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WIRELESS ENERGY TRANSFER FOR RECHARGEABLE BATTERIES

CLAIM OF PRIORITY

[0001] This application claims the benefit of U.S. patent application Serial No.

13/534,966 filed June 27, 2012; U.S. patent application Serial No. 13/536,435 filed June 28,

2012; and U.S. patent application Serial No. 13/544,688 filed July 9, 2012, all of which are

hereby incorporated by reference in their entirety.

BACKGROUND

[0002] Field:

[0003] This disclosure relates to wireless energy transfer to batteries and

apparatus to accomplish such transfer.

[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 13/283,81 1 published on October 4, 2012 as 2012/0248981 and entitled "Multi-

Resonator Wireless Energy Transfer for Lighting," the contents of which are incorporated by

reference.

[0006] Resonators and electronics may be integrated or located next to batteries

enabling wireless energy transfer to the batteries allowing wireless charging of the battery

packs. With the addition of resonators and control circuitry, batteries and battery packs may

wirelessly capture energy from a source and recharge without having to be precisely

positioned in a charger. The wireless batteries and battery packs may be wirelessly recharged

inside the host device from an external wireless power source without requiring that the

device be physically plugged into an external energy supply.

[0007] However, resonators placed next to, near, or in close proximity to each

other may interact or affect each other's parameters, characteristics, wireless energy transfer



performance, and the like. When two or more batteries enabled for wireless energy transfer

are placed near one another the resonators of each battery may interact reducing or affecting

each batteries' ability to receive wireless energy. In a large number of devices batteries are

placed in compartments that position batteries in close proximity to one another. In such

devices, without special consideration the wireless enabled batteries may not be able to

receive sufficient energy due to the perturbations on the resonators from other batteries.

[0008] Further, 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 13/283,81 1 published on October 4, 2012 as 2012/0248981 and entitled

"Multi-Resonator Wireless Energy Transfer for Lighting," and U.S. patent application

13/534,966 published on as and entitled "Wireless Energy Transfer for

Rechargeable Batteries," the contents of which are incorporated by reference.

[0009] As advanced mobile communication, computing, and sensing devices

become more essential, the burden of carrying, operating, and maintaining multiple batteries,

fuel cells, and the like, increases. In both civilian and military scenarios, people are often

required to carry and operate multiple electronic devices. One or more devices such as

headlamps, portable computers, global positioning system devices (GPS), sensors, cameras,

radios, flashlights, and the like may all be carried by a person. Each electronic device may

require an energy source such as batteries, fuel cells, and the like to provide energy to each or

a group of the devices. Large numbers of devices may mean a large number of batteries that

may require management and/or monitoring by the user.

[0010] In systems where each device has its own energy source, i.e. batteries, the

stored energy may be underutilized and may lead to significant or unnecessary extra weight

that may need to be carried by the user. With each device or a group of devices having a

separate energy source, the energy storage of each device may need to be large enough to

power the device in the worst or maximum usage scenario, even if the device is typically

used infrequently. As a result in many use scenarios, the user will be underutilizing the

carried energy and perhaps carrying too much battery or stored energy capacity.



[0011] The underutilization of carried energy may be problematic for weight

sensitive devices and applications. Underutilization of energy for a device attached to a

helmet, for example, may mean a significant weight penalty that a user has to tolerate on their

head. In many applications it is desirable to reduce or eliminate the weight attached to a

person's head area since it may cause user discomfort, fatigue, or neck problems.

[0012] One way to reduce the burden of multiple batteries and improve their

utilization is to use wearable battery packs and/or central energy generators that can provide

power to various peripheral devices that are attached to or carried by a person. With one or

several central batteries the potable energy may be shared and distributed to the devices that

need the power. However, such devices may be tethered to the person's battery pack with

cables. For devices such as headlamp, microphones, night vision goggles, and the like, that

are carried on a person's head or helmet, the cables may be uncomfortable, limit movement,

pose a safety risk (since cables may get snagged or caught on objects and obstacles), and

reduce the reliability of the system.

[0013] Thus what is needed is a wirelessly enabled battery that may be positioned

in close proximity to other wirelessly enabled batteries and a better way for energy

distribution for person worn peripheral devices.

SUMMARY

[0014] A wireless energy transfer enabled battery includes a resonator. In one

aspect the resonator is positioned asymmetrically in a battery sized enclosure such that when

two wirelessly enabled batteries are placed in close proximity the resonators of the two

batteries have low coupling.

[0015] In another aspect the battery enclosure may be shaped as a standard sized

battery such as a AA, AAA, D and the like.

[0016] In yet another aspect the battery may include a rechargeable battery inside

the battery sized package that may be recharged by the energy captured by the resonator. The

resonator may be formed on a flexible substrate that wraps around the battery.

[0017] In an assembly of at least two resonator coils the resonator coils may be

positioned to have week coupling between one another. The resonators coils may be

integrated into separate battery structures and may be configured to receive energy

wirelessly. In one specific aspect the resonators may have a quality factor Q of 100 or more.



[0018] In one specific aspect a wireless enabled battery may include a cylindrical

battery sized enclosure having a first end and a second end with a positive terminal on the

first end and the negative terminal on the second end. The wireless battery may include a

resonator that forms loops that are coaxial with the cylindrical battery enclosure. The

resonator is positioned asymmetrically in the enclosure such that the resonator has weak

coupling to another resonator of another battery when the other battery is in near proximity

with opposite orientation.

[0019] Wireless energy transfer can enable such peripheral devices to be powered

from a wearable battery pack or portable power generator, without the safety and ergonomic

drawbacks of multiple wired connections that tether the mobile electronic devices, such as a

head worn device or helmet to the user.

[0020] In one aspect, a system for wireless energy transfer includes a person worn

central energy source. The energy source may be used to provide power to one or more

wireless power source resonators that generate an oscillating magnetic field. The oscillating

magnetic field may be used to transfer energy wirelessly to wireless power repeaters and/or

devices worn by a person or carried by a person. The energy source may be a rechargeable

battery. To generate electricity from the oscillating magnetic fields the system may include

one or more device resonators that are configured to interact with the oscillating magnetic

fields and generate an electric current. The device resonator may be helmet mounted and the

source resonator may be mounted on the person's body.

[0021] In another aspect the power output or the frequency of the person worn

source resonators may be adjusted depending on the type of tissue that is in proximity or

interacts with the magnetic fields of the source resonator. The system may further include

field shaping structures comprising magnetic materials and/or conducting materials, to reduce

the interaction of the magnetic fields with the person's tissue and body parts.

[0022] In another aspect a person worn wireless energy transfer system may

include a rechargeable battery and a source resonator configured to receive electrical energy

from the battery and generate an oscillating magnetic field. A device resonator configured

and positioned to interact with the oscillating magnetic fields may be positioned or attached

to a person's helmet to transfer energy wirelessly to electronic devices mounted to the helmet

or near the helmet from the rechargeable battery which may be worn near or on the torso of

the person. The system may include more than one source resonator and a controller that

may selectively energized each of the source resonators. The source resonators may be

spaced or positioned to enable wireless energy transfer from the body of a person to the



device resonator on the helmet even if the person moves, rotates, or tilts their head. The

source resonators that provide the best coupling to the device resonator on the helmet may be

energized depending on the rotation of the helmet. In another aspect the system may include

more than one device resonator, the resonators may be positioned such that at least one

resonator has good coupling to the source resonator despite any head rotations of the person

wearing the helmet.

[0023] There is disclosed herein a non-radiative or near-field wireless energy

transfer scheme that is capable of transmitting useful amounts of power over mid-range

distances and alignment offsets. This inventive technique uses coupled electromagnetic

resonators with long-lived oscillatory resonant modes to transfer power from a power supply

to a power drain. The technique is general and may be applied to a wide range of resonators,

even where the specific examples disclosed herein relate to electromagnetic resonators. If the

resonators are designed such that the energy stored by the electric field is primarily confined

within the structure and that the energy stored by the magnetic field is primarily in the region

surrounding the resonator. Then, the energy exchange is mediated primarily by the resonant

magnetic near- field. These types of resonators may be referred to as magnetic resonators. If

the resonators are designed such that the energy stored by the magnetic field is primarily

confined within the structure and that the energy stored by the electric field is primarily in the

region surrounding the resonator. Then, the energy exchange is mediated primarily by the

resonant electric near-field. These types of resonators may be referred to as electric

resonators. Either type of resonator may also be referred to as an electromagnetic resonator.

Both types of resonators are disclosed herein.

[0024] The omni-directional but stationary (non-lossy) nature of the near-fields of

the resonators we disclose enables efficient wireless energy transfer over mid-range

distances, over a wide range of directions and resonator orientations, suitable for charging,

powering, or simultaneously powering and charging a variety of electronic devices. As a

result, a system may have a wide variety of possible applications where a first resonator,

connected to a power source, is in one location, and a second resonator, potentially connected

to electrical/electronic devices, batteries, powering or charging circuits, and the like, is at a

second location, and where the distance from the first resonator to the second resonator is on

the order of centimeters to meters. For example, a first resonator connected to the wired

electricity grid could be placed on the ceiling of a room, while other resonators connected to

devices, such as robots, vehicles, computers, communication devices, medical devices, and

the like, move about within the room, and where these devices are constantly or intermittently



receiving power wirelessly from the source resonator. From this one example, one can

imagine many applications where the systems and methods disclosed herein could provide

wireless power across mid-range distances, including consumer electronics, industrial

applications, infrastructure power and lighting, transportation vehicles, electronic games,

military applications, and the like.

[0025] Energy exchange between two electromagnetic resonators can be

optimized when the resonators are tuned to substantially the same frequency and when the

losses in the system are minimal. Wireless energy transfer systems may be designed so that

the "coupling-time" between resonators is much shorter than the resonators' "loss-times".

Therefore, the systems and methods described herein may utilize high quality factor (high- Q

) resonators with low intrinsic-loss rates. In addition, the systems and methods described

herein may use sub-wavelength resonators with near-fields that extend significantly longer

than the characteristic sizes of the resonators, so that the near-fields of the resonators that

exchange energy overlap at mid-range distances. This is a regime of operation that has not

been practiced before and that differs significantly from traditional induction designs.

[0026] It is important to appreciate the difference between the high- magnetic

resonator scheme disclosed here and the known close-range or proximity inductive schemes,

namely, that those known schemes do not conventionally utilize high- Q resonators. Using

coupled-mode theory (CMT), (see, for example, Waves and Fields in Optoelectronics, H.A.

Haus, Prentice Hall, 1984), one may show that a high- Q resonator-coupling mechanism can

enable orders of magnitude more efficient power delivery between resonators spaced by mid-

range distances than is enabled by traditional inductive schemes. Coupled high-^ resonators

have demonstrated efficient energy transfer over mid-range distances and improved

efficiencies and offset tolerances in short range energy transfer applications.

[0027] The systems and methods described herein may provide for near-field

wireless energy transfer via strongly coupled high- resonators, a technique with the

potential to transfer power levels from picowatts to kilowatts, safely, and over distances

much larger than have been achieved using traditional induction techniques. Efficient energy

transfer may be realized for a variety of general systems of strongly coupled resonators, such

as systems of strongly coupled acoustic resonators, nuclear resonators, mechanical

resonators, and the like, as originally described by researchers at M.I.T. in their publications,

"Efficient wireless non-radiative mid-range energy transfer", Annals of Physics, vol. 323,



Issue 1, p . 34 (2008) and "Wireless Power Transfer via Strongly Coupled Magnetic

Resonances", Science, vol. 317, no. 5834, p . 83, (2007). Disclosed herein are electromagnetic

resonators and systems of coupled electromagnetic resonators, also referred to more

specifically as coupled magnetic resonators and coupled electric resonators, with operating

frequencies below 10 GHz.

[0028] This disclosure describes wireless energy transfer technologies, also

referred to as wireless power transmission technologies. Throughout this disclosure, we may

use the terms wireless energy transfer, wireless power transfer, wireless power transmission,

and the like, interchangeably. We may refer to supplying energy or power from a source, an

AC or DC source, a battery, a source resonator, a power supply, a generator, a solar panel,

and thermal collector, and the like, to a device, a remote device, to multiple remote devices,

to a device resonator or resonators, and the like. We may describe intermediate resonators

that extend the range of the wireless energy transfer system by allowing energy to hop,

transfer through, be temporarily stored, be partially dissipated, or for the transfer to be

mediated in any way, from a source resonator to any combination of other device and

intermediate resonators, so that energy transfer networks, or strings, or extended paths may

be realized. Device resonators may receive energy from a source resonator, convert a portion

of that energy to electric power for powering or charging a device, and simultaneously pass a

portion of the received energy onto other device or mobile device resonators. Energy may be

transferred from a source resonator to multiple device resonators, significantly extending the

distance over which energy may be wirelessly transferred. The wireless power transmission

systems may be implemented using a variety of system architectures and resonator designs.

The systems may include a single source or multiple sources transmitting power to a single

device or multiple devices. The resonators may be designed to be source or device resonators,

or they may be designed to be repeaters. In some cases, a resonator may be a device and

source resonator simultaneously, or it may be switched from operating as a source to

operating as a device or a repeater. One skilled in the art will understand that a variety of

system architectures may be supported by the wide range of resonator designs and

functionalities described in this application.

[0029] In the wireless energy transfer systems we describe, remote devices may

be powered directly, using the wirelessly supplied power or energy, or the devices may be

coupled to an energy storage unit such as a battery, a super-capacitor, an ultra-capacitor, or

the like (or other kind of power drain), where the energy storage unit may be charged or r e

charged wirelessly, and/or where the wireless power transfer mechanism is simply



supplementary to the main power source of the device. The devices may be powered by

hybrid battery/energy storage devices such as batteries with integrated storage capacitors and

the like. Furthermore, novel battery and energy storage devices may be designed to take

advantage of the operational improvements enabled by wireless power transmission systems.

[0030] Other power management scenarios include using wirelessly supplied

power to recharge batteries or charge energy storage units while the devices they power are

turned off, in an idle state, in a sleep mode, and the like. Batteries or energy storage units may

be charged or recharged at high (fast) or low (slow) rates. Batteries or energy storage units

may be trickle charged or float charged. Multiple devices may be charged or powered

simultaneously in parallel or power delivery to multiple devices may be serialized such that

one or more devices receive power for a period of time after which other power delivery is

switched to other devices. 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 wireless power sources. It would be understood by one of ordinary skill in the art

that there are a variety of ways to power and/or charge devices, and the variety of ways could

be applied to the technologies and applications described herein.

[0031] Wireless energy transfer has a variety of possible applications including

for example, placing a source (e.g. one connected to the wired electricity grid) on the ceiling,

under the floor, or in the walls of a room, while devices such as robots, vehicles, computers,

PDAs or similar are placed or move freely within the room. Other applications may include

powering or recharging electric-engine vehicles, such as buses and/or hybrid cars and

medical devices, such as wearable or implantable devices. Additional example applications

include the ability to power or recharge autonomous electronics (e.g. laptops, cell-phones,

portable music players, house-hold robots, GPS navigation systems, displays, etc), sensors,

industrial and manufacturing equipment, medical devices and monitors, home appliances and

tools (e.g. lights, fans, drills, saws, heaters, displays, televisions, counter-top appliances, etc.),

military devices, heated or illuminated clothing, communications and navigation equipment,

including equipment built into vehicles, clothing and protective-wear such as helmets, body

armor and vests, and the like, and the ability to transmit power to physically isolated devices



such as to implanted medical devices, to hidden, buried, implanted or embedded sensors or

tags, to and/or from roof-top solar panels to indoor distribution panels, and the like.

[0032] Throughout this disclosure we may refer to the certain circuit components

such as capacitors, inductors, resistors, diodes, switches and the like as circuit components or

elements. We may also refer to series and parallel combinations of these components as

elements, networks, topologies, circuits, and the like. We may describe combinations of

capacitors, diodes, varactors, transistors, and/or switches as adjustable impedance networks,

tuning networks, matching networks, adjusting elements, and the like. We may also refer to

"self-resonant" objects that have both capacitance, and 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.

BRIEF DESCRIPTION OF FIGURES

[0033] Figure 1 is an isometric view of two aligned resonator coils.

[0034] Figure 2 is an isometric view of two misaligned resonator coils.

[0035] Figure 3 is an isometric view of two resonator coils with orthogonal

orientations.

[0036] Figure 4 is an isometric view of two aligned planar resonator coils.

[0037] Figure 5 is an isometric view of two misaligned planar resonator coils.

[0038] Figure 6 is a cutaway view of a wirelessly enabled battery.

[0039] Figure 7 is a cutaway view of two wirelessly enabled batteries arranged in

an antiparallel configuration.

[0040] Figure 8 is a plot showing the coupling factor versus the vertical shift

between two resonator coils in two wirelessly enabled batteries in close proximity.

[0041] Figure 9 is a cutaway view of two wirelessly enabled batteries arranged in

a parallel configuration.

[0042] Figure 10 is a diagram of an embodiment of system for wireless energy

transfer to a helmet.



[0043] Figure 11A is a diagram showing vertically aligned dipole structures and

Figure 1IB is a diagram showing horizontally aligned dipole structures.

[0044] Figure 1 is a diagram of two resonators comprising a conductor wrapped

around a block of magnetic material.

[0045] Figure 13 is a diagram of an embodiment of a system for wireless energy

transfer to a helmet.

[0046] Figure 14 is a graph showing energy transfer efficiency as a function of

azimuth angle for a helmet wireless energy transfer system.

[0047] Figure 15 is a graph showing energy transfer efficiency as a function of

coil separation for a helmet wireless energy transfer system.

[0048] Figure 16 is a diagram of an embodiment of a system for wireless energy

transfer to a helmet using multiple source and device resonators.

[0049] Figure 1 is a diagram of an embodiment of a system for wireless energy

transfer to glasses using a shoulder mounted source resonator.

[0050] Figure 18 is a diagram showing relative source and device resonator

dimensions to allow lateral displacement or side to side positioning uncertainty of a vehicle.

[0051] Figure 19(a) is a resonator comprising a single block of magnetic material,

(b-d) are resonator comprising of multiple separate blocks of magnetic material.

[0052] Figure 20(a-c) is an isometric view of resonator configurations used for

comparison of wirelss power transfer characteristics between resonators comprising one and

more than one separate block of magnetic material.

[0053] Figure 1 is an isometric view of a resonator comprising four separate

blocks of magnetic material each wrapped with a conductor.

[0054] Figure 22(a) is a top view of a resonator comprising two blocks of

magnetic material with staggered conductor windings, (b) is a top view of a resonator

comprising two block of magnetic material shaped to decrease the spacing between them.

[0055] Figure 23 is a transparent view of an annular structure.

[0056] Figure 24 is a cut view of an annular structure.

[0057] Figure 25 is a perspective view of a structure.

[0058] Figure 26 is a perspective view of a device and source structure

positioning.

[0059] Figure 27(a)(b)(c) shows efficiency of annular structures during energy

transfer.

[0060] Figure 28 is a vehicle with annular resonator structures.



[0061] Figure 29 is a perspective view of a planar resonator with one conductor

winding.

[0062] Figure 30 is a cut away view of a planar resonator with one conductor

winding.

[0063] Figure 31 is a perspective view of a planar resonator with two conductor

windings.

[0064] Figure 32 is a cut away view of a planar resonator with two conductor

windings.

[0065] Figure 33A and C are diagrams showing the effects of minimum bend

bulge and Figs. 33B and D are diagrams showing vertical and angles routing of a conductor.

DETAILED DESCRIPTION

[0066] Wireless Battery Configurations

[0067] Resonators and electronics may be integrated or located next to batteries

enabling wireless energy transfer to the batteries allowing wireless charging of the battery

packs. With the addition of resonators and control circuitry, batteries and battery packs may

wirelessly capture energy from a source and recharge without having to be precisely

positioned in a charger. The wireless batteries and battery packs may be wirelessly recharged

inside the host device from an external wireless power source without requiring that the

device be physically plugged into an external energy supply.

[0068] Figure 6 shows one example of a wireless battery comprising a magnetic

resonator. The example battery comprises a resonator coil 606 wrapped around an optional

block of magnetic material 608. The block of magnetic material 608 may be hollow and may

house power and control circuitry (not shown) and optionally a rechargeable battery 604

which may be recharged by the energy captured by the magnetic resonator. The magnetic

resonator may comprise inductors and capacitors and may comprise a coiled inductive

element 606. In this example, the wireless battery is in the form factor 602 of a traditional

AA battery and may be placed into devices which normally accept a traditional AA battery.

The wireless AA battery may be charged from an external wireless energy source while in the

device. In embodiments the wireless AA battery may capture energy from an external

wireless energy source and deliver the power directly to the host device.

[0069] Wirelessly rechargeable batteries, such as the wireless AA battery shown

in Fig. 6 may be placed in devices in multiple configurations. Some devices may need only a



single battery while other devices may require two or more batteries which may be positioned

in close proximity. Resonators in wireless batteries may therefore be required to operate

individually or in close proximity to resonators in other batteries.

[0070] Resonators placed next to, near, or in close proximity to each other may

interact or affect each other's parameters, characteristics, wireless energy transfer

performance, and the like. Parameters such as inductance, resistance, capacitance, and the

like of the resonators and components of the power and control circuitry of the resonator may

be changed or affected when a resonator is placed in close proximity to another resonator.

The effects on parameters of resonators and their power and control circuitry may affect the

performance of the wireless energy transfer between the resonators in the wireless batteries

and the external wireless energy source.

[0071] For example when a resonator is placed in close proximity to another

resonator, the inductance of the resonator loop may be affected or perturbed. The change in

inductance may perturb or detune the resonant frequency of the resonator compared to if the

resonator was isolated or far away from any other resonator. Detuning of the resonant

frequencies of resonators transferring energy may reduce the efficiency of wireless energy

transfer. If the detuning of the frequencies is large enough, the efficiency of energy transfer

may be degraded and may decrease by 10% or 50% or more. Although a change in

inductance was used in this example, it should be clear to those skilled in the art that other

changes in parameters of the resonator due to proximity of other resonators may also affect

the performance of wireless energy transfer.

[0072] In applications where wireless batteries are placed in close proximity for

charging or powering devices, the proximity of resonators of neighboring batteries may affect

the parameters of the resonators, affecting their ability to receive energy from an external

wireless energy source (i.e. reducing the amount of power or efficiency of wireless energy

transfer). In embodiments it may be desirable to have a cluster or a number of resonators in

near proximity without impacting or minimally impacting the parameters of wireless energy

transfer to each of the individual resonators or to the resonator ensemble.

[0073] In some embodiments it may be desirable to have resonators operate and

transfer energy with similar parameters when a resonator is far away from other resonators or

other wireless batteries as when in close proximity with other resonators of other wireless

batteries. In the case of wireless batteries, for example, some devices may use only one

wireless battery while other devices may use two or more wireless batteries arranged in close

proximity. In embodiments it may be preferable if the same wireless battery could receive



energy from an external source with substantially the same performance and parameters when

a single battery is charged as when a cluster or a pack of batteries positioned in close

proximity are charged.

[0074] The inventors have discovered several methods and designs for

maintaining the parameters of wireless energy transfer when a wireless battery is charged

alone or in a group in close proximity with other wireless batteries. In some embodiments,

the wireless batteries may include an active tuning capability to maintain their parameters and

compensate for any perturbations that may be caused by other resonators in close proximity.

In other embodiments the resonators in wireless batteries may be statically tuned to

compensate for perturbations due to the resonators of other wireless batteries in close

proximity. In another embodiment, the resonators in the wireless batteries may be positioned

to reduce or minimize the perturbations on the resonators of neighboring batteries even when

they are in close proximity.

[0075] Reducing Effects of Perturbations with Static Resonator Tuning in

Wireless Batteries

[0076] In some embodiments, resonators and resonators assemblies may be

designed and tuned to function in close proximity to other resonators. Resonators or

resonator assemblies may be designed or tuned to have the desired parameters when in the

near proximity of other resonators. For example, resonators and resonator assemblies may be

designed and pre-tuned such that any perturbations due to the proximity of another resonator

perturbs the parameters of the pre-tuned resonator to the desired value and/or operating point.

In embodiments, a device resonator may be pre-tuned to have a resonant frequency that is

lower than a source resonator when it is by itself but that may increase to match the source

resonator frequency when another resonator of another wireless battery is brought close to the

device resonator. The parameters of a resonator may be pre-tuned such that the parameter

values are lower or higher than the desired or optimal parameters for energy transfer when

the resonator is not in close proximity to other resonators. The parameters of a resonator may

be pre-tuned such that a perturbation due to another resonator or another wireless battery in

close proximity changes the non-optimal parameters of the resonator to the desired

parameters and/or to optimal parameters.

[0077] Resonators in wireless batteries may be designed with a resonant

frequency that is lower or higher than the desired operating frequency. The lower or higher

frequency may be designed to differ from a desired operating frequency by the same amount

that a perturbation due to another resonator is expected to cause. A resonator designed with



an intrinsic resonant frequency may therefore reach a perturbed resonant frequency that is the

desired operating frequency for the wireless power system.

[0078] A cluster of wireless batteries, each with its resonator detuned from the

desired operating frequency when in isolation may be placed together in a pack or arranged in

close proximity. The perturbations caused by the resonators of other wireless batteries may

detune each resonator to the desired parameters for wireless energy transfer allowing each

resonator of each wireless battery to receive energy from an external source despite the

perturbation.

[0079] Static detuning of resonators, pre-tuning, or tuning of resonators to

compensate for some or any perturbations due to other resonators may be advantageous in

applications where the relative position and configuration of different resonators is fixed,

partially fixed, or relatively static. In an environment or application where the resonators and

resonator assemblies may be arranged or positioned in more than one configuration relative

to other resonators, the static tuning approach may result in non-constant characteristics of

performance since one configuration may perturb the resonator differently than another

configuration of resonators.

[0080] Reducing Effects of Perturbations with Active Resonator Tuning in

Wireless Batteries

[0081] In another embodiment, resonators and resonator assemblies may be

designed with an active tuning capability. In embodiments the resonator or resonator

assembly inside wireless batteries may include tunable components that may adjust the

parameters of the resonators and wireless energy transfer to maintain the parameters of

wireless energy transfer in the presence of perturbations. Tunable components may include

capacitors, inductors, amplifiers, resistors, switches, and the like, which may be continuously

or periodically adjusted to maintain one or more wireless energy transfer parameters. For

example, the resonant frequency of a resonator may be adjusted by changing the capacitance

coupled to the resonator coil. When the resonator's resonant frequency is perturbed from its

nominal value due to the presence of another resonator the resonant frequency may be

adjusted by adjusting the capacitor. Active tuning may be used to compensate for different

perturbations that may be caused by different orientations and positioning of the resonators.

[0082] In embodiments, active tuning of resonators in wireless batteries may

allow a wireless battery to have similar parameters when it is used as a single battery in a

device, as when in a cluster or pack of resonators wherein the parameters of the resonators

may be perturbed by other resonators of the wireless batteries.



[0083] Reducing Effects of Perturbations with Positioning in Wireless

Batteries

[0084] In embodiments resonators may be located in close proximity to one

another with minimal or acceptable effect on resonator parameters if the resonators are

designed and positioned to have weak coupling between each other. Resonators may be in

close proximity with weak coupling if the resonators are oriented and positioned within or

close to positions with low mutual inductance ("null spots") or areas with low magnetic field

amplitudes.

[0085] For example, consider two capacitively loaded loop resonators comprising

concentric loops of a conducting material as the inductive elements of the resonators. When

two such resonator loops are brought in close proximity in orientations and positions with

strong coupling they will have an effect on each other's parameters. For example, if the

resonator coils 102,104 are placed in close proximity and oriented coaxially as depicted in

Fig. 1, the presence of the other resonator may affect the inductance of the resonator coil and

may ultimately perturb its resonant frequency. However, resonator coils may be in close

proximity with decreased perturbations by positioning and orienting the resonators such that

they have weak coupling. For example, when the resonator coils 102, 104 are repositioned to

be off center from one another as depicted in Fig. 2, their coupling coefficient and the

strength of the perturbations may decrease. In another example, the two resonator coils may

be positioned orthogonally to one another to reduce coupling and/or perturbations as depicted

in Fig. 3 . Positioning the two resonators such that they have low coupling with one another

reduces the perturbations each resonator causes to the other. In the offset configuration of

Fig. 2 or the orthogonal configuration of Fig. 3, the two resonators may be used to efficiently

receive energy from an external energy source (not shown) without the need for static

detuning or active tuning of the resonators to compensate for perturbations.

[0086] Similar positioning techniques may be used with other types or designs of

resonators such as for planar resonator coils comprising electrical conductors 402 wrapped

around blocks of magnetic material 404. When two such resonators 406, 408 are placed in

close proximity as depicted in Fig. 4 they will have strong coupling and may perturb each

other's parameters. However if the resonators 406, 408 are misaligned as depicted in Fig. 5,

the coupling between the two resonators may decrease and the perturbations on the

parameters of the resonators may also decrease.

[0087] In embodiments, to reduce the effects of perturbations on resonators in

near proximity, the resonators may be purposefully positioned such that they have weak



coupling. Resonators may generally have weak coupling in areas with low magnetic field

strengths and it areas where the directionality of the flux lines crossing the inductive elements

is varying. For example, in the resonator arrangement shown in Figure 2, there exists a null in

the coupling coefficient between the two resonators when the amount of flux generated from

within one inductive element and crossing the other, is equal and opposite to the amount of

flux generated outside of that one inductive element and crossing the other. Resonators with

this type of positioning may be referred to as being in a "null spot" or "null region". The

exact location and orientation where resonators and resonator assemblies have weak coupling

may be determined experimentally, numerically, analytically, and the like.

[0088] Placement of resonators in areas of weak coupling may allow a resonator

to operate with similar performance and parameters when far away from other resonators as

when in close proximity with other resonators without requiring static detuning and/or active

tuning. In embodiments placement of resonators in areas of weak coupling may allow a

resonator to operate with similar performance and parameters when far away from other

resonators as when in close proximity with other resonators with a reduced or limited tuning

capability.

[0089] In embodiments, the positioning technique which reduces perturbations on

resonators in near proximity to each other may decrease the required tuning range of the

resonators with active tuning and may reduce the cost and complexity of such systems.

[0090] In many devices, batteries are fixed or oriented in a predictable

configuration and/or orientation. In devices using AA batteries for example, multiple

batteries are often arranged in parallel, and positioned next to one another with alternating

polarities (the antiparallel configuration) of their terminals 702, 704 as shown in Fig. 7 . The

resonator of a AA battery may be designed with certain sizes, positions, and orientations

within the battery to reduce or minimize the perturbations on the resonators inside the

batteries when two or more batteries are placed in close proximity to one another in particular

orientations.

[0091] To reduce perturbations, resonators coils 706 and magnetic materials 708

in batteries may be sized and positioned asymmetrically inside a battery such that when two

batteries are positioned in close proximity with reversed polarities the two resonator coils

706, 712 are misaligned. The misalignment of the resonators may be designed such that

when in close proximity to each other, and in the orientation shown in Figure 7, the

neighboring misaligned resonators are in the areas of weak coupling between one another



similar to the structures depicted in Figs. 2 and 5, and therefore may have reduced or small

perturbations on the parameters of the resonators.

[0092] For example, the coupling factor plot versus asymmetry of one

embodiment of resonator coils in an AA battery form factor is shown in Fig. 8 for the

position and configuration of batteries shown on the right of Fig. 8. The plot shows the

coupling factor, k, between two resonators as the offset (or misalignment) D between the

resonator coils 802 and magnetic materials 804 is varied. Note that at approximately 1.3mm

of displacement, D, the coupling factor reaches zero. At this node point, or null point, or

point of zero coupling, the parameters of the resonator are practically unaffected by the

presence of the resonator in the neighboring battery. In this example, the resonant frequency

of the resonators stayed substantially the same when the resonators were in the configuration

shown in Fig. 8 as when they were separated from each other by significant distances.

Likewise, when the resonators were displaced by 1.3 mm, there was very little change in the

quality factors of the resonators when the batteries were in isolation (Q~l 18) and in the

configuration shown in Fig. 8 respectively (Q-108).

[0093] The relatively asymmetric alignment of the resonators in the batteries

allows the resonators to function and capture energy from an external source resonator with

high efficiency in the configuration of multicell packs and in independent configurations

where the batteries are not in near proximity to other resonators. Therefore, a single battery

design may be used in multiple configurations with similar wireless energy transfer

characteristics. Such a design is advantageous as it preserves at least one of the desirable

characteristics of a known battery form factor such as a AA, which is the ability to place

batteries in multiple positions within their host devices, and to know that battery performance

is predictable in single-battery and multi-battery arrangements.

[0094] In some embodiments, multicell battery configurations may have other

configurations than the one shown in Fig. 7 . For example, in some applications all the

batteries may be aligned with the same polarity such that all of the positive terminals are on

the same side. The position and design of the batteries may be adapted to operate in these

configurations.

[0095] In one embodiment, the batteries may come in two or more configurations

depending on the orientation and position of batteries in the host device battery compartment.

For example, in the configuration where all the batteries are aligned with the same polarity

facing in one direction, two different battery configurations may be used. One type of battery

may have the resonator coil 908 and magnetic material 912 positioned asymmetrically



towards its positive terminal 910 while a second type of battery may have the resonator coil

904 and magnetic material 906 positioned asymmetrically towards the negative terminal 902

of the battery as shown in Fig 9 . In such embodiments, the batteries may comprise additional

markings to distinguish them. For example, the batteries may be color coded or the end

terminals may be shaped to indicate whether the batteries are designed to operate as

positioned in Figure 7 or as positioned in Figure 9 . One of ordinary skill in the art will

understand that a variety of marking schemes may be used to distinguish the battery types,

and that a number of battery types may be desirable to address common multi-cell

configurations, orientations and positions. Alternating the batteries in a multi-cell

configuration may allow the resonators to be in the weak coupling regions of other resonators

when in close proximity to other resonators. .

[0096] In other embodiments the position of the resonator may be adjustable

allowing the user to position the resonator up or down on the battery. The resonator may be

mounted on a movable sleeve for example with two positions. For multi-cell configurations

with alternating orientations of batteries, the sleeves with the resonator may be all positioned

on one end of the battery. For multi-cell configurations with the batteries all oriented in the

same direction the position may be alternated for each alternate battery.

[0097] In other embodiments, batteries may be equipped with metallic and/or

magnetic shields to prevent their interaction with neighboring batteries or devices. These

shields may be oriented so as to prevent the presence of another battery from changing the

resonant frequency of the first battery and vice versa. These shields may be asymmetric so

that the user may rotate the batteries so as to shield from neighboring batteries, but not to

shield from the power source.

[0098] In yet other embodiments batteries may have configurable or switchable

polarities. In embodiments the positive and negative ends or terminals of a battery may be

reversed. Resonator position and orientation inside batteries may be fixed in an asymmetric

position and the relative position of the resonators in close proximity to one another may be

alternated by rotating the batteries. The appropriate polarity of the terminals may be chosen

depending on the requirement of the application with an adaptor, switch, and the like.

[0099] In embodiments, the batteries may comprise automatic positioning

mechanisms that automatically move the resonators within the battery casing so that they are

positioned for maximum energy transfer efficiency when in close proximity to other

resonators. For example, the resonators may comprise permanent magnets that are positioned

to repel each other and move the resonators of adjacent batteries away from each other. In



other embodiments, the batteries may comprise field sensors, voltage sensors, current

sensors, power sensors, and the like, and these sensors may be used in positioning systems to

move the magnetic resonators within the battery structure to improve wireless power transfer

efficiency. In yet other embodiment, the sensors may be used to give feedback to a user

installing the batteries to twist or turn the battery packs, or somehow alter the relative

positions and orientations to improve wireless energy transfer performance. In embodiments,

sensors may be used to indicate to a user that certain battery configurations are problematic.

[00100] The asymmetrical positioning of resonators in batteries may be used in

various battery styles and sizes. Although the example described an AA battery

configurations those skilled in the art will appreciate that techniques may be adapted to any

number of different battery styles and may be adapted to various arrangements of battery

packs comprising multiple individual batteries.

[00101] Other applications

[00102] Those skilled in the art will appreciate that the techniques described

limiting perturbations in batteries in close proximity may be used in many other applications.

The techniques may be used in any applications where multiple device resonators may be

placed in close proximity or in a proximity close enough that they can affect each other's

parameters.

[00103] For example, multiple devices with wireless device resonators may need to

be positioned to reduce the perturbations on other like devices in near proximity when

multiple devices are placed on or near a wireless energy source. In embodiments the source

may be configured to have slots, channels, markers, outlines, and the like that force or

position multiple devices in positions and orientations where the resonators of each device

has weak coupling to other device resonators in near proximity.

[00104] It is to be understood that close proximity or close to one another is not an

absolute measure of distance but depends on the relative size of resonators, the types of

resonators, their power transfer levels and the like. In embodiments, resonators may be

considered in close proximity when they are separated by less than one characteristic size of

the largest resonator in the system. In other embodiments, resonators may be considered in

close proximity when they are separated by two or by three characteristic sizes of the largest

resonator in the system. In some embodiments resonators may be considered to be in close

proximity when the resonators are close enough to perturb each other's parameters to affect

efficiency of wireless energy transfer by at least 5%.



[00105] It is to be understood that weak coupling as used in this disclosure does not

refer to an absolute coupling metric but a relative coupling value. An area of weak coupling

should be understood to be an area where the coupling is at least two times smaller than the

largest possible coupling for the two resonators at the fixed separation distance.

[00106] A wireless energy transfer system may be used to wirelessly transfer

energy from one or more central batteries and/or fuel cells and/or solar panels and/or other

types of energy packs worn on a vest, backpack, harness, shirt, pant, belt, coat, or any type of

clothing and the like, to a head worn or helmet mounted electric or electronic device. The

wireless energy transfer system may use strongly-coupled magnetic resonators. The

resonators may have a high quality factor Q>100. The two resonators exchanging energy by

have sqrt(QlQ2)>100. The system comprises at least one wireless energy source resonator,

which might be embedded or attached to the user's equipment, clothing, vest, backpack and

the like. The source resonator generates an oscillating magnetic field which may be received

by one or more energy capture device resonators which may be integrated with the helmet or

device. In embodiments 5 watts or more of power may be transferred across a gap of 10 cm

or 18 cm or more from a source resonator to a device resonator. In embodiments, repeaters

may be used in the wireless energy transfer system.

[00107] An example embodiment showing one configuration of the system is

shown in Fig. 10. In the exemplary embodiment, energy is transferred wirelessly to an

energy capture device resonator 1002 mounted on the back of a helmet 1004 from a source

resonator 1006 mounted on a vest 1012 of a person 1010. The source resonator 1006 may be

energized by a battery (not shown) carried by the person 1010. The source resonator 1006

generates an oscillating magnetic field that induces an electric current in the energy capture

device resonator 1002. The electrical energy induced in the device resonator 1002 may be

used to energize electric or electronic devices 1008 mounted or attached to the helmet 1004.

Thus energy is transferred wirelessly across a gap 1014 to power devices 1008 on a person's

head without cables between the device and the main battery carried by the person 1010.

[00108] The wireless energy transfer is based on carefully designed, high quality

magnetic resonators, strongly coupled to other magnetic resonators, so that electric power is

selectively and efficiently transferred from one resonator to another, via a magnetic field,

with very little power lost or dissipated to other near-by off-resonant or non-resonant objects.

In the system it may be necessary to ensure energy transfer during changes in resonator



positioning or movement due to the movement of a person's head, changes in the mounting

of the resonators and the like.

[00109] In embodiments the system may use any number of resonators and

resonator structures. A large number of suitable resonator structures have been described in

U.S. Patent Application 12/789,61 1 Published as US Publication Number 2010/0237709A1

on Sep. 23, 2010. For example, the so called planar resonator structures comprising an

electrical conductor wrapped around a block of magnetic material or various configurations

may be used. Likewise many different forms of capacitively loaded loop resonators with or

without shielding may be employed. In embodiments the types of resonators chosen, their

orientation, size and the like may depend on the details of the application and the desired

offset tolerance, size limits, power transfer efficiency, target weight specifications and the

like.

[00110] In embodiments various coil configurations with different dipole moments

and orientations may be effective for person mounted (e.g.vest) to helmet energy transfer. In

embodiments the resonators may be oriented with two different dipole moment orientations

and configurations. Fig. 11A and Fig. 1IB show two different dipole orientations of

resonators, vertically aligned, and horizontally aligned. Fig. 11A shows a configuration with

vertically aligned dipole moments. Fig. 1IB shows a configuration with horizontally aligned

dipole moments. The benefit of the parallel or horizontally aligned configuration is that both

ends of the magnetic dipole resonator on the vest can couple to the helmet resonator. The

parallel configuration may also have an advantage in its size, shape, and weight. In an

exemplary environment, a coupling coefficient of k = 0.02 was achieved with a helmet-

resonator weight of 0 .17 kg and a vest-resonator weight of 1.1 kg. Also, the shape of each

resonator may be more suitable for integration with both the helmet and the vest than the

vertical configuration.

[00111] To ensure adequate energy transfer from a source resonator on the body to

a device resonator on the head and/or helmet, over a range of resonator offsets and distances

with a constraint on size and weight of the resonators, the resonators may preferably be

oriented with horizontally aligned dipole moments. Resonators with horizontally aligned

dipole moments may be a variant of the so called planar resonator structures. An

embodiment of the system with planar resonator structures is shown in Fig. 12. The helmet

mounted device resonator coil (Helmet coil) and the vest mounted source resonator coil (vest

coil) both comprise a conductor 1204, 1208 wrapped around a block or core of magnetic



material 1202, 1206. In this configuration the two resonators have their dipole moments in

the horizontal direction or parallel to one another.

[00112] An example embodiment comprising horizontally aligned resonators was

used to demonstrate the feasibility and performance of the system. In the example

embodiment, the energy capture device resonator mounted on the helmet comprises 10 turns

of 1054/44 AWG Litz wire wound around 160 g of 3F3 ferrite material and has a Q >200.

The vest-mounted resonator contains 215 g of ferrite encased in a polymer sleeve that is

wound with 10 turns of the same type of Litz wire to form planar type resonators similar to

that shown in Fig. 12 and has a Q>200.

[00113] A lithium ion battery back worn in the vest of the user is used as the power

source for the electronics board that houses the power and control circuitry for the source

resonator. The helmet-mounted resonator is connected to a small device board with a rectifier

and output voltage regulator. The output regulator was set for 5 Vdc and connected to a LED

headlamp for demonstration purposes.

[00114] The ferrite material used for both the helmet and vest resonators consists

of small rectangular tiles that were stacked to make resonators in a parallel-piped shape.

Shaped resonators may be fabricated that conform to the natural contours of both the helmet

and the vest. This could be accomplished either by grinding angled faces on the individual

tiles or by sintering magnetic powder in a custom mold.

[00115] Fig. 13 shows the experimental configuration used to measure the

efficiency and power as a function of head position. The source resonator 1006 was mounted

on the vest 1012 worn by the person 1010. The device or energy capture resonator 1002 was

mounted on the back of a helmet 1004. The energy captured by the device resonator was

used to power a headlamp 1008 on the helmet via a wire. The separation distance 1014 as

well as the azimuth angle or the head rotation angle 1302 was modified while parameters of

the wireless energy transfer were measured.

[00116] The efficiency of energy transfer as a function of the azimuth rotation for

12 cm separation distance between the source and device resonators is shown in Fig. 14.

When the resonators are aligned the efficiency of energy transfer reaches almost 60%. A null

in the coupling coefficient occurs when the head swivels approximately 60 degrees in

azimuth and is manifested as a drop in efficiency of energy transfer in the figure. The null

may be extended or moved to larger angles by enlarging the resonators along their dipole

moments.



[00117] The efficiency of energy transfer as a function of the separation distance

between the source and device resonators is shown in Fig. 15. The graph shows that even

though the resonators were tuned for a fixed distance of 12 cm the efficiency of energy

transfer remain above 50% for the variation of separation distance of 7.5 cm to 15 cm.

[00118] In embodiments the captured energy may be used to power any number of

devices, sensors, electronics, communication equipment and the like on or around the head or

on the helmet. The electrical energy from the device resonator may be used directly as AC

current or may be conditioned or rectified to provide DC current. In embodiments the system

may include a small energy storage element on the helmet or on the head that is charged from

the energy captured by the device resonator. The energy storage may be a rechargeable

battery or a super capacitor that may be used to provide energy to the devices in cases when

the wireless energy transfer gets interrupted. For example if the user rotates his head to reach

the null point in the resonator coupling the wireless energy transfer may be interrupted.

During this time power delivery to the electronics may be continued by using energy in the

small battery or super capacitor. The energy storage element may be sized according to the

expected or maximum time of wireless energy interruption for a specific use scenario. For

example, use studies may be conducted to examine the frequency and amount of time that a

user may turn his head to an area where the wireless energy transfer is no longer effective.

The energy storage element may be sized only to provide energy to the devices during those

times and recharge when wireless energy transfer is again possible. The energy storage

element may therefore be small or light weight compared to a battery that is expected to

power the devices continuously.

[00119] In other embodiments the source resonators and the device resonators may

be configured to reduce or eliminate dead spots within the range of the person's head

mobility. In one exemplary embodiment, multiple source resonators may be used as wireless

energy sources. The multiple source resonators may be selectively driven depending on the

rotation of the head. The source resonator with the strongest coupling may only be activated

or some or all of the source resonators may be driven with oscillating currents with different

phase or amplitude to steer the magnetic fields.

[00120] In one exemplary embodiment, multiple device resonators 1612, 1610,

1608 may be used to capture the energy from one or more source resonators 1606, 1604,

1602 as depicted in Figure 16. The multiple device resonators may be selectively activated

depending on the rotation 1302 of the head. Only the device resonator with the strongest

coupling to the source may be activated or all three or more device resonators may be



activated and their captured electrical energy combined to charge a battery or power an

electronic device. The system may include a controller to measure the efficiency of energy

transfer and electrical characteristics of the energy transfer between the sources and devices.

By measuring the voltage and current on the source resonators and voltage and current on the

device resonators the controller may actively choose to energize some or all of the sources

depending on the measurements.

[00121] In embodiments the device or source resonator may be used to charge

batteries from an external wireless energy source. The source resonator worn by the person

may normally be used to transfer energy to the helmet but may be configurable to also

capture energy from an external source allowing the resonator to wirelessly recharge the

central person worn battery. The source resonator worn by the person may be configured to

become a device resonator. The electronics may be configurable from a source amplifier

functionality to rectifier and battery charger functionality. External source resonators may be

mounted inside vehicles, on the back of seats, beds, and other structures providing wireless

energy to the resonator mounted on the person when the person is sitting in the vehicle,

resting in a bed, and the like.

[00122] In embodiments source resonators may be located on the shoulders, back,

front, neck, chest, stomach, hips, buttocks, thighs, hands, feet, and arms of the person. Device

resonators capable of capturing the energy may be positioned on the sides, back, top and the

like of the helmet, head, and head-worn devices. The device resonators may be positioned on

the outside of the helmet or may be configured to cover the inside of the helmet protecting it

from external abrasions and damage.

[00123] Although the example embodiment demonstrated the use of a wireless

energy transfer system from a vest to a helmet, it should be understood that other

configurations are within the scope of this design. Energy may be transferred from a person

to any number of peripherals that may be carried, or attached to a person. For example energy

may be transferred to glasses, heads up displays, portable monitors and the like. An example

embodiment for wireless energy transfer to a glasses mounted heads up display is shown in

Fig. 17. The heads up display may have a device resonator 1710 mounted on the side or the

temple area 1712 of the glasses 1702. The source resonator 1708 may be worn on the

shoulder area of the person. The source resonator 1708 may be energized from a person

worn battery that may be carried on the back or side of the person eliminating a heavy battery

or energy storage element from the glasses.



[00124] In other embodiments energy may be transferred from a vest to a device

carried by the user such as a weapon, computer, tool, and the like. Energy may be transferred

from the legs to shoes that may be integrated with sensors for monitoring the persons' foot

health, or overall fitness and stability by measuring stride length, pressure, movement and the

like.

[00125] Likewise, although the exemplary embodiment was described using a

military helmet those skilled in the art will appreciate that the design may be configured for

any helmet or any head mounted structure for recreational, industrial, and other uses. For

example, wireless energy transfer may be used for motorcycle helmets to power radios,

lights, and instruments inside the helmet. In another example wireless energy transfer may be

used in bicycle helmets to transfer energy from a backpack to a helmet fitted with lights. In

another example, wireless energy transfer may be used for hard hats to power lights, radios,

sensors, glasses and the like.

[00126] In embodiments wireless energy transfer for person worn peripherals, a

system may include a separate device resonator for each electronic device. Having an

independent resonator for each device may allow simpler power control. Each device may be

able to control its resonator and detune the resonator from the resonant frequency of the

source if it is off or not requiring power. In some embodiments the device resonators may be

imbedded in the devices requiring power. In other embodiments a single source resonator

may power many device resonators.

[00127] In other embodiments the device resonators may be separate from the

devices. The device resonator may be located separately from the device requiring power.

The energy captured by the device resonator may be transferred to the device via conductor

wire. A separate wired device resonator may be placed away from the device in a location

closer to a source resonator or in a location that is less obtrusive to the user. For example, in

the helmet embodiment shown in Fig. 10, the device resonator 1002 is located at a distance

away from the headlamp 1008 and energy is transferred to the headlamp from the device

resonator via a wire (not shown). In this embodiment the device resonator was positioned to

reduce inconvenience and obstruction to the user.

[00128] In some embodiments a single device resonator may deliver power to more

than one electronic device. In embodiments energy transfer may be divided into regions or

subsystems. For example, wireless energy transfer may be used to span moving human parts

or areas where wires are cumbersome or ineffective and once transferred wirelessly may be

distributed in a traditional means using electrical conductors such as wires, printed circuit



board (PCB) traces, conductive textiles, and the like. For example, a helmet may be such a

subsystem. A single device resonator may wirelessly receive energy and distribute the

energy to multiple devices on the helmet or near the helmet using wires. Other such systems

may include hands, shoes, feet, arms, and the like. In embodiments a subsystem may

include more than one device resonator that may receive wireless energy from more than one

source resonator and distribute the energy over one or more devices in the subsystem.

[00129] In embodiments the device resonators may be embedded in the batteries or

the battery packs of the devices. The batteries of devices may be configured for wireless

energy transfer allowing the batteries to be recharged when within range of a wireless energy

source. For example, sample designs of wireless power enabled batteries are described in

U.S. patent application 13/534,966 published on as and entitled "Wireless

Energy Transfer for Rechargeable Batteries," the contents of which are incorporated by

reference.

[00130] In embodiments the person worn energy transfer system may include

safety precautions. The oscillating magnetic fields may cause localized tissue heating or

induced currents in some types of tissues. Depending on the location and orientation of the

resonators it may be important to limit the power output of the source resonators or the

magnitude of the magnetic fields reaching the body tissue or the nervous system of the user.

In the example system shown in Fig. 13, five watts was safely transferred to the device

resonators while meeting all safety limits despite being close to the spinal cord and nervous

system tissue of the user. To meet safety limits it may be preferable to operate the resonators

at resonant frequencies at higher frequencies of 150kHz or more. In some embodiments

resonant frequencies and the frequencies of the generated magnetic fields may be lMHz or

more.

[00131] In embodiments the system may include shielding material around high

power (10W or more) source of device resonators to limit or reduce the interactions of the

magnetic fields used for energy transfer with the person's body parts. The shielding may

comprise a good electrical conductor. The electrical conductor shield may be positioned

against a portion of the user's body such that the magnetic fields of the source are deflected

away from that portion of the user's body. In embodiments the shield may comprise a

flexible electrical conductor. The conductor may be a thin sheet of copper or an electrically

conductive textile for example.



[00132] Going back to the example embodiment of wireless energy transfer to a

helmet as shown in Fig. 13, the system may include a shield to reduce the interactions of the

fields with the back of the neck, spice, and head. In embodiments that may require higher

power transfer, 10W or 20 W or more the system may include a flexible or rigid flap that

covers the neck area 1304 of the user. The flap may comprise a conductive material that

shields the neck and spinal cord from the magnetic fields. The flap map be part of the helmet

or part of the headwear of the user. In embodiments the shield may be part of the collar of

the user's clothing.

[00133] In embodiments a camera system or machine vision system may detect, or

help to detect obstructions and foreign objects and/or materials between the source and

device resonators. In embodiments the camera and machine vision system may constantly

monitor the gap and/or vicinity around the source and device for movement, extraneous

objects, or any type of undefined or abnormal operating environments or configurations. The

system may be designed to stop power or limit power transfer and may be designed to alert

the driver, user, or operator when any undefined or abnormal operating environments or

configurations are detected by the camera and/or algorithms. In embodiments the camera and

machine vision system may be coupled or controlled with self learning or trainable

algorithms that can be designed to function in or with a wide variety of environments,

vehicles, sources, and systems and may learn or be trained to operate in many environments

after periods of supervised operation.

[00134] In embodiments the camera may be mounted in or around the source and

may transmit video or processed information wirelessly to electronics or users inside or

outside the vehicle. In embodiments the camera may be mounted on the car and may be

mounted under the car. In embodiments the camera may be fitted with an automated door or

housing that opens only when the alignment procedure is initiated or when the device or

source are in close proximity. The mechanical door or housing may open and close only as

needed protecting the camera lens and electronics from road debris, water, dirt, and the like.

[00135] In embodiments, transmitted and/or reflected acoustic, microwave, RF,

optical, and the like signals may be used to automatically, or with the help of a user, align

source and device resonators to within a specified accuracy. The specified accuracy may be a

user settable parameter or it may be a parameter that is set by a control system. The settable

parameter may be adjusted depending on the time of day, the demand on the electric grid, the

cost of electricity (quoted in kW hours for example), the availability of green energy and the



like. The settable parameter may be controlled by a utility provider, by a local agency, by the

car company, by a services company, by an individual user, and the like.

[00136] In embodiments various sensor systems may be used to aid or automate

source and device resonator alignment. Acoustic, pressure, contact, inductive, capacitive, and

the like sensors may be located in or around the vehicle to determine the vehicles position

and guide the user of operator of the vehicle to establish the best alignment. Various

bumpers, lasers, balls, whistles, scrapers, strings, bells, speakers, and the like may also be

used as indicators to the users or operators for proper alignment positioning. In embodiments

any number of parking guides, or parking assistant devices may be incorporated into the

system to help guide or position the vehicle in proper or within the acceptable limits of the

source.

[00137] In embodiments one or more pressure, temperature, capacitive, inductive,

acoustic, infrared, ultraviolet, and the like sensors may be integrated into the source, device,

source housing, vehicle, or surrounding area and may detect, or help to detect obstructions

and foreign objects and/or materials between the source and device resonators. In

embodiments the sensors and safety system may constantly monitor the gap and/or vicinity

around the source and device for movement, extraneous objects, or any type of undefined or

abnormal operating environments or configurations. In embodiments, for example, the

housing covering the source resonator may include or may be mounted on top of a pressure

sensor that monitors the weight or forces pushing on the enclosure of the source resonator.

Extra pressure or additional detected weight, for example, may indicate a foreign or

unwanted object that is left on top of the source indicating that it may be unsafe or

undesirable to operate the wireless power transfer system. The output of the sensor may be

coupled to the processing elements of the wireless power transfer system and may be used to

stop or prevent wireless power transfer or prevent when the sensor is tripped or detects

abnormalities. In embodiments the system and sensor may be coupled to auditory, visual, or

vibrational indicator to alert the user or operator of the wireless power transfer interruption.

In some embodiments multiple sensors, sensing multiple parameters may be used

simultaneously to determine if an obstruction or a foreign object is present. In some

embodiments the system may be configured such that at least two sensors must be tripped,

such as a pressure and a temperature sensor, for example, to turn off or prevent the wireless

power transfer.



[00138] In embodiments a theft deterrent or detection system may be incorporated

into the source and device that utilizes the various sensors and cameras of the wireless power

transmission system to detect unauthorized use of the vehicle.

[00139] In embodiments the source and device resonators may be of non-identical

dimensions and geometries to reduce the dependence on alignment of the efficiency of power

transfer between source and device coils. In some embodiments it may be beneficial to

make the source resonator larger than the device resonator which may increase the positional

tolerance for a desired energy transfer efficiency between the source and device resonators.

[00140] In embodiments various geometries of source and device resonators may

be used to reduce the effects of source and device misalignments, such as those that may be

associated with parking variations. Parking variations may include forward and back

variations, side-to-side variations, angular offsets (when the vehicle is parked at an angle),

and the like. For example, in some embodiments the source and device resonators may be

prone to variations in alignment in the forward and backward direction of the vehicle. In

such embodiments, the use of rectangular source inductive loop, oriented with the long axis

of the inductive loop parallel to the direction of vehicle positional uncertainty—paired with a

square device resonator having the same short axis length as the source resonator may yield a

better average efficiency as a function of source-to-device resonator displacement than would

be achieved by a square source resonator with the same dimensions as the device resonator.

Note that the long axis of a rectangular source inductive loop may be aligned with the length

of the vehicle, if the positional uncertainty is in that direction and may be aligned with the

width of the vehicle if side-to-side positional uncertainty is expected. An exemplary

embodiment, showing the relative geometries of a source and a device inductive loop for

reducing lateral or side-to-side offset dependency on the vehicle is shown in Figure 18. The

figure shows exemplary relative geometries from the top perspective looking down at the car

when the source resonator is located below the car and the device resonator is mounted to the

underside of the car. To increase the side to side offset capability of the car 1802 the

capacitively loaded loop resonators comprising the source and the device may be of different

dimensions. The dimensions of the source 1804 may be larger in the in the side to side

dimension or axis of the car than the dimensions of the device 1806.

[00141] In embodiments the effects of misalignment between a source and a device

may be mitigated or limited with resonator designs that do not require precise alignment. In

embodiments the source and device resonator may include planar resonators or resonators

comprising a conductor wrapped around a core of magnetic material. In embodiments the



dipole moment of the planar resonators may be oriented perpendicular to the dimension of

vehicle position uncertainty. The design of the resonators may allow misalignments

perpendicular to the dipole moments of the resonators with minimal effects of power transfer

efficiency.

[00142] In embodiments, device resonators and their respective power and control

circuitry may have various levels of integration with other electronic and control systems and

subsystems of a vehicle. In some embodiments the power and control circuitry and the device

resonators may be completely separate modules or enclosures with minimal integration to

existing systems of the vehicle, providing a power output and a control and diagnostics

interface to the vehicle. In other embodiments the device resonator or parts of the resonator

housing may be integrated into the body, structure, undercarriage, panels of the vehicle. In

some embodiments the vehicle may be configured to house a resonator and circuit assembly

in a recess area underneath the vehicle making the bottom face of the coil enclosure flush

with the underbody. In some embodiments the recessed area may be further lined with a

highly conductive material such as aluminum, copper, silver and the like which may

electroplated, laminated, sprayed, applied, and the like to the recessed area.

[00143] In embodiments the device and source may include active cooling or

heating. The device resonator and circuitry may be integrated into a vehicle's cooling system

to prevent high temperatures in high power applications. In embodiments the device

resonator and circuitry may include its own active cooling or heating system with radiators,

fans, liquid coolant, and the like. In embodiments the resonators and power and control

circuitry may include various shapes, profiles, protrusions, heat sinks, and the like to aid in

temperature control.

[00144] In wireless power systems the vehicle power control system may include a

power station reservation system that allows users to reserve charging stations for specific

times of the day preventing others users from charging from the source. Central information

may be used to let users choose specific power sources or sources which use more

environmentally friendly sources of energy such as wind or solar power.

[00145] In embodiments the device resonator of a vehicle may also be used as a

power source. In embodiments vehicle power may be used to power a building during a

blackout or a cabin without power. In embodiments the vehicle may be used to transmit

power to construction vehicles or tools at a job site.



[00146] Resonator Arrays

[00147] In embodiments two or more smaller resonators or two or more blocks of

magnetic material wrapped with conductor may be arranged to form a larger resonator with

an effective size that is larger than the physical size of the smaller resonators or larger than

the size of the blocks of magnetic material. A resonator with a larger effective size may have

improved coupling over a larger distance, may have a higher efficiency, improved invariance

with respect to positional uncertainty, may be able to transfer higher power levels, and the

like. An arrangement of smaller resonators or smaller blocks of magnetic material may offer

advantages over a single large resonator with respect to manufacturability, cost, scalability,

variability, and the like.

[00148] For example, in embodiments as shown in Figure 19(a) a planar resonator

comprising a conductor 1906 wrapped around a block of magnetic material 1904 may be

implemented using one single resonator or one block of magnetic material. The resonator

may comprise a substantially continuous block of magnetic material 1904 with a conductor

1906 wrapped around the complete width of the magnetic material forming loops with an

enclosed area that are substantially equal to the cross section of the block of magnetic

material. The resonator may have an effective size 1902 that is substantially equal to the

physical dimensions of the resonator.

[00149] In other embodiments, a planar resonator may be implemented using an

arrangement of two or more smaller resonators or blocks of magnetic material. These smaller

resonators may comprise smaller blocks of magnetic material wrapped by conductors

forming loops with enclosed areas that are substantially equal to the cross sectional area of

the blocks of magnetic material. As depicted in an example embodiment in Figure 19(b), two

smaller blocks of magnetic material 1908, each wrapped with a conductor 1910 may be

arranged side by side to create a resonator with an effective size 1902 that is substantially

equal to the physical dimensions of the arrangement of the two blocks of magnetic material.

In embodiments, more than two blocks of magnetic material, each comprising a conductor

1914 wrapped around the blocks 1912, may be arranged in two or three dimensional arrays as

depicted in Figures 94(c-d) to create a larger effective resonator that has an effective size

1902 that is substantially equal to the physical dimensions of the arrangement of the blocks of

magnetic material. The arrays of smaller resonators may be sized and arranged to create an

array with the desired effective size and shape and the array may be used instead of a

resonator comprising a single substantially continuous block of magnetic material.



[00150] In embodiments each block of magnetic material wrapped with a

conductor may be treated as a separate resonator and may be coupled to additional electrical

elements such as capacitors or inductors for parameter adjustment of each individual block.

In other embodiments some or all of the conductors wrapped around the blocks of magnetic

material may be connected together and coupled to additional electrical elements such as

capacitors, inductors, and the like to make the complete arrangement of blocks of magnetic

material and conductors a single resonator. In embodiments, the multiple smaller inductive

or resonator structures may be connected in series, or in parallel, or in a network of serial and

parallel connections.

[00151] In some embodiments, an arrangement of smaller resonators or

arrangements of smaller blocks of magnetic material wrapped with a conductor may offer

advantages over a single large resonator with respect to manufacturability, cost, scalability,

variability, and the like. Magnetic materials are often brittle and a large continuous piece of

magnetic material of the resonator, especially for a large resonator, may be susceptible to

damage and cracking. Smaller arrays of resonators may be more resistant to vibrations and

damage as it may be easier to isolate, reinforce, package, and the like the smaller separate

blocks of magnetic material. Likewise, resonators comprising arrays of separate blocks of

magnetic material wrapped with a conductor may be more scalable or expandable. A

resonator array may be made larger or smaller by adding or removing individual resonator

elements or adding or removing individual blocks of magnetic material from the array to

increase or decrease the effective size of the resonator depending on the application or

deployment configuration. Such arrangements may have advantages in that a large range of

resonator effective sizes and shapes may be realized by assembling multiple smaller

resonators. Then, a single or a few standard resonators may be stocked, tested, manufactured

in volume, and the like, and used to support a wide variety of resonator sizes and shapes

supplied for wireless power transfer systems.

[00152] In embodiments, resonators comprising arrangements of smaller resonators

or arrangements of blocks of magnetic material may have substantially the same or similar

system parameters and wireless power transfer characteristics as a resonator with a larger,

substantially continuous piece of magnetic material and may be used to replace or substitute

resonators with a larger, substantially continuous piece of magnetic material without a

significant impact on the performance or characteristics of wireless power transfer. In one

embodiment of a wireless power transfer configuration, the parameters of wireless power

transfer between a source and a device were calculated and compared using finite element



method models for arrangements for which the device resonator 2004 was implemented as a

conductor wrapped around a single substantially continuous blocks of magnetic material

(Figure 20(a)), for which the device resonator 2004 was implemented as two conductors

wrapped around two equally sized blocks of magnetic material (Figure 20(b)), and for which

the device resonator 2004 was implemented as four conductors wrapped around four equally

sized blocks of magnetic material (Figure 20(c)). In each configuration of the device, the

effective size of the resonator was maintained at 30 cm by 32 cm and was aligned directly 20

cm above a 30 cm by 32 cm source resonator 2002 comprising a conductor wrapped around a

substantially continuous block of magnetic material. In the configuration where the device

resonator comprises a single block of magnetic material as shown by 2004 in Figure 20(a),

the quality factor of the effective device resonator was calculated to be 450, and the coupling

factor k between the source and the device was calculated to be 0.124, resulting in a predicted

wireless power transfer efficiency of 96.4% between the source and the device. In the

configuration where the device resonator comprises two smaller blocks of magnetic material

wrapped with a conductor and separated by a 0 .1 cm gap of air, as shown by 2004 in Figure

20(b), the quality factor of the effective device resonator was calculated to be 437, and the

coupling factor k between the source and the device was calculated to be 0 .115 resulting in a

predicted wireless power transfer efficiency of 96.2% between the source and the device. In

the configuration where the device resonator comprises four smaller blocks of magnetic

material wrapped with conductors separated by a 0.2 cm air gap, as shown in Figure 20(c),

the quality factor of the effective device resonator was calculated to be xxx, the coupling

factor k between the source and the device was calculated to be 0.109 resulting in a predicted

wireless power transfer efficiency of 96%> between the source and the device.

[00153] In embodiments, the parameters of the arrangement of resonators

comprising smaller blocks of magnetic material may be affected by the orientation,

positioning, arrangement, and configuration of the blocks of magnetic material, the

conductor, and the like. One factor found to be of importance is the separation distance

between the resonators and the smaller blocks of magnetic material that may comprise a

resonator with a larger effective area. For example, consider a resonator with a large

effective area comprising four separate smaller resonators with separate blocks of magnetic

material is depicted in Figure 96. The size of the separation distances, labeled as A and B in

the figure, may affect the parameters of the resonator and the efficiency of wireless power

transfer. For example, for the configuration and orientation depicted in Figure 20(c) and



described above, changing both dimension A and dimension B from 0.2 cm to 2cm reduced

the efficiency of wireless power transfer from the source to the device from 96% to 94.8%.

[00154] In embodiments it may be preferable to minimize the gaps between the

blocks of magnetic material, and may be especially preferable for gaps that are not parallel to

the axis of the dipole moments 2102 of the resonators. In embodiments the size of an

acceptable or preferable air gap may be dependent on the overall or effective size of the

larger resonator, the size of the individual small resonators, power levels, and the like. In

embodiments it may be preferable to ensure that the gaps between the blocks of magnetic

material be smaller than 10% of the largest dimension of the effective size of the resonator

arrangement. In embodiments it may be preferable to ensure that the gaps between the blocks

of magnetic material be smaller than 10% of the smallest dimension of the effective size of

the resonator.

[00155] In embodiments, the individual smaller resonators or individual blocks of

magnetic material wrapped with a conductor and comprising the effective larger resonator

may include features, shapes, designs, notches, and the like to enable smaller separation gaps

between the smaller blocks of magnetic material or the smaller resonators. In some

embodiments, the gap 2206, as shown in Figure 22, between adjacent resonators may be

reduced reduced by staggering the conductor windings 2204 of the adjacent resonators and

allowing a conductor of a neighboring resonator to fit between adjacent windings of the

conductor of an another resonator as shown in Figure 22(a). In some embodiments the blocks

of magnetic material 2202 may be shaped and may have indentations, notches, holes, and the

like 2208 to generate an indentation for the conductor 2204 allowing neighboring blocks of

magnetic material to come close together and have a separation 2206 that may be smaller

than the thickness of the conductor 2204 as shown in Figure 22(b).

[00156] In embodiments the gaps between the resonators may be filled completely

or partially with magnetic material blocks, powder, epoxy, and the like. In some

embodiments the magnetic material may be different from the blocks of magnetic material

that comprise the smaller resonators. In some embodiments it may be preferable to use a

flexible form of magnetic material which may prevent or reduce vibration or shock transfer

between resonators.

[00157] In embodiments each of the smaller blocks of magnetic material

comprising a larger effective resonator may be wrapped with separate pieces of conductors

and coupled to separate tuning and matching networks. Each block of magnetic material with

a wrapped conductor may be an individual resonator and may be tuned or adjusted



independently from the other resonators. In embodiments each resonator or groups of

resonators may be coupled to separate power and control circuitry which may be

synchronized with an oscillator or clock to ensure all resonators and power and control

circuitry are operating at the same frequency and phase or at predetermined frequencies and

phase offsets. In embodiments a single power and control circuitry may be used for all of the

resonators and, in the case of a source, may drive all the resonators in parallel with an

oscillating voltage, or in the case of a device, one power and control circuitry may capture

and convert the oscillating voltage on each resonator conductor.

[00158] In embodiments a single conductor may be used to sequentially wrap all or

groups of blocks of magnetic material of the resonator. A conductor may be wrapped around

one block of magnetic material and then wrapped around a second and so on providing a

series connection between the conductors around multiple blocks of magnetic material. In

such embodiments a single power and control circuitry may be used to energize the conductor

with oscillating current.

[00159] In embodiments the individual smaller resonators and blocks of magnetic

material that comprise the resonator arrangement may all have substantially equal

dimensions. In other embodiments the blocks of magnetic material may be non-uniform and

may have varying thickness or irregular shapes.

[00160] In embodiments, the individual smaller resonators or individual blocks of

magnetic material wrapped with a conductor comprising the effective larger resonator may all

be wrapped such that all the loops formed by the conductor are coaxial or such that the axis

of all the loops formed by the conductors are all parallel. In other embodiments, the

conductors may be wrapped such that not all the axes of the loops formed by the conductors

are parallel. Some blocks of magnetic material may be wrapped or arranged such the

conductor forms loops with an axis that is perpendicular to other loops of other conductors

and may be used to form a larger effective resonator that has, or has the capability of having a

magnetic dipole moment in more than one direction.

[00161] In embodiments a resonator comprising an arrangement of smaller blocks

of magnetic material may include blocks of magnetic material without a wrapped conductor.

[00162] In embodiments of a resonator comprising an arrangement of smaller

blocks of magnetic material or smaller resonators the conductors may be selectively

energized or activated depending on the power levels, distances, magnetic field limits, and

the like during wireless power transfer. In embodiments, for example, a source resonator

comprising an arrangement that includes multiple conductors may energize one or only a



portion of the conductors when low levels of wireless power transfer are required and may

energize most or all of the conductors when high levels of wireless power transfer are

required.

[00163] In some embodiments different conductors or different numbers of

conductors may be energized depending on the relative location of a source and a device

including distance or lateral offset. For example, in embodiments for a vehicle charging

application, where the source resonator may be of a larger dimension than the device

resonator as shown in Figure 18, the source resonator may comprise smaller blocks of

magnetic material or smaller resonators for which only the blocks and conductors that are

directly below the device resonator may be energized. In such an embodiment the source and

device resonators may tolerate greater lateral offset while ensuring that the strongest

magnetic fields are always confined to the area below the device resonator.

[00164] It is to be understood that any description of blocks of magnetic material,

small or large, may refer to blocks that comprise a single monolithic block, tile, structure,

crystal, sheet, square, shape, form, and the like, of magnetic material or may comprise any

combination of separate smaller blocks, tiles, structures, crystals, sheets, squares, shapes,

forms, and the like, of similar or different types of magnetic material that are attached,

packed, assembled or secured together to form a substantially continuous form.

[00165] Compact Resonators for Vehicle Applications

[00166] In some applications of wireless energy transfer in electric vehicle

recharging, it may be desirable to minimize the size of the resonators used for energy

transfer. In some vehicles, due to vehicle ground clearance, size, configuration and the like it

may be difficult to fit larger magnetic resonators onto the body or under the vehicle. In some

applications the size of the resonators may be more important or critical than the separation

distance between the resonators, the misalignment tolerance of the resonators, and the like.

In some embodiments, some amount of mechanical actuation of at least one of the resonators

in a wireless power system may be acceptable, in order to achieve high transfer efficiency

using reduced size resonators. In embodiments, it may be preferable for the mechanical

actuation to be coarse and to have a relatively limited range. Such wireless power systems

may benefit from the embodiments described herein because very high energy transfer

efficiencies may be achieved without requiring precise mechanical alignment between the

resonators.



[00167] Designs for compact magnetic resonators suitable for energy transfer in

vehicle applications which may include some amount of resonator actuation are described

herein. The proposed designs may be capable of transferring lkW or more or 3kW or even

16kW of more of power in a minimal footprint with extremely high efficiency of 90% or

more and even 98% or more.

[00168] In one embodiment, a first compact resonator structure comprises a

conducting loop wrapped inside an annular structure of magnetic material and a second

compact resonator structure comprises a conducting loop that circumscribes an area that may

fit within the conducting loop wrapped within the annular structure. The first and second

resonator may be designed to transfer energy when positioned substantially one within the

other or near each other.

[00169] A transparent view of one embodiment of a first resonator is shown in Fig.

23. In one embodiment the first resonator may comprise a solenoid like structure of a good

electrical conductor 2304 or conducting loop surrounded by a layer of magnetic material

2302. The magnetic material may direct and/or shape the field to improve coupling to other

resonators. The magnetic material may be used to reduce the perturbing Q of extraneous

objects in the vicinity of the resonator. The magnetic material may direct and/or shape the

field to reduce the impact of lossy and/or conducting objects on the wireless power transfer.

A figure showing the cut away view of the same structure is shown in Fig. 24. The loops of

the electrical conductor 2404 may be wrapped inside a tube shaped shell of ferrite material

2402. In embodiments the ferrite material 2402 may be longer than the length of the wrapped

electrical conductor loops. In embodiments the tube shaped shell of ferrite may be

constructed from a single large piece of magnetic material or several smaller rings of

magnetic material. In embodiments the tube shaped shell of ferrite may be constructed from

any number of smaller pieces or tiles of magnetic material. In embodiments the shell of

magnetic material 2402 may have any number of profiles and may be round as pictured or

oval, rectangular, triangular, and the like. In embodiments the outer surface of the magnetic

material 2406 may be optionally covered by sheets or structures of a good electrical

conductor. These sheets or structures may shield the resonators from lossy materials in the

environment and may be used to confine and/or shape the electric and magnetic near fields.

[00170] The annular assembly may be integrated into a housing comprising

materials that are substantially non lossy to the magnetic field such as plastic, carbon fiber,

and the like. In embodiments the ends of the coil of the electrical conducting loop may be

connected to at least one capacitive element to form a magnetic resonator. In addition to the



at least one capacitive element, the magnetic resonator may be attached to additional

capacitive and inductive elements that may be used to set the resonant frequency of the

structure and/or used as impedance matching or tuning of the structure when the structure is

connected to a power source, or a load. A power source may comprise an amplifier

generating a time varying voltage near the resonant frequency of the magnetic resonator and

may be used to drive the structure to produce oscillating magnetic fields around the loops of

the conductor.

[00171] One embodiment of the second structure that may be used with the first

resonator structure described above is shown in Fig. 25. The second resonator structure may

comprise a conducting loop that circumscribes an area that fits within the annual resonator.

In embodiments, the conducting loop may be wound so that it forms an elongated shape with

a height, h . In other embodiments, the second resonator may comprise an elongated core of

magnetic material 2502 such as ferrite, wrapped with the conducting loop or loops 2504. The

block of magnetic material 2502 may be constructed using a solid piece of magnetic material

or any number of smaller pieces arranged to form an elongated shape. In embodiments, the

magnetic material may be a shell and/or it may be hollow. In embodiments, the magnetic

material may be annular and/or may be described as tubular. In embodiments, the magnetic

material may have any shape and cross section as is mentioned in any sections of this

disclosure and/or the references incoroporated herein. In embodiments, circuit elements or

any types of objects and materials may fit inside the magnetic material shell. The whole

assembly may be enclosed in a non-lossy enclosure. In embodiments the ends of the

conducting loop may be connected to at least one capacitive element to form a magnetic

resonator. In addition to the at least one capacitive element, the magnetic resonator may be

attached to additional capacitive and inductive elements that may be used to set the resonant

frequency of the structure and/or used as impedance matching or tuning of the structure when

the structure is connected to a power source or a load.

[00172] In embodiments, a third structure that may be used with the first and

second resonator structure described above may comprise a conducting loop that

circumscribes an area that fits within at least of the resonators or that surrounds at least one of

the resonators or that couples to at least one of the resonators. In embodiments, the

conducting loop may be wound so that it forms an elongated shape with a height, h'. In other

embodiments, the third resonator may comprise an elongated core of magnetic material such

as ferrite, wrapped with the conducting loop or loops. The block of magnetic material may

be constructed using a solid piece of magnetic material or any number of smaller pieces



arranged to form an elongated shape. In embodiments, the magnetic material may be a shell

and/or it may be hollow. In embodiments, the magnetic material may be annular and/or may

be described as tubular. In embodiments, the magnetic material may have any shape and

cross section as is mentioned in any sections of this disclosure and/or the references

incoroporated herein.In embodiments, circuit elements or any types of objects and materials

may fit inside the magnetic material shell. The whole assembly may be enclosed in a non-

lossy enclosure. In embodiments the ends of the conducting loop may be connected to at

least one capacitive element to form a magnetic resonator. In addition to the at least one

capacitive element, the magnetic resonator may be attached to additional capacitive and

inductive elements that may be used to set the resonant frequency of the structure and/or used

as impedance matching or tuning of the structure when the structure is connected to a power

source or a load or is operating as a repeater resonator in the wireless power system.

[00173] In embodiments, a third structure may be any type of magnetic resonator

structure as has been described in other parts of this application.

[00174] In embodiments, the first resonator may be configured as a source

resonator and the second resonator may be configured as a device resonator. To transfer

power between the source and the device, the device may be positioned within the oscillating

magnetic field generated by the source. This oscillating magnetic field may induce an

electric current in the conducting loop of the device. In embodiments, the device structure

may be positioned within the inner cavity of the source structure. An exemplary effective

position for wireless power transfer is shown in Fig. 101 . The figure shows the device

structure inside a cutaway of the source structure. The device structure comprising the block

of magnetic material 2502 wrapped with the electrical conductor 2504 may be positioned in

the source structure so that the loops of the conductor 2404 of the source structure and the

loops of the conductor 2504 of the device structure at least partially overlap. In

embodiments, the source and device resonators may transfer power with sufficient efficiency

when the source and device resonators are translated relative to one another and when they

are not concentric. The efficiency of energy transfer may depend on the relative size of the

resonators, the number of turns of the conductors in the source and device structures, the

surrounding materials, and the like. An advantage of the annular shaped source resonator is

that as long as the conducting loop of the device resonator has some overlap with the

conducting loop of the source resonator, high energy transfer efficiencies may be achieved. It

should be noted that the two resonators may be positioned concentric to one another during



energy transfer the system or may be offset or tilted from perfect concentricity and still

operate with high power transfer efficiency.

[00175] Although in the described embodiment a designation was made to a source

resonator as being the resonator with the larger diameter it should be clear that either

structure may be used as a source or device and energy may be transferred from the larger

structure to the smaller structure and from the smaller structure to the larger structure. In

embodiments utilizing repeater resonators, any of the resonator embodiments described

above may be used as repeater resonators. If the repeater resonator is not configured to also

serve as a source or device resonator, the additional capacitive and inductive elements may

set the resonant frequency of frequency of the structure and/or used as impedance matching

or tuning of the structure to achieve the desired system operation.

[00176] It should be appreciated that the proposed structures may be advantageous

in some applications. In embodiments, the resonators may be designed to confine or shape

the electric and magnetic fields such that the field strengths are reduced in certain locations.

In the embodiments the magnetic field used for energy transfer may be concentrated within

the inside of the larger annular resonator. The outer portion of the resonator may include

copper sheets or structures that provide shielding on the external walls of the resonator

structure, thereby confining the electro-magnetic fields to the region immediately

surrounding the source and device resonators during energy transfer. Consequently the

structure may transfer larger amounts of power without exceeding set field safety limits and

may be positioned close to sensitive instrumentation, lossy structures, or occupants of a

vehicle.

[00177] In embodiments the resonator structures may have a high quality factor Q

of 100 or more and maybe 500 or more. In embodiments, the square root of the product of

the source and device resonator Q's may be greater than 100. In embodiments comprising

three or more resonant structures, the square root of the product of the Q's of any two

resonators in the system may be greater than 100.

[00178] A system comprising the source and device structures described herein

may be used to transfer energy wirelessly at very high efficiency. An example embodiment

is shown in Fig. 27(a). This embodiment was built and demonstrated. The exemplary device

structure comprised a 80 mm long, 10 mm diameter block of magnetic material 2702 and a

conducting loop comprising 20 turns of Litz wire 2708. In this exemplary embodiment, the

device was positioned inside a source structure as shown. The source structure comprised a

160 mm long piece of conducting sheet positioned against the outside surface of a 40 mm



diameter annulua of magnetic material that was approximately 1 mm thick 2704. The source

also comprised a conducting wire structure comprising 28 loops of Litz wire wound on the

inside surface of the annulus of magnetic material 2706.

[00179] The measured power transfer efficiency as a function of offset of the

source and device structures in the z-direction is shown in Fig. 27(b). When the center point

of the two structures are aligned the efficiency of wireless energy transfer when 100 W of

power is fed into the source is more than 97%. As the centers of the source and device

structures are offset along the z direction as indicated in Fig. 27(a) the efficiency slowly

decreases. Likewise the measured power transfer efficiency as a function of offset of the

source and device structures in the r-direction is shown in Fig. 27(c). When the two

structures are concentric the efficiency of wireless energy transfer when 100 W of power is

fed into the source is more than 97%. As the source and device structures are offset along the

r axis as indicated in Fig. 27(a) the efficiency slowly increases. This exemplary embodiment

shows that high efficiency energy transfer may be achieved when the source and device

resonators are coarsely aligned. Such coarse alignment could be realized with a relatively

low precision mechanical actuation system.

[00180] The source and device resonator structures may be used to transfer energy

to a vehicle. A device resonator structure may be attached to a vehicle and a source resonator

structure separate from the vehicle may be coupled to an external power source. The source

and device structures may be positioned as described to initiate energy transfer to the vehicle.

The transferred energy may be used to power the vehicle, charge its batteries, and the like.

For example as depicted in Figure 28 a source resonator 2802 may be positioned to drop

down from a ceiling into a device resonator structure 2804 located on the roof of the vehicle

2818. The device resonator may be integrated in the roof of the vehicle, the hood of the

vehicle, and the like. The device resonator may be integrated in vehicle accessories such as

luggage racks and the like. The device resonator may be added as an aftermarket accessory.

The device resonator may be movable, removable, replacable , and the like, on the structure

of the vehicle. A vehicle may comparise more than one device resonator.

[00181] In other embodiments the device 2806 resonator may be positioned on the

front of the vehicle and the source resonator 2808 may be attached to a boom 2820 that may

be used to automatically position the source into the device. In embodiments the boom may

be spring loaded and/or mechanically actuated. In embodiments, at least one of the resonator

structures may comprise permanent magnets or magnetized materials that may be used to

assist in alignment of the source and device resonators. In embodiments, blind mate



connectors and connector designs may be adapted to assist in alignment of the source and

device resonators.

[00182] In other embodiments a device resonator 2810 may be mounted under the

vehicle and a source resonator 2812 placed on the floor or ground 2824 beneath the vehicle.

In embodiments, the source resonator 2822 may be mounted on a flexible boom 2822 that

allows the car to drive over the source resonator assembly, bending the source resonator

assembly until it "pops" and/or "snaps" and or "springs" into place into the housing of the

device resonator 2810 under the vehicle. In yet another embodiment the source 2816

resonator may be recessed under the surface of a floor 2824 underneath the vehicle. The

source resonator 2816 may be an indentation in the floor 2824 under the vehicle and a spring

loaded or actuated device resonator 2814 may drop down into the source resonator 2816 for

charging the vehicle and lift up when charging has finished. In embodiments the source

resonator 2816 may comprise additional doors or flaps to prevent debris from falling into the

source or a deep bottom allowing any debris to fall through the resonator to a depth where it

will not affect the operation of the resonator.

[00183] The location and type of resonator used as the source resonator or used as

the device resonator may depend on factors such as convenience, location, aesthetics,

environment, and the like. In some embodiments and locations it may be preferable to use

the annular structure with the larger diameter or size as the source resonator. For example as

depicted in Fig. 28, a annular structure as the source 2816 may sometimes be preferable for

under applications under the vehicle since the smaller device structure 2814 may be easier to

integrate into the body of the vehicle. Likewise when mounted on the roof of the vehicle it

may be sometimes preferable to make the device resonator the smaller structure 2826 leaving

a smaller protrusion on top of the vehicle. In other embodiments an annular structure may be

easier to integrate into a vehicle and used as a device resonator for receiving energy. An

annular device resonator 2810, 2806, 2804 may be sunk into the vehicle providing a structure

that is integrated into the body or features of the vehicle.

[00184] In embodiments the source and device may fit tightly together allowing

them to mate only if they are both free of debris and obstruction. The source resonator and/or

the device resonator may comprise additional covers or larger enclosures to ensure that the

source and device may only mate if no foreign or unwanted matter is located near the

resonators or near the locations of high magnetic fields generated by the resonators. The

source and/or device resonators may spin or move within their maximum allowable mated

range to identify, dislodge, and/or avoid any obstructions or unwanted objects. The source



and/or device resonators may comprise monitor and control mechanisms that may be used to

ensure that certain power transfer efficiencies and modes of operation are achievable before

charging commences. In embodiments, modes of operation may include safe modes of

operation, temperature restricted modes of operation, field level restricted modes of

operation, frequency restricted modes of operation and the like.

[00185] The annular resonator design may require a mechanical, electronic, or

electromechanical means for aligning the source and device resonators. The source resonator

may be mechanically positioned or aligned with the device resonator mounted on the vehicle.

The device resonator may be mechanically positioned or aligned with the source resonator on

the vehicle. In embodiments the alignment process may be completely automated and may

employ any number of sensors, feedback loops between the source and device subsystem,

cameras, and the like.

[00186] In other embodiments a compact resonator for vehicle applications may

comprise the so called planar resonators described earlier in this application. Another

example embodiment of a planar resonator coil is shown in Fig. 29 and comprises one or

more blocks or pieces of magnetic material 2902 wrapped with an electrical conductor 2910,

such as Litz wire, copper wire, and the like, the conductor forming loops around the magnetic

material 2902.

[00187] In embodiments the shape and dimensions of the resonator and resonator

coil may be adjusted to fit within a specific size envelope, to provide a desired or specific

coupling factor toanother resonator, to accomodate a particular power level, and the like. For

the example resonator coil shown in Fig. 29 the magnetic material and resonator coil may be

shaped to provide a substantially flat structure with the x and y dimensions of the structure

being several times larger than the height, or the z dimension of the structure. In other

embodiments it may be preferable, due to space constraints on a vehicle, to size the structure

such that it has substantially equal dimensions in each direction.

[00188] Going back now to the example flat shaped structure shown in Fig. 29, in

some embodiments it may be desirable to have a flat structure with a specific or minimal

height or thickness in the z dimension. In some vehicles for example, there may be a

relatively ample room for a resonator structure with a large x and y dimension but very little

space for the z dimension. For a resonator structure with a fixed x and y dimension, it may

be desirable to reduce the z dimension as much as possible with acceptable trade off in the

efficiency of energy transfer, wireless energy transfer characteristics, quality factor, and the

like or the resonator structure.



[00189] Fig. 30 shows a cutaway of the structure from Fig. 29. As can be seen from

Fig. 30, the overall thickness of the z dimension 3002 of the structure is dependent on the

thickness of the magnetic material 2902 and the thickness, or the cross section of the

electrical conductor 2910 that is wrapped around the magnetic material. The cross section of

the electrical conductor 2910 may add thickness to the top and bottom of the structure.

[00190] The z dimension of the resonator structure may be reduced by decreasing

the thickness of the magnetic material. In some embodiments, the thickness of the z

dimension of the magnetic material may be determined according to other constraints of the

structure and the system. For example, the thickness of the magnetic material may be

determined by the desired power level of energy transfer. To prevent saturation of the

magnetic material due to the magnetic fields of the resonator structure the magnetic material

may need to be a minimum cross section or a minimum thickness for a fixed x dimension. In

some cases the thickness of the magnetic material may be reduced by using different

magnetic materials, such as magnetic materials with higher permeabilities and/or magnetic

materials that may tolerate higher magnetic flux without saturating or causing additional

losses.

[00191] The thickness or the z dimension of the resonator structure may also be

decreased by reducing the the cross section or the height of the electrical conductor. Similar

to determinations of the thickness of the magnetic material, the thickness, size, type, and the

like of the electrical conductor may be determined by the desired performance of the

resonator and the wireless energy transfer system. The effective gauge of the electrical

conductor may be, for example, determined by the desired power level of energy transfer. To

provide a specific power level to charge and/or power a device, the electrical conductor may

be required to handle specific levels of electrical currents. To facilitate the electrical currents

the electrical conductor may be required to be of a specific gauge, thickness, or type. In

embodiments the shape of the conductor may be adjusted while maintaining substantialy

similar electrical characteristics. In embodiments, to reduce the diameter or z dimension of a

circular cross-section wire, the wire may be formed into an oval or a rectangular shape and

the shaped electrical conductor may be used to assemble a resonator. A conductor with an

oval cross section, for example, may be positioned with its minor axis aligned with the z

dimension of the resonator structure. An electrical conductor with an oval cross section may

have the same cross section or the same electrical characteristics (resistance, impedance, etc.)

as an electrical conductor with a round cross section but may reduce the height or the z

dimension of the resonator structure.



[00192] In some embodiments, an electrical conductor with an asymmetric cross

section (oval, rectangular, etc.) may be difficult to make, wind, handle, align, arrange,

position, purchase, and the like. For example, winding of an asymmetrical conductor may

add a constraint on the winding mechanism to keep the orientation of the conductor such that

the conductor does not twist to ensure that the shortest dimension of the cross section of the

conductor is aligned with the z dimension of the resonator structure.

[00193] The inventors have discovered a way to reduce the z dimension of a

resonator structure by reducing the thickness of the wound conductor of the resonator without

sacrificing the performance of the resonator and without using conductors with asymmetrical

cross sections. The inventors have discovered that similar electromagnetic characteristics can

be realized using two smaller conducting structure connected in parallel rather than using a

single larger conducting structure. In an exemplary empodiment, substantially similar

resonator characteristics may be obtained by using two parallel electrical conductors

comprising a smaller wire gauge as using one larger gauge electrical conductor.

[00194] An embodiment using two parallel wires is shown in Fig. 31. The

structure comprises a block or multiple blocks of magnetic material 3102 wrapped with

electrical conductors 3110, 3108 forming loops around the magnetic material. Instead of one

larger gauge electrical conductor, the embodiment comprises two independent smaller gauge

electrical conductors wrapped around the magnetic material in parallel next one another. The

two electrical conductors may be connected at the beginning and ending points of the

winding so that they are electrically parallel to one another. The two electrical conductors

may be electrically insulated and physically separate along the entire length of the conductors

except at the ends of the conductors where the two ends may be attached together or attached

to a common electrical node thereby electrically connecting the two wires in parallel. For

example, the two conductors may be electrically isolated except on the two ends where end

3108 and 3110 may be connected and 3104 may be connected to 3106. The two smaller

conductors routed in parallel and connected in parallel provide for substantially the same

electrical characteristics as one larger gauge wire but with reduced z dimension of the

structure. As depicted in Fig. 32, the z dimension 3202 of the structure is reduced by twice

difference between z dimensions of the the smaller gauge wire and the larger gauge wire.

[00195] In embodiments more than two parallel conductors may be used to further

decrease the z dimension of the overall resonator structure. In embodiments, three or more

parallel conductors may be used. In embodiments, each of the parallel conductors may be the



same type, gauge, and length. In other embodiments the two or more parallel conductors may

comprise different conductor gauges and/or type. In embodiments, each of the parallel wires

may be different and optimized for a different frequency, current, and power. Each electrical

conductor may be wrapped around the magnetic material and form a different number of

times and/or forming a different number of loops.

[00196] In embodiments the two or more parallel conductors may be always

electrically connected in parallel or may be configured or configurable or reconfigurable for

other arrangements. For example, each of the conductors may be configured to be selectively

switched in parallel or disconnected. In embodiments the number of parallel conductors may

be adaptively changed depending on the power level, frequency, current, and the like in the

resonator. For example, in a low power mode of the wireless energy transfer only one of the

parallel conductors may be used. A high power mode may comprise higher circulating

currents in the conductors and one or more of the parallel conductors may be switched or

added electrically in parallel to thw already electrically connected other conductors. In

embodiments the parallel conductors may be switched or configurable to be electrically in

series with one another to increase the inductance of the resonator coil as needed.

[00197] In embodiments with a z dimension or thickness of the magnetic material,

the inventors have realized that the bend radius of the conductor wrapped around the edges of

the magnetic material may lead to an increased thickness or z dimension of the overall

structure at the edges of the resonator compared to the center of the resonator, or the

minimum z thickness of the resonator. In embodiments, the conductor wrapped around the

magnetic material may be routed at an angle to reduce the extra z dimension needed to

accommodate the bed radius of the wire.

[00198] Many types of electrical conductors such as copper tubing, Litz wire,

braided wire, and the like, have a minimum bend radius. That is, the electrical conductor may

be bent and/or twisted easily around a curve of a specific radius down to a minimum radius

but becomes difficult to bend or may be damaged or compromised when bent to dimensions

below the minimum bend radius. For example, copper tubing may develop kinks and/or

buckles and or folds when bent at a radius smaller than its intended bend radius. The jacket

and insulating layers of copper wires may be damaged and/or the electrical wire may be

crimped, pinched or damaged when bent at a radius smaller than its intended bend radius.In

some embodiments of resonators, the thickness or the z dimension of the magnetic material

may be smaller than the minimum bend radius of the electrical conductor that is wrapped



around the magnetic material. In such embodiments the z dimension of the structure may be

limited by the bend radius of the conductor.

[00199] An example of an increased resonator z dimension associated with a

minimum bend radius of a conductor on the structure is shown in Fig. 33A. The figure shows

the bend characteristics of a conductor 3304 whose minimum bend radius is larger than the

thickness of the magnetic material 3306. When the minimum bend radius of the conductor

3304 is larger than the thickness of the magnetic material 3306 the conductor may form a

bulge 3302 near the bend of the wire. The bulge 3302 may be thicker or have a z dimension

that adds to or is larger than the z dimension of the rest or a portion of the structure. In

embodiments the effects of the conductor bulge on the z-dimension of thresonator may be

reduced by routing the electrical conductor at an angle around the edges and/or sections of

magnetic material for which the thickness is less than the minimum bend radius.

[00200] Fig. 33B shows an exemplary vertical routing of the electrical conductor.

The figure shows the perspective of the wires looking at the structure from the x direction for

the structure shown in Fig. 29. In Fig. 33B, the conductor 3308, 3310, 3312, 3314 is routed

such that the bend is directly parallel to z dimension of the structure. The vertical routing

may maximize the effects of the bulge 3302 on the z dimension of the structure.

[00201] The effects of the bulge may be reduced by routing the conductor at an

angle relative to the edge of the thinnest part of the magnetic material such that the bend of

the conductor is at an angle relative to the z axis of the structure. An exemplary angled

routing is shown in Fig. 33D which shows the perspective of the wires looking from the x

direction for the structure shown in Fig. 29. The conductor wire 3328, 3330, 3332, 3334 may

be routed around the magnetic material 3336 such that the bends of the wire are at an angle

with respect to the z axis of the resonator structure. The angle provides extra space or span

that may be used to accommodate the bulge due to the minimum bend radius of the structure.

In embodiments an angle of 10 degrees of 20 or more degrees may provide for the necessary

space and may reduce the buldge. The angle reduces the effect of the bulge on the z

dimension of the resonator structure. Fig. 33C shows the perspective from the y direction of

the structure when the conductor wire is routed at an angle. From this perspective it can be

seen that the bulge 3322 of the conductor wire 3324 as it is wrapped around the magnetic

material 3326 is reduced.



[00202] 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. For example, designs, methods, configurations of

components, etc. related to transmitting wireless power have been described above along with

various specific applications and examples thereof. Those skilled in the art will appreciate

where the designs, components, configurations or components described herein can be used

in combination, or interchangeably, and that the above description does not limit such

interchangeability or combination of components to only that which is described herein.

[00203] All documents referenced herein are hereby incorporated by reference.



What is claimed is:

1. An assembly of at least two resonator coils comprising:

a first resonator coil configured for wireless energy transfer via oscillating magnetic

fields; and

a second resonator coil configured for wireless energy transfer via oscillating

magnetic fields,

wherein the assembly is configured such that (i) the first resonator coil is positioned in

close proximity to the second resonator coil, and (ii) the first resonator coil

is oriented with respect to the second resonator coil in configuration to achieve

weak coupling.

2 . The assembly of claim 1, wherein the first resonator coil is integrated into a first

battery structure and the second resonator coil is integrated into a second battery structure.

3 . The assembly of Claim 1, wherein the orientation of the first resonator coil with

respect to the second resonator coil is pre-determined to achieve weak coupling.

4 . The assembly of claim 1, wherein the first resonator coil comprises a capacitively

loaded conducting loop.

5 . The assembly of claim 1, wherein the first resonator coil and the second resonator coil

are configured to receive energy from an external source.

6 . The assembly of claim 5, wherein the first resonator coil and the second resonator coil

are configured to capture energy from one or more additional resonators coil that generate an

oscillating magnetic field.

7 . The assembly of claim 1, wherein the coupling is less than 20% of the maximum

coupling between the two resonators.

8. The assembly of claim 1, wherein at least one of the resonators has a quality factor of

at least 100.



9 . A battery structure for wireless energy transfer comprising:

a first battery-sized enclosure having a first magnetic resonator configured for

wireless energy transfer via oscillating magnetic fields;

wherein the resonator is positioned asymmetrically in the battery enclosure such that

when another battery structure is placed in near proximity the resonators of the

two structures have low coupling.

10. The structure of claim 9, wherein the battery sized enclosures is are substantially

cylindrical and is sized for the form factor of one of a AA sized battery, AAA sized battery,

or a D sized battery.

11. The structure of claim 10, wherein the resonator comprises an electrical conductor

forming loops within the cylindrical shape of the battery enclosure.

12. The structure of claim 11, wherein the electrical conductor is formed on a flexible

substrate.

13. The structure of claim 11, further comprising magnetic material, wherein the

magnetic material is at least partially encircled by the conductor loops.

14. The structure of claim 11, further comprising a rechargeable battery.

15. The structure of claim 14, wherein energy captured by the resonator is used to

recharge the rechargeable battery.

16. The structure of claim 9, wherein the coupling is less than 20% of the maximum

coupling between the two resonators.

17. A wireless battery comprising :

a cylindrical, battery-sized enclosure, symmetrical around an axis, the battery-sized

enclosure having a first end and a second end with a positive terminal on the

first end and a negative terminal on the second end; and



a magnetic resonator configured for wireless energy transfer via oscillating magnetic

fields, the resonator comprising a conductor forming loops that are coaxial

with the symmetry axis of the battery sized enclosure,

wherein the resonator is positioned asymmetrically in the battery enclosure such that

the resonator has weak coupling to a resonator of another wireless battery

placed in near proximity with the positive terminal of the wireless battery and

the negative terminal of the other battery being in the same plane.

18. A system for wireless energy transfer for peripherals comprising:

device and a devices in proximity the a wearable energy source; and

at least one wearable source resonator configured to be worn by a wearer and

configured to receive electrical energy from the energy source and to

generate an oscillating magnetic field to transfer energy wirelessly to at

least one of a wearable electronic wearer

19. The system of claim 18, wherein the energy source is a rechargeable battery.

20. The system of claim 18, further comprising at least one device resonator configured

and positioned to interact with the oscillating magnetic field of the at least one source

resonator and to generate electrical energy.

2 1. The system of claim 20, wherein the electrical energy from the at least one device

resonator is used to power at least one wearable electronic device.

22. The system of claim 20, wherein the at least one device resonator is mounted on a

helmet.

23. The system of claim 22, wherein the at least one wearable source resonator is

mounted on a vest.

24. The system of claim 23, wherein the system comprises a shield comprising an

electrical conductor that is positioned to reduce the interactions of the magnetic fields with

the wearer's body.



25. The system of claim 23, wherein the power output of the source resonator is

controlled to limit the magnitude of the magnetic fields that interact with the wearer's body.

26. The system of claim 25, wherein the frequency of the source resonator is controlled to

adjust the frequency of the magnetic fields that interact with the wearer's body.

27. The system of claim 25, wherein the power output of the source resonator is adjusted

depending on the type of tissue in proximity to the source.

28. The system of Claim 18, wherein the source resonator is configured to capture energy

from an external source and recharge the energy source.

29. A helmet-based system for wireless energy transfer for peripherals, the system

comprising:

a wearable rechargeable battery;

a helmet;

a wearable source resonator, configured to receive electrical energy from the battery

and generate an oscillating magnetic field; and

a device resonator mounted to the helmet and configured and positioned to interact

with the oscillating magnetic field of the source resonator and to generate

electrical energy.

30. The system of claim 29, wherein the electrical energy generated by the device

resonator is used to power at least one helmet-mounted electronic device.

31. The system of claim 29, further comprising at least one additional source resonator

configured to receive electrical energy from the battery.

32. The system of claim 31, further comprising a controller, the controller configured to

selectively energize one or more source resonators.

33. The system of claim 32, wherein the controller energizes the sources with the best

coupling to the device resonator.



34. The system of claim 30, further comprising at least one additional device resonator,

the device resonators positioned such at least one of the device resonators receives energy

from the source resonator for during movement of the helmet on a person's head.

35. A resonator coil structure for wireless energy transfer comprising:

a block of magnetic material;

a first electrical conductor wrapped around the block of magnetic material forming

loops around the block of magnetic material; and

a second electrical conductor wrapped around the block of magnetic material forming

loops around the block of magnetic material,

wherein the first and second electrical conductor are parallel and physically separate

from each other.

36. The resonator coil structure of claim 35, wherein the first and second electrical

conductors are electrically isolated from one another.

37. The resonator coil structure of claim 35, wherein the first and second electrical

conductors are electrically parallel to one another.

38. The resonator coil structure of claim 37, wherein the first and second electrical

conductors are electrically connected to one another at their ends.

39. The resonator coil structure of claim 35, wherein the first and second electrical

conductors are electrically insulated from one another.

40. The resonator coil structure from claim 35, wherein the first and second electrical

conductors have substantially the same electrical properties.

4 1. The resonator coil structure from claim 40, wherein the first and second electrical

conductors have substantially the same length.

42. The resonator coil structure from claim 40, wherein the first and second electrical

conductors have substantially the same wire gauge.



43. The resonator coil structure from claim 35, where the first and second electrical

conductors each comprise Litz wire.

44. The resonator coil structure from claim 35, further comprising at least one additional

electrical conductor wrapped in parallel with the first and second electrical conductors and

having substantially the same electrical properties as at least one of the first and second

electrical conductors.

45. The resonator coil structure from claim 35, wherein the first and second electrical

conductors have substantially the same impedance.

46. The resonator coil structure from claim 42, wherein the first and second electrical

conductors and at least one more additional electrical conductor have substantially the same

electrical properties, wherein the first and second and at least one more electrical conductors

are electrically parallel to one another, and wherein the first and second and at least one more

conductors are electrically connected at the ends of the conductors and electrically insulated

from one another along their length.

47. The resonator coil structure from claim 46, further comprising at least one electrically

controllable switch.

48. A resonator coil structure for wireless energy transfer comprising:

a substantially rectangular block of magnetic material, the block of magnetic material

having an axis and a height dimension, the height dimension substantially

orthogonal to the axis; and

a first electrical conductor, the electrical conductor having a bend radius, the bend

radius being larger than the height dimension,

wherein the first electrical conductor is wrapped around the block of magnetic

material forming loops around the axis of the block of magnetic material, and

wherein the first electrical conductor is wrapped at an angle relative to the height

dimension of the magnetic block.



49. The resonator coil structure of claim 48, further comprising a second electrical

conductor, the second electrical conductor wrapped around the block of magnetic material

and positioned in parallel with the first electrical conductor.

50. The resonator coil structure of claim 48, wherein the first and second electrical

conductors have substantially the same electrical properties.

51. The resonator coil structure of claim 50, wherein the first and second electrical

conductors have substantially the same length.

52. The resonator coil structure from claim 50, wherein the first and second electrical

conductors have substantially the same wire gauge.
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