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WIRELESS POWER COMPONENT SELECTION

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. provisional patent application
61/510,459 filed July 21, 2011.

BACKGROUND

[0002] Field:
[0003] This disclosure relates to wireless energy transfer, methods, systems and
apparati to accomplish such transfer, and applications.

[0004] Description of the Related Art:

[0005] Energy or power may be transferred wirelessly using a variety of known
radiative, or far-field, and non-radiative, or near-field, techniques as detailed, for example, in
commonly owned U.S. patent application 12/613,686 published on May 6, 2010 as US
2010/010909445 and entitled “Wireless Energy Transfer Systems,” U.S. patent application
12/860,375 published on December 9, 2010 as 2010/0308939 and entitled “Integrated
Resonator-Shield Structures,” U.S. patent application 13/222,915 published on March 15,
2012 as 2012/0062345 and entitled “Low Resistance Electrical Conductor,” U.S. patent
application 13/283,811 published on as and entitled “Multi-Resonator

Wireless Energy Transfer for Lighting,” the contents of which are incorporated by reference.
Prior art wireless energy transfer systems have been limited by a variety of factors including
concerns over user safety, low energy transfer efficiencies and restrictive physical
proximity/alignment tolerances for the energy supply and sink components.

[0006] One particular challenge in wireless energy transfer is control and tuning
of the resonator structures and the power source. Other resonators, temperature, extraneous
objects, and the like may affect the parameters of the resonators. The impedance, resonant
frequency, loading conditions, and/or parameters of electrical components, and the like, may
fluctuate during operation of the wireless energy transfer system. In embodiments
components used to make of manufacture wireless energy components may have a range of
tolerances or component value variability and may require fine tuning of components during
assembly or manufacture to tune the resonators and wireless energy transfer components

withing an acceptable range.
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[0007] Therefore a need exists for methods and designs for tuning components of

a wireless energy transfer system.

SUMMARY

[0008] Various systems and processes, in various embodiments, provide wircless
energy transfer using coupled resonators. In some embodiments, the resonator structures may
require or benefit from tuning of the components of the resonators. Resonators, electrical
components, and parameters of an energy source may require tuning to maintain a specific
level of efficiency or performance. The features of such embodiments are general and may
be applied to a wide range of resonators, regardless of the specific examples discussed herein.

[0009] In embodiments, a magnetic resonator may comprise some combination of
inductors and capacitors. Additional circuit elements such as capacitors, inductors, resistors,
switches, and the like, may be inserted between a magnetic resonator and a power source,
and/or between a magnetic resonator and a power load. In this disclosure, the conducting coil
that comprises the high-Q inductive loop of the resonator may be referred to as the inductor
and/or the inductive load. The inductive load may also refer to the inductor when it is
wirelessly coupled (through a mutual inductance) to other system or extraneous objects. In
this disclosure, circuit elements other than the inductive load may be referred to as being part
of an impedance matching network or IMN. It is to be understood that all, some, or none of
the elements that are referred to as being part of an impedance matching network may be part
of the magnetic resonator. Which elements are part of the resonator and which are separate
from the resonator will depend on the specific magnetic resonator and wireless energy
transfer system design.

[0010] In one aspect, a fixed tuned wireless energy power modules comprising at
least one magnetic resonator may be fined tuned using a temporary matching resistor. The
module may be tuned by first determining a target impedance for the resonator and then
connecting a temporary matching resistor in series with the resonator inductive loop.
Additional electrical components such as capacitors, inductors, resistors, amplifiers,
rectifiers, and the like are connected to the matching resistor and the resonator inductive loop.
The values of the electrical components are adjusted until the actual impedance of the
resonator loop and the components are withing an acceptable range of the target impedance.
In embodiments the acceptable range may be withing 20% or within 10% of the target

impedance. In embodiments the temporary matching resistor may be connected to the
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resonator loop using fuses, jumpers, switches, and the like or may be soldered or attached by
other means. After the target impedance is rached the temporary resistor may be removed
and the connection shorted. The resonator inductive loop and the additional electrical
components may be attached to a power source or a amplifier. In embodiments the resonator
inductive loop and the additional electrical components may be attached to a power load such
as a rectifier.

[0011] In another aspect a resonator may be tuned to a target impedance using a
temporary resistor. A temporary resistor is connected ins eries with a resosnator loop, the
resistor chosen to simulate the loading of at least one additional resonator and adjusting
circuit elements in the resonator until the actual impedance of the resonator is within 10% or
20% of a raget impedance.

[0012] Unless otherwise indicated, this disclosure uses the terms wireless energy
transfer, wireless power transfer, wireless power transmission, and the like, interchangeably.
Those skilled in the art will understand that a variety of system architectures may be
supported by the wide range of wireless system designs and functionalities described in this
application.

[0013] In the wireless energy transfer systems described herein, power may be
exchanged wirelessly between at least two resonators. Resonators may supply, receive, hold,
transfer, and distribute energy. Sources of wireless power may be referred to as sources or
supplies and receivers of wireless power may be referred to as devices, receivers and power
loads. A resonator may be a source, a device, or both, simultaneously or may vary from one
function to another in a controlled manner. Resonators configured to hold or distribute
energy that do not have wired connections to a power supply or power drain may be called
repeaters.

[0014] The resonators of the wireless energy transfer systems of this invention are
able to transfer power over distances that are large compared to the size of the resonators
themselves. That is, if the resonator size is characterized by the radius of the smallest sphere
that could enclose the resonator structure, the wireless energy transfer system of this
invention can transfer power over distances greater than the characteristic size of a resonator.
The system is able to exchange energy between resonators where the resonators have
different characteristic sizes and where the inductive elements of the resonators have different

sizes, different shapes, are comprised of different materials, and the like.



WO 2013/013235 PCT/US2012/047844
EFS Web WTCY-0034-PWO

[0015] The wireless energy transfer systems of this invention may be described as
having a coupling region, an energized area or volume, all by way of describing that energy
may be transferred between resonant objects that are separated from each other, they may
have variable distance from each other, and that may be moving relative to each other. In
some embodiments, the area or volume over which energy can be transferred is referred to as
the active field area or volume. In addition, the wireless energy transfer system may
comprise more than two resonators that may each be coupled to a power source, a power
load, both, or neither.

[0016] Wirelessly supplied energy may be used to power electric or electronic
equipment, recharge batteries or charge energy storage units. Multiple devices may be
charged or powered simultancously or power delivery to multiple devices may be serialized
such that one or more devices receive power for a period of time after which power delivery
may be switched to other devices. In various embodiments, multiple devices may share
power from one or more sources with one or more other devices either simultaneously, or in a
time multiplexed manner, or in a frequency multiplexed manner, or in a spatially multiplexed
manner, or in an orientation multiplexed manner, or in any combination of time and
frequency and spatial and orientation multiplexing. Multiple devices may share power with
each other, with at least one device being reconfigured continuously, intermittently,
periodically, occasionally, or temporarily, to operate as a wireless power source. Those of
ordinary skill in the art will understand that there are a variety of ways to power and/or
charge devices applicable to the technologies and applications described herein.

[0017] This disclosure references certain individual circuit components and
clements such as capacitors, inductors, resistors, diodes, transformers, switches and the like;
combinations of these elements as networks, topologies, circuits, and the like; and objects
that have inherent characteristics such as “self-resonant” objects with capacitance or
inductance distributed (or partially distributed, as opposed to solely lumped) throughout the
entire object. It would be understood by one of ordinary skill in the art that adjusting and
controlling variable components within a circuit or network may adjust the performance of
that circuit or network and that those adjustments may be described generally as tuning,
adjusting, matching, correcting, and the like. Other methods to tune or adjust the operating
point of the wireless power transfer system may be used alone, or in addition to adjusting

tunable components such as inductors and capacitors, or banks of inductors and capacitors.
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Those skilled in the art will recognize that a particular topology discussed in this disclosure
can be implemented in a variety of other ways.

[0018] Unless otherwise defined, all technical and scientific terms used herein
have the same meaning as commonly understood by one of ordinary skill in the art to which
this disclosure belongs. In case of conflict with publications, patent applications, patents, and
other references mentioned or incorporated herein by reference, the present specification,
including definitions, will control.

[0019] Any of the features described above may be used, alone or in combination,
without departing from the scope of this disclosure. Other features, objects, and advantages of
the systems and methods disclosed herein will be apparent from the following detailed

description and figures.

BRIEF DESCRIPTION OF FIGURES

[0020] Fig.1 is a system block diagram of wireless energy transfer configurations.

[0021] Figs. 2A-2E are exemplary structures and schematics of simple resonator
structures.

[0022] Fig. 3 is a block diagram of a wireless source with a single-ended
amplifier.

[0023] Fig. 4 is a block diagram of a wireless source with a differential amplifier.

[0024] Figs. SA and 5B are block diagrams of sensing circuits.

[0025] Figs. 6A, 6B, and 6C are block diagrams of a wireless source.

[0026] Fig. 7 is a plot showing the effects of a duty cycle on the parameters of an
amplifier.

[0027] Fig. 8 is a simplified circuit diagram of a wireless power source with a
switching amplifier.

[0028] Fig. 9 shows plots of the effects of changes of parameters of a wireless
power source.

[0029] Fig. 10 shows plots of the effects of changes of parameters of a wireless
power source.

[0030] Figs. 11A, 11B, and 11C are plots showing the effects of changes of

parameters of a wireless power source.
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[0031] Fig. 12 shows plots of the effects of changes of parameters of a wireless
power source.

[0032] Fig. 13 is a simplified circuit diagram of a wireless energy transfer system
comprising a wireless power source with a switching amplifier and a wireless power device.

[0033] Fig. 14 shows plots of the effects of changes of parameters of a wireless
power source.

[0034] Fig. 15A shows a configuration for taking measurements of a resonator
loop. Fig. 15b shows a configuration for taking measurements of an assembly of a resonator
loop with a capacitor.

[0035] Fig. 16A and Fig. 16B show configurations for taking measurements of a
resonator loop using an external measurement coil.

[0036] Fig. 17 shows a configuration for taking measurements of a resonator loop
using an external measurement coil when loaded by other resonator coils.

[0037] Fig. 18 shows a Type 1 arrangement and a Type 2 arrangement.

[0038] Fig. 19 shows a configuration for taking measurements of a resonator
assembly.

[0039] Fig. 20 shows a configuration for taking measurements of a resonator loop
during tuning operations.

[0040] Fig. 21 shows a configuration for taking measurements of a resonator loop

during tuning operations.

DETAILED DESCRIPTION

[0041] As described above, this disclosure relates to wireless energy transfer
using coupled electromagnetic resonators. However, such energy transfer is not restricted to
clectromagnetic resonators, and the wireless energy transfer systems described herein are
more general and may be implemented using a wide variety of resonators and resonant
objects.

[0042] As those skilled in the art will recognize, important considerations for
resonator-based power transfer include resonator efficiency and resonator coupling.
Extensive discussion of such issues, e.g., coupled mode theory (CMT), coupling coefficients

and factors, quality factors (also referred to as Q -factors), and impedance matching is

provided, for example, in U.S. patent application 12/789,611 published on September 23,
2010 as US 20100237709 and entitled “RESONATOR ARRAYS FOR WIRELESS
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ENERGY TRANSFER,” and U.S. patent application 12/722,050 published on July 22, 2010
as US 20100181843 and entitled “WIRELESS ENERGY TRANSFER FOR
REFRIGERATOR APPLICATION” and incorporated herein by reference in its entirety as if
fully set forth herein.

[0043] A resonator may be defined as a resonant structure that can store energy
in at least two different forms, and where the stored energy oscillates between the two forms.

The resonant structure will have a specific oscillation mode with a resonant (modal)

frequency, f, and a resonant (modal) field. The angular resonant frequency, @, may be

defined as @ =27 f the resonant period, T, may be definedas 7' =1/ =27/®, and the

resonant wavelength, 4, may be defined as 4 = ¢/ f, where ¢ is the speed of the associated

field waves (light, for electromagnetic resonators). In the absence of loss mechanisms,
coupling mechanisms or external energy supplying or draining mechanisms, the total amount
of energy stored by the resonator, W, would stay fixed, but the form of the energy would
oscillate between the two forms supported by the resonator, wherein one form would be
maximum when the other is minimum and vice versa.

[0044] For example, a resonator may be constructed such that the two forms of
stored energy are magnetic energy and electric energy. Further, the resonator may be
constructed such that the electric energy stored by the electric field is primarily confined
within the structure while the magnetic energy stored by the magnetic field is primarily in the
region surrounding the resonator. In other words, the total electric and magnetic energies
would be equal, but their localization would be different. Using such structures, energy
exchange between at least two structures may be mediated by the resonant magnetic near-
field of the at least two resonators. These types of resonators may be referred to as magnetic
resonators.

[0045] An important parameter of resonators used in wircless power transmission

systems is the Quality Factor, or (J-factor, or (J, of the resonator, which characterizes the

energy decay and is inversely proportional to energy losses of the resonator. It may be

definedas Q=w* W/ P, where P is the time-averaged power lost at steady state. That is,
a resonator with a high- () has relatively low intrinsic losses and can store energy for a
relatively long time. Since the resonator loses energy at its intrinsic decay rate, 2T, its Q,

also referred to as its intrinsic Q, is given by Q = a)/ 2I" . The quality factor also represents
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the number of oscillation periods, 7', it takes for the energy in the resonator to decay by a

factor of e. Note that the quality factor or intrinsic quality factor or Q) of the resonator is that
due only to intrinsic loss mechanisms. The ) of a resonator connected to, or coupled to a
power generator, g, or load,/, may be called the “loaded quality factor” or the “loaded O
. The Q of a resonator in the presence of an extraneous object that is not intended to be part

of the energy transfer system may be called the “perturbed quality factor” or the “perturbed
0"

[0046] Resonators having substantially the same resonant frequency, coupled
through any portion of their near-fields may interact and exchange energy. By way of
example, but not limitation, imagine a source resonator with Qs and a device resonator with

Q. High-Q wireless energy transfer systems may utilize resonators that are high- Q. The Q

of each resonator may be high. The geometric mean of the resonator (s, 4 /Qst may also

or instead be high.

[0047]  The coupling factor, X , is a number between 0 <k <1, and it may be
independent (or nearly independent) of the resonant frequencies of the source and device
resonators , when those are placed at sub-wavelength distances. Rather the coupling factor k
may be determined mostly by the relative geometry and the distance between the source and

device resonators where the physical decay-law of the field mediating their coupling is taken
into account. The coupling coefficient used in CMT, x = k /@, 0, / 2, may be a strong

function of the resonant frequencies, as well as other properties of the resonator structures. In
applications for wireless energy transfer utilizing the near-fields of the resonators, it is
desirable to have the size of the resonator be much smaller than the resonant wavelength, so
that power lost by radiation is minimized. In some embodiments, high-Q resonators are sub-
wavelength structures. In some electromagnetic embodiments, high-Q resonator structures
are designed to have resonant frequencies higher than 100 kHz. In other embodiments, the
resonant frequencies may be less than 1 GHz.

[0048] In exemplary embodiments, the power radiated into the far-field by these
sub wavelength resonators may be further reduced by lowering the resonant frequency of the
resonators and the operating frequency of the system. In other embodiments, the far field
radiation may be reduced by arranging for the far fields of two or more resonators to interfere

destructively in the far field.
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[0049] In a wireless energy transfer system a resonator may be used as a wireless
energy source, a wireless energy capture device, a repeater or a combination thereof. In
embodiments a resonator may alternate between transferring energy, receiving energy or
relaying energy. In a wireless energy transfer system one or more magnetic resonators may
be coupled to an energy source and be energized to produce an oscillating magnetic near-
field. Other resonators that are within the oscillating magnetic near-fields may capture these
fields and convert the energy into electrical energy that may be used to power or charge a
load thereby enabling wireless transfer of useful energy.

[0050] The so-called “useful” energy in a useful energy exchange is the energy or
power that must be delivered to a device in order to power or charge it at an acceptable rate.
The transfer efficiency that corresponds to a useful energy exchange may be system or
application-dependent. For example, high power vehicle charging applications that transfer
kilowatts of power may need to be at least 80% efficient in order to supply useful amounts of
power resulting in a useful energy exchange sufficient to recharge a vehicle battery without
significantly heating up various components of the transfer system. In some consumer
electronics applications, a useful energy exchange may include any energy transfer
efficiencies greater than 10%, or any other amount acceptable to keep rechargeable batteries
“topped oft” and running for long periods of time. In implanted medical device applications,
a useful energy exchange may be any exchange that does not harm the patient but that
extends the life of a battery or wakes up a sensor or monitor or stimulator. In such
applications, 100 mW of power or less may be useful. In distributed sensing applications,
power transfer of microwatts may be useful, and transfer efficiencies may be well below 1%.

[0051] A useful energy exchange for wireless energy transfer in a powering or
recharging application may be efficient, highly efficient, or efficient enough, as long as the
wasted energy levels, heat dissipation, and associated field strengths are within tolerable
limits and are balanced appropriately with related factors such as cost, weight, size, and the
like.

[0052] The resonators may be referred to as source resonators, device resonators,
first resonators, second resonators, repeater resonators, and the like. Implementations may
include three (3) or more resonators. For example, a single source resonator may transfer
energy to multiple device resonators or multiple devices. Energy may be transferred from a
first device to a second, and then from the second device to the third, and so forth. Multiple

sources may transfer energy to a single device or to multiple devices connected to a single
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device resonator or to multiple devices connected to multiple device resonators. Resonators
may serve alternately or simultaneously as sources, devices, and/or they may be used to relay
power from a source in one location to a device in another location. Intermediate
electromagnetic resonators may be used to extend the distance range of wireless energy
transfer systems and/or to generate areas of concentrated magnetic near-fields. Multiple
resonators may be daisy-chained together, exchanging energy over extended distances and
with a wide range of sources and devices. For example, a source resonator may transfer
power to a device resonator via several repeater resonators. Energy from a source may be
transferred to a first repeater resonator, the first repeater resonator may transfer the power to a
second repeater resonator and the second to a third and so on until the final repeater resonator
transfers its energy to a device resonator. In this respect the range or distance of wireless
energy transfer may be extended and/or tailored by adding repeater resonators. High power
levels may be split between multiple sources, transferred to multiple devices and recombined
at a distant location.

[0053] The resonators may be designed using coupled mode theory models,
circuit models, electromagnetic field models, and the like. The resonators may be designed
to have tunable characteristic sizes. The resonators may be designed to handle different
power levels. In exemplary embodiments, high power resonators may require larger
conductors and higher current or voltage rated components than lower power resonators.

[0054] Fig. 1shows a diagram of exemplary configurations and arrangements of a
wireless energy transfer system. A wireless energy transfer system may include at least one
source resonator (R1)104 (optionally R6, 112) coupled to an energy source 102 and
optionally a sensor and control unit 108. The energy source may be a source of any type of
energy capable of being converted into electrical energy that may be used to drive the source
resonator 104. The energy source may be a battery, a solar panel, the electrical mains, a wind
or water turbine, an electromagnetic resonator, a generator, and the like. The clectrical
energy used to drive the magnetic resonator is converted into oscillating magnetic fields by
the resonator. The oscillating magnetic fields may be captured by other resonators which may
be device resonators (R2) 106, (R3) 116 that are optionally coupled to an energy drain 110.
The oscillating fields may be optionally coupled to repeater resonators (R4, RS) that are
configured to extend or tailor the wireless energy transfer region. Device resonators may
capture the magnetic fields in the vicinity of source resonator(s), repeater resonators and

other device resonators and convert them into electrical energy that may be used by an energy
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drain. The energy drain 110 may be an electrical, electronic, mechanical or chemical device
and the like configured to receive electrical energy. Repeater resonators may capture
magnetic fields in the vicinity of source, device and repeater resonator(s) and may pass the
energy on to other resonators.

[0055] A wireless energy transfer system may comprise a single source resonator
104 coupled to an energy source 102 and a single device resonator 106 coupled to an energy
drain 110. In embodiments a wircless energy transfer system may comprise multiple source
resonators coupled to one or more energy sources and may comprise multiple device
resonators coupled to one or more energy drains.

[0056] In embodiments the energy may be transferred directly between a source
resonator 104 and a device resonator 106. In other embodiments the energy may be
transferred from one or more source resonators 104, 112 to one or more device resonators
106, 116 via any number of intermediate resonators which may be device resonators, source
resonators, repeater resonators, and the like. Energy may be transferred via a network or
arrangement of resonators 114 that may include subnetworks 118, 120 arranged in any
combination of topologies such as token ring, mesh, ad hoc, and the like.

[0057] In embodiments the wireless energy transfer system may comprise a
centralized sensing and control system 108. In embodiments parameters of the resonators,
energy sources, energy drains, network topologies, operating parameters, etc. may be
monitored and adjusted from a control processor to meet specific operating parameters of the
system. A central control processor may adjust parameters of individual components of the
system to optimize global energy transfer efficiency, to optimize the amount of power
transferred, and the like. Other embodiments may be designed to have a substantially
distributed sensing and control system. Sensing and control may be incorporated into each
resonator or group of resonators, energy sources, encrgy drains, and the like and may be
configured to adjust the parameters of the individual components in the group to maximize
the power delivered, to maximize energy transfer efficiency in that group and the like.

[0058] In embodiments, components of the wireless energy transfer system may
have wireless or wired data communication links to other components such as devices,
sources, repeaters, power sources, resonators, and the like and may transmit or receive data
that can be used to enable the distributed or centralized sensing and control. A wireless
communication channel may be separate from the wireless energy transfer channel, or it may

be the same. In one embodiment the resonators used for power exchange may also be used to

11



WO 2013/013235 PCT/US2012/047844
EFS Web WTCY-0034-PWO

exchange information. In some cases, information may be exchanged by modulating a
component in a source or device circuit and sensing that change with port parameter or other
monitoring equipment. Resonators may signal each other by tuning, changing, varying,
dithering, and the like, the resonator parameters such as the impedance of the resonators
which may affect the reflected impedance of other resonators in the system. The systems and
methods described herein may enable the simultaneous transmission of power and
communication signals between resonators in wireless power transmission systems, or it may
enable the transmission of power and communication signals during different time periods or
at different frequencies using the same magnetic fields that are used during the wireless
energy transfer. In other embodiments wireless communication may be enabled with a
separate wireless communication channel such as WiFi, Bluetooth, Infrared, and the like.

[0059] In embodiments, a wireless energy transfer system may include multiple
resonators and overall system performance may be improved by control of various elements
in the system. For example, devices with lower power requirements may tune their resonant
frequency away from the resonant frequency of a high-power source that supplies power to
devices with higher power requirements. In this way, low and high power devices may safely
operate or charge from a single high power source. In addition, multiple devices in a
charging zone may find the power available to them regulated according to any of a variety of
consumption control algorithms such as First-Come-First-Serve, Best Effort, Guaranteed
Power, etc. The power consumption algorithms may be hierarchical in nature, giving priority
to certain users or types of devices, or it may support any number of users by equally sharing
the power that is available in the source. Power may be shared by any of the multiplexing
techniques described in this disclosure.

[0060] In embodiments electromagnetic resonators may be realized or
implemented using a combination of shapes, structures, and configurations. Electromagnetic
resonators may include an inductive element, a distributed inductance, or a combination of
inductances with a total inductance, L , and a capacitive element, a distributed capacitance,
or a combination of capacitances, with a total capacitance, C. A minimal circuit model of an
electromagnetic resonator comprising capacitance, inductance and resistance, is shown in
Fig. 2F. The resonator may include an inductive element 238 and a capacitive element 240.
Provided with initial energy, such as electric field energy stored in the capacitor 240, the
system will oscillate as the capacitor discharges transferring energy into magnetic field

energy stored in the inductor 238 which in turn transfers energy back into electric field

12
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energy stored in the capacitor 240. Intrinsic losses in these electromagnetic resonators include
losses due to resistance in the inductive and capacitive elements and to radiation losses, and
are represented by the resistor, R, 242 in Fig. 2F.

[0061] Fig. 2A shows a simplified drawing of an exemplary magnetic resonator
structure. The magnetic resonator may include a loop of conductor acting as an inductive
element 202 and a capacitive element 204 at the ends of the conductor loop. The inductor 202
and capacitor 204 of an electromagnetic resonator may be bulk circuit elements, or the
inductance and capacitance may be distributed and may result from the way the conductors
are formed, shaped, or positioned, in the structure.

[0062] For example, the inductor 202 may be realized by shaping a conductor to
enclose a surface area, as shown in Figs. 2A. This type of resonator may be referred to as a
capacitively-loaded loop inductor. Note that we may use the terms “loop” or “coil” to
indicate generally a conducting structure (wire, tube, strip, etc.), enclosing a surface of any
shape and dimension, with any number of turns. In Fig. 2A, the enclosed surface area is
circular, but the surface may be any of a wide variety of other shapes and sizes and may be
designed to achieve certain system performance specifications. In embodiments the
inductance may be realized using inductor elements, distributed inductance, networks, arrays,
series and parallel combinations of inductors and inductances, and the like. The inductance
may be fixed or variable and may be used to vary impedance matching as well as resonant
frequency operating conditions.

[0063] There are a variety of ways to realize the capacitance required to achieve
the desired resonant frequency for a resonator structure. Capacitor plates 204 may be formed
and utilized as shown in Fig. 2A, or the capacitance may be distributed and be realized
between adjacent windings of a multi-loop conductor. The capacitance may be realized using
capacitor elements, distributed capacitance, networks, arrays, series and parallel
combinations of capacitances, and the like. The capacitance may be fixed or variable and may
be used to vary impedance matching as well as resonant frequency operating conditions.

[0064] The inductive elements used in magnetic resonators may contain more
than one loop and may spiral inward or outward or up or down or in some combination of
directions. In general, the magnetic resonators may have a variety of shapes, sizes and
number of turns and they may be composed of a variety of conducing materials. The
conductor 210, for example, may be a wire, a Litz wire, a ribbon, a pipe, a trace formed from

conducting ink, paint, gels, and the like or from single or multiple traces printed on a circuit
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board. An exemplary embodiment of a trace pattern on a substrate 208 forming inductive
loops is depicted in Fig. 2B.

[0065] In embodiments the inductive elements may be formed using magnetic
materials of any size, shape thickness, and the like, and of materials with a wide range of
permeability and loss values. These magnetic materials may be solid blocks, they may
enclose hollow volumes, they may be formed from many smaller pieces of magnetic material
tiled and or stacked together, and they may be integrated with conducting sheets or
enclosures made from highly conducting materials. Conductors may be wrapped around the
magnetic materials to generate the magnetic field. These conductors may be wrapped around
one or more than one axis of the structure. Multiple conductors may be wrapped around the
magnetic materials and combined in parallel, or in series, or via a switch to form customized
near-field patterns and/or to orient the dipole moment of the structure. Examples of
resonators comprising magnetic material are depicted in Figures 2C, 2D, 2E. In Fig. 2D the
resonator comprises loops of conductor 224 wrapped around a core of magnetic material 222
creating a structure that has a magnetic dipole moment 228 that is parallel to the axis of the
loops of the conductor 224. The resonator may comprise multiple loops of conductor 216,
212 wrapped in orthogonal directions around the magnetic material 214 forming a resonator
with a magnetic dipole moment 218, 220 that may be oriented in more than one direction as
depicted in Fig. 2C, depending on how the conductors are driven.

[0066] An electromagnetic resonator may have a characteristic, natural, or
resonant frequency determined by its physical properties. This resonant frequency is the

frequency at which the energy stored by the resonator oscillates between that stored by the

electric field, W, (W, = q2 / 2C , where ¢ is the charge on the capacitor, C) and that

stored by the magnetic field, W, (W, = Li 2 / 2, where i is the current through the
inductor, L) of the resonator. The frequency at which this energy is exchanged may be called

the characteristic frequency, the natural frequency, or the resonant frequency of the resonator,
and is given by @,
1
o=2rf=,]—.
LC
The resonant frequency of the resonator may be changed by tuning the inductance, L , and/or

the capacitance, C, of the resonator. In one embodiment system parameters are dynamically

adjustable or tunable to achieve as close as possible to optimal operating conditions.
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However, based on the discussion above, efficient enough energy exchange may be realized
even if some system parameters are not variable or components are not capable of dynamic
adjustment.

[0067] In embodiments a resonator may comprise an inductive element coupled to
more than one capacitor arranged in a network of capacitors and circuit elements. In
embodiments the coupled network of capacitors and circuit elements may be used to define
more than one resonant frequency of the resonator. In embodiments a resonator may be
resonant, or partially resonant, at more than one frequency.

[0068] In embodiments, a wireless power source may comprise of at least one
resonator coil coupled to a power supply, which may be a switching amplifier, such as a
class-D amplifier or a class-E amplifier or a combination thereof. In this case, the resonator
coil is effectively a power load to the power supply. In embodiments, a wireless power device
may comprise of at least one resonator coil coupled to a power load, which may be a
switching rectifier, such as a class-D rectifier or a class-E rectifier or a combination thereof.
In this case, the resonator coil is effectively a power supply for the power load, and the
impedance of the load directly relates also to the work-drainage rate of the load from the
resonator coil. The efficiency of power transmission between a power supply and a power
load may be impacted by how closely matched the output impedance of the power source is
to the input impedance of the load. Power may be delivered to the load at a maximum
possible efficiency, when the input impedance of the load is equal to the complex conjugate
of the internal impedance of the power supply. Designing the power supply or power load
impedance to obtain a maximum power transmission efficiency is often called "impedance
matching", and may also referred to as optimizing the ratio of useful-to-lost powers in the
system. Impedance matching may be performed by adding networks or sets of elements such
as capacitors, inductors, transformers, switches, resistors, and the like, to form impedance
matching networks between a power supply and a power load. In embodiments, mechanical
adjustments and changes in element positioning may be used to achieve impedance
matching. For varying loads, the impedance matching network may include variable
components that are dynamically adjusted to ensure that the impedance at the power supply
terminals looking towards the load and the characteristic impedance of the power supply
remain substantially complex conjugates of each other, even in dynamic environments and

operating scenarios.
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[0069] In embodiments, impedance matching may be accomplished by tuning the
duty cycle, and/or the phase, and/or the frequency of the driving signal of the power supply or
by tuning a physical component within the power supply, such as a capacitor. Such a tuning
mechanism may be advantageous because it may allow impedance matching between a
power supply and a load without the use of a tunable impedance matching network, or with a
simplified tunable impedance matching network, such as one that has fewer tunable
components for example. In embodiments, tuning the duty cycle, and/or frequency, and/or
phase of the driving signal to a power supply may yield a dynamic impedance matching
system with an extended tuning range or precision, with higher power, voltage and/or current
capabilities, with faster electronic control, with fewer external components, and the like.

[0070] In some wireless energy transfer systems the parameters of the resonator
such as the inductance may be affected by environmental conditions such as surrounding
objects, temperature, orientation, number and position of other resonators and the like.
Changes in operating parameters of the resonators may change certain system parameters,
such as the efficiency of transferred power in the wireless energy transfer. For example,
high-conductivity materials located near a resonator may shift the resonant frequency of a
resonator and detune it from other resonant objects. In some embodiments, a resonator
feedback mechanism is employed that corrects its frequency by changing a reactive element
(e.g., an inductive element or capacitive element). In order to achieve acceptable matching
conditions, at least some of the system parameters may need to be dynamically adjustable or
tunable. All the system parameters may be dynamically adjustable or tunable to achieve
approximately the optimal operating conditions. However, efficient enough energy exchange
may be realized even if all or some system parameters are not variable. In some examples, at
least some of the devices may not be dynamically adjusted. In some examples, at least some
of the sources may not be dynamically adjusted. In some examples, at least some of the
intermediate resonators may not be dynamically adjusted. In some examples, none of the
system parameters may be dynamically adjusted.

[0071] In some embodiments changes in parameters of components may be
mitigated by selecting components with characteristics that change in a complimentary or
opposite way or direction when subjected to differences in operating environment or
operating point. In embodiments, a system may be designed with components, such as
capacitors, that have an opposite dependence or parameter fluctuation due to temperature,

power levels, frequency, and the like. In some embodiments, the component values as a
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function of temperature may be stored in a look-up table in a system microcontroller and the
reading from a temperature sensor may be used in the system control feedback loop to adjust
other parameters to compensate for the temperature induced component value changes.

[0072] In some embodiments the changes in parameter values of components may
be compensated with active tuning circuits comprising tunable components. Circuits that
monitor the operating environment and operating point of components and system may be
integrated in the design. The monitoring circuits may provide the signals necessary to
actively compensate for changes in parameters of components. For example, a temperature
reading may be used to calculate expected changes in, or to indicate previously measured
values of, capacitance of the system allowing compensation by switching in other capacitors
or tuning capacitors to maintain the desired capacitance over a range of temperatures. In
embodiments, the RF amplifier switching waveforms may be adjusted to compensate for
component value or load changes in the system. In some embodiments the changes in
parameters of components may be compensated with active cooling, heating, active
environment conditioning, and the like.

[0073] The parameter measurement circuitry may measure or monitor certain
power, voltage, and current, signals in the system, and processors or control circuits may
adjust certain settings or operating parameters based on those measurements. In addition the
magnitude and phase of voltage and current signals, and the magnitude of the power signals,
throughout the system may be accessed to measure or monitor the system performance. The
measured signals referred to throughout this disclosure may be any combination of port
parameter signals, as well as voltage signals, current signals, power signals, temperatures
signals and the like. These parameters may be measured using analog or digital techniques,
they may be sampled and processed, and they may be digitized or converted using a number
of known analog and digital processing techniques. In embodiments, preset values of certain
measured quantities may be loaded in a system controller or memory location and used in
various feedback and control loops. In embodiments, any combination of measured,
monitored, and/or preset signals may be used in feedback circuits or systems to control the
operation of the resonators and/or the system.

[0074] Adjustment algorithms may be used to adjust the frequency, Q, and/or
impedance of the magnetic resonators. The algorithms may take as inputs reference signals
related to the degree of deviation from a desired operating point for the system and may

output correction or control signals related to that deviation that control variable or tunable
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elements of the system to bring the system back towards the desired operating point or points.
The reference signals for the magnetic resonators may be acquired while the resonators are
exchanging power in a wireless power transmission system, or they may be switched out of
the circuit during system operation. Corrections to the system may be applied or performed
continuously, periodically, upon a threshold crossing, digitally, using analog methods, and
the like.

[0075] In embodiments, lossy extraneous materials and objects may introduce
potential reductions in efficiencies by absorbing the magnetic and/or electric energy of the
resonators of the wireless power transmission system. Those impacts may be mitigated in
various embodiments by positioning resonators to minimize the effects of the lossy
extraneous materials and objects and by placing structural field shaping elements (e.g.,
conductive structures, plates and sheets, magnetic material structures, plates and sheets, and
combinations thereof) to minimize their effect.

[0076] One way to reduce the impact of lossy materials on a resonator is to use
high-conductivity materials, magnetic materials, or combinations thereof to shape the
resonator fields such that they avoid the lossy objects. In an exemplary embodiment, a
layered structure of high-conductivity material and magnetic material may tailor, shape,
direct, reorient, etc. the resonator’s electromagnetic fields so that they avoid lossy objects in
their vicinity by deflecting the fields. Fig. 2D shows a top view of a resonator with a sheet of
conductor 226 below the magnetic material that may used to tailor the fields of the resonator
so that they avoid lossy objects that may be below the sheet of conductor 226. The layer or
sheet of good 226 conductor may comprise any high conductivity materials such as copper,
silver, aluminum, as may be most appropriate for a given application. In certain
embodiments, the layer or sheet of good conductor is thicker than the skin depth of the
conductor at the resonator operating frequency. The conductor sheet may be preferably
larger than the size of the resonator, extending beyond the physical extent of the resonator.

[0077] In environments and systems where the amount of power being transmitted
could present a safety hazard to a person or animal that may intrude into the active field
volume, safety measures may be included in the system. In embodiments where power levels
require particularized safety measures, the packaging, structure, materials, and the like of the
resonators may be designed to provide a spacing or “keep away” zone from the conducting

loops in the magnetic resonator. To provide further protection, high- () resonators and

power and control circuitry may be located in enclosures that confine high voltages or
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currents to within the enclosure, that protect the resonators and electrical components from
weather, moisture, sand, dust, and other external elements, as well as from impacts,
vibrations, scrapes, explosions, and other types of mechanical shock . Such enclosures call
for attention to various factors such as thermal dissipation to maintain an acceptable
operating temperature range for the electrical components and the resonator. In
embodiments, enclosure may be constructed of non-lossy materials such as composites,
plastics, wood, concrete, and the like and may be used to provide a minimum distance from
lossy objects to the resonator components. A minimum separation distance from lossy
objects or environments which may include metal objects, salt water, oil and the like, may
improve the efficiency of wireless energy transfer. In embodiments, a “keep away” zone may
be used to increase the perturbed Q of a resonator or system of resonators. In embodiments a
minimum separation distance may provide for a more reliable or more constant operating
parameters of the resonators.

[0078] In embodiments, resonators and their respective sensor and control
circuitry may have various levels of integration with other electronic and control systems and
subsystems. In some embodiments the power and control circuitry and the device resonators
are completely separate modules or enclosures with minimal integration to existing systems,
providing a power output and a control and diagnostics interface. In some embodiments a
device is configured to house a resonator and circuit assembly in a cavity inside the
enclosure, or integrated into the housing or enclosure of the device.

[0079] Example Resonator Circuitry

[0080] Figures 3 and 4 show high level block diagrams depicting power
generation, monitoring, and control components for exemplary sources of a wireless energy
transfer system. Fig. 3 is a block diagram of a source comprising a half-bridge switching
power amplifier and some of the associated measurement, tuning, and control circuitry. Fig.
4 is a block diagram of a source comprising a full-bridge switching amplifier and some of the
associated measurement, tuning, and control circuitry.

[0081] The half bridge system topology depicted in Fig. 3 may comprise a
processing unit that executes a control algorithm 328. The processing unit executing a
control algorithm 328 may be a microcontroller, an application specific circuit, a field
programmable gate array, a processor, a digital signal processor, and the like. The processing
unit may be a single device or it may be a network of devices. The control algorithm may run

on any portion of the processing unit. The algorithm may be customized for certain
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applications and may comprise a combination of analog and digital circuits and signals. The
master algorithm may measure and adjust voltage signals and levels, current signals and
levels, signal phases, digital count settings, and the like.

[0082] The system may comprise an optional source/device and/or source/other
resonator communication controller 332 coupled to wireless communication circuitry 312.
The optional source/device and/or source/other resonator communication controller 332 may
be part of the same processing unit that executes the master control algorithm, it may a part or
a circuit within a microcontroller 302, it may be external to the wireless power transmission
modules, it may be substantially similar to communication controllers used in wire powered
or battery powered applications but adapted to include some new or different functionality to
enhance or support wireless power transmission.

[0083] The system may comprise a PWM generator 306 coupled to at least two
transistor gate drivers 334 and may be controlled by the control algorithm. The two transistor
gate drivers 334 may be coupled directly or via gate drive transformers to two power
transistors 336 that drive the source resonator coil 344 through impedance matching network
components 342. The power transistors 336 may be coupled and powered with an adjustable
DC supply 304 and the adjustable DC supply 304 may be controlled by a variable bus
voltage, Vbus. The Vbus controller may be controlled by the control algorithm 328 and may
be part of, or integrated into, a microcontroller 302 or other integrated circuits. The Vbus
controller 326 may control the voltage output of an adjustable DC supply 304 which may be
used to control power output of the amplifier and power delivered to the resonator coil 344,

[0084] The system may comprise sensing and measurement circuitry including
signal filtering and buffering circuits 318, 320 that may shape, modify, filter, process, buffer,
and the like, signals prior to their input to processors and/or converters such as analog to
digital converters (ADC) 314, 316, for example. The processors and converters such as
ADCs 314, 316 may be integrated into a microcontroller 302 or may be separate circuits that
may be coupled to a processing core 330. Based on measured signals, the control algorithm
328 may generate, limit, initiate, extinguish, control, adjust, or modify the operation of any of
the PWM generator 306, the communication controller 332, the Vbus control 326, the source
impedance matching controller 338, the filter/buffering elements, 318, 320, the converters,
314, 316, the resonator coil 344, and may be part of, or integrated into, a microcontroller 302
or a separate circuit. The impedance matching networks 342 and resonator coils 344 may

include electrically controllable, variable, or tunable components such as capacitors,
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switches, inductors, and the like, as described herein, and these components may have their
component values or operating points adjusted according to signals received from the source
impedance matching controller 338. Components may be tuned to adjust the operation and
characteristics of the resonator including the power delivered to and by the resonator, the
resonant frequency of the resonator, the impedance of the resonator, the Q of the resonator,
and any other coupled systems, and the like. The resonator may be any type or structure
resonator described herein including a capacitively loaded loop resonator, a planer resonator
comprising a magnetic material or any combination thereof.

[0085] The full bridge system topology depicted in Fig. 4 may comprise a
processing unit that executes a master control algorithm 328. The processing unit executing
the control algorithm 328 may be a microcontroller, an application specific circuit, a field
programmable gate array, a processor, a digital signal processor, and the like. The system
may comprise a source/device and/or source/other resonator communication controller 332
coupled to wireless communication circuitry 312. The source/device and/or source/other
resonator communication controller 332 may be part of the same processing unit that
executes that master control algorithm, it may a part or a circuit within a microcontroller 302,
it may be external to the wireless power transmission modules, it may be substantially similar
to communication controllers used in wire powered or battery powered applications but
adapted to include some new or different functionality to enhance or support wireless power
transmission.

[0086] The system may comprise a PWM generator 410 with at least two outputs
coupled to at least four transistor gate drivers 334 that may be controlled by signals generated
in a master control algorithm. The four transistor gate drivers 334 may be coupled to four
power transistors 336 directly or via gate drive transformers that may drive the source
resonator coil 344 through impedance matching networks 342. The power transistors 336
may be coupled and powered with an adjustable DC supply 304 and the adjustable DC supply
304 may be controlled by a Vbus controller 326 which may be controlled by a master control
algorithm. The Vbus controller 326 may control the voltage output of the adjustable DC
supply 304 which may be used to control power output of the amplifier and power delivered
to the resonator coil 344.

[0087] The system may comprise sensing and measurement circuitry including
signal filtering and buffering circuits 318, 320 and differential/single ended conversion

circuitry 402, 404 that may shape, modify, filter, process, buffer, and the like, signals prior to
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being input to processors and/or converters such as analog to digital converters (ADC) 314,
316. The processors and/or converters such as ADC 314, 316 may be integrated into a
microcontroller 302 or may be separate circuits that may be coupled to a processing core 330.
Based on measured signals, the master control algorithm may generate, limit, initiate,
extinguish, control, adjust, or modify the operation of any of the PWM generator 410, the
communication controller 332, the Vbus controller 326, the source impedance matching
controller 338, the filter/buffering eclements, 318, 320, differential/single ended conversion
circuitry 402, 404, the converters, 314, 316, the resonator coil 344, and may be part of or
integrated into a microcontroller 302 or a separate circuit.

[0088] Impedance matching networks 342 and resonator coils 344 may comprise
electrically controllable, variable, or tunable components such as capacitors, switches,
inductors, and the like, as described herein, and these components may have their component
values or operating points adjusted according to signals received from the source impedance
matching controller 338. Components may be tuned to enable tuning of the operation and
characteristics of the resonator including the power delivered to and by the resonator, the
resonant frequency of the resonator, the impedance of the resonator, the Q of the resonator,
and any other coupled systems, and the like. The resonator may be any type or structure
resonator described herein including a capacitively loaded loop resonator, a planar resonator
comprising a magnetic material or any combination thereof.

[0089] Impedance matching networks may comprise fixed value components such
as capacitors, inductors, and networks of components as described herein. Parts of the
impedance matching networks, A, B and C, may comprise inductors, capacitors,
transformers, and series and parallel combinations of such components, as described herein.
In some embodiments, parts of the impedance matching networks A, B, and C, may be empty
(short-circuited). In some embodiments, part B comprises a series combination of an
inductor and a capacitor, and part C is empty.

[0090] The full bridge topology may allow operation at higher output power
levels using the same DC bus voltage as an equivalent half bridge amplifier. The half bridge
exemplary topology of Fig. 3 may provide a single-ended drive signal, while the exemplary
full bridge topology of Fig. 4 may provide a differential drive to the source resonator 308.
The impedance matching topologies and components and the resonator structure may be

different for the two systems, as discussed herein,
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[0091] The exemplary systems depicted in Figures 3 and 4 may further include
fault detection circuitry 340 that may be used to trigger the shutdown of the microcontroller
in the source amplifier or to change or interrupt the operation of the amplifier. This
protection circuitry may comprise a high speed comparator or comparators to monitor the
amplifier return current, the amplifier bus voltage (Vbus) from the DC supply 304, the
voltage across the source resonator 308 and/or the optional tuning board, or any other voltage
or current signals that may cause damage to components in the system or may yield
undesirable operating conditions. Preferred embodiments may depend on the potentially
undesirable operating modes associated with different applications. In some embodiments,
protection circuitry may not be implemented or circuits may not be populated. In some
embodiments, system and component protection may be implemented as part of a master
control algorithm and other system monitoring and control circuits. In embodiments,
dedicated fault circuitry 340 may include an output (not shown) coupled to a master control
algorithm 328 that may trigger a system shutdown, a reduction of the output power (e.g.
reduction of Vbus), a change to the PWM generator, a change in the operating frequency, a
change to a tuning element, or any other reasonable action that may be implemented by the
control algorithm 328 to adjust the operating point mode, improve system performance,
and/or provide protection.

[0092] As described herein, sources in wireless power transfer systems may use a
measurement of the input impedance of the impedance matching network 342 driving source
resonator coil 344 as an error or control signal for a system control loop that may be part of
the master control algorithm. In exemplary embodiments, variations in any combination of
three parameters may be used to tune the wireless power source to compensate for changes in
environmental conditions, for changes in coupling, for changes in device power demand, for
changes in module, circuit, component or subsystem performance, for an increase or decrease
in the number or sources, devices, or repeaters in the system, for user initiated changes, and
the like. In exemplary embodiments, changes to the amplifier duty cycle, to the component
values of the variable electrical components such as variable capacitors and inductors, and to
the DC bus voltage may be used to change the operating point or operating range of the
wireless source and improve some system operating value. The specifics of the control
algorithms employed for different applications may vary depending on the desired system

performance and behavior.
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[0093] Impedance measurement circuitry such as described herein, and shown in
Figures 3 and 4, may be implemented using two-channel simultaneous sampling ADCs and
these ADCs may be integrated into a microcontroller chip or may be part of a separate circuit.
Simultaneously sampling of the voltage and current signals at the input to a source
resonator’s impedance matching network and/or the source resonator, may yield the phase
and magnitude information of the current and voltage signals and may be processed using
known signal processing techniques to yield complex impedance parameters. In some
embodiments, monitoring only the voltage signals or only the current signals may be
sufficient.

[0094] The impedance measurements described herein may use direct sampling
methods which may be relatively simpler than some other known sampling methods. In
embodiments, measured voltage and current signals may be conditioned, filtered and scaled
by filtering/buffering circuitry before being input to ADCs. In embodiments, the
filter/buffering circuitry may be adjustable to work at a variety of signal levels and
frequencies, and circuit parameters such as filter shapes and widths may be adjusted
manually, electronically, automatically, in response to a control signal, by the master control
algorithm, and the like. Exemplary embodiments of filter/buffering circuits are shown in
Figures 3, 4, and 5.

[0095] Fig. 5 shows more detailed views of exemplary circuit components that
may be used in filter/buffering circuitry. In embodiments, and depending on the types of
ADCs used in the system designs, single-ended amplifier topologies may reduce the
complexity of the analog signal measurement paths used to characterize system, subsystem,
module and/or component performance by eliminating the need for hardware to convert from
differential to single-ended signal formats. In other implementations, differential signal
formats may be preferable. The implementations shown in Fig. 5 are exemplary, and should
not be construed to be the only possible way to implement the functionality described herein.
Rather it should be understood that the analog signal path may employ components with
different input requirements and hence may have different signal path architectures.

[0096] In both the single ended and differential amplifier topologies, the input
current to the impedance matching networks 342 driving the resonator coils 344 may be
obtained by measuring the voltage across a capacitor 324, or via a current sensor of some
type. For the exemplary single-ended amplifier topology in Fig. 3, the current may be sensed

on the ground return path from the impedance matching network 342. For the exemplary
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differential power amplifier depicted in Fig. 4, the input current to the impedance matching
networks 342 driving the resonator coils 344 may be measured using a differential amplifier
across the terminals of a capacitor 324 or via a current sensor of some type. In the
differential topology of Fig. 4, the capacitor 324 may be duplicated at the negative output
terminal of the source power amplifier.

[0097] In both topologies, after single ended signals representing the input voltage
and current to the source resonator and impedance matching network are obtained, the signals
may be filtered 502 to obtain the desired portions of the signal waveforms. In embodiments,
the signals may be filtered to obtain the fundamental component of the signals. In
embodiments, the type of filtering performed, such as low pass, bandpass, notch, and the like,
as well as the filter topology used, such as elliptical, Chebyshev, Butterworth, and the like,
may depend on the specific requirements of the system. In some embodiments, no filtering
will be required.

[0098] The voltage and current signals may be amplified by an optional amplifier
504. The gain of the optional amplifier 504 may be fixed or variable. The gain of the
amplifier may be controlled manually, electronically, automatically, in response to a control
signal, and the like. The gain of the amplifier may be adjusted in a feedback loop, in
response to a control algorithm, by the master control algorithm, and the like. In
embodiments, required performance specifications for the amplifier may depend on signal
strength and desired measurement accuracy, and may be different for different application
scenarios and control algorithms.

[0099] The measured analog signals may have a DC offset added to them, 5060,
which may be required to bring the signals into the input voltage range of the ADC which for
some systems may be 0 to 3.3V. In some systems this stage may not be required, depending
on the specifications of the particular ADC used.

[00100] As described above, the efficiency of power transmission between a power
generator and a power load may be impacted by how closely matched the output impedance
of the generator is to the input impedance of the load. In an exemplary system as shown in
Fig. 6A, power may be delivered to the load at a maximum possible efficiency, when the
input impedance of the load 604 is equal to the complex conjugate of the internal impedance
of the power generator or the power amplifier 602. Designing the generator or load
impedance to obtain a high and/or maximum power transmission efficiency may be called

"impedance matching". Impedance matching may be performed by inserting appropriate
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networks or sets of elements such as capacitors, resistors, inductors, transformers, switches
and the like, to form an impedance matching network 606, between a power generator 602
and a power load 604 as shown in Fig. 6B. In other embodiments, mechanical adjustments
and changes in element positioning may be used to achieve impedance matching. As
described above for varying loads, the impedance matching network 606 may include
variable components that are dynamically adjusted to ensure that the impedance at the
generator terminals looking towards the load and the characteristic impedance of the
generator remain substantially complex conjugates of each other, even in dynamic
environments and operating scenarios. In embodiments, dynamic impedance matching may
be accomplished by tuning the duty cycle, and/or the phase, and/or the frequency of the
driving signal of the power generator or by tuning a physical component within the power
generator, such as a capacitor,as depicted in Fig. 6C. Such a tuning mechanism may be
advantageous because it may allow impedance matching between a power generator 608 and
a load without the use of a tunable impedance matching network, or with a simplified tunable
impedance matching network 606, such as one that has fewer tunable components for
example. In embodiments, tuning the duty cycle, and/or frequency, and/or phase of the
driving signal to a power generator may yield a dynamic impedance matching system with an
extended tuning range or precision, with higher power, voltage and/or current capabilities,
with faster electronic control, with fewer external components, and the like. The impedance
matching methods, architectures, algorithms, protocols, circuits, measurements, controls, and
the like, described below, may be useful in systems where power generators drive high-Q
magnetic resonators and in high-Q wireless power transmission systems as described herein.
In wireless power transfer systems a power generator may be a power amplifier driving a
resonator, sometimes referred to as a source resonator, which may be a load to the power
amplifier. In wireless power applications, it may be preferable to control the impedance
matching between a power amplifier and a resonator load to control the efficiency of the
power delivery from the power amplifier to the resonator. The impedance matching may be
accomplished, or accomplished in part, by tuning or adjusting the duty cycle, and/or the
phase, and/or the frequency of the driving signal of the power amplifier that drives the
resonator.

[00101] Efficiency of switching amplifiers

[00102] Switching amplifiers, such as class D, E, F amplifiers, and the like or any

combinations thereof, deliver power to a load at a maximum efficiency when no power is
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dissipated on the switching elements of the amplifier. This operating condition may be
accomplished by designing the system so that the switching operations which are most
critical (namely those that are most likely to lead to switching losses) are done when both the
voltage across the switching element and the current through the switching element are zero.
These conditions may be referred to as Zero Voltage Switching (ZVS) and Zero Current
Switching (ZCS) conditions respectively. When an amplifier operates at ZVS and ZCS either
the voltage across the switching element or the current through the switching element is zero
and thus no power can be dissipated in the switch. Since a switching amplifier may convert
DC (or very low frequency AC) power to AC power at a specific frequency or range of
frequencies, a filter may be introduced before the load to prevent unwanted harmonics that
may be generated by the switching process from reaching the load and being dissipated there.
In embodiments, a switching amplifier may be designed to operate at maximum efficiency of
power conversion, when connected to a resonant load, with a nontrivial quality factor (say
Q>5), and of a specific impedance Z; = R, + jX,, which leads to simultaneous ZVS and
ZCS. We define Z, = R, — jX, as the characteristic impedance of the amplifier, so that
achieving maximum power transmission efficiency is equivalent to impedance matching the
resonant load to the characteristic impedance of the amplifier.

[00103] In a switching amplifier, the switching frequency of the switching
elements, ficn, Wherein fowien = w /21 and the duty cycle, de, of the ON switch-state duration
of the switching elements may be the same for all switching elements of the amplifier. In this
specification, we will use the term “class D” to denote both class D and class DE amplifiers,
that is, switching amplifiers with de<=50%.

[00104] The value of the characteristic impedance of the amplifier may depend on
the operating frequency, the amplifier topology, and the switching sequence of the switching
elements. In some embodiments, the switching amplifier may be a half-bridge topology and,
in some embodiments, a full-bridge topology. In some embodiments, the switching amplifier
may be class D and, in some embodiments, class E. In any of the above embodiments,
assuming the elements of the bridge are symmetric, the characteristic impedance of the
switching amplifier has the form

R, = Fr(dc)/wCq X, = Fx(dc)/wCq, (1)
where dc is the duty cycle of the ON switch-state of the switching elements, the functions
Fr(dc) and Fx(dc) are plotted in Fig. 7 (both for class D and E), w is the frequency at which

the switching elements are switched, and C, = n,Cs,iten Where Co,ieon 18 the capacitance
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across each switch, including both the transistor output capacitance and also possible external
capacitors placed in parallel with the switch, while n, = 1 for a full bridge and n, = 2 for a
half bridge. For class D, one can also write the analytical expressions

Fr(dc) = sinu/m, Fy(dc) = (u — sinu = cosu) /7, (2)
where u = m(1 — 2 = dc), indicating that the characteristic impedance level of a class D
amplifier decreases as the duty cycle, de, increases towards 50%. For a class D amplifier
operation with dc=50%, achieving ZVS and ZCS is possible only when the switching
elements have practically no output capacitance (C, = 0) and the load is exactly on
resonance (X, = 0), while R, can be arbitrary.

[00105] Impedance Matching Networks

[00106] In applications, the driven load may have impedance that is very different
from the characteristic impedance of the external driving circuit, to which it is connected.
Furthermore, the driven load may not be a resonant network. An Impedance Matching
Network (IMN) is a circuit network that may be connected before a load as in Fig. 6B, in
order to regulate the impedance that is seen at the input of the network consisting of the IMN
circuit and the load. An IMN circuit may typically achieve this regulation by creating a
resonance close to the driving frequency. Since such an IMN circuit accomplishes all
conditions needed to maximize the power transmission efficiency from the generator to the
load (resonance and impedance matching — ZVS and ZCS for a switching amplifier), in
embodiments, an IMN circuit may be used between the driving circuit and the load.

[00107] For an arrangement shown in Fig. 6B, let the input impedance of the
network consisting of the Impedance Matching Network (IMN) circuit and the load (denoted
together from now on as IMN+oad) be Z; = R;(w) + jX;(w). The impedance matching
conditions of this network to the external circuit with characteristic impedance Z, = R, —
JjX, are then R;(w) = R,, X;(w) = X,.

[00108] Methods for tunable Impedance Matching of a variable load

[00109] In embodiments where the load may be variable, impedance matching
between the load and the external driving circuit, such as a linear or switching power
amplifier, may be achieved by using adjustable/tunable components in the IMN circuit that
may be adjusted to match the varying load to the fixed characteristic impedance Z,, of the
external circuit (Fig. 6B). To match both the real and imaginary parts of the impedance two

tunable/variable elements in the IMN circuit may be needed.
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[00110] In embodiments, the load may be inductive (such as a resonator coil) with
impedance R + jwL, so the two tunable elements in the IMN circuit may be two tunable
capacitance networks or one tunable capacitance network and one tunable inductance
network or one tunable capacitance network and one tunable mutual inductance network.

[00111] In embodiments where the load may be variable, the impedance matching
between the load and the driving circuit, such as a linear or switching power amplifier, may
be achieved by using adjustable/tunable components or parameters in the amplifier circuit
that may be adjusted to match the characteristic impedance Z, of the amplifier to the varying
(due to load variations) input impedance of the network consisting of the IMN circuit and the
load (IMN-+load), where the IMN circuit may also be tunable (Fig. 6C). To match both the
real and imaginary parts of the impedance, at least two tunable/variable elements or
parameters in the amplifier and the IMN circuit may be needed. The disclosed impedance
matching method can reduce the required number of tunable/variable elements in the IMN
circuit or even completely eliminate the requirement for tunable/variable elements in the IMN
circuit. In some examples, one tunable element in the power amplifier and one tunable
element in the IMN circuit may be used. In some examples, two tunable elements in the
power amplifier and no tunable element in the IMN circuit may be used.

[00112] In embodiments, the tunable elements or parameters in the power amplifier
may be the frequency, amplitude, phase, waveform, duty cycle and the like of the drive
signals applied to transistors, switches, diodes and the like.

[00113] In embodiments, the power amplifier with tunable characteristic
impedance may be a tunable switching amplifier of class D, E, F or any combinations thereof.
Combining Equations (1) and (2), the impedance matching conditions for this network are

Ry(w) = Fp(dc)/wCq , X)(w) = Fx(dc) /wC, 3).

[00114] In some examples of a tunable switching amplifier, one tunable element
may be the capacitance C,;, which may be tuned by tuning the external capacitors placed in
parallel with the switching elements.

[00115] In some examples of a tunable switching amplifier, one tunable element
may be the duty cycle dc of the ON switch-state of the switching elements of the amplifier.
Adjusting the duty cycle, dc, via Pulse Width Modulation (PWM) has been used in switching
amplifiers to achieve output power control. In this specification, we disclose that PWM may
also be used to achieve impedance matching, namely to satisfy Eq. (3), and thus maximize

the amplifier efficiency.
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[00116] In some examples of a tunable switching amplifier one tunable element
may be the switching frequency, which is also the driving frequency of the IMN+load
network and may be designed to be substantially close to the resonant frequency of the
IMN+load network. Tuning the switching frequency may change the characteristic
impedance of the amplifier and the impedance of the IMN+load network. The switching
frequency of the amplifier may be tuned appropriately together with one more tunable
parameters, so that Eq. (3) is satisfied.

[00117] A benefit of tuning the duty cycle and/or the driving frequency of the
amplifier for dynamic impedance matching is that these parameters can be tuned
electronically, quickly, and over a broad range. In contrast, for example, a tunable capacitor
that can sustain a large voltage and has a large enough tunable range and quality factor may
be expensive, slow or unavailable for with the necessary component specifications

[00118] Examples of methods for tunable Impedance Matching of a variable load

[00119] A simplified circuit diagram showing the circuit level structure of a class
D power amplifier 802, impedance matching network 804 and an inductive load 806 is shown
in Fig. 8. The diagram shows the basic components of the system with the switching
amplifier 804 comprising a power source 810, switching elements 808, and capacitors. The
impedance matching network 804 comprising inductors and capacitors, and the load 806
modeled as an inductor and a resistor.

[00120] An exemplary embodiment of this inventive tuning scheme comprises a
half-bridge class-D amplifier operating at switching frequency fand driving a low-loss
inductive element R + jwL via an IMN, as shown in Fig. 8.

[00121] In some embodiments L' may be tunable. L' may be tuned by a variable
tapping point on the inductor or by connecting a tunable capacitor in series or in parallel to
the inductor. In some embodiments €, may be tunable. For the half bridge topology, €, may
be tuned by varying either one or both capacitors Cs,i;cn, as only the parallel sum of these
capacitors matters for the amplifier operation. For the full bridge topology, €, may be tuned
by varying either one, two, three or all capacitors Csyiscn, s only their combination (series
sum of the two parallel sums associated with the two halves of the bridge) matters for the
amplifier operation.

[00122] In some embodiments of tunable impedance matching, two of the
components of the IMN may be tunable. In some embodiments, L’ and C, may be tuned.

Then, Fig. 9 shows the values of the two tunable components needed to achieve impedance

30



WO 2013/013235 PCT/US2012/047844
EFS Web WTCY-0034-PWO

matching as functions of the varying R and L of the inductive element, and the associated
variation of the output power (at given DC bus voltage) of the amplifier, for f = 250kHz,
dc = 40%, C, = 640pF and C; = 10nF. Since the IMN always adjusts to the fixed
characteristic impedance of the amplifier, the output power is always constant as the
inductive element is varying.

[00123] In some embodiments of tunable impedance matching, elements in the
switching amplifier may also be tunable. In some embodiments the capacitance C, along with
the IMN capacitor €, may be tuned. Then, Fig. 10 shows the values of the two tunable
components needed to achieve impedance matching as functions of the varying R and L of
the inductive element, and the associated variation of the output power (at given DC bus
voltage) of the amplifier for f = 250kHz, dc = 40%, C; = 10nF and wL = 1000Q. It can
be inferred from Fig. 10 that C, needs to be tuned mainly in response to variations in L and
that the output power decreases as R increases.

[00124] In some embodiments of tunable impedance matching, the duty cycle dc
along with the IMN capacitor C, may be tuned. Then, Fig. 11 shows the values of the two
tunable parameters needed to achieve impedance matching as functions of the varying R and
L of the inductive element, and the associated variation of the output power (at given DC bus
voltage) of the amplifier for f = 250kHz, C, = 640pF, C; = 10nF and wL = 1000Q. It
can be inferred from Fig. 11 that C, needs to be tuned mainly in response to variations in L
and that the output power decreases as R increases.

[00125] In some embodiments of tunable impedance matching, the capacitance C,
along with the IMN inductor L' may be tuned. Then, Fig. 11A shows the values of the two
tunable components needed to achieve impedance matching as functions of the varying R of
the inductive element, and the associated variation of the output power (at given DC bus
voltage) of the amplifier for f = 250kHz, dc = 40%, C; = 10nF and C, = 7.5nF. It can be
inferred from Fig. 11A that the output power decreases as R increases.

[00126] In some embodiments of tunable impedance matching, the duty cycle dc
along with the IMN inductor L' may be tuned. Then, Fig. 11B shows the values of the two
tunable parameters needed to achieve impedance matching as functions of the varying R of
the inductive element, and the associated variation of the output power (at given DC bus
voltage) of the amplifier for f = 250kHz, C, = 640pF, C; = 10nF and C, = 7.5nF as
functions of the varying R of the inductive element. It can be inferred from Fig. 11B that the

output power decreases as R increases.
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[00127] In some embodiments of tunable impedance matching, only elements in
the switching amplifier may be tunable with no tunable elements in the IMN. In some
embodiments the duty cycle dc along with the capacitance C, may be tuned. Then, Fig. 11C,
shows the values of the two tunable parameters needed to achieve impedance matching as
functions of the varying R of the inductive element, and the associated variation of the output
power (at given DC bus voltage) of the amplifier for f = 250kHz, C; = 10nF, C, = 7.5nF
and wL = 1000€. It can be inferred from Fig. 11C that the output power is a non-monotonic
function of R. These embodiments may be able to achieve dynamic impedance matching
when variations in L (and thus the resonant frequency) are modest.

[00128] In some embodiments, dynamic impedance matching with fixed elements
inside the IMN, also when L is varying greatly as explained earlier, may be achieved by
varying the driving frequency of the external frequency f'(e.g. the switching frequency of a
switching amplifier) so that it follows the varying resonant frequency of the resonator. Using
the switching frequency f'and the switch duty cycle dc as the two variable parameters, full
impedance matching can be achieved as R and L are varying without the need of any variable
components. Then, Fig. 12 shows the values of the two tunable parameters needed to achieve
impedance matching as functions of the varying R and L of the inductive element, and the
associated variation of the output power (at given DC bus voltage) of the amplifier for
C, = 640pF, C; = 10nF, C, = 7.5nF and L' = 637uH. It can be inferred from Fig. 12 that
the frequency f needs to be tuned mainly in response to variations in L, as explained earlier.

[00129] Tunable Impedance Matching for systems of wireless power transmission

[00130] In applications of wireless power transfer the low-loss inductive element
may be the coil of a source resonator coupled to one or more device resonators or other
resonators, such as repeater resonators, for example. The impedance of the inductive element
R + jwL may include the reflected impedances of the other resonators on the coil of the
source resonator. Variations of R and L of the inductive element may occur due to external
perturbations in the vicinity of the source resonator and/or the other resonators or thermal
drift of components. Variations of R and L of the inductive element may also occur during
normal use of the wireless power transmission system due to relative motion of the devices
and other resonators with respect to the source. The relative motion of these devices and
other resonators with respect to the source, or relative motion or position of other sources,
may lead to varying coupling (and thus varying reflected impedances) of the devices to the

source. Furthermore, variations of R and L of the inductive element may also occur during
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normal use of the wireless power transmission system due to changes within the other
coupled resonators, such as changes in the power draw of their loads. All the methods and
embodiments disclosed so far apply also to this case in order to achieve dynamic impedance
matching of this inductive element to the external circuit driving it.

[00131] To demonstrate the presently disclosed dynamic impedance matching
methods for a wireless power transmission system, consider a source resonator including a
low-loss source coil, which is inductively coupled to the device coil of a device resonator
driving a resistive load.

[00132] In some embodiments, dynamic impedance matching may be achieved at
the source circuit. In some embodiments, dynamic impedance matching may also be achieved
at the device circuit. When full impedance matching is obtained (both at the source and the

device), the effective resistance of the source inductive element (namely the resistance of the
source coil Ry plus the reflected impedance from the device) is R = Rgy/1 + UZ,. (Similarly

the effective resistance of the device inductive element is Rd\/TUSZd, where R is the
resistance of the device coil.) Dynamic variation of the mutual inductance between the coils
due to motion results in a dynamic variation of Usy = wMg,/ \/m . Therefore, when both
source and device are dynamically tuned, the variation of mutual inductance is seen from the
source circuit side as a variation in the source inductive element resistance R. Note that in this
type of variation, the resonant frequencies of the resonators may not change substantially,
since L may not be changing. Therefore, all the methods and examples presented for dynamic
impedance matching may be used for the source circuit of the wireless power transmission
system.

[00133] Note that, since the resistance R represents both the source coil and the
reflected impedances of the device coils to the source coil, in Figures 9-12, as R increases due
to the increasing U, the associated wireless power transmission efficiency increases. In some
embodiments, an approximately constant power may be required at the load driven by the
device circuitry. To achieve a constant level of power transmitted to the device, the required
output power of the source circuit may need to decrease as U increases. If dynamic
impedance matching is achieved via tuning some of the amplifier parameters, the output
power of the amplifier may vary accordingly. In some embodiments, the automatic variation
of the output power is preferred to be monotonically decreasing with R, so that it matches the
constant device power requirement. In embodiments where the output power level is

accomplished by adjusting the DC driving voltage of the power generator, using an
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impedance matching set of tunable parameters which leads to monotonically decreasing
output power vs. R will imply that constant power can be kept at the power load in the device
with only a moderate adjustment of the DC driving voltage. In embodiments, where the
“knob” to adjust the output power level is the duty cycle dc or the phase of a switching
amplifier or a component inside an Impedance Matching Network, using an impedance
matching set of tunable parameters which leads to monotonically decreasing output power vs.
R will imply that constant power can be kept at the power load in the device with only a
moderate adjustment of this power “knob”.

[00134] In the examples of Figures 9-12, if Ry = 0.19Q, then the range R = 0.2 —
2Q corresponds approximately to Usyz = 0.3 — 10.5. For these values, in Fig. 14, we show
with dashed lines the output power (normalized to DC voltage squared) required to keep a
constant power level at the load, when both source and device are dynamically impedance
matched. The similar trend between the solid and dashed lines explains why a set of tunable
parameters with such a variation of output power may be preferable.

[00135] In some embodiments, dynamic impedance matching may be achieved at
the source circuit, but impedance matching may not be achieved or may only partially be
achieved at the device circuit. As the mutual inductance between the source and device coils
varies, the varying reflected impedance of the device to the source may result in a variation of
both the effective resistance R and the effective inductance L of the source inductive element.
The methods presented so far for dynamic impedance matching are applicable and can be
used for the tunable source circuit of the wireless power transmission system.

[00136] As an example, consider the circuit of Fig. 14, where f = 250kHz,

C, = 640pF, R, = 0.19Q, L, = 100uH, C;; = 10nF, wl; = 1000Q, R, = 0.3Q, L, =
40uH, C14 = 87.5nF, Coq = 13nF, wLy = 400Q and Z; = 50Q, where s and d denote the
source and device resonators respectively and the system is matched at Ugy = 3. Tuning the
duty cycle dc of the switching amplifier and the capacitor C,; may be used to dynamically
impedance match the source, as the non-tunable device is moving relatively to the source
changing the mutual inductance M between the source and the device. In Fig. 14, we show
the required values of the tunable parameters along with the output power per DC voltage of
the amplifier. The dashed line again indicates the output power of the amplifier that would be
needed so that the power at the load is a constant value.

[00137] In some embodiments, tuning the driving frequency f of the source

driving circuit may still be used to achieve dynamic impedance matching at the source for a
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system of wircless power transmission between the source and one or more devices. As
explained earlier, this method enables full dynamic impedance matching of the source, even
when there are variations in the source inductance L, and thus the source resonant frequency.
For efficient power transmission from the source to the devices, the device resonant
frequencies must be tuned to follow the variations of the matched driving and source-
resonant frequencies. Tuning a device capacitance (for example, in the embodiment of Fig.
13 (4 or C,,) may be necessary, when there are variations in the resonant frequency of
either the source or the device resonators. In fact, in a wireless power transfer system with
multiple sources and devices, tuning the driving frequency alleviates the need to tune only
one source-object resonant frequency, however, all the rest of the objects may need a
mechanism (such as a tunable capacitance) to tune their resonant frequencies to match the
driving frequency.

[00138] Fixed Tuned Wireless Power Transfer System Module Assembly

[00139] Wireless power transfer systems may be described as comprising modules
and/or wireless power modules, and these modules may comprise high-Q magnetic
resonators. Source modules may comprise source magnetic resonators, device modules may
comprise device magnetic resonators and repeater modules may comprise repeater resonators.
Wireless power modules may comprise additional electronic components that may be used
for impedance matching, performance monitoring, tuning, communicating, and the like.
Combinations of magnetic resonators and additional electronic components may be referred
to as module sub-assemblies.

[00140] Magnetic resonators and/or the inductive loops of magnetic resonators of
wireless power modules may be perturbed by extrancous objects and/or by materials, objects,
circuits, and the like, of wireless power modules themselves. Module characteristics may be
changed owing to changing positions of other modules, resonators, loads and the like of a
wireless power transfer system. In embodiments, changes to magnetic resonator parameters
and wireless power module performance may be compensated, mitigated, minimized, and the
like, by using tunable components and networks of components as described above. In
embodiments, tunable systems may comprise monitoring circuits, feedback circuits and the
like. In embodiments, modules, sub-assemblies, and/or resonators may include tunable
components.

[00141] In embodiments, it may be preferable to build, fabricate, manufacture,

assemble, deploy, and the like, wireless power system modules that may not comprise tunable
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components and may not be tunable. Such wireless power transfer system modules may be
referred to as “fixed tuned” modules, and systems utilizing these modules may be referred to
as “fixed tuned” systems. In embodiments, such systems may comprise modules comprised
of well characterized components with well known component values. The parameters of
these assembled modules may be well known, and may be predictable to be within a range of
acceptable values. Then, multiple copies of wireless power modules may be manufactured
by simply selecting and placing the appropriate components on circuit boards and/or in
enclosures. To insure quality of the modules, and to identify out-of-specification modules, it
may be preferable to include an exemplary module assembly step that includes a
measurement of a module parameter. Module parameters that may be measured include, but
are not limited to, impedance, frequency, Q, and the like.

[00142] In embodiments, fixed tuned wireless power modules may be designed and
assembled to efficiently deliver power wirelessly over a range of module separations,
orientations and arrangements, in a variety of operating environments, conditions and the
like. In embodiments, the components of wireless power modules may be selected to
optimize a performance parameter, such as end-to-end efficiency for example, at a nominal
operating point or over a range of operating points. For example, a wireless power transfer
system comprising a source pad and a smart phone device that is intended to be placed on the
pad for charging may include modules that are optimized for those enclosures and that
resonator arrangement. A wireless power transfer system that will charge a smart phone
device while it is away from the pad, such as in a purse or back-pack, or next to the pad, may
be optimized for that resonator arrangement. It should be noted that wircless power modules
may be optimized for a certain arrangement, and may perform well over a much wider range
of arrangments.

[00143] In embodiments, fixed tuned wireless power transfer systems may
comprise modules comprised of components whose actual circuit values are not well known
but are specified to be in a range, to have a tolerance, to be above a minimum value and
below a maximum value, and the like. The parameters of assembled modules using these
components may not be well known, and may not be accurately predictable to be within a
range of acceptable values. In embodiments, to insure quality assembly of these modules, it
may be preferable to include at least one exemplary module assembly step that includes a
measurement of a module, sub-assembly, and/or resonator parameter. Measured parameters

may include, but are not limited to, impedance, frequency, Q, and the like. 1f a module, sub-
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assembly, and/or resonator is determined to be out of specification, components of the
resonators and/or sub-assemblies may be changed (e.g. added, removed, replaced, adjusted,
and the like) until the module, sub-assembly and/or resonator are brought within the
specification.

[00144] In embodiments where multiple copies of wireless power modules may be
assembled for sale, multiple deployments, system redundancy, and the like, it may be
preferable for wireless power modules to be assembled individually, and/or away from other
modules in the whole system. For example, a manufactureing line may fabricate only
wireless source modules, or only repeater modules, or the line may be switched between
assembling source modules, device modules and repeater modules. Then, measurement steps
in the module assembly process may benefit from temporarily adding at least one circuit
component to the module, sub-assembly and/or resonator that mimics the impact of the other
wireless power modules of the whole system on the module being assembled. Then the
module, sub-assembly and/or resonator may be characterized, adjusted, accepted, and the
like, away from the other modules of the wireless power system. When the module, sub-
assembly and or resonator performance is determined to be acceptable, the at least one
temporary circuit component may be removed and the rest of the assembly process
completed.

[00145] Components that are described as being temporary may be included in a
resonator, a sub-assembly, a circuit, a module, and the like, for a measurement,
characterization, verification, and the like, and then removed. Components that are described
herein as temporary may not be part of the final assembled module, sub-assembly, resonator,
circuit, and the like.

[00146] The inventors have identified a number of inventive steps that may be used
to assemble, manufacture, and the like, wireless power modules for use in fixed tuned
wireless power transfer systems.

[00147] In embodiments, the components comprised by modules, sub-assemblies,
resonators and the like, that determine the operating parameters of the wireless energy
transfer system may have uncertainties in their actual parameter values or value variances,
and the uncertainty, variance, tolerance and the like may be large enough to have an impact
on the overall system performance. For example, purchased capacitors may be specified as
having a nominal value of 100 pf, with a tolerance of =10%, meaning the actual capacitance

of each part is in the range of 90 pfto 110 pf. In embodiments, the resonant frequency of a
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resonator comprising a 90 pf capacitance may differ enough from the resonant frequency of a
resonator comprising a 110 pf capacitance that wireless power transfer system performance is
measureably impacted.

[00148] In embodiments, modules, sub-assemblies, resonators, and the like may
need to be characterized as they are being assembled to determine whether the performance
of the assembly will be satisfactory, given the uncertainty and/or range of actual values of the
components used in the assembly. In embodiments, the actual component values or
combined component values may be measured during assembly and/or manufacture of the
energy transfer system modules and components may be added, removed, adjusted, and the
like, and/or other components may be selected and included to mitigate, compensate,
minimize, and the like, module performance variations and provide a substantially or
satifactorly equivalent overall performance of the modules despite variations of values of
some or all of the components comprised by the modules.

[00149] In embodiments, the process of assembling and manufacturing source
modules, repeater modules, device modules, and the like, of wireless power transfer systems
may comprise a series of steps that may include measuring the values of specific components,
and/or specific sub-assemblies, and/or specific resonators, and calculating or using look-up
tables to determine the acceptability of those component and/or sub-assembly and/or
resonator values as well as determining values for other or additional components that may be
built into the modules. The process of assembling and manufacturing source modules,
repeater modules, device modules, and the like, of wireless power transfer systems may
further comprise attaching components temporarily and measuring the parameters of
networks of components, and adjusting, removing, and/or adding additional components to
reach or approach the calculated and/or looked-up values of components, sub-assemblies,
resonators, modules, and the like. Components that are described as being temporary may be
included in a resonator, a sub-assembly, a circuit, a module, and the like, for a measurement,
characterization, verification, and the like, and then removed. Components that are described
herein as temporary may not be part of the final assembled module, sub-assembly, resonator,
circuit, and the like.

[00150] The process of assembling and manufacturing source modules, repeater
modules and device modules and the like, of wireless power transfer systems, may comprise
test and/or verification steps that may be used to insure that modules assembled from multiple

components with variable component values operate within the specified range of acceptable
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module values. Module values may include, but are not limited to, component values,
resonator values, impedance values, frequency values, loss values, quality factor values,
power values, temperature values, field values, efficiency values, and the like.

[00151] In embodiments, the characterization of wireless power transfer system
modules, sub-assemblies, resonators, and/or their associated components, and additional
system components and electronic assemblies may be performed using a network analyzer, a
vector network analyzer, an impedance analyzer, a time domain reflectometer (TDR), an
LCR meter (L(inductance)C(capacitance)R(resistance)), a voltage wave standing wave
(VSWR) meter, an impedance meter, and/or any equipment or combination of equipment
capable of measuring impedance at a frequency and/or over a range of frequencies. It is to be
understood that while the measurement techniques described herein may refer to a network
analyzer, other measurement technologies, equipment, techniques, and the like may also be
used or substituted as appropriate. Those skilled in the art will appreciate that although not
explicitly described, some measurement techniques and equipment may require calibration
steps or additional measurement steps that are omitted from the description herein.

[00152] In embodiments of wireless energy transfer systems, magnetic resonators
and their associated components may be designed using any of the numerical, algebraic,
computational, experimental, and the like, techniques described herein and in our previous
patent applications. In embodiments, resonators and their associated components may be
designed to achieve desired operational performance when they are loaded and /or perturbed.
In embodiments, magnetic resonators and their associated components may be selected and
placed based on certain system and environmental parameters such as the power loads or
amplifiers used in the system, typical operating distances and orientations between
resonators, and any surrounding lossy or metallic materials or objects. In embodiments of
wireless energy transfer systems, the magnetic resonators and their associated components
may be assembled and/or tuned using substantially fixed value components such as inductors,
capacitors, and the like and may have limited or no adjustment capability after being
assembled. In such so-called “fixed tuned” systems, the components that define the operating
parameters of the wireless energy sytem may be selected for specific use conditions,
environmental or sourrounding conditions, power levels, and the like, and and installed
during module assembly and manufacture.

[00153] In embodiments the process of assembling and manufacturing source

modules, repeater modules, device modules, and the like, of wireless power transfer systems
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may comprise a series of steps that include measuring the values of specific components, and
or specific assemblies, and calculating or using look-up tables to determine the acceptability
of those component and/or assembly values as well as the target values for other or additional
components that will be built into the modules. The process of assembling and
manufacturing source modules, repeater modules, device modules, and the like, of wircless
power transfer systems may further comprise attaching components and measuring the
parameters of networks of components, and adjusting or adding additional components to
reach or approach the calculated and/or looked-up values of components and sub-assemblies.

[00154] In embodiments, magnetic resonators may comprise conducting loop
inductors and a capacitance. In embodiments, the capacitance may comprise the self
capacitance of the conducting loop and/or added capacitance. In embodiments, conducting
loops of magnetic resonators may be connected to a capacitor, a network of capacitors, and/or
a network of capacitors and inductors. Exemplary embodiments of algorithms that may be
used for the assembly and/or manufacture of source modules, repeater modules, and device
modules, comprising magnetic resonators, are described below. In embodiments, the time it
takes to assemble or manufacture the wireless power modules may increase as the range of
component value variability increases. In some embodiments, assembly and manufacture
time may be limited by practical or commercial considerations. In such embodiments, an
algorithm for assembly and manufacture may specify that measured, assembled,
characterized, and the like, parameters be close to certain values, close enough to certain
values, or within a certain range of values, that may yield acceptable system performance. In
embodiments, some quantities may be estimated or approximated in certain steps of the
assembly process.

[00155] In an exemplary assembly algorithm for “fixed-tuned” system modules
and resonators, the conducting loops of the magnetic resonators may be characterized in their
likely operating environment. The conducting loops may be preferably placed in positions
that are as close to the target operating positions and environments as possible. The circuit
boards, enclosures and the like, which may be placed next to or around the conducting loops
during operation, may preferably be placed in the same positions with respect to the
conducting loops during measurements and characterization. Alternatively, components,
circuit boards, enclosures and the like or components that mimic the effects of the
components, circuit boards and/or enclosures that are normally expected to be part of the

environment of the wireless energy transfer system may be placed near the conducting loops
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during measurements. The conducting loops of different resonators in the system may be
preferably separated by the operating distance and/or positioned in the target operating
orientation. In embodiments, if the resonators of the wireless power transfer system are
perturbed by their environment, the resonator properties may be measured in that perturbing
environment.

[00156] In the exemplary embodiment described here, the inductance, L, and
resistance, R, of a conducting loop to be used in a resonator of a wireless power transfer
system, may be measured using a network analyzer as shown in Figure 15A, while the
conducting loops of other resonators in the system are open-circuited. The inductance and
resistance of other conducting loops to be used in resonators of the wireless power system,
may be measured using a network analyzer as shown in Figure 15A, in a similar manner (i.e.
while the conducting loops of the other resonators in the system are open-circuited).

[00157] In embodiments, a capacitance C may be connected to a conducting loop
as depicted in Fig. 15B. The conducting loop forms an inductor and may comprise an air
core, a magnetic material core, a magnetic material structure or a combination of air and
magnetic materials. In embodiments, magnetic material cores and/or structures may be
hollow and may enclose other materials, objects, and/or circuits. The capacitance value of C
may be chosen to cancel the imaginary part of the measured impedance of the conducting
loop at the targeted resonant and/or operating frequency. Estimates for the capacitance value
of C that achieves the desired operating frequency, f, may be calculated based on the
measured inductance of the conducting loop, L, and the desired operating frequency, f,
according to:

1 1
C=—r= 2
w?’L  (2nf)?L

where the angular operating frequency, o=2nf.

[00158] In embodiments, if the capacitance of C is well known, the operating
frequency of this LC resonator should also be well known, and further characterization of the
resonator my not be necessary. In embodiments, the resonant frequency of a resonator can be
experimentally verified by measuring the imaginary impedance of the loop/C combination
and determining that the imaginary impedance is approximately zero at the target operating
frequency. In embodiments, the inductance of the conducting loop and/or the capacitance of
C, may be changed in order to make the imaginary impedance of the inductor/capacitor

combination close to zero. Note that the inductor/capacitor imaginary impedance may not be
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perfectly cancelled (i.e. 0 Q). In embodiments, imaginary impedances of approximately 1 €,
or approximately 2 Q, or approximately 5 Q, may be sufficient. In fixed tuned embodiments,
the values of L and C may not be tuned while the wireless power module is operating.

[00159] In embodiments, C may comprise one capacitor or multiple capacitors
configured to have an equivalent capacitance of C. In embodiments, C may comprise at least
one capacitor and at least one inductor configured to have an equivalent capacitance of C. C
may be a variable capacitance. C may be a continuously variable capacitance or it may be a
discretely variable capacitance, such as may be realized using a switchable capacitor bank or
switchable component bank comprising capacitors and inductors. In embodiments, C may
comprise any circuit elements including switches, inductors, splitters, and the like that may
be used to realize an effective capacitance of C. In embodiments, C may have a high Q. In
embodiments, C may have a low ESR (effective series resistance). In embodiments C may
have a Q> 500. In embodiments, C may have a Q>1000. In embodiments, the conducting
loop inductor may be any variety of inductor including, but not limited to, inductor
arrangements discussed in this and previous specifications.

[00160] In embodiments, a magnetic resonator comprising an inductance and
capacitance as described above may be characterized using a separate measurement coil
connected to the network analyzer or any appropriate impedance analyzing equipment, and
the parameters of the magnetic resonator may be measured with the network analyzer using
signals induced in the separate measurement coil. The separate measurement coil may be any
conductor forming a loop or loops and may be small enough that, when it is brought close to
one of the resonators being assembled into the wireless power system, it does not efficiently
couple to other conducting loops and/or resonators of the wireless power system.

[00161] The measurement coil may be connected to the network analyzer and may
be brought close enough to inductively couple to a conducting loop-capacitor combination as
depicted schematically in Fig 16A. In embodiments, the conducting loop and parallel
capacitance, C, may be assembled in a closed circuit as shown in Fig. 16A. The real part of
the measured impedance for this arrangement may be plotted on the network analyzer and
may exhibit a peak in the vicinity of the operating frequency, f. In an exemplary step of the
assembly algorithm, the value of C may be adjusted until the frequency at which the real part
of the measured impedance peaks is at the target operating frequency, f, or is determined to
be close enough to the target operating frequency, f. How accurately C needs to be adjusted

will be application dependent.
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[00162] The frequency width of this peaked impedance measurement plot,
measured where the amplitude of the impedance is half the value of the peak impedance, may
be referred to as the Full Width at Half Maximum of the peak (FWHM). Some network
analyzers and other impedance measurement equipment may automatically measure,
compute, and report this quantity directly. In some embodiments, the impedance data as a
function of frequency may be downloaded from the network analyzer and mathematical
fitting routines may be used to determine the exact shape of the impedance function and may
yield extremely accurate measures of the impedance function’s frequency FWHM. In
embodiments, the frequency width of the impedance function may be estimated to speed up
assembly time or to reduce the complexity of the assembly process. The measured values of
the width of the impedance function may be used to calculate loss rates for certain
components in the wireless energy transfer system.

[00163] In embodiments, the loss rate of high-Q magnetic resonators may be
determined using a network analyzer and a separate measurement coil. In embodiments, the
FWHM of the impedance function measured by a separate measurement coil inductively
coupled to a resonator may yield an accurate measure of the resonator loss or resistance, R.

R=2xL* FWHM

'=xn-FWHM
Note that I" is the resonance width of the resonator. If the resonator has been characterized in
its operating environment, including surrounding lossy and metallic objects, this measured

resonance width is the perturbed resonance width of the resonator. The perturbed Q of the

resonator, Qc,), may then be determined from the equation, Q) = %L.

[00164] The measurement procedure described in the previous paragraphs may be
performed for any number of magnetic resonators designed for use in a wireless energy
transfer system. In an exemplary embodiment, the measurement procedure on each
conducting loop may be performed while all other conducting loops are open-circuited and
such that the peak in the real part of the measured impedance occurs at similar frequencies.
As with other steps, the frequencies should be close enough to support efficient system
operation. Variability in component values, assembly techniques, and system specifications
may influence the range of acceptable peak frequency values. How accurately components
need to be adjusted will be application dependent.

[00165] In fixed tuned system embodiments, it may be desireable to characterize

the modules and/or sub-assemblies, and or resonators of the source, device and repeater
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modules in a like operating scenario in order to choose the fixed tuned components that may
yield the best overall system performance. The definition of best performance may be
application dependent, but may include considerations of operating range, distance,
efficiency, power level, field level, module cost, module size, module complexity, and the
like.

[00166] In an exemplary step of an exemplary assembly algorithm for fixed tuned
wireless power transfer systems, the coupling between two magnetic resonators may be
determined experimentally. In an exemplary method for determing the coupling between two
resonators, a separate measurement coil may be attached to the network analyzer and brought
close to a first resonator that is wirelessly coupled to a second resonator as shown in Fig. 17.
The measurement coil should be placed in such a position as to couple effectively to the first
resonator and not to the second resonator. In an exemplary embodiment, the first resonator
may be a source resonator of a wireless power transfer system and the second resonator may
be a device resonator of the wireless power transfer system and the resonator parameters may

(194
S

be identified mathematically by subscripts “s” and “d” respectively. Note that the procedures
and calculations presented throughout this specification are general to magnetic resonators
and that designations of source, device and repeater are not meant to be restrictive, but rather
illustrative. Substitutions of other subscripts and/or descriptions of other resonators,
additional resonators, and the like, should not be considered as departing from the teachings
herein.

[00167] The real part of the measured impedance of the first resonator may be
measured and plotted on the network analyzer. The measured impedance may exhibit two
peaks, and the frequencies of those peaks may be on either side of the operating frequency, f.
The difference between the peak frequencies may be referred to as a Frequency Splitting
parameter FS. This frequency splitting parameter may be used to estimate the coupling factor,

k, and/or the coupling rate, K, between the resonators in their nominal operating arrangement.

By defining the parameter D, D =27-FS | the coupling factor k, along with other measured

and or calculated quantities I's and I'y may be used to calculate an estimated Figure-of-Merit,

U, of the system according to the following formulae:

4

+D*

2
d

(rs+rd)2+02/2+(rs+rd)\/(rs+rd)2+f

b= 2
2r.+2r.r,)

U=~u-1.
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[00168] Insome embodiments, the frequency-dependent impedance data may be
downloaded from the network analyzer and mathematical fitting routines may be used to
determine the shape of the impedance function, the appropriate measure of that function’s
frequency splitting and the associated estimates of k and U. In some embodiments, if the
coupling factor k is relatively large, it may not be accurately determined using the equation
above and other measurement techniques may be preferably used to determine k.

[00169] Then the estimated wireless efficiency, 1, of the energy transfer between

source and device conducting loop/C combinations is

[00170] 7= [Lj
1+

N1+ U?

[00171] In embodiments of fixed tuned wireless power transfer systems, module
assemblies comprising the magnetic resonators may require additional components be added
to the module to achieve impedance matching between power sources and power loads of the
wireless power system for example. In embodiments, target impedances may be chosen for
source and device resonators to optimize system performance at certain resonator
arrangements and for certain power loads. In embodiments, the target impedances may be
chosen to obtain specified system performance over specified system ranges, such as ranges
of resonator separations, offsets, orientations, and the like, and/or ranges of power loads. In
embodiments, the target impedances may be chosen to minimize the required energy stored in
the magnetic resonators or they may be chosen to optimize the end-to-end power delivery of
the system or they may be chosen based on some other desired system feature or
characteristic. In embodiments, the target impedances may be chosen to optimize system
performance for system modules comprising full-bridge power components (e.g. amplifiers,
rectifiers) and/or modules comprising half-bridge components.The inventors have discovered
that despite how the target impedances are determined, accurate source and device modules
for efficient wireless power transfer systems can be achieved using the following exemplary
steps.

[00172] An exemplary step in a module assembly and/or characterization process
may include determining target impedances seen by the power source and power load of a
wireless power transfer system.

[00173] In an exemplary embodiment for a full bridge , the target impedances for

source and device resonators, Zos and Zyg, may be calculated using the following equations:

Pg = B / 77 / (UEZECtronics)
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Zy, =Vaope! B,*¥8/ 7

Zoy =Vienc /| B*8/ 7°
where P, is the necessary power to be supplied from the power generator, P is the desired
power to be delivered to the load, Neecwonics 1 the estimated efficiency of the electronics in the
system (e.g. amplifier, rectifier, etc.), Vamp.nc 18 the DC bus voltage of the amplifier, and
Ve pe 18 the target DC voltage at the output of the rectifier, which may typically be designed
to be less than the maximum voltage rating for the device electronics following the rectifier.

[00174] Another way to describe the impedance matching is to note that for this
exemplary embodiment of a system comprising a source module and a device module, full
impedance matching may be obtained (both at the source and the device), when the effective

resistance of the source conducting loop (namely the actual resistance of the source loop R,

plus the reflected impedance from the device Ryw) 18 Rgopp = Ry fl + U? and, similarly, the

effective resistance of the device loop is Ry err = Ry fl + U?, where R, is the actual

resistance of the device loop. Therefore, in an exemplary embodiment, a temporary source
matching resistance Rqy, and a temporary device matching resistance, R4m, may be calculated

using:

R, =RW1+U?-1)
R, =R ,(N1+U*-1)

[00175] In an exemplary embodiment, fixed tuned wircless power modules may
comprise impedance matching networks, IMNs, as described above. Figures 18 shows two
exemplary implementations for impedance matched resonator designs, referred to in this
example as a Type 1 arrangement and a Type 2 arrangement. Although we will discuss this
exemplary embodiment, this application, along with other previous applications, describe
systems comprising more than two resonators and with resonator circuit designs other than
those referred to here as Type 1 and Type 2. It is to be understood that the methods and
techniques described here could be extended to the other systems and resonators described
previously.

[00176] The above measured and calculated values of conducting loop inductance

and effective resistance, and the calculated values of the target impedance for the source and
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device resonators may be used to specify the appropriate C2/C3 or C2/L3 values for the
source and device modules.

[00177] In embodiments, the following equations may be used to determine the C2
and C3 values of the source for a Type 1 arrangement:

oL ~JQAF*LY R, Z,) - R, (1= R, ] Z,)
a) =
2 Qrf*L) +R,,’

(Rs eff /ZOS)wCZS
wC3s = .
1 - (27Tf * Ls )a)CZS - (Rs,eﬁ / ZOS)

[00178] In embodiments, the following equations may be used to determine the C2

and L3 values of the source for a Type 2 arrangement:

2 ¥ L AQAf*LY (R, | Zo)— R, (1= R, | Z,,)

oC,, . >
2z f*L)) +Rs’eff
L 1_(2ﬂf*Ls)wC23 _(Rs,eﬁ /ZOS)
oL, =-—
> (Rs,eﬁ /ZOS)wCZS

[00179] In embodiments where actual circuit component values are known prior to
module assembly, the calculated values for C2/C3 or C2/L3 may be selected and placed on a
circuit board or in an enclosure of the module and the performance of the moduled may be
known or predictable.

[00180] In embodiments where actual circuit component values are not well
known, or may be within a relatively large range of values, module performance may not be
known, guaranteed, predictable, acceptable, and the like without additional module assembly
steps comprise some characterization of circuit and/or component values, circuit operation,
and the like. In an exemplary assembly step, parameters may be measured as the modules are
being assembled to ensure that the deployed “fixed” component values are close enough to
the as-designed values to ensure adequate system performance.

[00181] In embodiments, an assembly method may include temporarily connecting

a matching resistor R, R, in series with a conducting loop as shown in Fig. 19. If this

assembly step is being performed in the presence of other resonators and/or conducting loops
of the wireless power system, all other conducting loops may preferably be open-circuited.
Note that this step may be performed without any of the other expected wireless power
modules in the vicinity of the module being assembled. The effects of these other expected

modules of the wireless power system are captured in the calculated temporary matching

47



WO 2013/013235 PCT/US2012/047844
EFS Web WTCY-0034-PWO

resistance determined for this module assembly example. In embodiments, this step and/or
additional steps may comprise adding, removing, adjusting, and the like, inductances,
capacitances, switch parameters, and the like, to achieve target module parameters that may
include but are not limited to input impedance, output impedance, frequency and the like.

[00182] In another step of an exemplary assembly algorithm, the method may
further require adjusting the capacitance value of the inserted capacitance to be close to the
calculated value C2;. The capacitance value of the inserted capacitance may be characterized
by connecting the circuit as shown in Fig. 19 to a network analyzer set to the target operating
frequency of the system. If the real part of the measured impedance is not close enough to the
calculated impedance Zs, the value of C2; may be adjusted to get as close to the calculated
value as practically possible or as determined is adequate for system performance.

[00183] Ifusinga Type 1 arrangement, the imaginary part of the measured
impedance value should be positive. If it is negative, then C2; may be reduced until the real
part of the impedance is as close to the calculated impedance as practically possible and the
imaginary part of the measured impedance is positive. If using a Type 2 arrangement, the
imaginary part of the measured impedance value should be negative. Ifit is positive, then
C2s may be increased until the real part of the impedance is as close to the calculated
impedance as practically possible and the imaginary part of the measured impedance is
negative.

[00184] For a Type 1 arrangement, the calculated value of capacitance C3 may be
added in series with the loop as shown in Fig. 20. For a Type 2 arrangement the calculated
value of inductance 1.3 may be added in series with the loop as shown in Fig. 21. These
circuits may then be attached to the network analyzer and the values of C3 or L3 may be
adjusted to get the imaginary part of the measured impedance as close as practically possible
to zero Ohms (or any other value that may be desired, for example, for a class D or class E
amplifier or rectifier).

[00185] When the measured impedance is close to (for example, within 20%, 10%,
5% or 1% or whatever value is necessary for acceptable performance) the calculated target
impedance Zo, the temporary matching resistor from the source loop may be disconnected
and/or removed from the circuit. Another exemplary step of the assembly process may
comprise attaching the assembled Type 1 or Type 2 circuit to an amplifier of a wireless

power source module.
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[00186] With the source loop open-circuited the procedure for adjusting and adding
C2, C3 or L3 may be performed for the device side. The same formulas as above (with index
d instead of s) can be used to estimate the components required also for the device resonator
for a Type 1 (C2/C3) or Type 2 (C2/L3) arrangement.

[00187] In embodiments where modules are assembled using components with
well-known values, it may not be necessary to characterize the circuit assembly as is is being
assembled. In embodiments, exemplary module assembly may include a step comprising
adding a temporary matching resistance to a conducting loop of a magnetic resonator and
using an impedance measurement as a verification step and/or as part of an accept/reject
sequence for quality control.

[00188] Although the exemplary assembly method was described for a system of
two resonators, the same procedure may be followed for a system using any number of
resonators and/or modules. In the system each resonator and/or its associated electronics may
be independently tuned and its components adjusted. Note that the equations used to
calculate the circuit parameters of the components in the modules may be altered to describe
different amplifier architectures, rectification schemes, resonator circuit arrangements, and
the like.

[00189] Note that while certain steps have been described for assembling
resonators and modules, other algorithms that use only some of these steps, or that change the
order of the steps, are within the scope of this invention. Note that the equations used to
calculate the component values used to assemble the resonators and/or modules may be
changed without departing from the scope and intent of the methods, measurements and
algorithms described herein. Note too that in some cases, equations and techniques may
provide estimates of values and system parameters. In cases where we have described steps
that are implemented to change a certain impedance or resistance, terms such as close to 0
ohms may mean values of 1 ohm, 2 ohms or 5 ohms, or anything in between. Similarly,
values of k, Q, U, n, voltages, and the like, may be estimates or approximations without
departing from the scope and intent of this disclosure.

[00190] While the invention has been described in connection with certain
preferred embodiments, other embodiments will be understood by one of ordinary skill in the
art and are intended to fall within the scope of this disclosure, which is to be interpreted in the

broadest sense allowable by law.
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[00191] All documents referenced herein are hereby incorporated by reference in

their entirety as if fully set forth herein.
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What is claimed is:

1. A method comprising:
providing a wireless power module comprising at least one magnetic resonator
and a power source, each of the at least one magnetic resonator having

an inductive loop;

determining a target impedance for the at least one magnetic resonator;

connecting a temporary matching resistor in series with the inductive loop of

the at least one magnetic resonator;

connecting at least one additional electrical component to the temporary

matching resistor to form combined components; and

adjusting a component value of at least one of the at least one additional
electrical component until an actual impedance of the combined

components is within a predetermined range of the target impedance.

2. The method of claim 1, wherein adjusting the component value comprises adjusting
the component value of at least one of the at least one additional electrical
components until the actual impedance of the combined components is within

approximately 20% of the target impedance.

3. The method of claim 1, wherein adjusting the component value comprises adjusting
the component value of at least one of the at least one additional electrical
components until the actual impedance of the combined components is within

approximately 10% of the target impedance.

4. The method of claim 1, further comprising choosing the temporary matching resistor

to simulate the loading of at least one additional resonator.

51



WO 2013/013235 PCT/US2012/047844
EFS Web WTCY-0034-PWO

5. The method of claim 1, wherein the temporary matching resistor is connected to the

resonator inductive loop using fuses.

6. The method of claim 1, wherein the temporary matching resistor is connected to the

inductive loop of the at least one resonator using jumpers.

7. The method of claim 1, further comprising removing the matching temporary

matching resistor and shorting the connection.

8. The method of claim 1, further comprising shorting each of two terminals of the

temporary matching resistor.

9. The method of claim 1, further comprising attaching the inductive loop of at least one
magnetic resonator and at least one of the at least one additional electrical

components to a power source.

10. The method of claim 9, where the power source comprises a full-bridge amplifier.

11. The method of claim 9, where the power source comprises a half-bridge amplifier.

12. The method of claim 1, further comprising attaching the inductive loop of at least one
magnetic resonator and at least one of the at least one additional electrical

components to a power load.

13. The method of claim 12, where the power load comprises a full-bridge rectifier.

14. The method of claim 12, where the power load comprises a half-bridge rectifier.

15. A method comprising:

providing a resonator having an inductive loop and at least one circuit

clement;
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determining a target impedance of the resonator;

connecting a temporary resistor in series with the inductive loop, the
temporary resistor chosen to simulate the loading of at least one additional

resonator; and

adjusting the at least one circuit element until an actual impedance of the

resonator is substantially equivalent to the target impedance.

16. The method of claim 15, wherein adjusting the at least one circuit element comprises
adjusting the at least one circuit element until the actual impedance of the resonator is

within approximately 20% of the target impedance.
17. The method of claim 15, wherein adjusting the at least one circuit element comprises

adjusting the at least one circuit element until the actual impedance of the resonator is

within approximately 10% of the target impedance.
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