 5
W). When used in high-power applications such as recharg-
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ing batteries for EVs, however, the resonant current on the
transmitter’s resonant tank becomes undesirably high. This
undesirably high resonant current requires a high terminal
voltage across the resonant tank to sustain. The need for the
high terminal voltage requires a power source that provides
the terminal voltage to be able to supply a very high output
voltage. The need to supply the very high output voltage leads
to voltage stress at the power source. The occurrence of
voltage stress is particularly undesirable fora WPT system in
that a high operating frequency (e.g., 9.9 MHz [1]) is usually
used for the power source to excite the transmitter’s resonant
tank. It is difficult and costly to implement the power source
that operates at high frequency as well as needs to provide the
very high output voltage.

There is a need in the art for a WPT technique that discour-
ages occurrence of voltage stress at the power source. Such
WPT technique is useful not only for high- or medium-power
applications but also for low-power ones. The use of a power
source requiring an output of only a low voltage may help
development of battery-supported WPT systems, for
instance. In one scenario, a battery-supported transmitter may
be used to urgently recharge a miniaturized battery in a medi-
cal implant, such as a cardiac pacemaker, for emergency life
saving.

SUMMARY OF THE INVENTION

A first aspect of the present invention is to provide a power-
transmitting unit configured to wirelessly transmit power and
a WPT system that employs the power-transmitting unit.

The power-transmitting unit comprises an alternating-cur-
rent (AC) power source, a primary resonator and a repeater
resonator. The primary resonator comprises a primary coil,
and is electrically coupled to the power source such that a
primary-coil current flows through the primary coil when the
primary resonator is excited by the power source. The
repeater resonator comprises a repeater coil end-to-end adja-
cent to the primary coil, and is electrically isolated from the
power source. In particular, the repeater coil and the primary
coil are separated by a distance selected, and the repeater coil
is configured, to amplity the primary-coil current by induc-
tively generating a repeater-coil current that flows through the
repeater coil and that is substantially greater than the primary-
coil current. It follows that the power-transmitting unit is
enabled to generate a magnetic field for WPT with contribu-
tion from both the primary-coil current and the repeater-coil
current while the power source is not required to provide a
terminal voltage across the repeater coil to sustain the
repeater-coil current, which is a current substantially greater
than the primary-coil current. Occurrence of voltage stress at
the power source is thereby discouraged.

The WPT system comprises the power-transmitting unit
and one or more power-receiving units. Each power-receiving
unit comprises a receiver resonator. The receiver resonator
comprises a receiver coil. The receiver coil is configured to
receive the magnetic field from the power-transmitting unit so
as to inductively generate a receiver-coil current that flows
through the receiver coil for feeding to a load.

In one option, the power source is configured to provide AC
voltage having a frequency in the range from 100 kHz to 1
MHz. Preferably, the repeater coil is positioned such that the
selected distance between the repeater coil and the primary
coil is at most one third of a distance between the primary coil
and the receiver coil.

It is desirable that a transfer efficiency achieved by the
WPT system is greater than 85% when the repeater coil and
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the receiver coil are separated by a distance of 0.6 m. Itis also
desirable that power transfer at least 180 W is achievable.

Optionally, each power-receiving unit further comprises
one or more rectifiers such that AC power provided from the
receiver-coil current is rectified to DC power before feeding
to the load. The load may be one or more batteries configured
to receive the DC power for recharging.

A second aspect of the present invention is to provide a
method for wirelessly transmitting power from a transmitting
side to a receiving side.

The transmitting side has a primary resonator, a repeater
resonator and an AC power source. The primary resonator
comprises a primary coil, and the repeater resonator com-
prises a repeater coil. The receiving side has a receiver reso-
nator comprising a receiver coil. The method comprises posi-
tioning the primary coil to be end-to-end adjacent to the
repeater coil, and electrically isolating the repeater resonator
from the power source. The power source excites the primary
resonator to generate a primary-coil current flowing through
the primary coil. The method further comprises selecting a
distance between the repeater coil and the primary coil such
that the primary-coil current inductively generates a repeater-
coil current that flows through the repeater coil and that is
substantially greater than the primary-coil current. As a
result, the transmitting side is enabled to generate a magnetic
field with contribution from both the primary-coil current and
the repeater-coil current while the power source is not
required to provide a terminal voltage across the repeater coil
to sustain the repeater-coil current, which is a current sub-
stantially greater than the primary-coil current. Thereby,
occurrence of voltage stress at the power source is discour-
aged. According to the disclosed method, the receiver coil
receives the magnetic field so as to inductively generate a
receiver current that flows through the receiver coil for feed-
ing to a load at the receiving side.

Other aspects of the present invention are disclosed as
illustrated by the embodiments hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts a WPT system according to an exemplary
embodiment of the present invention, the WPT system also
being used as a system model in performing Experiment 1.

FIG. 2 depicts an equivalent circuit model corresponding
to the WPT system shown in FIG. 1.

FIG. 3 illustrates axial misalignment and angular displace-
ment between two coils.

FIG. 4 shows experimental results of Experiment 1 on the
waveforms and root-mean-square (RMS) values of the cur-
rents flowing in different coils.

FIG. 5 contains a table listing the simulated values of RMS
currents in the coils of the three- and of the two-coil topolo-
gies as obtained in Experiment 2.

FIG. 6 contains another table listing the values of RMS
voltages measured at terminals of the coils in the three- and of
the two-coil topologies, together with the levels of power
absorbed by the load, where the data were obtained in Experi-
ment 3.

FIG. 7 is a photograph showing an experimental set-up that
was used in performing Experiment 1.

DETAILED DESCRIPTION OF THE INVENTION

The present invention is developed based on experiments
performed by the Inventors and the insights obtained from the
experiments.
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A. Experiment 1

An experimental investigation on WPT was conducted
according to a system model shown in FIG. 1. In particular, a
three-coil topology for the system model instead of a two-coil
one was considered.

In the system model under consideration, an AC power
source 140 generates high-frequency AC power for exciting a
primary resonator 110. The primary resonator comprises a
primary coil 112 and a first resonant capacitor 114 connected
in parallel. A repeater resonator 120, comprising a repeater
coil 122 and a second resonant capacitor 124, is positioned in
proximity to the primary resonator 110 and is isolated from
the primary resonator 110 and the power source 140. The
power source 140, the primary resonator 110 and the repeater
resonator 120 constitute a transmitter 102. The power sent
from the transmitter 102 is wirelessly received by a receiver
104 having a receiver resonator 130. The receiver resonator
130 has a receiver coil 132 and a third resonant capacitor 134
connected in parallel. It is desired that the receiver coil 132 is
magnetically coupled to the repeater coil 122 and possibly
furthermore to the primary coil 112 in order to inductively
generate a current and a voltage across the receiver coil 132
for feeding to a load 150. The distance between the primary
coil 112 and the repeater coil 122 is d, , 162, and the distance
between the repeater coil 122 and the receiver coil 132 is d,;
164. Note that d, ; 166, given by d, ;=d, ,+d,, is the distance
between the primary coil 112 and the receiver coil 132.

FIG. 2 shows an equivalent circuit model corresponding to
the model shown in FIG. 1. Each of the primary coil 112, the
repeater coil 122 and the receiver coil 132 is modeled as a
series connection of an inductor and a resistor. Denote (L,
R)), (L,, R,) and (L5, R;) as the ordered pairs, each of which
denotes an inductor followed by a resistor, for the primary
coil 112, the repeater coil 122 and the receiver coil 132,
respectively. Let C,, C, and C; be the first, the second and the
third resonant capacitors, respectively. The mutual induc-
tance between the primary coil 112 and the repeater coil 122
is denoted as M, , while the one between the repeater coil 122
and the receiver coil 132 is denoted as M,;.

The experiment was performed by considering an example
scenario of WPT that a medium power (around 180 W) was
wirelessly transferred over a moderately long distance
(around 60 cm). This example scenario resembles a situation
of'an EV wirelessly receiving power from a stationary charg-
ing station for battery recharging. In the experiment, the AC
power source 140 had a frequency of 860 kHz. This was a
relatively low frequency in comparison to a typical frequency
commonly employed in WPT (e.g., 9.9 MHz as used in [1]).
Using the relatively low frequency has a practical advantage
because building the power source 140 that can provide at
least a medium-power output would be easier and less costly
when compared to using a higher frequency. In the experi-
ment, the primary coil 112, the repeater coil 122 and the
receiver coil 132 were substantially circular coils each having
a coil radius of 20 cm. Each of the coils was made of wire
having a substantially circular cross-section, the cross-sec-
tion having a radius of about 4 mm. The separation between
the repeater coil 122 and the receiver coil 132 was set to be 60
cm, viz., d,; 164 given by d,;=60 cm. The repeater coil 122
was positioned in proximity to the primary coil 112 such that
d,, 162 was selected to be d,,=16 cm. The inductors L,, L,
and L; and the capacitors C,, C, and C; were chosen such that
the primary resonator 110, the repeater resonator 120 and the
receiver resonator 130 had resonant frequencies around 860
kHz.
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The values of L, L,, L;, C,, C,, C;5, M, , and M,; can be
estimated as follows. For a circular coil, the self-inductance
can be deduced by

L=N"%su, In(+/a), EQN. (1)

where N is the number of turns of the coil, r is the radius of'the
coil, a is the radius of the wire that constructs the coil, and
to=4mx10~7 Hm™" is the permeability of free space. With
reference to FIG. 3, the mutual inductance, M, between
Coil-1 310 and Coil-2 320 is given by

Mo HoN Ny fz"fz” riry(cosfcosg + sindsing)cosa - d0d ¢ EQN. (2)
T 4x b Jo Roy
in which

RQ]\F\/(rlcos(~)—rzcos(]))2+(r1sin(~)+l—rzsinq))2+d2 EQN. (3)

where: N, and N, are the numbers of turns of Coil-1 310 and
0f Coil-2 320, respectively; r; and r, are the radii of Coil-1 310
and of Coil-2 320, respectively; d is the separation between
Coil-1 310 and Coil-2 320; t is the axial misalignment 330;
and a.is the displacement angle 340. For aresonator having an
inductor of inductance L. and a resonant capacitor of capaci-
tance C, the resonant frequency, f, is calculated by

f_; EQN. 4)
==

In each of the primary coil 112, the repeater coil 122 and the
receiver coil 132, the number of turns was selected to be 2.
Computation gives: .=4.01 pH; [,=4.01 uH; L;=4.01 puH;
C,=9.9 nF; C,=9.9 nF; C;=9.9 nF; M,,=0.535 uH (at a dis-
tance of 16 cm); and M,;=0.092 uH (at a distance of 60 cm).
After the three coils 112, 122, 132 were made, resistance
values of the three coils were measured, giving
R;=R,=R;=0.1Q.

The set-up used in the experiment is shown in FIG. 7. Inthe
experimental set-up, the repeater coil 122 was placed in prox-
imity to the primary coil 112. The current and voltage induc-
tively generated across the receiver coil 132 were fed to a light
bulb which acted as the load 150. FIG. 7 also shows that the
light bulb was lighted up by the received wireless power.

FIG. 4 shows experimental results on the currents, 1,, i, and
15, flowing through the primary coil 112, the repeater coil 122
and the receiver coil 132, respectively. The RMS values of i,
i,andi;are foundtobe2.9A,19.3 Aand 11.2 A, respectively.
Furthermore, a transfer of 180 W of wireless power with 85%
power-transfer efficiency was achieved.

The aforementioned results indicate that the presence of
the repeater coil 122 is capable of amplifying the current of
the primary coil 112. Since a magnetic field produced by the
transmitter 102 for WPT is generated by a cascade of the
repeater coil 122 and the primary coil 112, the amplification
of'the current in the primary coil 112 to yield a greater current
in the repeater coil 122 leads to a reduced current at the
primary coil 112 in a three-coil topology. This insight
prompted the Inventors to further investigate a first proposi-
tion that a three-coil topology can reduce the current supplied
to the primary coil 112 by the power source 140 when com-
pared to a two-coil topology.

B. Experiment 2

To confirm the first proposition, the Inventors conducted a
second experiment, based on simulation, for comparing a
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two-coil topology and a three-coil one. The setting of the
parameters and the positional arrangement of the three coils
for this three-coil topology were substantially similar to those
used in Experiment 1. The two-coil topology used in the
experiment was formed simply by removing the repeater coil
in the three-coil topology. Three loading conditions were
considered, namely, a light-load condition, a medium-load
condition and a heavy-load condition.

FIG. 5 contains a table (TABLE 1) that lists the simulated
values of RMS currents in the coils of the three- and of the
two-coil topologies. It is first noticed that the receiver-coil
currents for the two-coil topology are in general close to those
for the three-coil topology, indicating that the amounts of
power delivered by the two topologies under comparison are
similar. As expected, the repeater-coil currents for the three-
coil topology under the three loading conditions are substan-
tially greater than the corresponding primary-coil currents.
Comparison between the two topologies indicates that, under
a given loading condition, the primary-coil current in the
three-coil topology is substantially lower than the corre-
sponding one in the two-coil topology. In particular, the data
show that the RMS values of the primary-coil currents under
the three loading conditions are from 2.74 A to 2.90 A for the
three-coil topology while the corresponding primary-coil
currents for the two-coil topology are in the range of 13.08 A
to 13.50 A. That is, the primary-coil current for the two-coil
topology is 4.6 to 4.8 times of the primary-coil current for the
three-coil topology.

Refer to FIG. 2. It suggests that V|, the terminal voltage
across the primary coil 112 to sustain a primary-coil current,
1;, depends on both i, and i, where i, is the current flowing in
the repeater coil 122. This observation implies that there
could be a possibility that V| may be reduced due to a reduc-
tion in i,. This insight motivated the Inventors to further
investigate a second proposition that a reduction in the pri-
mary-coil current for the three-coil topology can lead to a
reduced V, when compared to the two-coil topology.

C. Experiment 3

To verify the second proposition, the Inventors conducted
a field test for a three-coil topology and a two-coil one. The
field test was carried out under the condition that the delivered
power levels at the receivers of both the three- and the two-
coil topologies are approximate and close. Then V, V, and
V, were measured, where V, and V; denote the terminal
voltages across the repeater coil and across the receiver coil,
respectively. For the three-coil topology, the distance
between the repeater coil and the receiver coil was set to be 30
cm and the distance between the repeater coil and the primary
coil was 12 cm. For the two-coil topology, the primary coil
was separated from the receiver coil by 30 cm. Regardless of
whether the two- or the three-coil topology was tested, V; was
first rectified to DC and then fed to a resistive load of 400Q.

FIG. 6 includes a table (TABLE 2) that lists the values of
RMS voltages measured at terminals of the coils in the three-
and of the two-coil topologies, together with the levels of
power absorbed by the load. It is apparent that under the
condition of delivering approximately the same power level,
the three-coil topology has a RMS terminal voltage across the
primary coil (viz., 16.3V) significantly lower than the corre-
sponding RMS terminal voltage for the two-coil topology
(namely, 114V). That is, the RMS terminal voltage across the
primary coil of the three-coil topology is only about %4 of that
of the two-coil topology.

Since the terminal voltage of the primary coil is signifi-
cantly reduced for the three-coil topology, the demand on the

30

40

45

50

65

8

power source for providing a sufficiently high voltage output
to supply the terminal voltage to the primary coil is relaxed. It
follows that occurrence of voltage stress at the power source
is much less likely by using the three-coil topology than using
the two-coil one. This finding leads to the development of the
present invention that follows.

D. The Present Invention

A first aspect of the present invention is to provide a power-
transmitting unit configured to wirelessly transmit power and
a WPT system employing the power-transmitting unit. The
power-transmitting unit and the WPT system as disclosed
herein provide an advantage of discouraging occurrence of
voltage stress at a power source.

The disclosed power-transmitting unit and the WPT sys-
tem are described with an aid of FIG. 1, which depicts a WPT
system according to an exemplary embodiment of the present
invention. A WPT system 100 comprises a power-transmit-
ting unit 102 and a power-receiving unit 104. The power-
receiving unit 104 is configured to obtain wireless power
from the power-transmitting unit 102 by receiving a magnetic
field provided by the power-transmitting unit 102 and induc-
tively generating a voltage and a current from the magnetic
field. It is possible that instead of having only one power-
receiving unit, the WPT system may have plural units each of
which is a realization of the power-receiving unit 104.

The power-transmitting unit 102 comprises an AC power
source 140 and a primary resonator 110. The primary reso-
nator 110, comprising a primary coil 112, preferably is real-
ized by having a first resonant capacitor 114 connected in
parallel with the primary coil 112. Furthermore, the primary
resonator 110 is electrically coupled to the power source 140
such that a primary-coil current flows through the primary
coil 112 when the primary resonator 110 is excited by the
power source 140. The power-transmitting unit 102 further
comprises a repeater resonator 120 that includes a repeater
coil 122. Preferably, the repeater resonator 120 is realized by
connecting two terminals of the repeater coil 122 with a
second resonant capacitor 124. In addition, the repeater coil
122 is end-to-end adjacent to the primary coil 112. As used
herein in the specification and the appended claims, a first coil
being “end-to-end adjacent” to a second coil, where each of
the first and the second coils appears in a form of a loop or a
cylinder having two end faces, means that one end face of the
first coilis positioned adjacent to, and faces, an end face of the
second coil. The repeater resonator 120 is electrically isolated
from the power source 140 so that the power source 140 is not
required to provide a voltage to drive the repeater resonator
120. In practice, electrical isolation between the repeater
resonator 120 and the power source 140 is achievable by
physically isolating the repeater resonator 120 from both the
primary resonator 110 and the power source 140. In particu-
lar, the repeater coil 120 and the primary coil 112 are sepa-
rated by a distance selected, and the repeater coil 122 is
configured to, amplify the primary-coil current. The primary-
coil current is amplified in a sense that a repeater-coil current
flowing through the repeater coil 122 is inductively generated
by the primary-coil current and that the repeater-coil current
so generated is substantially greater than the primary-coil
current. As a result, when it is desired to wirelessly transmit
power, the power-transmitting unit 102 is enabled to generate
a magnetic field for WPT with contribution from both the
primary-coil current and the repeater-coil current but the
power source 140 is not required to provide a terminal voltage
across the repeater coil 122 to sustain the receiver-coil cur-
rent. Note that in general, the magnetic field is mainly con-
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tributed by the repeater coil 122. The power source 140 is only
required to provide a terminal voltage across the primary coil
122 to sustain the primary-coil current, which is substantially
lower than the repeater-coil current. It leads to an advantage
that occurrence of voltage stress at the power source 140 is
discouraged.

Preferably, the first resonant capacitor 114 and the second
resonant capacitor 124 are selected and configured such that
the primary resonator 110 and the repeater resonator 120 are
substantially similar in resonant frequency. It is also prefer-
able and desirable that resonant frequencies of the primary
resonator 110 and of the repeater resonator 120 are substan-
tially close to an operating frequency of the power source 140
in providing an AC voltage to the primary resonator 110. In
medium- and high-power WPT applications, a low operating
frequency is preferred in order that the power source 140 can
be realized with a reduced cost. According to the Inventors’
investigation for medium- and high-power applications, one
preferable range of frequency within which the operating
frequency may be chosen from is 100 kHz to 1 MHz.

The power-receiving unit 104 comprises a receiver reso-
nator 130. The receiver resonator 130 comprises a receiver
coil 132 configured to receive the magnetic field from the
power-transmitting unit 102 so as to generate a receiver-coil
current that flows through the receiver coil 132 for feeding to
aload 150. Preferably, the primary resonator 110, the repeater
resonator 120 and the receiver resonator 130 are substantially
similar in resonant frequency. Since the receiver resonator
130 is desired to be inductively coupled to the magnetic field
generated from the power-transmitting unit 102, it is prefer-
able and advantageous that the receiver resonator 130 has a
resonant frequency substantially close to the operating fre-
quency of the power source 140. In a commonly used con-
figuration, the receiver resonator 130 has a third resonant
capacitor 134 connected in parallel to the receiver coil 132,
whereby the resonant frequency of the receiver resonator 130
is determined by the capacitance value of the third resonant
capacitor 134 and the inductance value of the receiver coil
132 according to EQN. (4).

The Inventors’ investigation has revealed that it is prefer-
able to have the repeater coil 122 positioned such that the
selected distance between the repeater coil 122 and the pri-
mary coil 112 (namely, d,, 162) is limited to be at most one
third of a distance between the primary coil 112 and the
receiver coil 132 (viz., d,; 166).

With reference to the power-transfer efficiency achieved
and the amount of wireless power transferred by the experi-
mental set-up as mentioned above in Experiment 1, it is
desirable that the WPT system 100 can achieve a transfer
efficiency greater than 85% when the repeater coil 122 and the
receiver coil 132 are separated by a distance d,; 164 0of 0.6 m.
It is also desirable that the WPT system 100 can achieve
wireless transfer of at least 180 W of power from the power-
transmitting unit 102 to the power-receiving unit 104.

In one option, the power-receiving unit 104 may further
comprise one or more rectifiers in order to rectify AC power
provided by the receiver-coil current to direct-current (DC)
power before feeding to the load 150. In WPT applications
related to EVs, the load 150 may be one or more batteries
configured to receive the DC power for recharging.

For WPT targeting for high power-transfer efficiency, it is
desirable that the power-transmitting unit 102 and the power-
receiving unit 104 are arranged such that the repeater coil 122
and the receiver coil 132 are axially substantially-aligned
without a substantial angular displacement. Concepts of
being not axially substantially-aligned and having an angular
displacement are illustrated with an aid of FIG. 3. In FIG. 3,
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a Coil-1 310 and a Coil-2 320 are not axially substantially-
aligned such that an axial misalignment 330 is present. In
addition, an end face of the Coil-1 310 and an end face of the
Coil-2 320 are not substantially in parallel to each other so
that a displacement angle 340 exists. In practice, it may be
costly to keep the two coils 122, 132 well aligned without any
substantial angular displacement. If certain degradation such
as a reduced power-transfer efficiency is acceptable in some
applications, the repeater coil 122 and the receiver coil 132
may be relaxed from being axially substantially-aligned, or
an angular displacement between the two coils 122, 132 may
be present.

A second aspect of the present invention is to provide a
method for wirelessly transmitting power from a transmitting
side to a receiving side. The disclosed method is realizable by
the WPT system as disclosed above in the first aspect of the
present invention. As such, FIG. 1 is used again for detailing
the disclosed method. The transmitting side has a primary
resonator 110, a repeater resonator 120 and an AC power
source 140. The primary resonator 110 comprises a primary
coil 112, and the repeater resonator 120 comprises a repeater
coil 122. The receiving side has a receiver resonator 130
which comprises a receiver coil 132.

The method comprises positioning the primary coil 112 to
be end-to-end adjacent to the repeater coil 122, and electri-
cally isolating the repeater resonator 120 from the power
source 140. Preferably, the repeater resonator 120 is electri-
cally isolated from the power source 140 by physically iso-
lating the repeater resonator 120 from both the primary reso-
nator 110 and the power source 140. In the method, the power
source 140 excites the primary resonator 110 to generate a
primary-coil current flowing through the primary coil 112.
The method further comprises selecting a distance between
the repeater coil 122 and the primary coil 112 such that the
primary-coil current inductively generates a repeater-coil
current that flows through the repeater coil 122 and that is
substantially greater than the primary-coil current. As a con-
sequence, the transmitting side is enabled to generate a mag-
netic field with contribution from both the primary-coil cur-
rent and the repeater-coil current while the power source is
not required to provide a terminal voltage across the repeater
coil 122 to sustain the repeater-coil current, which is a current
substantially greater than the primary-coil current. In general,
the magnetic field is mainly contributed by the repeater coil
122. It follows that occurrence of voltage stress at the power
source 140 is discouraged. The method additionally com-
prises receiving the magnetic field by the receiver coil 132 so
as to inductively generate a receiver current that flows
through the receiver coil 132 for feeding to a load 150 at the
receiving side.

Preferably, the primary resonator 110, the repeater resona-
tor 120 and the receiver resonator 130 have substantially-
similar resonant frequencies. As mentioned above, the
selected distance between the repeater coil 122 and the pri-
mary coil 112, i.e. d;, 162, is preferably limited to be at most
one third of a distance between the primary coil 112 and the
receiver coil 132, viz., d,; 166. It is also mentioned above that
AC power provided by the power source 140 may be chosen
from a range from 100 kHz to 1 MHz. The Inventors believe
that this range of operating frequency is suitable for medium-
and high-power applications of WPT. Itis desirable that using
the disclosed method can achieve a transfer efficiency greater
than 85% when the repeater coil 122 and the receiver coil 132
are separated by a distance d,; 164 of 0.6 m. It is also desir-
ableifa power of at least 180 W can be wirelessly transferred
by using the method disclosed herein.
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Optionally, the method further comprises rectifying, at the
receiver side, AC power provided from the receiver-coil cur-
rent to DC power before feeding to the load 150. In EV
applications, the rectified DC power may be used for recharg-
ing one or more batteries installed in an EV that receives
wireless power.

E. Remarks

The use of three-coil topologies for WPT has been dis-
cussed and investigated in [10]-[15]. The present invention
herein further advances the state of the art from [10]-[15] by
disclosing a feature of amplifying a primary-coil current by
inductively generating a repeater-coil current that is substan-
tially greater than the primary-coil current so that a magnetic
field for WPT is generated with contribution from both the
primary-coil current and the repeater-coil current while a
power source is not required to provide a terminal voltage
across a repeater coil to sustain the receiver-coil current to
thereby discourage occurrence of voltage stress at the power
source.

The present invention may be embodied in other specific
forms without departing from the spirit or essential charac-
teristics thereof. The present embodiment is therefore to be
considered in all respects as illustrative and not restrictive.
The scope of the invention is indicated by the appended
claims rather than by the foregoing description, and all
changes that come within the meaning and range of equiva-
lency of the claims are therefore intended to be embraced
therein.

What is claimed is:

1. A wireless power transfer system comprising a power-
transmitting unit and a power-receiving unit, the power-trans-
mitting unit being configured to wirelessly transmit power in
the wireless power transfer system, wherein:

the power-transmitting unit comprises:

an alternating-current (AC) power source;

a primary resonator comprising a primary coil, the pri-
mary resonator being electrically coupled to the
power source such that a primary-coil current flows
through the primary coil when the primary resonator
is excited by the power source; and

a repeater resonator comprising a repeater coil end-to-
end adjacent to the primary coil, the repeater resona-
tor being electrically isolated from the power source,
wherein the repeater coil and the primary coil are
separated by a distance selected, and the repeater coil
is configured, to amplify the primary-coil current by
inductively generating a repeater-coil current that
flows through the repeater coil and that is substan-
tially greater than the primary-coil current;

so that when wirelessly transmitting the power, the power-

transmitting unit generates a magnetic field for wireless
power transfer with contribution from both the primary-
coil current and the repeater-coil current while the power
source is not required to provide a terminal voltage
across the repeater coil to sustain the repeater-coil cur-
rent, which is a current substantially greater than the
primary-coil current, thereby discouraging occurrence
of voltage stress at the power source;

the power-receiving unit comprises a receiver resonator,

the receiver resonator comprising a receiver coil config-

ured to receive the magnetic field so as to inductively
generate a receiver-coil current that flows through the
receiver coil for feeding to a load: and
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the repeater coil is positioned such that the selected dis-
tance between the repeater coil and the primary coil is at
most one third of a distance between the primary coil and
the receiver coil.

2. The power-transmitting unit of claim 1, wherein the
primary resonator has a resonant frequency substantially
similar to the repeater resonator’s resonant frequency.

3. The power-transmitting unit of claim 1, wherein the
power source is configured to provide AC voltage having a
frequency in the range from 100 kHz to 1 MHz.

4. The wireless power transfer system of claim 1, wherein
the primary resonator, the repeater resonator and the receiver
resonator have substantially-similar resonant frequencies.

5. The wireless power transfer system of claim 1, wherein
a transfer efficiency achieved by the wireless power transfer
system is greater than 85% when the repeater coil and the
receiver coil are separated by a distance of 0.6 m.

6. The wireless power transfer system of claim 1, wherein
power wirelessly transferred from the power-transmitting
unit to the power-receiving unit is at least 180 W.

7. The wireless power transfer system of claim 1, wherein
the power-receiving unit further comprises one or more rec-
tifiers such that AC power provided from the receiver-coil
current is rectified to direct-current (DC) power before feed-
ing to the load.

8. The wireless power transfer system of claim 7, wherein
the load is one or more batteries configured to receive the DC
power for recharging.

9. The wireless power transfer system of claim 1 wherein
the power-transmitting unit and the power-receiving unit are
arranged such that the repeater coil and the receiver coil are
relaxed from being axially substantially-aligned.

10. The wireless power transfer system of claim 1, wherein
the power-transmitting unit and the power-receiving unit are
arranged such that an angular displacement between the
repeater coil and the receiver coil is present.

11. A method for wirelessly transmitting power from a
transmitting side to a receiving side, the transmitting side
having a primary resonator, a repeater resonator and an alter-
nating-current (AC) power source, the primary resonator
comprising a primary coil, the repeater resonator comprising
a repeater coil, the receiving side having a receiver resonator
which comprises a receiver coil, the method comprising:

positioning the primary coil to be end-to-end adjacent to

the repeater coil;

electrically isolating the repeater resonator from the power

source;

exciting the primary resonator by the power source to gen-

erate a primary-coil current flowing through the primary
coil;

selecting a distance between the repeater coil and the pri-

mary coil such that the primary-coil current inductively
generates a repeater-coil current that flows through the
repeater coil and that is substantially greater than the
primary-coil current, so that the transmitting side is
enabled to generate a magnetic field with contribution
from both the primary-coil current and the repeater-coil
current while the power source is not required to provide
a terminal voltage across the repeater coil to sustain the
repeater-coil current, which is a current substantially
greater than the primary-coil current, to thereby discour-
age occurrence of voltage stress at the power source,
wherein the selected distance between the repeater coil
and the primary coil is at most one third of a distance
between the primary coil and the receiver coil; and
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receiving the magnetic field by the receiver coil so as to
inductively generate a receiver current that flows
through the receiver coil for feeding to a load at the
receiving side.

12. The method of claim 11, wherein the primary resonator,
the repeater resonator and the receiver resonator have sub-
stantially-similar resonant frequencies.

13. The method of claim 11, wherein the power source is
configured to provide AC voltage having a frequency in the
range from 100 kHz to 1 MHz.

14. The method of claim 11, wherein a transfer efficiency in
wirelessly transmitting power from the transmitting side to
the receiving side is greater than 85% when the repeater coil
and the receiver coil are separated by a distance of 0.6 m.

15. The method of claim 11, wherein power wirelessly
transferred from the transmitting side to the receiving side is
at least 180 W.

16. The method of claim 11, further comprising:

rectifying, at the receiver side, AC power provided from the

receiver-coil current to direct-current (DC) power
before feeding to the load.
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