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FOREIGN OBJECT DETECTION IN WIRELESS
ENERGY TRANSFER SYSTEMS

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims priority to the following U.S. Provisional Patent Applications, the

entire contents of each of which are incorporated herein by reference: 62/243,469, filed on

October 19, 2015; 62/267,009, filed on December 14, 2015; 62/309,840, filed on March 17,

2016; 62/261,077, filed on November 30, 2015; and 62/376,497, filed on August 18, 2016.

TECHNICAL FIELD

This disclosure relates wireless energy transfer systems and detection of foreign object

debris (FOD) in the vicinity of such systems.

BACKGROUND

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 Publication Nos. 2010/01099445, 2010/0308939, 2012/0062345, and

2012/0248981, the entire contents of each of which are incorporated herein by reference.

SUMMARY

This disclosure features methods and systems for detecting FOD in proximity to wireless

energy transfer systems. In particular, the methods and systems can be used with wireless

energy transfer systems that use magnetic resonators to transfer power via oscillating magnetic

fields. Such systems can transfer large quantities of power, and the presence of FOD can

represent a particular hazard during operation. The methods and systems disclosed herein can

also be used with other types of wireless energy transfer systems as well, including resonant and

non-resonant systems, and systems that transfer power via electromagnetic fields.

The systems and methods disclosed herein use a principal components-based analysis to

identify FOD and to update calibration settings to correct for drift due to a variety of sources.

Measurements from one or more FOD sensors are transformed into a principal components basis

derived from an inverse covariance matrix describing a system calibration state, in such a way



that the first principal component represents a multi-dimensional direction corresponding to the

largest variance, with succeeding principal components representing directions of successively

smaller variance. The principal components therefore represent the data in an uncorrelated,

orthogonal basis vector set. When a foreign object is present in proximity to the system, the

basis-projected sensor measurements are scattered most strongly in the direction of the first

principal component. This has the advantage of increasing the sensitivity of the system to small

FOD, and FOD located at relatively large vertical distances from the wireless energy source.

Principal components (PC) analysis of the FOD sensor measurements can provide a

number of additional advantages. For example, fast calibration routines can be used to generate

an initial system calibration and ongoing updates to the calibration, so that the system is ready

for use shortly after initialization. FOD detection signals can be calculated rapidly, allowing for

fast signaling by the system when potential FOD is identified. Projection of sensor

measurements into the PC basis also allows the measured signals to be used for alignment of the

source and receiver in a wireless energy transfer system. For example, for vehicle-based

charging, the sensor measurements can be used during vehicle parking to ensure alignment of a

vehicle mounted receiver and a ground-based source so that vehicle charging occurs efficiently

after parking is complete.

In a first aspect, the disclosure features wireless energy transfer systems that include: a

source resonator configured to generate an oscillating magnetic field to transfer energy to a

receiver resonator, a plurality of sensors, where each of the sensors is configured to generate an

electrical signal in response to a magnetic field, and a controller coupled to each of the sensors,

where during operation of the system, the controller is configured to: obtain a system calibration

state comprising a set of basis vectors derived from a first set of electrical signals generated by

the plurality of sensors with no foreign object debris in proximity to the system; measure a

second set of electrical signals generated by the plurality of sensors; calculate a projection of the

second set of electrical signals onto the set of basis vectors; calculate a detection signal based on

the projection of the second set of electrical signals; determine whether foreign object debris is

present in proximity to the system by comparing the calculated detection signal to a detection

threshold value; and adjust the system calibration state based on the presence or absence of

foreign object debris in proximity to the system to generate an updated system calibration state.

Embodiments of the systems can include any one or more of the following features.



The controller can be configured to obtain the system calibration state by: determining

an inverse covariance matrix for the first set of electrical signals; and determining the set of basis

vectors by determining a set of eigenvectors of the inverse covariance matrix. The controller can

be configured to determine the inverse covariance matrix based on mean-subtracted values

derived from the first set of electrical signals. The values can include at least one of amplitudes

of the first set of electrical signals and phases of the first set of electrical signals.

The plurality of sensors can include n sensors, and each of the basis vectors can include n

elements. For each basis vector, each of the n elements can correspond to a contribution from a

different one of the n sensors. The projection can include a vector of length p < n, and each

element of the projection can correspond to a contribution of a different one of the basis vectors

to a representation of the second set of electrical signals. The controller can be configured to

calculate the detection signal as a norm of the projection, e.g., as a scaled norm of the projection

in which each element of the projection is scaled according an eigenvalue associated with a

corresponding one of the basis vectors.

The controller can be configured to adjust the system calibration state when foreign

object debris is not in proximity to the system, e.g., by generating an updated inverse covariance

matrix based on the second set of electrical signals. The controller can be configured to generate

the updated inverse covariance matrix using an infinite impulse response filter.

Prior to obtaining the system calibration state, the controller can be configured to

determine whether foreign object debris is present in proximity to the system. The controller can

be configured to determine whether foreign object debris is present in proximity to the system

prior to obtaining the system calibration state by: measuring a plurality of sets of electrical

signals generated by the plurality of sensors, where each set of electrical signals corresponds to a

different relative position of the source and receiver resonators; generating a position covariance

matrix based on the plurality of sets of electrical signals; determining a set of position basis

vectors corresponding to eigenvectors of an inverse of the position covariance matrix; measuring

a third set of electrical signals generated by the plurality of sensors; calculating a projection of

the third set of electrical signals onto the set of position basis vectors; and determining whether

foreign object debris is present in proximity to the system based on a magnitude of the projection

of the third set of electrical signals. The set of position basis vectors can correspond to a set of m



eigenvectors of the inverse of the position covariance matrix that correspond to m largest

eigenvalues of the inverse of the position covariance matrix.

Each of the plurality of sensors can include one or more loops of conducting material. At

least some of the sensors can include a first loop of conducting material coupled to a second loop

of conducting material. The first and second loops may not overlap. The first and second loops

can be configured so that when a magnetic field flux density through the first and second loops is

the same, the first and second loops generate electrical signals of approximately equal

magnitude.

At least one of the sensors can include a first loop of conducting material featuring two

terminals and a second loop of conducting material featuring two terminals, where a second

terminal of the first loop is directly connected to a first terminal of the second loop, and a second

terminal of the second loop is not connected to either terminal of the first loop. When magnetic

field flux extends through the first and second loops, the controller can be configured to measure

a reference electrical signal by measuring an electrical signal between the terminals of the first

loop, and the controller can be configured to measure an electrical signal featuring contributions

from both the first and second loops by measuring an electrical signal between a first terminal of

the first loop and the second terminal of the second loop.

The plurality of sensors can be positioned so that when the source resonator generates the

oscillating magnetic field, the sensors generate the electrical signals based on a portion of the

oscillating magnetic field that extends through the sensors.

The systems can include an auxiliary coil connected to the controller and configured to

generate a measurement magnetic field in a spatial region in proximity to at least one of the

source and receiver resonators. The plurality of sensors can be positioned so that when the

auxiliary coil generates the measurement magnetic field, the sensors generate the electrical

signals based on a portion of the measurement magnetic field that extends through the sensors.

The plurality of sensors comprises an array of loops of conductive material in which each

loop of the array is coupled to another loop of the array.

The first and second loops can be coupled through a direct electrical connection between

the loops. The first and second loops can be coupled through a hardware or software processor,

and the processor can be configured to invert an electrical signal generated by one of the first and

second loops.



Obtaining the system calibration state can include retrieving the system calibration state

from an electronic storage medium. Obtaining the system calibration state can include:

determining an inverse covariance matrix for the first set of electrical signals; determining a set

of eigenvectors of the inverse covariance matrix; and determining the set of basis vectors from

the eigenvectors of the inverse covariance matrix.

Embodiments of the systems can also include any of the other features disclosed herein,

including features disclosed in connection with different embodiments, in any combination as

appropriate.

In another aspect, the disclosure features methods that include: determining a system

calibration state featuring an inverse covariance matrix for a first set of electrical signals

generated by a plurality of sensors in proximity to a wireless energy transfer system when no

foreign object debris is in proximity to the wireless energy transfer system; determining a set of

basis vectors from eigenvectors of the inverse covariance matrix; measuring a second set of

electrical signals generated by the plurality of sensors; calculating a detection signal based on a

projection of the second set of electrical signals onto the set of basis vectors; determining

whether foreign object debris is present in proximity to the wireless energy transfer system by

comparing the calculated detection signal to a detection threshold value; and adjusting the

system calibration state based on the presence or absence of foreign object debris in proximity to

the system to generate an updated system calibration state.

Embodiments of the methods can include any one or more of the following features.

The methods can include determining the inverse covariance matrix based on values

derived from the first set of electrical signals, where the values include at least one of amplitudes

of the first set of electrical signals and phases of the first set of electrical signals. The plurality of

sensors can include n sensors, and each of the basis vectors can include n elements each

corresponding to a contribution from a different one of the n sensors.

The projection can include a vector of length p < n, and each element of the projection

can correspond to a contribution of a different one of the basis vectors to a representation of the

second set of electrical signals. Calculating the detection signal can include determining a norm

of the projection.

The methods can include adjusting the system calibration state when foreign object debris

is not in proximity to the system. The methods can include adjusting the system calibration state



by generating an updated inverse covariance matrix based on the second set of electrical signals.

The methods can include generating the updated inverse covariance matrix using an infinite

impulse response filter. The methods can include, prior to determining the system calibration

state, determining whether foreign object debris is present in proximity to the wireless energy

transfer system.

Embodiments of the methods can also include any of the other features disclosed herein,

including features disclosed in connection with different embodiments, in any combination as

appropriate.

As used herein, "foreign object debris" (FOD) refers to objects formed of materials that,

when exposed to a field used for wireless energy transfer, undergo significant heating and/or

interaction with the field. For example, for resonant wireless energy transfer systems that use

oscillating magnetic fields to transfer energy, FOD formed of materials such as metals can

interact strongly with the energy transfer fields. In particular, the magnetic fields can induce

eddy currents in metallic objects; if the fields are sufficiently large, the amount of heat generated

in the metallic objects due to the induced currents can cause the objects to ignite. As such, for

high energy wireless transfer systems in particular, the presence of nearby FOD can represent a

significant operating hazard. In addition, coupling between the energy transfer field and the

FOD reduces the amount of energy that is transferred to the system's receiver. Thus, in addition

to posing a potential safety hazard, FOD also reduces the energy transfer efficiency of the

system.

As used herein, "wireless energy transfer" from one resonator to another refers to

transferring energy to do useful work (e.g., mechanical work) such as powering electronic

devices, vehicles, lighting a light bulb or charging batteries. Similarly, "wireless power

transmission" from one resonator to another refers to transmitting power to do useful work (e.g.,

mechanical work) such as powering electronic devices, vehicles, lighting a light bulb or charging

batteries. Both wireless energy transfer and wireless power transmission refer to the transfer of

energy (or the transmission of power) to provide operating power that would otherwise be

provided through a connection to a power source, such as a connection to a mains voltage source.

Accordingly, with the above understanding, the expressions "wireless energy transfer" and

"wireless power transmission" are used interchangeably in this disclosure. It should also be

understood that "wireless power transmission" and "wireless energy transfer" can be



accompanied by the transfer of information; that is, information can be transferred via an

electromagnetic signal along with the energy or power to do useful work.

Unless otherwise defined, all technical and scientific terms used herein have the same

meaning as commonly understood by one of ordinary skill in the art to which this disclosure

belongs. Although methods and materials similar or equivalent to those described herein can be

used in the practice or testing of the subject matter herein, suitable methods and materials are

described below. All publications, patent applications, patents, and other references mentioned

herein are incorporated by reference in their entirety. In case of conflict, the present

specification, including definitions, will control. In addition, the materials, methods, and

examples are illustrative only and not intended to be limiting.

The details of one or more embodiments are set forth in the accompanying drawings and

the description below. Other features and advantages will be apparent from the description,

drawings, and claims.

DESCRIPTION OF DRAWINGS

FIG. 1 is a schematic diagram of a wireless energy transfer system.

FIG. 2 is a schematic diagram of another wireless energy transfer system.

FIG. 3 is a schematic diagram of a wireless energy transfer system that includes foreign

object debris (FOD) sensors.

FIG. 4 is a flow chart showing a series of steps for detecting FOD in proximity to a

wireless energy transfer system.

FIG. 5 is a plot showing projections of FOD sensor measurements onto an eigenvector of

a covariance matrix describing a system calibration state.

FIG. 6 is a plot showing amplitudes of FOD sensor measurements projected onto

eigenvectors of an inverse covariance matrix describing a system calibration state.

FIG. 7 is a plot showing phases of FOD sensor measurements projected onto eigenvectors

of an inverse covariance matrix describing a system calibration state.

FIG. 8 is a plot showing normalized magnitudes of eigenvalues for the principal

components of inverse covariance matrices derived from amplitudes and phases of FOD sensor

measurements and describing a system calibration state.



FIG. 9 is a plot showing a FOD detection signal as a function of time, calculated from an

inverse covariance matrix based on amplitudes of FOD sensor measurements.

FIG. 10 is a plot showing a FOD detection signal as a function of time, calculated from

an inverse covariance matrix based on phases of FOD sensor measurements.

FIG. 11 is a plot showing a FOD detection signal as a function of time, calculated from

an inverse covariance matrix based on amplitudes of FOD sensor measurements.

FIG. 12 is a plot showing a FOD detection signal as a function of time, calculated from

an inverse covariance matrix based on phases of FOD sensor measurements.

FIG. 13 is a set of plots showing time-series measurements of the amplitude and phase of

FOD sensor signals in operational mode 2 with no FOD present.

FIG. 14 is a set of plots showing time-series measurements of the amplitude and phase of

FOD sensor signals in operational mode 3 with no FOD present.

FIG. 15 is a plot showing the average fractional drift per FOD sensor as a function of

time for amplitudes and phases of FOD sensor signals in operational mode 2 .

FIG. 16 is a plot showing the average fractional drift per FOD sensor as a function of

time for amplitudes and phases of FOD sensor signals in operational mode 3 .

FIG. 17 is a set of plots showing the inverse covariance matrix formed from the

amplitudes of FOD sensor measurements at different times.

FIG. 18 is a set of plots showing standard deviations of the amplitudes of FOD sensor

measurements at different times.

FIG. 19 is a set of plots showing normalized magnitudes of the eigenvectors

corresponding to the three lowest-magnitude eigenvalues of a position-covariance matrix.

FIG. 20 is a set of plots showing projections of amplitudes and phases of FOD sensor

training measurements projected into a reduced basis derived from a position-covariance matrix,

and amplitudes and phases of FOD sensor measurements with FOD present projected into the

same basis.

FIG. 2 1 is a plot showing the FOD detection signal as a function of receiver resonator

position for three different FOD objects.

FIG. 22 is a plot showing a magnetic field generated by a source magnetic resonator.

FIG. 23 is a plot showing an enlarged portion of the magnetic field of FIG. 22.

FIGS. 24A and 24B are schematic diagrams of examples of FOD sensors.



FIG. 25 is a plot showing induced voltage measurements for individual sensor loops and

pairs of coupled sensor loops.

FIG. 26 is a plot showing an expanded view of a portion of the plot of FIG. 25.

FIGS. 27-3 1 are schematic diagrams showing examples of arrays of FOD sensors.

FIG. 32 is a schematic diagram showing FOD sensor loops coupled through a switch.

FIG. 33 is a schematic diagram showing a wireless energy transfer system that includes

an auxiliary coil.

FIG. 34 is a schematic circuit diagram of a portion of wireless energy transfer system that

includes a switchable auxiliary amplifier.

FIG. 35 is a schematic diagram showing an array of FOD sensors.

FIGS. 36A and 36B are schematic diagrams showing examples of FOD sensor systems.

FIGS. 37A and 37B are schematic diagrams showing examples of a source resonator coil.

FIG. 38A is a schematic diagram of an example of an auxiliary coil for FOD detection.

FIG. 38B is a schematic diagram showing an effective representation of the auxiliary coil

of FIG. 38A .

FIG. 38C is a schematic diagram showing a portion of an auxiliary coil and a portion of a

source resonator coil.

FIG. 38D is a schematic diagram showing an auxiliary coil and a source resonator.

FIG. 39A is a schematic diagram showing an example of an auxiliary coil for FOD

detection.

FIG. 39B is a schematic diagram showing an effective representation of the auxiliary coil

of FIG. 39A .

FIG. 40 is a schematic diagram showing an example of a set of auxiliary coils for FOD

detection.

FIGS. 41, 42A, and 42B are schematic diagrams showing examples of auxiliary coils for

FOD detection.

FIG. 43 is a schematic diagram showing a portion of a system controller for a wireless

energy transfer system.

Like reference symbols in the various drawings indicate like elements.

DETAILED DESCRIPTION



Introduction

Wireless energy transfer systems that generate an oscillating magnetic field to transfer

energy between two coupled resonators (i.e., a source resonator and a receiver resonator) can be

efficient, non-radiative, and safe. Certain non-magnetic and/or non-metallic objects that are

inserted between the resonators may not substantially interact with the magnetic field used for

wireless energy transfer. However, certain objects - such as some metallic objects, for example

- inserted between the resonators may interact with the magnetic field of the wireless power

transfer system in a way that causes the objects to perturb the wireless energy transfer and/or to

heat up substantially. Detection of the presence of such objects in proximity to wireless energy

transfer systems is therefore desirable, as detection can be followed by actions such as reducing

the amount of energy that is transferred (or even discontinuing energy transfer entirely), and

alerting a user of the system that such objects are present.

Objects that perturb the wireless energy transfer are referred to herein as foreign object

debris (FOD). As noted above, some FOD may interact with the energy transfer magnetic field

in a way that may perturb the characteristics of the resonators used for energy transfer, may

block or reduce the magnetic fields used for energy transfer, or may create a fire and/or burning

hazard. In some applications, special precautions may be necessary to avoid combustible

metallic objects becoming hot enough to ignite during high power energy transfer. Some

metallic objects can heat up and have enough heat capacity to burn or cause discomfort to a

person who might pick them up while they are still hot. Examples include tools, coils, metal

pieces, soda cans, steel wool, food packaging, and tobacco packaging.

FIG. 1 is a schematic diagram of a wireless power transfer system 100. System 100

includes a source resonator 102 and a receiver resonator 104. Source resonator 102 is coupled to

power supply 106 through a coupling 105. In some embodiments, coupling 105 is a direct electrical

connection. In certain embodiments, coupling 105 is a non-contact inductive coupling. In some

embodiments, coupling 105 can include an impedance matching network (not shown in FIG. 1).

Impedance matching networks and methods for impedance matching are disclosed, for example, in

commonly owned U.S. Patent Application Publication No. 2012/0242225, the entire contents of

which are incorporated herein by reference.

In similar fashion, receiver resonator 104 is coupled to a load 108 through a coupling 107.

Coupling 107 can be a direct electrical connection or a non-contact inductive coupling. In some



embodiments, coupling 107 can include an impedance matching network, as described above.

In general, load 108 receives power from receiver resonator 104. Device 108 then uses the

power to do useful work. In some embodiments, for example, load 108 is a battery charger or

manager that charges one or more batteries of a vehicle (e.g., car, truck, etc.) In some embodiments,

load 108 can be a battery of the vehicle.

During operation, source resonator 102 is configured to wirelessly transmit power to

receiver resonator 104. In some embodiments, source resonator 102 can generate oscillating fields

(e.g., electric, magnetic fields) when supplied with electrical power from power supply 106. The

oscillating fields couple to receiver resonator 104 and provide power to the receiver resonator 104

through the coupling. More specifically, the oscillating fields generated by source resonator 102

can induce oscillating currents within receiver resonator 104. In some embodiments, either or both

of the source and receiver coils can be configured to be resonant. In certain embodiments, either or

both of the source and receiver coils can be non-resonant so that the power transfer is achieved

through non-resonant coupling.

In certain embodiments, the system 100 can include a power repeating apparatus (not shown

in FIG. 1). The power repeating apparatus can be configured to wirelessly receive power from the

source resonator 102 and wirelessly transmit the power to the receiver resonator 104. The power

repeating apparatus can include similar elements described in relation to the source and receiver

resonators above.

System 100 includes electronic controllers 103a and 103b (which together form a control

system) configured to control power transfer in system 100, for example, by directing power

supply 106 to drive source resonator 102 with an oscillating electrical current. In general,

electronic controller 103a (the source-side controller) is connected to source resonator 102 and

power supply 106 via connections 109a. Where coupling 105 includes components such as an

impedance matching network, electronic controller 103a can also be connected to coupling 105

via a connection 109a.

Electronic controller 103b is connected to receiver resonator 104 and load 108 via

connections 109b. Where coupling 107 includes components such as an impedance matching

network, electronic controller 103b can also be connected to coupling 107 via a connection 109b.

Electronic controller 103a can also be connected to electronic controller 103b via a wired or

wireless connection 109c.



In some embodiments, some or all of connections 109a-b are wired connections. In

certain embodiments, some or all of connections 109a-b are wireless connections (e.g., radio-

frequency, Bluetooth communication). The nature of connections 109a-b can depend on the

various components of system 100. For example, electronic controller 103a can be connected to

power supply 106 and/or coupling 105 and/or source resonator 102 via wired connections 109a,

and connected to electronic controller 103b via a wireless connection 109c. Similar

considerations apply to electronic controller 103b.

Electronic controller 103a can configure power supply 106 to provide power to source

resonator 102, and to regulate the output of supply 106 to adjust the magnitude of the energy

transfer field generated by source resonator 102. The driving current from supply 106 can be at

an oscillation frequency that corresponds to a frequency of the energy transfer field generated by

source resonator 102.

In some embodiments, electronic controllers 103a and 103b can tune the resonant

frequencies of the source resonator 102 and/or the receiver resonator 104 (e.g., by tuning reactive

components of impedance matching networks) to regulate energy transfer efficiency, the amount

of energy transferred, to mitigate positional offsets between the resonators, and/or for other

reasons as well. Adjustments can be based on measurement of a frequency of the energy transfer

field generated by source resonator 102, and/or based on measurements of current and/or voltage

(and magnitudes and/or phases thereof) in either resonator, for example, by one or more sensors

connected to electronic controllers 103a and/or 103b. In certain embodiments, electronic

controllers 103a and 103b can tune the resonant frequencies of one or both of source resonator

102 and receiver resonator 104 to be substantially the same (e.g., within 0.5%, within 1%, within

2%).

In certain embodiments, electronic controllers 103 a and 103b can adjust impedance

matching conditions in system 100 by adjusting one or more resistive, capacitive, and/or

inductive elements in an impedance matching network that is part of coupling 105, and/or in an

impedance matching network that is part of coupling 107. Adjusting the impedance matching

conditions controls the efficiency of energy transfer between resonators 102 and 104, and can be

performed iteratively by electronic controller 103 based on measurements of voltage, current,

and other performance-related parameters by one or more sensors connected to controllers 103 a

and/or 103b.



In addition to source resonator 102 and receiver resonator 104, in some embodiments,

system 100 can include one or more repeater resonators that function as active or passive relays,

receiving power from one resonator and transferring power to another resonator. In resonant

energy transfer systems that use oscillating magnetic fields to transfer power, each of the

resonators (e.g., source resonator 102, receiver resonator 104, and any repeater resonators) can

have a resonant frequency f = ω/2π, an intrinsic loss rate Γ, and a Q-factor Q = ω/(2Γ) (also

referred as "intrinsic" Q-factor in this disclosure), where ω is the angular resonant frequency. A

resonant frequency f of a resonator, for example, in a power source or power receiver of the

system, can have a capacitance and inductance that defines its resonant frequency f .

To achieve high efficiency wireless energy transfer, which is particularly important for

applications such as vehicle charging where large amounts of energy are transferred to charge a

vehicle's onboard battery system, some or all of the resonators in system 100 have a relatively

high Q-factor. For example, the Q-factor of some or all of the resonators can be greater than 100

(e.g., Q>200, Q>300, Q>500, Q>1000).

Utilizing high Q-factor resonators can lead to large energy coupling between some or all

of the resonators in a wireless power transfer system. The high Q factors can lead to strong

coupling between resonators such that the "coupling time" between the resonators is shorter than

the "loss time" of the resonators. In this approach, energy can be transferred efficiently between

resonators at a faster rate than the energy loss rate due to losses (e.g., heating loss, radiative loss)

of the resonators. In certain embodiments, a geometric mean ^QQ j can be larger than 100

(e.g., ¾ >200, >300, Q
] >500, Q

] >1000) where i and refer to a source-

receiver resonator pair, a source-repeater resonator pair, or a repeater-receiver resonator pair.

Additional aspects of high-Q resonators are disclosed, for example, in U.S. Patent No. 8,461,719,

the entire contents of which are incorporated herein by reference.

FIG. 2 shows a schematic diagram of a wireless energy transfer system 200 that uses

magnetic resonators to transfer energy. System 200 is an example of the general system 100

shown in FIG. 1 . System 200 includes a power supply 202, a DC/DC and/or AD/DC converter

204, a power amplifier 206, an impedance matching network 208, and a source resonator 210.

These components are connected to one another via direct wired connections, and are also

connected to controller 212a via connections 213.



System 200 also includes a receiver resonator 214, an impedance matching network 216,

a rectifier 218, a DC/DC and/or DC/AC converter 220, and a device 222. These components are

connected to one another via direct wired connections, and are also connected to controller 212b

via connections 215.

Power supply 202 can be an AC voltage source such as a home electrical outlet or a DC

voltage source such as a battery. The power supply 202 delivers a current to converter 204,

which converts the current to a direct current (i.e., a DC current). The direct current is amplified

by power inverter or amplifier 206 to generate a driving current that drives source resonator 210.

The oscillation frequency and amplitude of the driving current can be adjusted by power

amplifier 206 (under the control of controller 212) to control the magnetic field generated by

source resonator 210.

Impedance matching network (IMN) 208 adjusts the impedance of source resonator 210.

For example, IMN 208 can be tuned (e.g., by controller 212) to adjust for the perturbation of the

quality factor Q of the source resonator 210 due to the presence of FOD in proximity to the

resonator. FMN 208 can also be tuned to regulate energy transfer between source and receiver

resonators 210 and 214, e.g., based on feedback signals measured by one or more sensors (not

shown in FIG. 2) and communicated to controller 212.

IMN 208 can include a capacitor or networks of capacitors, an inductor or networks of

inductors, or any combination of capacitors, inductors, diodes, switches, resistors, and similar

elements. The components of the impedance matching network may be adjustable and variable

and may be controlled to affect the efficiency and operating point of the system. Impedance

matching may be performed by controlling the connection point of the resonator, adjusting the

permeability of a magnetic material, controlling a bias field, adjusting a frequency of excitation,

and similar operations, all of which are carried out by controller 212. Elements of IMN 208 that

can be tuned and controlled by controller 212 include any number or combination of varactors,

varactor arrays, switched elements, capacitor banks, switched and tunable elements, reverse bias

diodes, air gap capacitors, compression capacitors, BZT electrically tuned capacitors, MEMS-

tunable capacitors, voltage variable dielectrics, pulse-width modulation (PWM) controlled

capacitors, barium strontium titanate (BST) capacitors, and transformer coupled tuning circuits.

Variable components can be mechanically tuned, thermally tuned, electrically tuned, and piezo-

electrically tuned.



The driving current supplied by power amplifier 206 causes source resonator 210 to

generate an oscillating magnetic field at a frequency that matches or nearly matches a resonance

frequency of receiver resonator 214. Receiver resonator 214 captures a portion of the field,

which induces an oscillating current (i.e., an AC current) in the receiver resonator.

IMN 216 on the receiver side of system 200 functions in a manner similar to V N 208.

The AC current in receiver resonator 214 is rectified by rectifier 218, and then converted into a

DC or AC output current by converter 220, and delivered to device 222, where the current is

used to perform useful work such as charging a vehicle battery system. Additional aspects and

features of the various components of system 200 are disclosed, for example, in the following

U.S. Patent Application Publications, the entire contents of each of which are incorporated herein

by reference: 2015/0270719; 2013/0069441; 2014/01 11019; and 2015/0323694.

To detect FOD, the wireless energy transfer systems disclosed herein include one or more

FOD sensors. FIG. 3 is a schematic diagram of a portion of a wireless energy transfer system

300. System 300 includes a source resonator 302, e.g., positioned in a floor of a garage or other

structure, or inset into a road. A receiver resonator 304 is attached to a vehicle 312 such that

when the vehicle is stationary, resonators 302 and 304 are aligned in the x- and y-directions, and

offset from one another in the z-direction.

System 300 also includes the other source-side components shown in FIGS. 1 and 2 - a

power source, a converter, a power amplifier, and an impedance matching network - collectively

shown as source electronics 306. Source resonator is connected to a controller 308 via

connection line 302a, and each of the components of source electronics 306 is connected to

controller 308 via connection line 306a.

Also connected to controller 308 via a connection line 3 10a are one or more FOD sensors

3 10. In the following discussion, FOD sensors 310 will be referred to as an "array" of FOD

sensors. It should be understood that the array can include any number of sensors, including a

single sensor. Typically, however, system 300 includes multiple FOD sensors as part of the

array.

It should also be understood that the term array, when applied to described sensors 310,

does not necessarily mean that sensors 3 10 are arranged in a regular pattern or geometric shape.

FOD sensors 310 can, in some embodiments, be arranged in a regular pattern (e.g., a square,

rectangular, or hexagonal pattern). In certain embodiments, however, some or all of FOD



sensors 310 are located such that they do not form a regular pattern. In general, individual FOD

sensors 310 can be positioned at any x-y location and any elevation z between source resonator

302 and receiver resonator 304. The "array" of FOD sensors 310 can include individual sensors

and/or groups of sensors positioned at different elevations, and sensors positioned at any x-y

location. Multiple "layers" - each featuring multiple FOD sensors, and each at a different z

elevation - can collectively correspond to the array of FOD sensors 310.

Each of the FOD sensors 310 in the array is connected to controller 308 and transmits its

measurement signal to controller 308. In turn, controller 308 receives the measurement signals

and uses the signals to establish baseline readings and identify the presence of FOD in the

vicinity of system 300. For vehicle charging applications, system 300 can operate - at a

particular time - in one of several modes, depending upon the positional relationship between the

vehicle and the system. A first mode, for example, corresponds to the situation where the

vehicle is approaching the wireless energy transfer system but has not yet parked, and power is

not yet being transferred to the vehicle's on-board battery system. In this mode, low power

diagnostic tests can be conducted without the vehicle present to check the status of the system

and to check for FOD prior to the arrival of the vehicle.

A second mode corresponds to the situation where the vehicle has parked in proximity to

source resonator 302, such that source resonator 302 and receiver resonator 304 are aligned, or

approximately aligned. However, transfer of energy between source resonator 302 and receiver

resonator 304, e.g., to charge the vehicle's batteries, is not yet occurring. In this mode, system

300 determines whether the region in proximity to source resonator 302 and/or receiver resonator

304 is free of FOD.

A third mode corresponds to the situation where energy is being transferred from source

resonator 302 to receiver resonator 304, e.g., to charge the batteries of vehicle 312. During

energy transfer at high power levels, system 300 uses measurements from sensor array 3 10 to

ensure that no new FOD has arrived in the system in proximity to source resonator 302.

A wide variety of different FOD sensors 310 can be used to measure signals for FOD

detection. Examples of suitable sensors will be discussed in greater detail in a later section of

this disclosure.

FOD Detection by Principal Components Analysis



The systems and methods disclosed herein involve detection of FOD by principal

components (PC) analysis. The PC basis provides a convenient space to represent measurements

from FOD sensors in a non-local, orthogonal, uncorrelated set of basis vectors, organized

according to their relative information content. A relatively small number of basis vectors can be

used to represent the sensor environment (e.g., the distribution of magnetic fields within in

proximity to the source and receiver resonators). The PC basis representation of the measured

FOD sensor signals naturally de-noises the signals and calibration states that are produced from

the signals. Furthermore, the projection of the sensor measurements into the PC basis allows the

information encoded in the measurements to analyzed using a variety of techniques.

The principal components encode sensor measurements in a global manner; each

principal component includes signal contributions from each of the FOD sensors in the system.

The components can then be ordered according to their relative information content with respect

to FOD detection. Put another way, the transformation from measurement signals to principal

components is performed such that the first principal component represents the "direction" in the

measurement signal data corresponding to the largest variance. Each successive principal

component corresponds to the direction in the signal data corresponding to the next-largest

variance. By transforming the measurement signal data in this manner, the set of principal

components thus obtained constitutes an uncorrelated and orthogonal basis vector set.

The PC basis set can be updated to follow slow drift in the system calibration due to

factors such as drift in the source-side power amplifier, and longer term changes in the

electromagnetic environment in proximity to the system. As such, the system calibration can be

dynamically updated to reduce the incidence of false-positive FOD detection. When FOD is

present in proximity to the system, the electromagnetic environment changes in a way that

scatters the FOD sensor measurements, as projected in the PC basis, far from the baseline system

calibration. The scattering allows for robust FOD detection, and is typically represented by

growth in the vector distance of the perturbed FOD sensor measurements, projected in the PC

basis, from the baseline calibration state.

A number of advantages can be realized by using the PC-based anomaly (e.g., FOD)

detection methods disclosed herein. The methods typically yield increased sensitivity to small

FOD and FOD located at a variety of different z-elevations (including relatively large z-

elevations), relative to conventional FOD detection methods. Natural system drift and noise



when no FOD is present typically has some correlation. However, the introduction of FOD in

proximity to the system causes perturbations to the electromagnetic environment which do not

share the same correlation structure as system drift and noise. As such, the perturbations caused

by FOD are isotropic in the spaced defined by the PC basis vectors.

Because the PC basis vectors - which are derived from the inverse covariance matrix -

are ordered from highest to lowest variance, relatively small perturbations in the electromagnetic

environment affect the contributions of first few PC basis vectors (i.e., those that correspond to

the highest variance) to the system state the most. Thus, the PC-based detection methods

disclosed herein are designed to focus in particular on FOD-induced perturbations, and to be

relatively insensitive to significant but relatively constant contributions to the electromagnetic

environment arising from other correlated system features, e.g., drift and noise.

The PC-based methods disclosed herein also permit relatively short system startup and

calibration times to be realized. Updates to the system's baseline calibration can be performed

using fast calibration routines that are performed in real time or near real time. Similarly, after

FOD sensor measurements are received by the system controller, calculation of the detection

signal by the controller is rapid, allowing for subsequent actions (such as reducing or

discontinuing energy transfer, and/or alerting system users) to occur quickly.

The methods can also use FOD sensor measurements, transformed into the PC basis, for

localizing the receiver resonator relative to the source resonator. For vehicle charging

applications, for example, the system controller can transmit tracking and/or guidance signals to

the vehicle on which the receiver resonator is mounted, to assist the vehicle's driver during

parking to ensure that once parked, energy can be efficiently transferred from the source

resonator to the receiver resonator.

FIG. 4 is a flow chart 400 that shows a series of steps that can be performed to detect

FOD in proximity to a wireless energy transfer system. In a first step 402, if not already present,

the system generates an initial system calibration using measured signals from the system's FOD

sensors. After the system calibration has been generated (or if the calibration was previously

generated and is still valid), signal measurements are obtained from each of the system's FOD

sensors in step 404. Then, in step 406, the FOD detection signal is calculated from the FOD

sensor measurements obtained in step 404.



Next, in step 408, the FOD detection signal is compared to a detection threshold to

determine whether FOD is present in proximity to the system. If FOD is determined to be

present, then in optional step 410, the system can take a variety of actions including modifying

system operating parameters (e.g., reducing or discontinuing energy transfer between the source

and receiver resonators), and issuing various alerting messages and signals to system users.

In step 412, if no FOD is present, the system calibration is updated based on the latest

FOD sensor measurements. Control then passes to decision step 414, where the system

determines whether FOD detection should continue. If so, control returns to step 404 and new

FOD sensor measurements are obtained. If not, the procedure ends at step 416.

The steps in flow chart 400 will now be individually discussed in greater detail. To

facilitate the discussion, Table 1 below lists various parameters that are referred to subsequently.

Table 1. Definition of parameters used in PC-based FOD detection.

For use in both calibration and FOD detection, measurements from the system's FOD

sensors are communicated to the system controller. Each of the system's n sensors typically

generates an approximately sinusoidal signal, and the amplitude r and phase Θof the sensor

signal is determined by the system controller. The phase of each of the sensor signals can be



determined by the controller based on comparison to a reference clock circuit or signal within the

controller.

Where signals generated by the system's FOD sensors are not approximately sinusoidal,

various signal processing techniques can be used by the system controller to determine a

fundamental component and/or at least one harmonic component of each of the signals, and the

controller can use any combination of fundamental and harmonic components of the signals to

determine an amplitude and phase of each of the sensor signals.

From an initial set of N measurements of amplitude and phase from each of the n FOD

sensors (with each set of amplitude and phase measurements represented by a vector , an

initial mean vector µ and an initial covariance matrix ∑o can be calculated as follows:

The initial mean vector and covariance matrix determined as shown in Equations (1) and

(2) above can be calculated as part of the initial system calibration in step 402 of flow chart 400.

That is, the system's initial calibration state - when no FOD is present in the vicinity of the

system - is encoded in the initial mean vector and the initial covariance matrix.

The principal components of the covariance matrix form an orthogonal eigenvector basis

set in which all of the FOD sensor measurements can be expressed. Since the covariance matrix

represents the variance among FOD sensor measurements, the principal component eigenvectors

with the largest associated eigenvalues represent the eigenvector "directions" in the set of FOD

measurements along which the variance is highest. Ordering the principal component

eigenvectors according to the magnitudes of their associated eigenvalues, the first principal

component represents the direction of largest variance in the set of FOD measurements, the

second principal component represents the direction of next-largest variance in the set of FOD

measurements, and so on. The set of FOD sensor measurements can be represented as a vector

projection in the principal component basis with a particular magnitude and direction.

When FOD is introduced in proximity to the system and a new set of FOD sensor

measurements are obtained and projected into the principal component basis, the projection



representing the new measurements differs from the initial system state described by the original

projection. FOD typically perturbs the system away from the initial system state isotropically in

all directions because the perturbation represented by the FOD is uncorrelated with other

contributions (e.g,. global system variations that arise from changes in FOD sensor currents,

system noise, environmental changes not caused by FOD such as temperature variations) to

variance in the FOD sensor measurements.

Depending upon the nature of the FOD, the perturbation introduced into the measurement

signals obtained from the system's FOD sensors may be relatively small. In particular, for FOD

of relatively small size, and for FOD located at relatively large distances from the FOD sensors,

the contribution of the FOD to the variance in the FOD sensor measurements can be minor.

As noted above, the eigenvectors of the covariance matrix with the largest eigenvalues

represent the directions in the FOD sensor measurements of largest variance. However,

detection of FOD frequently entails measuring the FOD contribution to the variance against what

may be a comparatively larger background of variance due to other components and signal

contributions in the system. These FOD contributions may therefore more easily be detected by

examining the principal components of the covariance matrix with the smallest associated

eigenvalues; that is, the principal components that represent the directions of smallest variance in

the FOD sensor measurements. The perturbative signal contributions due to FOD are more

easily detected against the initial background represented by these principal components.

Equivalently, rather than using the covariance matrix, the methods and systems disclosed

herein instead use the inverse covariance matrix to describe the variance in the FOD sensor

measurements. The principal components (or eigenvectors) of the inverse covariance matrix

with the largest associated eigenvalues represent the directions in the FOD measurement signals

with the smallest variance. That is, the principal component of the inverse covariance matrix

with the largest associated eigenvalue corresponds to the direction in the FOD sensor

measurements along which the variance is smallest, the principal component of the inverse

covariance matrix with the next largest associated eigenvalue corresponds to the direction in the

FOD sensor measurements along which the variance is next-smallest, and so on. By projecting

FOD sensor measurements into a principal components basis derived from the inverse

covariance matrix, the presence of FOD in proximity to the system can more readily be

identified.



As discussed above, in step 402, an initial system calibration is obtained. The methods

disclosed herein allow for an initial calibration state to be quickly generated, the state offering

reasonable sensitivity for FOD detection. The initial system calibration can then be refined as

the FOD detection algorithm cycles and the inverse covariance matrix is refined.

To obtain an initial system calibration, note first that the diagonal elements of the inverse

covariance matrix are simply reciprocals of the variances. The variances can be found by first

estimating the mean vectors with a small number of measurements and an infinite impulse

response (IIR) filter, as follows:

ι = x t + µ _ - α [3]

The coefficient , the IIR filter coefficient, weights new information against older

information in producing updated mean vectors. In Equation (3), the updated mean vector is

computed as a weighted linear combination of new FOD sensor measurements and a previous

mean vector. The "half life" of the IIR history is approximately I . For example, a value of

= 0.3 and a set of about 5 FOD sensor measurements typically provides a reasonable estimate for

the mean vectors. It should be noted that in the discussion that follows, IIR filters are used to

update various parameters to account for changes in the values of these parameters over time.

More generally, various different types of filters can be used for similar purposes, and the

methods are not restricted to the use of IIR filters. The use of such filters is merely discussed for

illustrative purposes.

Then, an initial estimate is generated for each of the variances using another IIR filter

according to:

where σ 2 is a vector of signal variances and x t are FOD sensor measurements at time t, without

mean subtraction. After a few (e.g., five) measurements, the vector of signal variances is ready

for use to approximate the inverse covariance matrix. The initial estimate of the inverse

covariance matrix can be made according to the following rules:



∑
j 2 ifi = j [5]

∑
j

0 otherwise [6]

where σ ,2 is the i-t signal variance, and i ¾ is the /j -th element of the initial inverse covariance

matrix. The initial estimate for the inverse covariance matrix computed according to Equations

(3)-(6) functions as an initial system calibration. After the initial system calibration has been

determined (typically, for example, within a time period of about 1-2 seconds), the system is

ready to begin FOD detection.

Referring again to FIG. 4, after the initial system calibration has been obtained in step

402 as discussed above, the next step 404 involves obtaining a set of FOD sensor measurements

that are used to detect FOD in proximity to the system. As discussed previously, the FOD

sensors typically generate measurement signals from which a signal amplitude and phase are

extracted by the system controller. Signal amplitudes, signal phases, and combinations of

measurement signal amplitudes and phases can all be used to detect FOD. The FOD sensor

measurements are transmitted to the system controller, which can then perform the subsequent

analysis steps shown in flow chart 400.

After the FOD sensor measurements have been obtained in step 404, the next step 404

involves calculation of the FOD detection signal based on the sensor measurements. To

calculate the detection signal, the FOD sensor measurements are projected into a principal

components basis for the inverse covariance matrix. In general, an orthogonal set of p (where p

<n) principal components are generated from the p eigenvectors of the inverse covariance

matrix, sorted in descending order according to the magnitude of the corresponding eigenvalues.

As mentioned above, each principal component encodes the FOD sensor measurements

in a global manner, and features contributions from each of the FOD sensor signals. The first

step is therefore to find the eigenvectors of the inverse covariance matrix. Specifically, ap

matrix Φ is constructed, where each column corresponds to a different principal component (e.g.,

eigenvector) of the inverse covariance matrix, with the eigenvectors ordered in the columns of Φ

according to the magnitudes of their respective eigenvectors. To obtain Φ, the system controller



performs a partial or complete eigenvector decomposition of the inverse covariance matrix as

follows:

Eigenvector decomposition is a well-known mathematical operation and the system

controller can use any one of a variety of conventional methods for performing the operation in

Equation (7). In practice, it is generally sufficient for FOD detection purposes to obtain only the

first few eigenvectors of the inverse covariance matrix (i.e.,/? = 1-6). Thus, Equation (7) can be

performed as a partial eigenvector decomposition, reducing the computational load on the system

controller. Through experimentation, it has been discovered that determining and using only the

first few eigenvectors (i.e., the eigenvectors corresponding to the largest eigenvalues) of the

inverse covariance matrix, such that p « n, generally allows detection of FOD with higher

sensitivity than using all eigenvectors as the PC basis, as most of the relevant signal information

is contained in the first few eigenvectors.

After the principal components matrix Φ has been obtained, the new FOD sensor

measurements - represented by the vector x t - are mean-subtracted and projected into the

principal components basis of the inverse covariance matrix as follows:

Ρ, = χ , - µ ,)· [8]

Principal components analysis generally requires that the data set being analyzed has a

zero mean value, which is accomplished by the mean-subtraction in Equation (8). The 1 x p

matrix P t now contains the projection or "loading" at time t of the FOD sensor measurements in

the principal components basis. The mean vectors µ are updated with an N-point running

window according to:



Alternatively, updated mean vectors can also be generated using an IIR filter according to

Equation (3), as discussed above.

FIG. 5 is a plot showing the projection of a set of 32 FOD sensor signals onto an

eigenvector of the covariance matrix with the smallest magnitude eigenvalue. With no FOD

present in proximity to the system, as shown on the left side of the plot, the projection clusters

tightly about the origin (zero). However, with FOD present, as shown on the right side of the

plot, the projection is spread far away from the origin. A signal-to-noise ratio of 6 for the FOD

sensor measurements completely separated the projections with and without FOD present.

Furthermore, as shown in the plot, only a single eigenvector was needed to detect the presence of

FOD, which significantly reduces the computational load and memory requirements for the

system controller.

FIGS. 6 and 7 are plots showing amplitudes and phases, respectively, of FOD sensor

measurements projected onto the first three principal components of an inverse covariance

matrix for a wireless energy transfer system. With no FOD present (circles), the projection

clusters tightly around the origin, but with FOD present (a 2-inch square piece of copper), the

projection scatters significantly away from the origin (crosses).

FIG. 8 is a plot showing the normalized magnitudes of the eigenvalues for the principal

components of the inverse covariance matrix, for both amplitudes and phases of FOD sensor

measurements. Notably, the magnitudes of the first few eigenvalues are significantly larger than

the others. The first three principal components contain 97.8% and 98.8% of the information in

the amplitude and phase measurements, respectively, based on the combined relative magnitudes

of the respective eigenvalues, demonstrating that FOD can be detected by considering a

relatively small number of the principal components.

With the projection P t of the FOD sensor measurements obtained, detection of FOD can

be achieved by processing the FOD sensor measurements directly in the principal components

basis. To detect FOD, a scalar detection signal / = F(J ) is calculated as a function of the

principal component loadings.

Various forms of/ can be used, and the methods disclosed herein do not require a

particular functional form. Several examples of suitable FOD detection signals are described

below, but it should be understood that other detection signals can also be used.



One type of FOD detection signal that can be used is the L2 norm of P t, which

calculated according to:

where p < n principal components are used. This detection signal is effective at detecting FOD

because signal measurements that are similar to the calibration and updated signal mean vector

will cluster very close to the origin, whereas a perturbation to the magnetic environment caused

by FOD will scatter the projection far from the origin.

FIGS. 9-12 are plots showing examples of the detection signal in Equation (10), for

amplitudes and phases of the FOD sensor measurements, and for p = 62 or p = 8 principal

components of the inverse covariance matrix, as a function of time. In FIG. 9, 62 principal

components were used and the detection signal was calculated based on amplitudes of the FOD

sensor measurements. Detection of FOD is robust when the measurements taken with FOD

present (crosses) are well separated from measurements taken with no FOD present (circles).

The FOD sensor measurements were obtained at three increasing z heights relative to the FOD

sensors over time. That is, the measurements obtained at the smallest z height are represented by

the first, early-time cluster of detection signal points, while measurements obtained at the two

larger z heights are represented by the second and third clusters of detection signal points, also

separated in time in the plot.

FIG. 10 shows detection signals calculated based on the phases of the FOD sensor

measurements, with 62 principal components used. As in FIG. 9, three clusters of detection

signal points, representing FOD sensor measurements for three different z heights of the FOD

relative to the FOD sensors, are shown.

FIGS. 11 and 12 are similar to FIGS. 9 and 10, respectively, but use only 8 principal

components. The variance of the measurements was reduced when no FOD was present in these

sparser representations of the FOD sensor measurements, which may make FOD detection

easier.

Another type of FOD detection signal that can be used is a scaled L2 norm of the

projection P t. That is, the projections can be scaled by the eigenvalues of each principal

component, effectively normalizing the principal components basis. Scaling the projections in



this manner ensures that deviations from the system calibration in each direction along the

principal components is weighted equally. In the principal components basis, projections along

the principal components are orthogonal and uncorrelated, so weighing them equally can assist in

detecting relatively small perturbations that may arise from FOD. The scaled L2 norm can be

calculated according to:

where λ, is the eigenvalue corresponding to the z-th principal component.

A variety of other FOD detection signals can also be used. In particular, conventional

machine learning approaches such as support vector machines, Fisher's linear discriminant, and

multidimensional decision surfaces in the PC basis can be used to calculate suitable FOD

detection signals.

Returning to FIG. 4, after the FOD detection signal has been calculated, the signal is

compared in step 408 to a detection threshold to determine whether FOD is present in proximity

to the system. Many different thresholds can be used to perform this comparison. In some

embodiments, for example, the binary detection threshold can be calculated as:

[12]

where is a scalar constant, and "std" represents the standard deviation. For example, for a

positive detection decision when f > ε and with a = 5, a correct foreign object detection rate of

95.7% was obtained, with a false positive rate of 1.9% for p = 8 . For a = 3, a correct foreign

object detection rate of 98.7% was obtained, but the false positive detection rate increased to

19.6%.

In some embodiments, to minimize false FOD detections and eliminate outlier

measurements, a majority-based decision scheme can be used in place of the binary decision

discussed above. For example, a buffer containing the most recent m FOD detection signal

values / can be maintained by the system controller, and FOD is affirmatively detected only if a



majority h of the m values of/ exceed the detection threshold ε . The probability that a particular

value of/ exceeds ε is given by u = exp(-e), and thus the false detection rate is given by:

Table 2 shows calculated values of the false detection rate for various majority decision

rules corresponding to different buffer lengths m and majority definitions h .

Table 2 . FOD false detection rate for majority decision rules.

If FOD is detected in step 408, then in step 410, the system controller can optionally take

one or more actions. In some embodiments, for example, the system controller can modify one

or more system operating parameters. This can include reducing the amount of energy that is

transferred between the source and receiver resonators, and even discontinuing energy transfer

altogether. In certain embodiments, the system controller can transmit one or more warning

messages to users of the wireless energy transfer system. Various optional actions that can be

taken will be discussed in greater detail subsequently.

When FOD is not detected in proximity to the system, in step 412, the system calibration

is updated before the next FOD detection cycle occurs. Over time, changes in the

electromagnetic environment of the system due to factors such as variations in the operating

parameters of the source-side power amplifier, local heating, and perturbations due to non-FOD

external objects, can lead to significant "drift" from the initial system calibration established at

step 402. If the system calibration is not updated to take account of this drift, the FOD false

positive detection rate and/or the false negative detection rate can increase.

For vehicle charging applications, significant overall drift has been observed in each of

operational modes 1, 2, and 3 . The drift may be due to thermal changes in the source-side



amplifier, which changes the amplitude of the driving current supplied to the source resonator,

leading to drift in the energy transfer magnetic field and induced EMF in the FOD sensors.

FIGS. 13 and 14 are plots showing time-series measurements of the amplitude and phase

of FOD sensor signals in operational modes 2 and 3, respectively, with no FOD present. FIGS.

15 and 16 are plots showing the average fractional drift per FOD sensor as a function of time for

both the amplitudes and phases. At each time step, 25 measurements were obtained, averaged

together, and compared to the initial system calibration in a Euclidean L2 norm. In FIG. 15,

overall drift from the initial system calibration of about 0.5% per sensor was observed after about

1.5 hours. The amplitude and phase followed a similar evolution away from the initial

calibration, suggesting that the drift is common to all FOD sensors in the system. In FIG. 16, an

overall drift from the initial system calibration of about 0.75% per sensor was observed after

about 2.25 hours. These drift measurements suggest that in some circumstances, the observed

system drift away from the initial calibration can be significant enough that the system

calibration should be updated during FOD detection to account for drift.

In step 412, a variety of different updates to the system calibration and other parameters

to account for drift. The mean vector can be updated using an IIR filter as shown in Equation (3)

above. The covariance matrix can also be updated in a similar manner using an IIR filter as

follows:

∑, = [(χ - µ _ (χ - µ _ )\+ (\ - )∑t-l [14]

As discussed briefly above, the IIR filter parameter a governs how quickly the mean

vector and covariance matrix are updated. The exponential "half-life" is given by n a, which

related to as follows:



The rate at which the system updates is generally selected based on two time scales. The

first is the characteristic time scale of system drift, which typically occurs at time scales of

minutes to hours. The system calibration is generally updated at a rate that is faster than the time

scale of drift. The second time scale is the rate at which FOD is introduced in proximity to the

system, which generally occurs on the order of a few seconds. The system calibration is

generally updated at a rate that is slower than this time scale so that perturbations due to the

incoming FOD are not incorporated into the system calibration.

Thus, for a FOD sensing rate of 2 Hz, the product of the sensing rate and n a is 50, which

corresponds to a half-life of about 25 seconds. In general, it has been found experimentally that

a half-life of about 25-100 seconds for a sensing rate of 2 Hz is appropriate. If the FOD sensing

rate is higher (e.g., 10 Hz up to 100 Hz), then the product of the sensing rate and n a can be

between 1000 and 10000 (e.g., about 5000), with a relatively small value of a (e.g., a = 0.0002).

In general, smaller values of n a are more sensitive to a rapid introduction of FOD, but

less sensitive to slow introduction of FOD. To provide sensitivity across a broad range of FOD

introduction rates, in some embodiments, the system can obtain FOD sensor measurements

corresponding to different a values, so that FOD introduced at virtually any rate in proximity to

the system can be detected with high reproducibility.

As discussed above, the methods and systems disclosed herein typically represent FOD

sensor measurements in a PC basis derived from the eigenvectors of the inverse covariance

matrix. To update the inverse covariance matrix, an updated covariance matrix can first be

calculated as shown in Equation (14), and then the updated inverse covariance matrix can be

obtained from the updated covariance matrix.

However, other methods can also be used to update the inverse covariance matrix that do

not involve performing a matrix inversion operation, which can be time consuming and involve a

relatively heavy computational load on the system controller. In particular, when the covariance

matrix is updated, if every change to the covariance matrix is an update of rank 1, the Sherman-

Morrison-Woodbury formula can be used to calculate an updated inverse covariance matrix.

This formula is an exact expression for the inverse of a matrix that is perturbed by a rank 1

update.



For example, suppose matrix M and its inverse M 1 are known at time t-l. If M is

perturbed by a rank 1 update corresponding to vt-v t such that

M t =M t_ + vtv [17]

then an updated inverse, M 1, can be calculated quickly as:

The new inverse matrix can be calculated quickly using Equation (18) because the

operations involved are of order 0(n 2), due to the symmetry of the covariance matrix and the

rank 1 outer product update only has n unique entries. As a result, calculation of the inverse

matrix is typically faster and more stable numerically than a conventional matrix inversion of

order 0(n 3) . Furthermore, because the covariance matrix is symmetric, execution time and

storage memory in the system controller can be optimized for performing the update.

To populate the off-diagonal elements in the inverse covariance matrix following the

initial calibration and to account for system drift, the covariance matrix can be updated as FOD

sensor measurements are acquired. This can be accomplishing by combining the rank 1 update

technique of Equation (18) with the IIR filter technique of Equation (14). The IIR filter-based

update to ∑ can be incorporated directly into Equation ( 18) as follows:

∑ = [ ]

- a (l -a) 2



where vt =xt - µ _ . Every term in Equation (19) is known at time t either from initiation, or

after development of the initially diagonal inverse covariance matrix as part of the initial

calibration.

To update the inverse covariance matrix, a value for is selected. As the covariance

matrix is not full rank without N >n and is best approximated when N » n, a history of several

times n measurements is typically used. For n =32, a = 0.01 ~ l/3n records a history with a

half-life of about 3n measurements. For faster updates and system tracking (i.e., for tracking

power level changes), faster update rates have been observed to be stable to about a = \ln ~

0.03125.

FIG. 17 is a set of plots that show the inverse covariance matrix formed from the

amplitudes of FOD sensor measurements as it evolves in time following updates. At t = 0, as

shown in the upper left plot, the inverse covariance matrix is quickly approximated as the

reciprocal of the variances on the diagonal only. At later times t = 100, 200, and 300 as shown in

the other plots, the off-diagonal elements are populated and converge. The elements in the

inverse covariance matrix evolve to track system and environmental changes, collectively

referred to as "drift". Higher magnitude values in the matrix correspond to more precise (less

noisy) correlated measurements. At later times, as the magnitudes of matrix values increase, the

system is capable of detecting FOD with higher sensitivity.

FIG. 18 is a plot showing the standard deviations of the amplitudes of the FOD sensor

measurements as a function of time. These were calculated from the square root of the

reciprocals of the diagonal elements of the inverse covariance matrix. As is evident from the

plot, the initial approximation to the inverse covariance matrix over-estimates the standard

deviation for certain sensors, which is useful for preventing false-positive FOD detection at

startup. After a number of measurements have been made, the standard deviations converge to

accurate approximations, which also indicates convergence of the inverse covariance matrix.

The computation represented by Equation (19) can be implemented efficiently due to the

symmetry of the inverse covariance matrix. The involves three matrix

multiplications and can be represented as B =Auii'A, where A is symmetric so A =Aj,. Matrix

multiplication can be expressed as C = k k kj
a n = and so the elements of

matrix B can be calculated as:



Vectors a and b corresponding to the summation terms above can be defined as follows:

Due to the symmetry of , a, = b and so the triple matrix product can be written as:

a b ,·a , [23]

Thus, the triple matrix product in the numerator of Equation (19) can be implemented

very efficiently, keeping the computational load represented by updates to the inverse covariance

matrix relatively low.

Also as part of step 412, to account for drift, the system updates principal components

basis after the inverse covariance matrix has been updated. As discussed above, conventional

eigenvector decomposition routines, such as Power Iteration (for small pin ratios) or QR

Factorization (which takes advantage of the symmetry of the inverse covariance matrix) can be

used to derive a new set of principal components.

Such routines can be relatively costly (in time) computationally, however, particularly

where the number of FOD sensors is relatively large. Thus, in some embodiments, the PC basis

is not updated on every pass through the main execution loop in flow chart 400. Instead, on each

pass through the loop, updated principal components can be partially calculated and stored in a

temporary memory buffer of the system controller. When enough partial updates have occurred

such that a full update to the PC basis is complete, the new basis vectors can be saved and used



in subsequent iterations of the main loop, and on the next pass through the loop, a new partial

update to the PC basis vectors can be initiated.

Further as part of step 412, the detection threshold ε is updated using an IIR filter in a

manner analogous to Equation (3) to account for system drift. This update also allows the

detection threshold to track the convergence of the mean vector and the inverse covariance

matrix, and the overall reduction of noise in the system, reducing the FOD false-positive

detection rate while preserving detection sensitivity to the extent possible.

Vehicle Alignment and Pre-Calibration FOD Detection

For vehicle charging applications, an important consideration is variation of the receiver

resonator (mounted on the vehicle) position relative to the source resonator position, which is a

simple consequence of the factor that the vehicle will not always be parked in exactly the same

position relative to the source resonator. As one example, during both mode 2 and mode 3

operation, the receiver resonator can vary in lateral position (the x- and y-directions) by up to ±

10 cm, in height (the z-direction) by up to ± 3.5 cm, and in angular rotation by up to ± 6 degrees.

More generally, a variety of different specifications can be established for the allowable position

and orientation variation of the receiver resonator relative to the source resonator.

The electromagnetic environment measured by the FOD sensors as induced voltages and

phases, for example, relative to a reference voltage and phase, is strongly dependent on the

position of the receiver resonator. As will be discussed in more detail later, the systems

disclosed herein can use a "hardware-bucking" scheme such that, for example, 32 voltages and

32 phases are obtained from measuring across matched pairs of FOD sensors. The 64 individual

sensor positions, sizes, and pairings are selected so that the field of the source resonator is

essentially canceled, and nearly zero signal is measured when the vehicle is absent (i.e., mode 1).

However, with a vehicle present (i.e., mode 2 and mode 3), the field-induced response in

the receiver resonator is detected by the FOD sensors; furthermore, because the source and

receiver resonators can be strongly coupled, the response measured by the FOD sensors can be

extremely sensitive to the vehicle (i.e., receiver resonator) position relative to the source

resonator.

Analyzing and tracking the system's calibration state as the receiver resonator position

varies is applicable to at least two important scenarios. The first of these is post-parking



alignment verification. Before charging can occur, the system state can be checked to ensure the

source and receiver resonators are within spatial alignment tolerances by localizing the receiver

resonator relative to the source resonator. Localization can also be used to provide guidance

signals to a vehicle operator during parking, to ensure that proper alignment is achieved. Real

time localization of the receiver resonator can also be used to provide guidance signals to

automated parking systems, allowing the vehicle to guide itself into a spatial alignment with a

source resonator that is within tolerances as the vehicle self-parks. These benefits can be

achieved by leveraging the existing FOD sensors to detect the receiver resonator position, rather

than installing a secondary, vehicle-mounted detection system for this purpose.

The second scenario is performing a pre-calibration FOD detection. As discussed above,

before FOD detection occurs in flow chart 400, an initial system calibration is developed.

However, before this calibration occurs, it can be advantageous to perform a check to ensure that

FOD is not already present in proximity to the system. If it is, contributions from the FOD can

conceivably be incorporated into the system calibration, and the FOD may not be detected during

execution of the main loop in FIG. 4 . Pre-calibration detection of FOD is a challenging problem

because the system state changes significantly as the receiver resonator position varies, and the

presence of small FOD can yield only a small perturbation to the system state.

To analyze and track the system state as the receiver resonator position varies, the system

state can be represented in the eigenbasis (i.e., the PC basis) of the covariance matrix formed

over all receiver resonator positions and orientations within an allowed set of parking positions

that correspond to the spatial alignment tolerances specified for the system. Specifically, this

position covariance matrix is calculated as:

∑
po

=∑ ( - i - i [24]
k

In Equation (24), ∑pos is the position covariance matrix. Vector xkrepresents the system

state (concatenated voltage amplitudes and phases derived from FOD sensor measurements) at a

specific, unique location and orientation of the receiver resonator relative to the source resonator,

parameterized by k . Vector is the mean of all measurements over each unique position k . For

a 32-sensor array of FOD sensors, the dimensions of both vectors are 64 x 1, with the first 32



elements corresponding to the voltage amplitudes and the second 32 elements corresponding to

the phases measured, for example, using FOD sensors corresponding to hardware-bucked

detection coils. The position covariance matrix encapsulates the correlations between every

sensor's amplitude and phase as the receiver resonator is located in different positions.

By collecting amplitude and phase measurements at each of the k different relative

positions of the receiver resonator, a set of training data is thus obtained and used to calculate the

position covariance matrix according to Equation (24). Then, a lower dimensional vector space

is formed to represent the system state using two different set of eigenvectors of the position

covariance matrix. The two separate basis sets are labeled a and β , and they are (in this

example) 64 x p matrices whose p columns are the eigenvectors of the position covariance

matrix in Equation (24) and its inverse, respectively.

The p eigenvectors of the position covariance and inverse position covariance matrices

are also recorded in vectors λα and b, respectively. The p eigenvectors are selected as those

with maximal magnitude eigenvalues of either the position covariance matrix or the inverse

position covariance matrix, respectively, sorted in descending order. The number of

eigenvectors of the two bases need not be the same.

The system state can be projected into these basis sets (with eigenvectors indexed by p ,

and individual elements by i) and normalized according to:

where the 1 x p vectors and b represent the system state in a lower dimensional projection.

Note that the use of 64 elements in Equations (25) and (26) is merely an example.

In essence, a represents the system state in a space which varies maximally as a function

of receiver resonator position. This space is very sensitive to the location of the receiver

resonator, and therefore the projection of the system into that state can be used to very accurately

determine the receiver resonator position. Furthermore, variation in the space is a smooth,



continuous, and de-noised function of the receiver resonator position, facilitating the

determination of position.

The projected system state b represents the system state in a space which varies

minimally as a function of the receiver resonator position. This is a consequence of the fact that

the eigenvectors of the inverse position covariance matrix with maximal eigenvalues are

equivalent to the eigenvectors of the position covariance matrix with minimal eigenvalues. The

system represented in this space is nearly agnostic to the position of the receiver resonator.

Furthermore, the mean subtraction performed in the projection ensures that the projections lie

very close to the ^-dimensional origin. The introduction of FOD into the electromagnetic

environment will generally not share the same correlation structure as moving the receiver

resonator over the various training locations, and therefore the projection of the system state

when FOD is present will scatter far away from the origin. The presence of FOD can then easily

be detected by measuring the magnitude of b .

To localize the receiver resonator, consider the basis a formed from the eigenvectors of

maximum magnitude eigenvalues of the position covariance matrix of Equation (24). The

training data (i.e., the amplitudes and phases of FOD sensor measurements for the receiver

resonator positioned at different locations relative to the source resonator) can be projected into

this basis. The projection of the &-th training measurement x into the basis a is defined as

c according to:

The set of all c constructs a /^-dimensional surface or manifold in this vector space,

which varies smoothly as a function of the receiver resonator position. When a set of FOD

sensor measurements x is obtained, localization of the receiver resonator can be performed

simply by determining which point c is closest to the projection of x into the basis a . The

projection of x can be calculated according to:



Then, the LI-Norm distance from the projection to each manifold point Ck can be

calculated as:

The closest point in the manifold to a is labeled with the index k*, and is given

min i(¾) [30]

Since the location and orientation of the receiver resonator at each training point (and

therefore each ¾ ) is known, the device position is determined once k * is determined - it is the

training position that corresponds most closely with k*.

FIG. 18 shows a set of four plots in which the values of ¾ are plotted as a function of

two-dimensional position for a total offset of ± 10 cm in both x- and y-directions. A distinct

minimum value occurs in each plot, corresponding to the location of the receiver resonator in

each plot. The crosses show the position of k * and the circles show the actual position of the

receiver resonator. It has been observed that localization of the receiver resonator to within 1 cm

is reproducibly achieved.

To perform the pre-calibration FOD detection, the basis β is used. This basis was

formed of vectors which describe minimal variation even as the receiver resonator is positioned

in different locations. In this space, changes in the system state due to the presence of FOD can

be identified even in the presence of large system state changes caused by repositioning of the

receiver resonator.

The detection of FOD can be achieved by measuring the magnitude of the system state

projected into β . The /^-dimensional projection of the system state x can be calculated as

follows:



A normalized FOD detection signal can then be calculated as:

[32]
K

with chosen so that when f > 1, FOD is detected.

FIG. 19 is a set of plots showing the normalized magnitudes of the first three elements of

b , which is equivalent to the eigenvectors corresponding to the three lowest-magnitude

eigenvalues of the position covariance matrix. As shown in the plots, there is no apparent

correlation of the projection values as the receiver resonator position varies, facilitating FOD

detection in this basis independent of the receiver resonator position.

The upper plot in FIG. 20 shows a projection of the training amplitudes and phases of the

FOD sensor measurements projected into β , as in Equation (3 1). The lower plot shows the

same projections, represented by dots, and also the projections of FOD sensor measurements into

the same basis when FOD is present (as crosses). In general, as shown in the lower plot, the

projection in the presence of FOD scatters far from the origin, independent of where the receiver

resonator is located. Detection of FOD can be performed, for example, by measuring the radius

of the projected points; if the radius is small then no FOD is present, but if the radius is larger

than a threshold value, then FOD is present.

FIG. 2 1 is a plot showing the FOD detection signal (calculated as in Equation (32) as a

function of receiver resonator position for three different FOD objects: a quarter, a yogurt

container, and a soda can. The soda can and yogurt container can be readily detected, as can the

quarter under certain circumstances.

The detection signal calculated in Equation (32) depends on the choice of a suitable value

for . To determine , the projections b can be calculated for all training data at positions k

(with no FOD present) used to generate the basis. Then, the magnitudes of all of the projections

are calculated. The standard deviation σ ΐ the projection magnitudes provides a natural



measurement of system noise around the origin in this basis. It has been determined

experimentally that a choice of = 5 , for example, provides a suitable threshold that maintains

a tolerably low FOD false-positive detection rate.

FOD Detection Reporting and Alerts

Returning to FIG. 4, when FOD is detected, the system controller can take a number of

actions to report FOD detection and/or modify operation of the wireless energy transfer system.

In general, the system controller can issue a warning message and/or generate a warning signal

that is displayed/broadcast by a display unit connected to the system. Alternatively, or in

addition, the system controller can generate a warning message or signal (e.g., flashing warning

lights, audible warning signals) that is transmitted to a vehicle on which the receiver resonator is

mounted, so that the user of the vehicle is alerted to the presence of FOD in proximity to the

system.

The system controller can also modify operation of the wireless energy transfer system.

For example, the controller can reduce the amount of energy that is transferred, or even

discontinue energy transfer altogether. The controller can also delay the onset of energy transfer,

initiate only low power energy transfer, and/or reconfigure the spatial distribution of the energy

transfer field generated by the source resonator to avoid the FOD.

In some embodiments, the various actions depend upon the mode of operation of the

system. For example, when the system is operating in mode 1 (vehicle not yet parked), the

system controller can transmit a warning message or signal to a user interface to warn the user of

the system (who may also be driving the vehicle). The user interface can include, for example, a

mobile phone, an in-vehicle interface, and/or a display unit positioned external to the system

(e.g., at an entrance to a garage in which the system is located). The user can manually clear the

FOD before the vehicle is parked or, alternatively, the system controller can activate a

mechanical cleaning apparatus (e.g., such as wipers, a water jet) to eliminate the FOD. Aspects

and features of mechanical apparatus for removing FOD are disclosed, for example, in U.S.

Patent Application Publication No. 201 1/0074346, the entire contents of which are incorporated

herein by reference.

In mode 2 (vehicle parked, no energy transfer), in addition to providing any of the

foregoing alerts to the user (e.g., flashing lights, audible warning signals, messages), the system



controller can prevent wireless energy transfer from occurring until the FOD is no longer

present. FOD detection according to FIG. 4 can continue automatically until the FOD is no

longer detected, at which point the system controller initiates energy transfer. Alternatively, or

in addition, the system controller may require a confirmation signal from the user (by way of a

user interface) indicating that the FOD has been cleared.

In mode 3 (vehicle parked, energy transfer occurring), the system controller can reduce or

discontinue energy transfer, and/or provide any of the foregoing alerts and messages to system

users. Because the user may be away from the system, if the FOD is not cleared, energy transfer

may not resume and vehicle charging may not be completed.

In some embodiments, in step 408, the system may incorporate more than one detection

threshold to rank the severity of the hazard posed by FOD. For example, the system can have a

high detection threshold. When FOD is detected above this threshold, energy transfer may be

discontinued immediately, as the danger represented by the FOD is inferred to be high. The

system may require manual user intervention before energy transfer can be resumed. In addition

to the actions discussed above, the system controller can also optionally take additional actions

such as shutting down power to the user's residence to avoid significant damage.

The system can also include a low detection threshold. When FOD is detected against

this threshold, there is a high likelihood that FOD is indeed present, but the danger due to FOD

may be inferred to be not so extreme that energy transfer is discontinued by the system

controller. Instead, the controller may issue any of the warning signals or messages to system

users, alerting them that FOD has been detected.

In general, the system can allow for a variety of different user inputs in response to a

warning signal or message that FOD has been detected. The system can allow a user to override

the FOD detection warning and continue energy transfer. For purposes of calibration, the system

can also allow the user to designate FOD detection signals as training data (as discussed in the

previous section). Depending upon the nature of the interface through which the user responds,

the controller may not allow the user to override the system completely. For example, the

system may not allow a user override through a remote interface such as a mobile phone, and

may require that a user override instruction be entered only through a local display interface

directly connected to the system.



In general, the system controller can also take additional actions, particularly when FOD

is detected against a high detection threshold. These can include communicating with/notifying

a local fire station, communicating with the electrical distribution system of the user's residence

or the building housing the wireless energy transfer system to discontinue the electrical power

supply to the wireless energy transfer system, and communication with/activation of a sprinkler

system to cool heated FOD and/or eliminate possible fires.

In addition to the alerting/reporting and system modification actions above, when FOD is

detected, the system controller can also discontinue the system calibration update in step 412

until the FOD is no longer detected. Thus, following step 408 and optional step 410 in flow

chart 400, control passes to decision step 414, skipping step 412. If the system calibration

update is not discontinued, the contributions to the FOD sensor measurement signals from the

FOD may be incorporated into the calibration, resulting in the system having reduced ability to

detect FOD in subsequent cycles. Cycling through the main loop of flow chart 400 continues in

this manner until FOD is no longer detected, at which time step 412 is executed again on each

pass through the loop.

Anomaly Detection Methods

It should be noted that while the preceding discussion has focused on the detection of

FOD in proximity to a wireless energy transfer system, the methods disclosed herein can also be

used for detection of a variety of different anomalies and changes to operating conditions, such

as changes in energy transfer efficiency, changes in source-resonator coupling, and changes in

environmental conditions that are not well correlated with system drift and noise. In general,

anomalies that perturb the electromagnetic environment of the system in a manner that is not

well correlated with other correlated perturbations (that are incorporated into the system

calibration) can be detected using the methods disclosed herein.

FOD Sensors and Detection Systems

The methods disclosed in the preceding sections can generally use measurement signals

obtained using a wide variety of different types of FOD sensors to detect FOD in proximity to

wireless energy transfer systems. In this section, examples of suitable sensors for use with the

previously described methods will be discussed. It should be appreciated, however, that the



examples discussed herein are not the only FOD sensors that can be used with the foregoing

methods, and are provided merely for illustrative purposes. Additional aspects of FOD sensors

and detection systems are disclosed, for example, in commonly-owned U.S. Patent Application

Publication No. 2015/0323694, the entire contents of which are incorporated herein by reference.

Simple FOD sensors suitable for use with the methods disclosed herein include loops of

conductive material. As shown for example in FIG. 3, FOD sensors are typically positioned

within the oscillating magnetic field generated by the source resonator of a wireless power

transmitter. The oscillating field induces a voltage (or current) in the conductive loop. The

magnitude of the induced voltage is proportional, among other factors, to the flux density passing

through the loop, and the phase of the induced voltage is related to the phase of the oscillating

magnetic field generated by the source resonator. The voltage signal (or more generally, the

measurement signal) generated by the loop is transmitted to the system controller which analyzes

the signal to determine its amplitude and phase. These amplitude and phase values can then be

used in the FOD detection methods discussed previously. Single FOD sensors consisting of one

or more loops of conductive material, and arrays of such sensors, can readily be used to detect

FOD in wireless energy transfer systems. In FIG. 3, for example, each of FOD sensors 310 can

be implemented as a loop of conducting material. FOD sensors 310 form an array of sensors

which can be one-, two-, or three-dimensional with sensors positioned along any of the x-, y-,

and z-directions in the spatial region in proximity to source resonator 302 and receiver resonator

304.

A source resonator having a rounded rectangular resonator coil can produce a magnetic

field 2202 that is approximately symmetric about a center of the coil as shown in FIG. 22, where

the varying shades of gray correspond to different magnitudes (in the z-direction) of the

magnetic field 2202. The field is largest just outside the center the center 2204 of the

corresponding resonator coil (i.e., in the dark rectangular ring adjacent to the central region) and

decays toward zero in a region 2206 outside of the boundary of the resonator coil.

FIG. 23 shows a plot of a quadrant of the magnetic field 2202 of FIG. 22. In FIG. 23, an

array of similarly sized FOD sensors 2302 with different number of loops are positioned within

the magnetic field. As discussed above, sensors 2302 each develop a voltage proportional to the

magnitude of magnetic flux through their loops (and also the flux frequency).



To reduce the dynamic range of magnetic flux through the loops of the sensors, the

sensors can include different number of loops. For example, sensors positioned in a high flux

region can include a smaller number of loops than sensors positioned in a lower flux region. The

numbers superimposed on the sensors 2302 in FIG. 23 indicate the number of loops of

conductive material forming each sensor. In the example shown in FIG. 23, 16 sensors are

positioned in each quadrant of the magnetic field. Accordingly, the entire FOD sensor array

contains at least 64 sensors.

To reduce the measurements and processing load imposed by individually interrogating

at least 64 different FOD sensors, the sensors can be coupled to one another in some

embodiments. Information derived from coupled sensors can be measured and processed

together. For example, if a sensor A is coupled to a sensor B and the information from these

sensors is measured together, and a sensor C is coupled to a sensor D and the information from

these sensors is measured together, and so on, the reduction achieved in the measurement and

processing load can be approximately 50%. Depending upon the manner in which FOD sensors

are coupled together, the overall reduction in the number of individual sensor measurements that

are analyzed can be between 25% and 75% of the number of measurements that would occur in

the absence of sensor coupling. Accordingly, sensor coupling can relax requirements for

complex, costly signal processing devices (such as multiplexers) in the system controller, and

can increase the rate at which sensor measurements are obtained and analyzed.

FIG. 24A shows a schematic diagram of an example of a first sensor 2402 coupled to an

adjacent second sensor 2404 via routed conductor traces to create a "figure-8" shape. This

composite sensor is coupled to a hardware or software processor 2406 (e.g., the system

controller). If sensors 2402 and 2404 are positioned over a region of substantially uniform

magnetic field, the difference between the magnitudes of voltages developed by the two loops is

typically relatively small (e.g., less than about 0 .1 V), and in many circumstances, is

approximately zero.

When FOD is positioned in proximity to the system, however, the FOD perturbs the

portion of the magnetic field that passes through that sensor. The effect of this perturbation is

that a larger difference between the magnitudes of the voltages induced in opposite loops of the

"figure-8" sensor is observed. Thus, FOD can readily be detected by calculating the difference

between the magnitudes of the voltages induced in the loops of the sensor.



However, FOD positioned at the midpoint 2408 of the two loops (at the overlapped

conductor traces) may not be detected because the perturbation induced by the FOD can create

an approximately equal difference in induced voltages on both sides 2402 and 2404 of the

sensor, establishing a "null position" at midpoint 2408 where the figure-8 sensor may not

reliably detect FOD.

To address the formation of null positions, the "figure-8" sensor can be implemented by

connecting two sensor loops in non-neighboring locations, where substantially similar

magnitudes of magnetic flux extend through the two sensor loops. FIG. 24B is a schematic

diagram that shows two FOD sensors formed from loops 2410 and 2412 of conductive material,

each of which is coupled to a hardware or software processor 2406. In this configuration, the

sensor loops 2410 and 2412 are not directly coupled to one another but are coupled to a

processor 2406 that inverts the voltage measurements from sensor 2412 compared to sensor 2410

to achieve induced voltages of approximately equal magnitude but opposite sign. In other words,

the voltage measurement at sensor 2410 is approximately +V1 while the voltage measurement at

sensor 2412 is approximately -VI. Note that there is a region of space 2414 of non-zero

dimensions between sensor loops 2410 and 2412.

It should be noted that processor 2406 (and other processors, discussed subsequently, to

which sensor loops are coupled) can be a hardware processor (e.g., an integrated circuit or

assembly of circuit elements, or a similar hardware-based connection or apparatus) or a software

processor (e.g., an electronic processor or microcontroller executing programmed instructions).

In general, any device which performs the inversion discussed above can function as a processor

in this context.

FIG. 25 is a plot showing induced voltage measurements for individual sensor loops

2502, and induced voltage measurements for "figure-8" sensor loops 2504. The amplitudes of

voltage measurements for the "figure-8" sensor loops 2504 is significantly less than the

amplitudes of the voltage measurements for individual sensor loops 2502. As shown in FIG. 25,

in some embodiments, voltage measurements for "figure-8" sensor loops can be less than 5 V

(e.g., less than 1 V, less than 0.5 V, less than 0.1 V).

An expanded view of the voltage measurements for the figure-8 sensor loops 2504 is

shown in the plot of FIG. 26. With one exception, each of the induced voltages is less than 0.04

V.



FIG. 27 is a schematic diagram showing an array 2702 of FOD sensors that can be used

to measure signals for FOD detection. Sensors 2704 and 2706 are coupled by a processor, as

shown in FIG. 24B, and are positioned in regions such that the magnitude of magnetic flux

through each sensor is approximately the same. Similar couplings can be realized between

sensors at complementary locations on opposite sides of y-axis 2408 of the array 2702. For

example, sensors 2710 and 2712 can be coupled to each other and sensors 2714 and 2716 can be

coupled to each via a processor.

As explained above, sensors located directly adjacent to y-axis 2708, if coupled, create a

null position along the y-axis, making FOD more difficult to detect at that position as explained

above in connection with FIG. 24A . Thus, in some embodiments, sensors positioned in region

2718 along the y-axis 2708 can be treated as stand-alone sensors, from which individual

amplitude and phase measurements are obtained and processed.

FIG. 28 shows a schematic diagram of another array 2802 of FOD sensors. As in FIG.

27, sensor 2804 is coupled to sensor 2806 via a processor. Similarly, sensors in the unshaded

regions are coupled to their complementary counterparts on opposite sides of the y-axis 2808.

To avoid creating null detection positions, sensors in the shaded regions are coupled to

complementary sensors on the other side of the x-axis 2810. For example, sensor 2812 is

coupled to sensor 2814 via a processor (e.g., any of the different types of processors discussed

above). Due to their position relative to both the x- and y-axes, sensors positioned within region

2816 at the center of the sensor array can be treated as stand-alone sensors, from which with

individual amplitude and phase measurements are obtained and processed.

FIG. 29 shows a schematic diagram of another example of a sensor array 2902 for FOD

detection. Sensor 2904 is coupled to diagonally located sensor 2906 via a processor. Similarly,

other sensors the shaded regions are coupled to their complementary counterparts located at

diagonally symmetric positions, and sensors in the unshaded regions are coupled to their

complementary counterparts located at diagonally symmetric positions. Sensors in the central

region 2916 of the array can be treated as stand-alone sensors, from which with individual

amplitude and phase measurements are obtained and processed.

FIG. 30 shows a schematic diagram of yet another example of a sensor array 3002 for

FOD detection. Sensor 3004, which generates a voltage of magnitude VI, is coupled to sensor

group 3006, which generates a voltage of magnitude V2 + V3.



When V2 + V3 ~ VI, the difference between the magnitudes of the voltages of sensor

3004 and sensor group 3006 are small. Similar couplings between individual sensors and sensor

groups, and between two different sensor groups, can be formed, with any number of sensors in

the coupled sensor groups, provided that the signal-to-noise ratio of the voltage signals generated

by the group is maintained above a reasonable threshold voltage. For example, in some

embodiments, sensor 3008 generates a voltage of magnitude V4 and is coupled to a sensor group

3010 that generates a voltage of magnitude V5 + V6 + V7 + V8 V4.

FIG. 31 is a schematic diagram showing an example of a FOD sensor array 3102

featuring 64 sensors ¾, each of which generates a voltage of magnitude V when positioned in a

magnetic field generated by a source resonator. Table 3 shows an example of couplings between

pairs of the 64 sensors that are positioned in regions of similar magnetic flux, and therefore

generate voltages of similar magnitude. For example, sensors SI and S8 are coupled, and the

magnitudes of their induced voltages are approximately equal; when subtracted (or added with

opposite sign), their voltages cancel to approximately zero.

Table 3 . Sensor couplings in a 64-sensor array for FOD detection.



S34 S39

S35 S38

S36* S45*

S37 S43

S41 S48

S42 S47

S43 S37

S44 S46

S49 S56

S50 S55

S51 S53

S52 S54

S57 S64

S58 S63

S59 S61

S60 S62

In the coupling scheme shown in Table 3, sensor S36 is used as a reference sensor to

provide a reference signal for the other sensor measurements. Thus, the amplitude and phase of

the induced voltage in S36 is processed and analyzed without any coupling. As a result, sensor

S45 is unpaired, and individual amplitude and phase measurements are obtained and processed

from sensor S45.

In some embodiments, sensors S36 and S45 can be coupled to allow measurement of the

coupled amplitude and phase of these two sensors, while at the same time allowing sensor S36 to

still be used as a reference sensor. FIG. 32 shows a schematic diagram of sensors S36 and S45

(implemented as loops of conductive material). Sensor S36 has first and second terminals 3202a

and 3202b, respectively, and sensor S45 has first and second terminals 3204a and 3204b,

respectively. Terminals 3202b and 3204a are directly connected, while terminal 3404b is not

connected to any of the other terminals.

The system controller can use sensors S36 and S45 to measure both reference electrical

signals and FOD sensor signals. In particular, by measuring the electrical signal between

terminals 3202a and 3202b, the controller obtains an electrical signal with contributions from

only sensor S36, i.e., a reference electrical signal. By measuring the electrical signal between

terminals 3202a and 3402b, the controller obtains an electrical signal with contributions from



both sensors S36 and S45, i.e., a FOD measurement signal. The amplitude and phase of both

types of signals can be obtained by the controller.

As discussed in connection with other sensors above, when the magnetic flux through

sensors S36 and S45 is approximately the same, the difference between their induced voltage

magnitudes is approximately zero. In the presence of FOD perturbing the flux through one of

the two sensors, however, their induced voltage magnitudes no longer cancel, and the difference

between the voltage signals of coupled sensors S36 and S45 allows for sensitive FOD detection.

In general, FOD sensors with any number of loops can be used individually and in sensor

arrays to provide FOD measurement signals. For example, FOD sensors with one or more loops

(e.g., two or more loops, three or more loops, four or more loops, six or more loops, eight or

more loops, ten or more loops) can be used. Sensor arrays can include combinations of FOD

sensors with different numbers of loops. Within the arrays, sensors can be evenly or differently

spaced, and can have the same or different cross-sectional areas, depending upon factors such as

the geometry of the source resonator and the nature of the FOD detection to be performed.

Individual sensors within arrays can be spaced from other sensors in any of the x-, y-, and z-

directions.

Further, arrays with any number of sensors can be used for FOD detection. Although

certain examples discussed herein refer to arrays of 16, 32, and/or 64 sensors, more generally,

the methods disclosed herein can be applied to any number of FOD sensors. In addition, the

FOD sensors can be organized into any number of arrays, with the same or different numbers of

sensors in different arrays.

In some embodiments - particularly where the source resonator is not actively

transferring power to the vehicle - methods that do not rely on an active source resonator can be

used to detect the presence of FOD. Such methods can be particularly useful, for example, in

modes 1 and 2 of the operation of the wireless power transfer system.

In certain embodiments, an auxiliary coil can be used to generate a magnetic field which

induces a voltage in a detector array. When FOD is introduced, the FOD perturbs the induced

voltage in the detector array; these perturbations are measured by the system to detect the

presence of the FOD. FIG. 33 shows a receiver resonator 3304 positioned in proximity to a

source resonator 3302. An auxiliary coil 3306 is positioned adjacent to source resonator 3302

and can be connected to the same controller as source resonator 3302 (not shown in FIG. 33).



Auxiliary coil 3306 generates a magnetic field which induces a voltage in detector array 3308.

Based on the signals generated by detector array 3308, the system can determine whether FOD is

present in the vicinity of the system using the methods discussed herein.

An important advantage that arises from using an auxiliary coil is that the frequency of

the magnetic field generated by the auxiliary coil can differ from the frequency of the field

generated by source resonator 3302. By using a measurement frequency that is different from

the frequency at which power is transferred from source resonator 3302 to receiver resonator

3304, contributions to the measurement signal that might otherwise arise from dynamic

variations during power transfer are eliminated. Moreover, perturbations to the sensor signals

due to currents induced in the source resonator or receiver resonator are eliminated if the power

transfer and measurement frequencies are sufficiently different from one another. As an

example, if power is transferred between source resonator 3302 and receiver resonator 3304 at a

frequency of 85 kHz or 145 kHz, auxiliary source 3306 can generate a measurement magnetic

field at a significantly higher frequency, such as 6.78 MHz, and/or at a significantly lower

frequency, such as 2 1 kHz or less.

Using a different frequency for FOD detection can be an advantage due to the significant

difference in magnetic flux during active power transfer and when power transfer is inactive (and

the only field present is used for FOD detection). Using a lower frequency field in the latter

scenario allows for frequency dependent passive filtering and/or active amplification to reduce

the dynamic range of voltages in the FOD sensors that would otherwise occur.

In some embodiments, to further ensure that magnetic fields generated by the auxiliary

coil 3306 and the induced voltages in detector array 3308 do not perturb source resonator 3302,

the fields generated by source resonator 3302 and auxiliary coil 3306 can have different phases.

For example, in some embodiments, the phases of the fields can differ by 30 degrees or more

(e.g., 60 degrees or more, 90 degrees or more, 120 degrees or more, 150 degrees or more, 180

degrees or more).

In certain embodiments, an auxiliary amplifier can be coupled in to the source resonator

to generate magnetic fields for detection of FOD when the source resonator is not being used to

transfer power to the receiver resonator. Using the source resonator (e.g., the coil of source

resonator 3302 in FIG. 33) to generate the measurement magnetic field can have a number of



advantages. For example, the same detector array can be used for FOD sensing in modes 1, 2,

and 3 .

When coupling an auxiliary amplifier into the existing source resonator, two significant

outcomes should be avoided. First, the auxiliary amplifier should be prevented from back-

driving the power amplifier that normally drives the source resonator to generate magnetic fields

for wireless power transfer. Second, the auxiliary amplifier should be prevented from inducing

currents in the receiver resonator mounted on the vehicle.

In general, using a relay to disconnect the source's power amplifier can introduce

unacceptable power losses into a wireless power transfer system. Thus, it can be preferable to

introduce the auxiliary amplifier in a manner that does not require decoupling of the power

amplifier. Accordingly, in some embodiments, the auxiliary amplifier is positioned after

inductor L3 and capacitor C3 in the source impedance matching network, and a switchable tank is

used across L3 to avoid back-driving the source's power amplifier.

FIG. 34 shows a schematic circuit diagram of one embodiment of a wireless power

transfer system with a switchable auxiliary amplifier 3402. During wireless power transfer to a

receiver resonator, switches Si and S2 are open, so that auxiliary amplifier 3402 is decoupled

from the system. The system's power amplifier drives coil Ls, which generates the magnetic

field for wireless power transfer.

To detect FOD, auxiliary amplifier 3402 is coupled into the system by closing switch Si.

At the same time, switch S2 is also closed, creating a blocking tank circuit using capacitor CT.

The blocking tank circuit prevents auxiliary amplifier 3402 from driving the system's power

amplifier. Instead, auxiliary amplifier 3402 drives coil Ls, which generates a measurement

magnetic field for detecting FOD. To ensure that the measurement field does not induce a

current in the vehicle resonator, auxiliary amplifier 3402 drives coil Ls at a frequency that differs

substantially from the power transfer frequency, as discussed above. In certain embodiments, the

frequency at which auxiliary amplifier 3402 drives coil Ls can be selected to minimize the

current induced in the receiver resonator.

In some embodiments, the source's impedance matching network does not include an

inductor L3. In such embodiments, a blocking tank circuit can be implemented by introducing a

switchable inductor LT across capacitor C 3, in a manner analogous to the introduction of

switchable capacitor C T in FIG. 34.



In certain embodiments, FOD detection can be performed by measuring inductance

changes in one or more detectors. As discussed above, the FOD sensors disclosed herein

typically include one or more loops of conductive material. The presence of metallic FOD near

the sensor can affect the inductance of the FOD sensor loop since it can affect the magnetic

fields produced by currents flowing in the sensor loop. Accordingly, measurement of the

inductance of the FOD sensors can be used to detect the presence of FOD in proximity to the

wireless energy transfer system.

FIG. 35 is a schematic diagram showing an array of FOD sensors 3502 connected to an

inductance-measuring controller 3504 (e.g., as part of the system controller). In general,

detectors 3502 are positioned between or around the source resonator and receiver resonator of a

wireless energy transfer system. To obtain FOD sensor measurements, controller 3504 measures

the inductance of each of detectors 3502. FOD can then detected based on changes or deviations

of the inductance measurements from an initial system calibration, as discussed above. Suitable

controllers for measuring changes in the inductance of detectors 3502 include, for example, the

LDC1000 controller, available from Texas Instruments (Dallas, TX).

In systems that measure changes in inductance of sensors, as shown for example in FIG.

35, each sensor functions as a resonant LC circuit. Accordingly, where the sensors are integrated

onto a sensor PCB (see the discussion of FIGS. 36A and 36B below), the PCB consists of an

array of coupled resonators. When FOD perturbs the inductance of a particular sensor (i.e.,

resonator) in the array, nearby sensors (i.e., resonators) are also affected due to their mutual

coupling. Thus, measured changes in inductance and/or resistance of a particular sensor are

affected not only by FOD positioned close to the sensor, but also by FOD positioned close to

neighboring sensors. This "amplification" or "distribution" effect resulting from resonant

coupling between sensors in an array can significantly improve the overall array's sensitivity to

FOD, thereby increasing the accuracy with which FOD can be detected.

It should be understood that the FOD sensors disclosed herein can each be used in

various modes of operation of wireless energy transfer systems. For example, magnetic field

sensing, i.e., detecting perturbations in the induced voltage of FOD sensors arising from the

magnetic field generated by the source resonator can be used in all three modes of operation, and

is particularly useful in the third mode of operation in which the power is actively being

transferred from the source to the receiver resonator. FOD detection via an auxiliary coil can be



used for all three modes of operation, and is particularly useful for modes 1 and 2, where

magnetic fields are not actively being generated by the source resonator. Similarly, inductance

measurements for FOD detection can be used in all three modes of operation, and are particularly

useful in modes 1 and 2 when the source resonator is not actively generating magnetic fields.

Wireless power transfer sources that include a switchable auxiliary amplifier, as shown in FIG.

34, typically use the auxiliary amplifier to generate measurement magnetic fields in modes 1 and

2 of system operation, and detect FOD using any of the other methods described herein when the

system operates in mode 3.

FIG. 36A shows an exemplary embodiment of a FOD sensor system. In some

embodiments, the FOD detection sensor board may be made of several circuit boards 3606A -

D . This may be beneficial for mechanical assembly with the interchange board 3604 and

electronics board 3602. Furthermore, by breaking up the FOD detection sensor board into

several boards, costs may be reduced. For example, one large printed circuit board may be more

costly than four smaller printed circuit boards. Interchange board 3604 provides connectors

3607 such that signals from the FOD detection sensor boards 3606A - D have a path to the

electronics board 3602. The electronics board 3602 may include power and control circuitry,

communication, and signal processing capability.

FIG. 36B shows a top-view of an exemplary embodiment of a FOD sensor system. In

certain embodiments, the interchange board 3604 and electronics board 3602 may be sized and

or shaped to fit into the space 3612 in the middle of the source resonator coil 3610. The FOD

detection sensor boards 3606A - D may then be connected above the source resonator 3610 to

the interchange board 3604 and electronics board 3602 in the middle of the source resonator

3610. In some embodiments, shielding may be used on or around the interchange board 3604

and the electronics board 3602 to reduce losses in the magnetic field used to transfer power.

Shielding can be formed from copper, aluminum, magnetic material, and similar materials.

As discussed above, in some embodiments, an auxiliary coil can be used to provide an

auxiliary magnetic field for the FOD sensors at times when the source resonator coil is not

providing a magnetic field. This allows the FOD sensors to function during times when the

source resonator is not transferring power to a receiver resonator on the vehicle, such as when

the vehicle is not present or before the charging operation begins. In certain embodiments, an

auxiliary field can be beneficial when the source is providing low power.



FIG. 37A shows a top-view of an embodiment of a source resonator coil 3700 and circuit

board(s) 3606A - D that are positioned above the source resonator coil 3700. The circuit

board(s) 3606A - D can include the FOD sensors and one or more auxiliary coils. FIG. 37B

shows a side-view of an embodiment of a source resonator coil 3700, a first circuit board 3702A,

and a second circuit board 3702B. The auxiliary coil can be printed or wound on the first circuit

board 3702A and the FOD sensors can be printed or wound on the second circuit board 3702B.

Alternatively, the auxiliary coil can be printed or wound on the second circuit board 3702B and

the FOD sensors can be printed or wound on the first circuit board 3702A . It may be

advantageous for the FOD sensors to be printed or wound on the second circuit board 3702B so

that they are closer to foreign objects likely to be positioned near the top surface of the second

circuit board. In some embodiments, the sensors and auxiliary coil 3702A and 3702B can

occupy different layers of a printed circuit board (PCB). A printed circuit board can provide

reproducibility in the manufacturing process of an auxiliary coil.

In certain embodiments, the sensor board(s) may be physically separate from the

auxiliary coil board(s). The auxiliary coil can generally be formed from a wound conductor such

as solid-core copper, copper-clad aluminum, Litz wire, and similar materials. The auxiliary coil

can be made from a wound conductor that is adhered to a surface of a printed circuit board

having the FOD sensors. In exemplary embodiments, it can be beneficial to ensure that the

traces of the FOD sensors and the auxiliary coil are not directly on top of one another. If the

traces of FOD sensors and the auxiliary coil are directly on top of one another, the auxiliary coil

may strongly couple to the FOD sensor(s) and can induce a greater voltage on the sensors than

expected.

In certain embodiments, it can be advantageous for the auxiliary coil to induce voltages

on each FOD sensor on the sensor board(s) 3606A - D similar to that which is produced by a

source resonator coil. This allows the FOD sensor board to expect and be calibrated to a similar

"dynamic range" of voltages on its sensors without the source generating a magnetic field. In

certain embodiments, it can be advantageous for the auxiliary coil to induce a smaller dynamic

range of voltages on the FOD sensor board because sensor signals can be closer in magnitude to

one another. In some embodiments, an auxiliary coil can be driven by a linear amplifier, such as

the LM675 (Texas Instruments, Dallas, TX). A linear amplifier can be beneficial in driving an



auxiliary coil due to lower cost and/or less harmonic content produced. Less harmonic content in

the driving signal reduces noise in the system.

In some embodiments, an auxiliary coil can be driven at the same frequency that the

source resonator is driven. For example, a source resonator and an auxiliary coil can each be

driven at approximately 85 kHz (within ±5 kHz, ±10 kHz, or more). This may provide greater

signal strength on the FOD sensors. In certain embodiments, a higher driving frequency for the

auxiliary coil can induce a larger signal as compared to a lower frequency signal. This is

because the induced voltage on the FOD sensors is directly proportional to driving frequency,

magnetic field, and area of the auxiliary coil. Driving the auxiliary coil at the same frequency as

the source can cause the auxiliary coil to induce currents in the source resonator coil and/or the

receiver resonator coil.

This effect can occur even at higher frequencies than the source resonator's resonant

frequency. For example, for an auxiliary coil frequency above the resonant frequency of the

source resonator the induced current l x in the source resonator coil is

approximately:

where Mis mutual inductance, I aux is the current in the auxiliary coil, S0Urce is the inductance of

the source resonator coil, R Ource is the resistance in the source resonator, k is the coupling factor,

and Laux is the inductance of the auxiliary coil. However, due to the proximity and shape of

possible auxiliary coils, the coupling factor k between the source resonator and auxiliary coils

can be large. Thus, the induced current I source can be large independent of the frequency. A

similar approximation can be made for the induced current in the device resonator coil.

Alternatively, the auxiliary coil can be driven at a frequency lower than the source

resonator frequency » -., . In this case, the induced current in the source

resonator coil is approximately:



For s
w « 1 (such as when auxiliary coil frequency is lower than the source resonator

coil), the induced current I source can be small. In some embodiments, one effect of using a lower

auxiliary coil frequency can be that the amplitude of FOD sensor signals can be lower. When the

FOD sensor signals are lower, the signal-to-noise ratio (SNR) of the FOD sensors may be

worsened, and FOD detection may be compromised to some extent. In certain embodiments, for

a source resonator driven at approximately 85 kHz (within ±5 kHz, ±10 kHz, or more), an

auxiliary coil can be driven below approximately 85 kHz (within ±5 kHz, ±10 kHz, or more),

such as approximately 50 kHz, 30 kHz, or lower.

FIG. 38A shows a top view of an embodiment of an auxiliary coil 5902 for use in FOD

detection. The auxiliary coil 3802 is shown as part of one or more circuit boards 3804A - D . In

some embodiments, the auxiliary coil 3802 can be wound to approximately follow the windings

of a source resonator coil. An advantage to closely following the windings of a source resonator

coil is that the auxiliary coil will approximate the strength and phase of the magnetic field from

the source resonator coil when the source resonator is turned off. Another advantage of the

auxiliary coil closely following the windings of a source resonator coil is that the dynamic range

of voltages induced on the FOD sensors by the magnetic field of the auxiliary coil is similar to

that induced by the magnetic field of the source resonator.

In the embodiment shown in FIG. 38A, the auxiliary coil 3802 includes four sets of coils

(each having approximately four turns), each on a petal 3804A - D made of PCB substrate.

Each set of coils have return traces, e.g., traces 3806 and 3808, connected in the center 3810 to

an interchange 3804 and/or electronics board 3802. Either of these boards can include driving

electronics (including the amplifier) for the auxiliary coil 3802.

FIG. 38B shows a model of the effective coil having accounted for cancelling magnetic

fields of the auxiliary coil boards shown in FIG. 38A . For example, the magnetic field produced

at the return traces at 3806 and 3808 will cancel and the effective shape of the coil can be similar

to the four loops in coil 3812. The terminals 3814 of each of the loops can be connected such

that the loops are in series with one another.

FIG. 38C shows a model of a portion 3816 of the source resonator coil and a portion

3818 of the auxiliary coil 3802. As discussed above, the auxiliary coil 3802 follows the traces of

the source resonator coil. In some embodiments, the traces 3818 of the auxiliary coil may be



evenly distributed over the traces 3816 of the source resonator coil such that the auxiliary field is

of a similar shape to that of the source resonator.

FIG. 38D shows a side-view of an exemplary embodiment of auxiliary coil 3802 and

source resonator coil 3700. The current in the auxiliary coil 3802 can have an amplitude of

approximately 500 raA and the induced current in the source resonator coil 3700 can have an

amplitude of approximately 3 A . This results in a stronger magnetic field 3720 produced by the

source resonator coil 3700 as compared to the auxiliary field 3722 produced by the auxiliary coil

3802. Note that the source resonator coil is not being driven at the same time; the stronger

magnetic field 3920 is due to the induced currents in the source resonator coil. The net magnetic

field, after taking into account the field cancellation between the two magnetic fields, results in a

useful magnetic field for the FOD sensors. Utilizing such a field allows for a similar dynamic

range of voltages on the FOD sensors as the range of voltages that occurs when the source

resonator's magnetic field is used.

FIG. 39A shows a schematic diagram of an embodiment of an auxiliary coil 3902 for use

in FOD detection. The auxiliary coil is printed or wound on four circuit boards 3904A - D . Each

of the circuit boards has an outer loop 3906 of wire and an inner loop 3908 of wire. Much of the

magnetic field produced at the traces on the inner edges of the circuit board, such as at 3910 and

3912, is cancelled.

The effective coil results in the model shown schematically in FIG. 39B. The smaller

outer loops 3906A - D form a larger outer loop 3916 and the smaller inner loops 3908A - D

form a larger inner loop 3918. An advantage to having a larger effective inner loop 3918 is that

it can compensate for the weaker magnetic field in the center of the outer loop 3916. Another

advantage of this configuration is that it utilizes a lower amount of conductive material (e.g.,

copper), lowering the weight of the auxiliary coil as well as the cost. Each of these sets of loops

is connected electrically in series near the center 3914 and may be coupled to the interchange

and/or electronics boards. In some embodiments, the auxiliary coil 3902 can be driven at

approximately 30 kHz by a linear amplifier on at least one of the interchange and/or electronics

boards.

FIG. 40 shows a schematic diagram of example auxiliary coils for use in FOD detection.

The auxiliary coils 4002A - D are printed or wound on circuit boards 4004A - D . Each of the

auxiliary coils 4002A - D is driven by an independent amplifier, resulting in four amplifiers for



the four auxiliary coils. An advantage of this configuration is that the magnetic field does not

cancel at the inner traces, such as at 4008 and 4010. Another advantage to using multiple

auxiliary coils is that they will couple less to the source and receiver resonators, allowing the

effectiveness of the auxiliary coils to be independent of the position of the receiver resonator. In

some embodiments, the auxiliary coils 4002A - D can be connected to an independent amplifier

on at least one of the interchange and/or electronics boards. The auxiliary coils can be driven at

approximately 30 kHz by the multiple linear amplifiers. In certain embodiments, the auxiliary

coils 4002A - D can be driven by less than four amplifiers. For example, a single amplifier can

be used with switches (such as relays) to couple to the four auxiliary coils.

FIG. 4 1 shows a schematic diagram of an embodiment of an auxiliary coil 4100 for use in

FOD detection. The auxiliary coil 4100 can include 4 smaller coils 4 102A - D printed or wound

on circuit boards 4104A - D . The smaller coils 4102A - D can be driven by a single amplifier

and are positioned away from the edges of the circuit boards 4104A - D and thus their magnetic

fields do not cancel.

In certain embodiments, an auxiliary coil positioned on or near a source resonator may

cause the quality factor of the source resonator to be negatively affected. One way to overcome

this issue can be to reduce the amount of conductive material and/or the number of turns used in

the construction of the auxiliary coil(s). Another way can be decrease the amount of conductive

material over the area of the source. For example, by increasing the amount of copper used,

which effectively increases the vertical thickness of the conductor, one can reduce the horizontal

thickness of the conductor and thus reduce the area of conductor directly over a source resonator

coil.

FIGS. 42A - 42B show schematic diagrams of embodiments of auxiliary coils for use in

FOD detection. Instead of the traces of each set of coils leading to the center of the circuit

boards as shown in FIG. 38A and FIG. 39A, the traces are individually connected to their

counterparts on the adjacent board. FIG. 42A shows, for an auxiliary coil similar to that shown

in FIG. 38A, the traces 4202 on circuit board 3804B can be connected via connectors 4206 to

traces 4204 on circuit board 3804D to create an effective auxiliary coil similar to that shown in

FIG. 38B. In some embodiments, a connector can include soldering a wire across the circuit

boards, board-to-board connectors, and the like. FIG. 42B shows, for an auxiliary coil similar to

that shown in FIG. 39A, the traces 4208 on circuit board 3906B can be connected via connectors



63 12 to traces 4210 on circuit board 3906D to create an effective auxiliary coil similar to that

shown in FIG. 39B.

Hardware and Software Implementation

It is understood that the methods and steps described herein can be implemented in

control electronics (i.e., a system controller) including a variety of processing hardware

components such as one or more electronic processors and/or dedicated electronic circuits. FIG.

43 is a schematic diagram showing an embodiment of a computer system 4300 that may be

incorporated as part of the control electronics/system controller. It should be noted that FIG. 43

is meant only to provide a generalized illustration of various system components, any or all of

which may be utilized as appropriate. FIG. 43, therefore, broadly illustrates how individual

elements of the control electronics/system controller may be implemented in a relatively

separated or relatively more integrated manner.

System 4300 may include hardware elements that can be electrically coupled via a bus

4305 (or may otherwise be in communication, as appropriate). The hardware elements may

include one or more processors 4310, including without limitation one or more general-purpose

processors and/or one or more special-purpose processors (such as digital signal processing

chips, graphics acceleration processors, video decoders, and/or the like); one or more input

devices 4315, which can include without limitation a remote control, and/or the like; and one or

more output devices 4320, which can include without limitation a display device, audio device,

and/or the like.

Computer system 4300 may further comprise (and/or be in communication with) one or

more non-transitory storage devices 4325, which can include, without limitation, local and/or

network accessible storage, and/or can include, without limitation, a disk drive, a drive array, an

optical storage device, a solid-state storage device, such as a random access memory ("RAM"),

and/or a read-only memory ("ROM"), which can be programmable, flash-updateable and/or the

like. Such storage devices may be configured to implement any appropriate data stores,

including without limitation, various file systems, database structures, and/or the like.

Computer system 4300 may also comprise a communications subsystem 4330, which can

include without limitation a modem, a network card (wireless or wired), an infrared

communication device, a wireless communication device, and/or a chipset (such as a Bluetooth



device, an 802. 11 device, a WiFi device, a WiMax device, cellular communication device, etc.),

and/or the like. The communications subsystem 4330 may permit data to be exchanged with a

network (such as the network described below, to name one example), other computer systems,

and/or any other devices described herein. In many embodiments, the computer system 4300

will further include a working memory 4335, which can include a RAM or ROM device, as

described above.

Computer system 4300 also may comprise software elements, shown as being currently

located within the working memory 4335, including an operating system 4340, device drivers,

executable libraries, and/or other code, such as one or more application programs 4345, which

may include computer programs provided by various embodiments, and/or may be designed to

implement methods, and/or configure systems, provided by other embodiments, as described

herein. Merely by way of example, one or more procedures described with respect to the

method(s) discussed above might be implemented as code and/or instructions executable by a

computer (and/or a processor within a computer); in an aspect, then, such code and/or

instructions can be used to configure and/or adapt a general purpose computer (or other device)

to perform one or more operations in accordance with the described methods.

A set of these instructions and/or code might be stored on a non-transitory computer-

readable storage medium, such as the non-transitory storage device(s) 4325 described above. In

some cases, the storage medium might be incorporated within a computer system, such as

computer system 4300. In other embodiments, the storage medium might be separate from a

computer system (e.g., a removable medium, such as a compact disc), and/or provided in an

installation package, such that the storage medium can be used to program, configure, and/or

adapt a general purpose computer with the instructions/code stored thereon. These instructions

might take the form of executable code, which is executable by the computer system 4300 and/or

might take the form of source and/or installable code, which, upon compilation and/or

installation on the computer system 4300 (e.g., using any of a variety of generally available

compilers, installation programs, compression/decompression utilities, etc.), then takes the form

of executable code.

It will be apparent to those skilled in the art that substantial variations may be made in

accordance with specific requirements. For example, customized hardware might also be used,

and/or particular elements might be implemented in hardware, software (including portable



software, such as applets, etc.), or both. Further, connection to other computing devices such as

network input/output devices may be employed.

As mentioned above, in one aspect, some embodiments may employ a computer system

(such as the computer system 4300) to perform methods in accordance with various

embodiments of the disclosed techniques. Some or all of the procedures of such methods are

performed by the computer system 4300 in response to processor 43 10 executing one or more

sequences of one or more instructions (which might be incorporated into the operating system

4340 and/or other code, such as an application program 4345) contained in the working memory

4335. Such instructions may be read into the working memory 4335 from another computer-

readable medium, such as one or more of the non-transitory storage device(s) 4325. Merely by

way of example, execution of the sequences of instructions contained in the working memory

4335 might cause the processor(s) 43 10 to perform one or more procedures of the methods

described herein.

The terms "machine-readable medium," "computer-readable storage medium" and

"computer-readable medium," as used herein, refer to any medium that participates in providing

data that causes a machine to operate in a specific fashion. These mediums may be non-

transitory. In an embodiment implemented using the computer system 4300, various computer-

readable media might be involved in providing instructions/code to processor(s) 4310 for

execution and/or might be used to store and/or carry such instructions/code. In many

implementations, a computer-readable medium is a physical and/or tangible storage medium.

Such a medium may take the form of a non-volatile media or volatile media. Non-volatile media

include, for example, optical and/or magnetic disks, such as the non-transitory storage device(s)

4325. Volatile media include, without limitation, dynamic memory, such as the working

memory 4335.

Common forms of physical and/or tangible computer-readable media include, for

example, a floppy disk, a flexible disk, hard disk, magnetic tape, or any other magnetic medium,

a CD-ROM, any other optical medium, any other physical medium with patterns of marks, a

RAM, a PROM, EPROM, a FLASH-EPROM, any other memory chip or cartridge, or any other

medium from which a computer can read instructions and/or code.

Various forms of computer-readable media may be involved in carrying one or more

sequences of one or more instructions to the processor(s) 43 10 for execution. Merely by way of



example, the instructions may initially be carried on a magnetic disk and/or optical disc of a

remote computer. A remote computer might load the instructions into its dynamic memory and

send the instructions as signals over a transmission medium to be received and/or executed by

the computer system 4300.

The communications subsystem 4330 (and/or components thereof) generally will receive

signals, and the bus 4305 then might carry the signals (and/or the data, instructions, etc. carried

by the signals) to the working memory 4335, from which the processor(s) 43 10 retrieves and

executes the instructions. The instructions received by the working memory 4335 may

optionally be stored on a non-transitory storage device 4325 either before or after execution by

the processor(s) 4310.

The methods, systems, and devices discussed above are examples. Various

configurations may omit, substitute, or add various procedures or components as appropriate.

For instance, in alternative configurations, the methods may be performed in an order different

from that described, and/or various stages may be added, omitted, and/or combined. Also,

features described with respect to certain configurations may be combined in various other

configurations. Different aspects and elements of the configurations may be combined in a

similar manner. Also, technology evolves and, thus, many of the elements are examples and do

not limit the scope of the disclosure or claims.

Specific details are given in the description to provide a thorough understanding of

example configurations (including implementations). However, configurations may be practiced

without these specific details. For example, well-known circuits, processes, algorithms,

structures, and techniques have been shown without unnecessary detail in order to avoid

obscuring the configurations. This description provides example configurations only, and does

not limit the scope, applicability, or configurations of the claims. Rather, the preceding

description of the configurations will provide those skilled in the art with an enabling description

for implementing described techniques. Various changes may be made in the function and

arrangement of elements without departing from the spirit or scope of the disclosure.

Also, configurations may be described as a process which is depicted as a flow diagram

or block diagram. Although each may describe the operations as a sequential process, many of

the operations can be performed in parallel or concurrently. In addition, the order of the

operations may be rearranged. A process may have additional steps not included in the figure.



Furthermore, examples of the methods may be implemented by hardware, software, firmware,

middleware, microcode, hardware description languages, or any combination thereof. When

implemented in software, firmware, middleware, or microcode, the program code or code

segments to perform the necessary tasks may be stored in a non-transitory computer-readable

medium such as a storage medium. Processors may perform the described tasks.

OTHER EMBODIMENTS

A number of embodiments have been described. Nevertheless, it will be understood that

various modifications may be made without departing from the spirit and scope of the disclosure.

Accordingly, other embodiments are within the scope of the following claims.



WHAT IS CLAIMED IS:

1. A wireless energy transfer system, comprising:

a source resonator configured to generate an oscillating magnetic field to transfer energy

to a receiver resonator;

a plurality of sensors, wherein each of the sensors is configured to generate an electrical

signal in response to a magnetic field; and

a controller coupled to each of the sensors,

wherein during operation of the system, the controller is configured to:

obtain a system calibration state comprising a set of basis vectors derived from a

first set of electrical signals generated by the plurality of sensors with no foreign object debris in

proximity to the system;

measure a second set of electrical signals generated by the plurality of sensors;

calculate a projection of the second set of electrical signals onto the set of basis

vectors;

calculate a detection signal based on the projection of the second set of electrical

signals;

determine whether foreign object debris is present in proximity to the system by

comparing the calculated detection signal to a detection threshold value; and

adjust the system calibration state based on the presence or absence of foreign

object debris in proximity to the system to generate an updated system calibration state.

2 . The system of claim 1, wherein the controller is configured to obtain the system

calibration state by:

determining an inverse covariance matrix for the first set of electrical signals; and

determining the set of basis vectors by determining a set of eigenvectors of the inverse

covariance matrix.

3 . The system of claim 2, wherein the controller is configured to determine the inverse

covariance matrix based on mean-subtracted values derived from the first set of electrical

signals.



4 . The system of claim 3, wherein values comprise at least one of amplitudes of the first set

of electrical signals and phases of the first set of electrical signals.

5 . The system of claim 1, wherein the plurality of sensors comprises n sensors, and wherein

each of the basis vectors comprises n elements.

6 . The system of claim 5, wherein for each basis vector, each of the n elements corresponds

to a contribution from a different one of the n sensors.

7 . The system of claim 5, wherein the projection comprises a vector of length p < n, and

wherein each element of the projection corresponds to a contribution of a different one of the

basis vectors to a representation of the second set of electrical signals.

8 . The system of claim 7, wherein the controller is configured to calculate the detection

signal as a norm of the projection.

9 . The system of claim 7, wherein the controller is configured to calculate the detection

signal as a scaled norm of the projection in which each element of the projection is scaled

according an eigenvalue associated with a corresponding one of the basis vectors.

10. The system of claim 2, wherein the controller is configured to adjust the system

calibration state when foreign object debris is not in proximity to the system.

11. The system of claim 10, wherein the controller is configured to adjust the system

calibration state by generating an updated inverse covariance matrix based on the second set of

electrical signals.

12. The system of claim 11, wherein the controller is configured to generate the updated

inverse covariance matrix using an infinite impulse response filter.



13. The system of claim 1, wherein prior to obtaining the system calibration state, the

controller is configured to determine whether foreign object debris is present in proximity to the

system.

14. The system of claim 13, wherein the controller is configured to determine whether

foreign object debris is present in proximity to the system prior to obtaining the system

calibration state by:

measuring a plurality of sets of electrical signals generated by the plurality of sensors,

wherein each set of electrical signals corresponds to a different relative position of the source

and receiver resonators;

generating a position covariance matrix based on the plurality of sets of electrical signals;

determining a set of position basis vectors corresponding to eigenvectors of an inverse of

the position covariance matrix;

measuring a third set of electrical signals generated by the plurality of sensors;

calculating a projection of the third set of electrical signals onto the set of position basis

vectors; and

determining whether foreign object debris is present in proximity to the system based on

a magnitude of the projection of the third set of electrical signals.

15. The system of claim 14, wherein the set of position basis vectors corresponds to a set of

m eigenvectors of the inverse of the position covariance matrix that correspond to m largest

eigenvalues of the inverse of the position covariance matrix.

16. The system of claim 1, wherein each of the plurality of sensors comprises one or more

loops of conducting material.

17. The system of claim 1, wherein at least some of the sensors comprise a first loop of

conducting material coupled to a second loop of conducting material.

18. The system of claim 17, wherein the first and second loops do not overlap.



19. The system of claim 17, wherein the first and second loops are configured so that when

magnetic field flux density through the first and second loops is the same, the first and second

loops generate electrical signals of approximately equal magnitude.

20. The system of claim 1, wherein at least one of the sensors comprises a first loop of

conducting material comprising two terminals and a second loop of conducting material

comprising two terminals, and wherein:

a second terminal of the first loop is directly connected to a first terminal of the second

loop; and

a second terminal of the second loop is not connected to either terminal of the first loop.

2 1. The system of claim 20, wherein when magnetic field flux extends through the first and

second loops:

the controller is configured to measure a reference electrical signal by measuring an

electrical signal between the terminals of the first loop; and

the controller is configured to measure an electrical signal comprising contributions from

both the first and second loops by measuring an electrical signal between a first terminal of the

first loop and the second terminal of the second loop.

22. The system of claim 1, wherein the plurality of sensors are positioned so that when the

source resonator generates the oscillating magnetic field, the sensors generate the electrical

signals based on a portion of the oscillating magnetic field that extends through the sensors.

23. The system of claim 1, further comprising an auxiliary coil connected to the controller

and configured to generate a measurement magnetic field in a spatial region in proximity to at

least one of the source and receiver resonators.

24. The system of claim 23, wherein the plurality of sensors are positioned so that when the

auxiliary coil generates the measurement magnetic field, the sensors generate the electrical

signals based on a portion of the measurement magnetic field that extends through the sensors.



25. The system of claim 17, wherein the plurality of sensors comprises an array of loops of

conductive material in which each loop of the array is coupled to another loop of the array.

26. The system of claim 17, wherein the first and second loops are coupled through a direct

electrical connection between the loops.

27. The system of claim 17, wherein the first and second loops are coupled through a

hardware or software processor, and wherein the processor is configured to invert an electrical

signal generated by one of the first and second loops.

28. The system of claim 1, wherein obtaining the system calibration state comprises

retrieving the system calibration state from an electronic storage medium.

29. The system of claim 1, wherein obtaining the system calibration state comprises:

determining an inverse covariance matrix for the first set of electrical signals;

determining a set of eigenvectors of the inverse covariance matrix; and

determining the set of basis vectors from the eigenvectors of the inverse covariance

matrix.

30. A method, comprising:

determining a system calibration state comprising an inverse covariance matrix for a first

set of electrical signals generated by a plurality of sensors in proximity to a wireless energy

transfer system when no foreign object debris is in proximity to the wireless energy transfer

system;

determining a set of basis vectors from eigenvectors of the inverse covariance matrix;

measuring a second set of electrical signals generated by the plurality of sensors;

calculating a detection signal based on a projection of the second set of electrical signals

onto the set of basis vectors;

determining whether foreign object debris is present in proximity to the wireless energy

transfer system by comparing the calculated detection signal to a detection threshold value; and



adjusting the system calibration state based on the presence or absence of foreign object

debris in proximity to the system to generate an updated system calibration state.

31. The method of claim 30, further comprising determining the inverse covariance matrix

based on values derived from the first set of electrical signals, wherein the values comprise at

least one of amplitudes of the first set of electrical signals and phases of the first set of electrical

signals.

32. The method of claim 30, wherein the plurality of sensors comprises n sensors, and

wherein each of the basis vectors comprises n elements each corresponding to a contribution

from a different one of the n sensors.

33. The method of claim 32, wherein the projection comprises a vector of length p < n, and

wherein each element of the projection corresponds to a contribution of a different one of the

basis vectors to a representation of the second set of electrical signals.

34. The method of claim 33, wherein calculating the detection signal comprises determining

a norm of the projection.

35. The method of claim 30, further comprising adjusting the system calibration state when

foreign object debris is not in proximity to the system.

36. The method of claim 35, further comprising adjusting the system calibration state by

generating an updated inverse covariance matrix based on the second set of electrical signals.

37. The method of claim 36, further comprising generating the updated inverse covariance

matrix using an infinite impulse response filter.

38. The method of claim 30, further comprising, prior to determining the system calibration

state, determining whether foreign object debris is present in proximity to the wireless energy

transfer system.
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