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FOREIGN OBJECT DETECTION IN 
WIRELESS ENERGY TRANSFER SYSTEMS 

2 
embodiments, some FOD may interact with the 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 CROSS-REFERENCE TO RELATED 

APPLICATIONS 

This application is a continuation of, and claims priority 
to, U.S. patent application Ser. No. 13/608,956 filed Sep. 10, 
2012, which claims the benefit of U.S. provisional patent 
application 61/532,785 filed Sep. 9, 2011. The contents of 
each of the above-identified applications are incorporated by 
reference in their entirety. 

5 and or burning hazard. In some applications special precau­
tions may be necessary to avoid combustible metallic 
objects becoming hot enough to ignite during high-power 
charging. Some metallic objects can heat up and have 
enough heat capacity to cause a burn or discomfort to a 

10 person who might pick them up while they are still hot. 
Examples include tools, coils, metal pieces, soda cans, steel 
wool, food (chewing gum, burgers, etc.) wrappers, cigarette 
packs with metal foil, and the like. 

BACKGROUND 

Field 
This disclosure relates to wireless energy transfer and 

methods for detecting foreign object debris (FOD) on wire­
less power transmission systems. 

Thus what are needed are methods and designs for 
15 detecting or mitigating the effects of FOD in the vicinity of 

the wireless energy transfer system. 

Description of the Related Art 20 

SUMMARY 

In accordance with exemplary and non-limiting embodi­
ments, a foreign object debris detection system may measure 
perturbations in the magnetic field around the resonators of 
a wireless energy transfer system using magnetic field 
sensors and/or gradiometers. The sensors and/or gradiom­
eters may be positioned in the magnetic field of a wireless 
energy transfer system. The sensors and/or gradiometers 
may comprise loops of wire and/or printed conductor traces 
forming loops, figure-8 loops, and/or structures comprising 
one loop or multiple loops that generate an electrical signal 
proportional to the amount of magnetic flux crossing its 
surface. The loop and/or loops may be connected to high-
input-impedance readout circuitry. The readout circuitry 
may measure the voltage and/or the current and/or the 
relative phase of the voltages and/or currents in the loops. In 

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 Ser. No. 12/613,686 pub­
lished on May 6, 2010 as US 2010/010909445 and entitled 25 

"Wireless Energy Transfer Systems," U.S. patent application 
Ser. No. 12/860,375 published on Dec. 9, 2010 as 2010/ 
0308939 and entitled "Integrated Resonator-Shield Struc­
tures," U.S. patent application Ser. No. 13/222,915 pub­
lished on Mar. 15, 2012 as 2012/0062345 and entitled "Low 30 

Resistance Electrical Conductor," U.S. patent application 
Ser. No. 13/283,811 published on Oct. 4, 2012 as 2012/ 
0248981 and entitled "Multi-Resonator Wireless Energy 
Transfer for Lighting," the contents of which are incorpo­
rated by reference. 

Wireless charging systems that rely on an oscillating 
magnetic field between two coupled resonators can be 
efficient, non-radiative, and safe. Non-magnetic and/or non­
metallic objects that are inserted between the resonators may 
not substantially interact with the magnetic field used for 40 

wireless energy transfer. In some embodiments, users of 
wireless power transfer systems may wish to detect the 
presence of these "foreign objects" and may wish to control, 
turn down, tum off, alarm, and the like, the wireless power 
transfer system. Metallic objects and/or other objects 45 

inserted between the resonators may interact with the mag­
netic field of the wireless power transfer system in a way that 
causes the metallic and/or other objects to perturb the 
wireless energy transfer and/or to heat up substantially. In 
some embodiments, users of wireless power transfer sys- 50 

terns may wish to detect the presence of these "foreign 
objects" and may wish to control, tum down, turn off, alarm, 
and the like, the wireless power transfer system. 

35 embodiments the system may include multiple layers of 
loops to increase the detection probability of FOD. In 
embodiments, the loops may be designed to operate without 
significantly affecting characteristics of the wireless power 

Foreign Object Debris (FOD) positioned in the vicinity of 
wireless power transmission systems can be benign and/or 55 

may interact with the fields used for energy transfer in a 
benign way. Examples of benign FOD may include dirt, 
sand, leaves, twigs, snow, grease, oil, water, and other 
substances that may not interact significantly with a low­
frequency magnetic field. In embodiments, FOD may 60 

include objects that may interact with the fields used for 
wireless energy transfer in a benign way, but that may be 
restricted from the region very close to the resonators of the 
wireless transfer systems because of perceived danger, or 
out of a preponderance of caution. A common example of 65 

this type of FOD is a cat that may wish to sleep between the 
coils of a wireless EV charging system for example. In 

transfer system such as the perturbed quality factors of the 
resonators, the efficiency of the energy transfer, the amount 
of power transferred, the amount of heat generated by the 
system, and the like. 

In accordance with exemplary and non-limiting embodi­
ments, there is provided a wireless energy transfer system 
may comprise foreign object debris detection system. The 
system may include at least one wireless energy transfer 
source configured to generate an oscillating magnetic field. 
The foreign object debris may be detected by a field gradi­
ometer positioned in the oscillating magnetic field. The 
voltages and/or currents of the field gradiometers may be 
measured using readout circuitry and a feedback loop based 
on the readings from the gradiometers may be used to 
control the parameters of the wireless energy source. 

BRIEF DESCRIPTION OF FIGURES 

FIG. 1 shows a side view of a resonator with a resonator 
cover providing passive FOD mitigation. 

FIG. 2 two loops of wire that may be used as individual 
field sensors and that may be fashioned into a gradiometer 
that senses the difference in the magnetic flux capture by the 
two individual field sensors. 

FIG. 3A shows a two-lobe configuration of two small 
conductor loops arranged to have opposed magnetic dipoles, 
(such a structure may be referred to as a magnetic quadru­
pole); 3B shows a 4-lobe configuration of aligned magnetic 
quadrupoles; 3C shows a 4-lobe configuration of opposed 
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quadrupoles, sometimes referred to as an octupole; and 3D 
shows a 4-lobe configuration extending in a linear dimen­
sion. The "+" and "-" signs indicate the direction of the 
magnetic dipole of each loop, in a relative reference frame 

FIG. 4A shows a FOD detector array comprising loops 
with a square shape to achieve high area-fill factor; and 4B 
shows an embodiment with two offset arrays, an arrange­
ment that may be used to eliminate blind spots. 

FIG. 5 shows a FOD detector connected to a readout 
circuit. 

FIG. 6 shows an array of FOD detectors connected to 
readout circuitry. 

FIG. 7 shows an array of FOD detectors connected to 
readout circuitry and a synchronization loop. 

FIG. 8 shows an example embodiment of FOD detector 
loops. 

FIGS. 9A-9C shows example voltage measurement 
curves from a figure-8 gradiometer sensor. 

FIG. 10 shows a block diagram of an exemplary EV 
charger system. 

DETAILED DESCRIPTION 

Methods for mitigating FOD risks can be categorized as 
passive mitigation techniques and active mitigation tech­
niques. Passive mitigation techniques may be used to pre­
vent FOD from entering or remaining in the regions of high 
magnetic field. Passive mitigation techniques may lower the 
likelihood of FOD interacting hazardously with magnetic 
fields. Active mitigation techniques may be used detect and 
react to the presence of FOD. 

Passive Mitigation Techniques 
Passive mitigation techniques may be used to keep FOD 

from entering the regions between resonators or specific 
regions of high magnetic field, thereby preventing the inter­
action of the FOD with the magnetic fields. 

By way of additional exemplary embodiments, the design 
of a resonator cover in a wireless power transfer system may 
provide a passive FOD mitigation technique. In embodi­
ments the enclosure of a source and/or device and/or 
repeater resonator may be shaped to prevent FOD from 
coming close to the areas of the resonators and/or the 
resonator coils where the magnetic field may be large. A 
resonator enclosure may be designed to be curved, angled, 

4 
cover 102 due to the force of gravity. The shape of the cover 
102 may prevent FOD 106 from accumulating on top of the 
cover 102 and/or in the vicinity of the resonator 104 by 
forcing any FOD to the sides of the resonator and/or away 

5 from the regions surrounding the resonator where the mag­
nitude of the magnetic fields is high enough to cause a 
hazardous condition due to heating of the FOD. In embodi­
ments, the FOD may be forced far enough away from the 
high field regions to no longer pose a risk of being heated 

10 and/or ignited by the fields. 
In other exemplary and non-limiting embodiments, a 

passive FOD technique may include sizing the resonators 
and/or resonator components to reduce the maximum mag­
netic field density anywhere in the region of wireless power 

15 exchange below a desired limit. In embodiments, relatively 
large resonator coils may be used to mitigate a subset of 
FOD risks. For a fixed level of power transfer the use of 
larger resonator coils may be used to reduce the magnetic 
field strength per unit area required to transfer a certain 

20 amount of power wirelessly. For example, the maximum 
magnetic field strength generated by a source may be 
reduced below a threshold where heating or other hazards 
may be known to occur. Passive mitigation techniques may 
not always be possible or practical or sufficient. For 

25 example, reducing a FOD hazard by increasing a resonator 
size may not be practical owing to the system cost restraints 
or to the desire to integrate a resonator into a system of a 
specified volume. However, even in applications where a 
completely passive technique may not be possible, practical 

30 and/or sufficient, passive mitigation techniques may be used 
to at least partially reduce the FOD risk and may be 
complementary to active mitigation techniques. 

Active Mitigation Techniques 
In accordance with exemplary and non-limiting embodi-

35 ments, an active mitigation technique for FOD may include 
a detector system that may detect metallic objects, hot 
objects, perturbations in resonator parameters, and/or per­
turbations in magnetic field distributions. 

In accordance with exemplary and non-limiting embodi-
40 ments, FOD objects, such as metallic objects, may be of 

sufficient size, extent, and/or material composition to perturb 
the efficiency or power transfer capabilities of a wireless 
energy transfer system. In such cases, the presence of said 
FOD objects may be determined by examining the change in 

45 one or more of the voltage, current, and/or power associated 
with the source resonator and/or device resonator and/or 

or shaped to force any FOD on the cover to roll off the cover 
and away from the resonator and/or high magnetic fields. 
The resonator enclosure may be shaped or positioned to 
allow gravity to pull objects away from the resonators. In 
other embodiments the enclosures and position of the reso­
nators may be designed to use other natural or onmipresent 50 

forces to move FOD away. For example, the force of water 
currents, wind, vibration, and the like may be used to 
prevent FOD from accumulating or staying in unwanted 
regions around resonators. In embodiments, the resonators 
may be arranged to be substantially perpendicular to the 55 

ground so that objects may not naturally rest and accumulate 

repeater resonator of a wireless power system. Some FOD 
objects may perturb the parameters of the resonators used 
for energy transfer and/or may perturb the characteristics of 
the energy transfer. A FOD object may change the imped­
ance of a resonator for example. In accordance with exem­
plary and non-limiting embodiments, these perturbations 
may be detected by measuring the voltage, current, power, 
phase, frequency, and the like of the resonators and the 
wireless energy transfer. Changes or deviations from 
expected or predicted values may be used to detect the 
presence of FOD. In an exemplary embodiment, dedicated 
FOD sensors may not be needed to detect and react to FOD 
in a wireless power system. 

on the resonators. In embodiments, the resonator enclosure 
may include a keep-out zone providing for a minimum 
distance between FOD and the resonator components. The 
keep-out zone may be sufficiently large to ensure that the 60 

fields at the outside of the keep-out zone are sufficiently 
small to not cause safety or performance concerns. 

An example resonator cover providing a degree of passive 
FOD protection is shown in FIG. 1. A magnetic resonator 
104 of a wireless power transfer system may be surrounded 65 

with or enclosed by or placed under a shaped cover 102. The 
cover 102 may be shaped to force FOD 106 to roll down the 

In accordance with exemplary and non-limiting embodi­
ments, FOD objects may only weakly perturb the wireless 
energy transfer and may not be substantially detectable by 
monitoring electrical parameters of the resonators and/or the 
characteristics of the wireless energy transfer. Such objects 
can still create a hazard, however. For example, a FOD 
object that only weakly interacts with the magnetic field may 
still heat up substantially. An example of a FOD object that 
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may only weakly interact with the magnetic field but that 
may experience significant heating is a metal-foil-and-paper 
wrapper such as is often found in chewing gum and cigarette 
packages and as is often used to wrap food from fast food 
establishments such as Burger King and Kentucky Fried 5 

Chicken. When placed between the resonators of a 3.3-kW 
wireless energy vehicle charging system, a chewing gum 
wrapper may not be detectable by examining the electrical 
parameters associated with the resonators and/or the energy 
transfer system. However, said wrapper may still absorb 10 

enough power to rapidly heat and for the paper to eventually 
bum. 

6 
circuitry, digital circuitry and/or by connected the loops 
together in a specific configuration. The sensitivity of the 
sensor and/or gradiometer may be related to the magnitude 
and/or phase of the voltage difference between the two 
loops. 

In accordance with exemplary and non-limiting embodi­
ments, the sensitivity of the sensor and/or gradiometer may 
be adjusted to preferentially detect objects of a given size, or 
above a given size. The sensitivity may be adjusted to reduce 
false detection rates, to lower the noise of the detection 
system, and/or to operate over a range of frequencies. In 
embodiments the size and shape of the loops may be 
adjusted to adjust the sensitivity of the sensor. The loops 
may be adjusted to comprise more turns and or to comprise 

15 additional loops, such as four loops, or eight loops for 
example. In embodiments, the loops may be positioned to 
have rotational symmetry or they may be arranged in a linear 
arrangement or they may be shaped to fill a region of any 

In accordance with exemplary and non-limiting embodi­
ments, an active mitigation system for FOD may comprise 
temperature sensors to detect hot spots, hot areas, and/or hot 
objects near by the wireless energy transfer system. A 
system may comprise any number of temperature sensors, 
infrared detectors, cameras, and the like to detect a heat 
source, heat gradient and the like around the energy transfer 
system. In embodiments, hot object sensing may be used 20 

alone or in addition to other active and passive mitigation 
techniques and can be used to further improve the detect­
ability of heated FOD and/or reduce the false-alarm rate of 
other active FOD systems. 

size and shape. 
In embodiments where the field density may be non-

uniform in the locations where gradiometers may be placed 
and/or where other gradiometer and/or loop designs may be 
implemented, the presence of metallic objects may result in 
amplitude and/or phase changes in the waveform corre-

In accordance with exemplary and non-limiting embodi­
ments, an active mitigation system for FOD objects that only 
weakly perturb the magnetic field between two resonators 
may comprise sensors for measuring small changes in the 
magnetic field in the proximity of the FOD objects. For 
example, a metal-foil-and-paper chewing gum wrapper may 
not substantially alter the magnetic flux between two reso­
nators, but it might substantially alter the magnetic flux 
through a much smaller sensor coil or loop if it covered 
and/or blocked any portion of the coil or loop area. In 
embodiments, local disturbances in the magnetic field 
caused by the presence of FOD may be detected by mea­
suring magnetic field changes, variations, gradients, and the 
like, in the vicinity of the FOD. 

25 sponding to the difference between the two loop voltages. In 
embodiments, the loops may have a plurality of turns. In 
accordance with exemplary and non-limiting embodiments, 
the loop areas 206, 208 may be sized according to the 
magnetic field strength of the wireless energy transfer sys-

30 tern, the desired sensitivity of the detection method, the 
complexity of the system and the like. If the metallic FOD 
is substantially smaller than the loop area, only a weak 
signal may arise when the FOD is present. This weak signal 
may risk being overwhelmed by noise or interfering signals. 

35 If the loop is sized to be on the order of ( e.g. within a factor 
of 3) of the minimum FOD size to be detected, then the 
signal may be sufficiently large for detection with low 
false-alarm rate. In embodiments, a FOD sensor and/or 
gradiometer may comprise one or more loops of different In accordance with exemplary and non-limiting embodi­

ments, a FOD sensor may be realized using two small wire 
loops 202, 204 as shown in FIG. 2. Such a sensor may be 
placed on or near the resonators used for wireless energy 
transfer. During operation the wireless energy transfer sys­
tem generates a magnetic field that passes through the two 
loops. Each individual loop develops a voltage proportional 45 

to the amount of magnetic flux threading the inside of each 
loop 206, 208. The difference between the voltages devel­
oped by the two loops is, to first order, proportional to the 
gradient of the magnetic field in proximity to the loops. If the 
two loops are placed in a region of uniform field and the 50 

loops are substantially similar, then the difference between 
the voltages developed by the two loops may be very small. 

40 sizes, shapes and/or arrangements. In embodiments, a FOD 
sensor may comprise regions with one sensor, more than one 

If, for example, a chewing gum wrapper is placed so that it 
partially covers one of the loops but not the other, then the 
difference in voltage developed by the two loops will be 55 

larger than when the wrapper was not present because the 
metallic foil of the gum wrapper may deflect or/or absorb 
some of the magnetic flux that would have normally passed 
through that loop. In embodiments, the output from the two 
loops may be subtracted from each other so that the com- 60 

bination of loops produces a small signal when the sensed 
field is substantially uniform, and a measurably larger signal 
when there is a gradient in the field between the two loops. 
When the loops and/or coils are configured to generate a 
signal in the presence of a field gradient, they may be 65 

referred to as being arranged as a gradiometer. Note the 
signals from the loops may be subtracted using analog 

sensor or no sensor. 
In accordance with exemplary and non-limiting embodi­

ments, another way to measure a field gradient in the vicinity 
of a metallic object may be to create a coil (also referred to 
as a loop) in a fashion that directly outputs a voltage that is 
proportional to the local gradient in the magnetic field. Such 
a coil serves the purpose of the two coils depicted in FIG. 2, 
but requires only one voltage measurement. If, for example, 
one were to double the area of one of the loops depicted in 
FIG. 2 and then twist it into a figure-8 shape where each lobe 
of the figure-8 had approximately equal area, but the current 
induced in each loop by the local magnetic field traveled in 
the opposing directions, then the voltage developed across 
its two terminals would be proportional to the difference in 
magnetic flux between the two lobes. FIGS. 3A-3D depicts 
some exemplary configurations of twisted loops that may be 
capable of directly outputting a voltage that is proportional 
to the local gradient in the magnetic field. 

The two loops shown in FIG. 2 may be referred to as 
magnetic dipoles and the loops in FIG. 3A may be referred 
to as gradiometers and/or magnetic quadrupoles and the 
loops in FIG. 3B as gradiometers and/or octupoles, respec­
tively. The quadrupole configuration may develop a voltage 
proportional to the magnetic field gradient in the left-to-right 
orientation. The 4-lobe configurations can be configured to 
measure field gradients (FIG. 3B), and gradients of field 
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gradients (FIG. 3C). FIG. 3D is representative of embodi­
ments where multiple lobes may extend along a linear 
dimension. In embodiments, higher-order multipoles with 
an even number of lobes can also be configured to measure 
spatial perturbations to the magnetic field. In embodiments, 5 

the lobes depicted in FIGS. 3A-3D may use multiple turns 
of conductor. 

magnetic field sensors, capacitive sensors, magnetic sensors, 
motion sensors, weight sensors, pressure sensors, water 
sensors, vibration sensors, optical sensors, and any combi­
nation of sensors. 

Active FOD Detection Processing 
The coil configurations described above (FIG. 2 to FIG. 4) 

may develop an oscillating voltage in the presence of an 
oscillating magnetic field that is non-uniform because of, for 
example, the presence of FOD. In accordance with exem-

Each of these configurations can accomplish the goal of 
measuring magnetic field perturbations due to the presence 
of metallic FOD. The configurations with multiple lobes 
may have an advantage in covering more area without 
substantially reducing the likelihood of detecting FOD of 
similar characteristic size to the lobes. 

The loop configurations depicted in FIG. 2 and FIGS. 
3A-3D are depicted as circular to illustrate the direction of 
the induced current in the presence of an oscillating mag­
netic field. The plus and minus signs indicate whether the 
induced current flows mostly counter-clock-wise or clock­
wise. Shapes other than circles may be better suited for 
arrays with high-area fill factor. Examples include squares, 
rectangles, hexagons, and other shapes that tile with little 
interstitial space in between them. FIG. 4A shows an 
example of square-shaped coils where the array is assumed 
to extend further than shown and to have an equal number 
of plus and minus loops. The wires of the coils may be 
connected so that the induced currents flow in the directions 
indicated by the plus and minus signs. 

For the configuration shown in FIG. 4A a symmetrical 
piece of FOD can be placed in a position between adjacent 
loops so that the field perturbation may not generate a 
detectable magnetic field gradient. Such a "blind spot" is 
depicted in FIG. 4A. In accordance with exemplary and 
non-limiting embodiments, a second layer of arrayed loops 
may be placed above a first layer and may be offset laterally 
as shown in FIG. 4B. The offset may be chosen so that the 
"blind spots" of the first layer of sensors correspond to 
locations of maximum detectability for the second layer. In 
embodiments, the offset may be any offset than improves the 
likelihood of detection of the FOD relative to the single 
array detection probability. In this way, the likelihood may 
be reduced of having substantial blind spots where a piece 
of FOD may not be detectable. Similar schemes of one or 
more offset arrays can achieve roughly the same advantage 
in reducing blind spots. The orientations of the loops in 
multiple arrays may also be changed to handle non-uniform 
magnetic fields. 

In embodiments the individual loops or lobes of the 
dipoles, quadrupoles, octupoles, and the like may be of 
multiple sizes or of nonuniform sizes. In embodiments 
where the gradiometer may cover areas of nonuniform 
magnetic field the loops may be sized to ensure a minimal 
voltage at the output of the gradiometer loops when no FOD 
is present. The loops may be sized such that a larger loop is 
positioned in an area of weaker magnetic field and the 
smaller loops are positioned in the areas of higher magnetic 
field. In embodiments the loops may be sized such that a 
larger loop is positioned in an area of more uniform mag­
netic field and a smaller loop is positioned in an area of less 
uniform magnetic field. 

10 plary and non-limiting embodiments, a read-out amplifier 
connected to a given coil may have a high input impedance. 
This arrangement may prevent a substantial circulating 
current from developing in the sensor coil which could, in 
turn, spoil the Q-factor of the resonators used for wireless 

15 energy transfer. In embodiments, the loops, coils, gradiom­
eters and the like may be connected to amplifiers and/or 
filters and/or analog-to-digital converters and/or operational 
amplifiers, and or any electronic component that may be 
arranged to have high input impedance. In embodiments, a 

20 FOD sensor may comprise a conducting loop and a high 
input impedance electronic component. 

In accordance with exemplary and non-limiting embodi­
ments, each conductor pair from each coil (loop, sensor, 
gradiometer) in an array may be connected to a readout 

25 amplifier and/or an analog-to-digital converter as shown in 
FIG. 5. Each loop conductor 502 may be connected to an 
amplifier 506 and/or an analog-to-digital converter 508 and 
may produce an output 504 that may be used by other 
elements of a wireless energy transfer system or as an input 

30 to a processing element (not shown) such as a microproces­
sor to store and analyze the output of the coil, loop, sensor 
and/or gradiometer. 

In other embodiments, the voltage on each coil in an array 
may be measured in sequence or may be multiplexed in a 

35 way that allows fewer read-out amplifiers or analog-to­
digital converters to sample the array as shown in FIG. 6. An 
array of loops of gradiometers 602, 604, 606 may be 
connected to a multiplexed amplifier 608 and connected to 
one or more digital-to-analog converters 610. The output of 

40 the digital-to-analog converter 612 may be used by other 
elements of the wireless energy transfer system or as an 
input to a processing element (not shown) such as a micro­
processor to store and analyze the output of the gradiometer. 

In embodiments, each conductor pair of a sensor and/or 
45 gradiometer loop may be connected to active or passive filter 

circuitry to provide a high terminating impedance at very 
high or very low frequencies. 

The voltage on a given coil may be sampled at increments 
that allow a processor to determine the amplitude and phase 

50 of the induced waveform relative to a reference waveform. 
In embodiments, the voltage on a given coil may be sampled 
at least twice per period of oscillation (i.e. at or above the 
Nyquist rate). In embodiments, the voltage on a given coil 
may be sampled less frequently (i.e. in higher-order Nyquist 

55 bands). The voltage waveform may be analog filtered or 
conditioned before sampling to improve the signal-to-noise 
ratio or to reduce harmonic content of the signals to be 
sampled. The voltage waveform may be digitally filtered or 
conditioned after sampling. 

In accordance with exemplary and non-limiting embodi- 60 

ments, an array of FOD sensors may comprise multiple 
types of sensors. In embodiments, a FOD sensor may 
comprise single loop sensors and/or dipole gradiometers 
and/or quadrupole gradiometers and/or octupole gradiom­
eters and so on. Some areas of the FOD sensor may comprise 65 

no gradiometers. A FOD sensor may comprise temperature 
sensors, organic material sensors, electric field sensors, 

The time-sampled electrical signal from the FOD detector 
coils may be processed to determine the amplitude and 
phase with respect to a reference signal. The reference signal 
may be derived from the same clock used to excite the 
resonators used for wireless energy transfer. 

In some embodiments the FOD detection system may 
include a separate frequency, field magnitude, and/or phase 
sampling loop 704 and electronics 702 to synchronize the 
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sensor and/or gradiometer readings to the oscillating mag­
netic fields of the wireless energy transfer system as shown 
in FIG. 7. 

10 
kW to a load. FIG. 9A shows the small residual voltage (-30 
mVrms) on the two gradiometers pictured FIG. 8. The 
residual voltage is due to a combination of non-uniform 
magnetic field, slight variations in lobe area, and electrical In embodiments, the reference signal may be from a 

different oscillator at a different frequency. 
An example of processing a figure-8 quadrupole configu­

ration (FIG. 3A) for FOD detection may be as follows: 
1. With no FOD present, collect a time-sampled voltage 

waveform from one of the figure-8 loops 
2. Compute the amplitude and phase of the fundamental 

frequency component (or of its harmonics) 

5 interference. Results from gradiometers #1 and #2 are plot­
ted in as curve 904 and curve 902, respectively. When a 
metallic chewing gum foil is placed on the right lobe of 
gradiometer #2, some flux is blocked and a substantial 
amplitude increase and slight phase shift is observable in 

1° FIG. 9B, curve 902. Conversely, when the foil is moved to 
the left lobe of gradiometer #2, the amplitude stays the same 
but the phase changes by 180° as shown in FIG. 9C. These 
changes in phase and amplitude readings may be used to 

3. Store the amplitude and phase as a baseline reference 
4. With FOD present, collect a voltage waveform from the 

same figure-8 loop 
5. Compute the amplitude and phase of the fundamental 

( or its harmonics) 
15 

detect the presence of FOD on the sensors. 

6. Compare the amplitude and phase to the reference 

An embodiment of the figure-8 sensors was also fabri­
cated using printed-circuit board (PCB) techniques to realize 
the sensor coils or loops. This embodiment may have 
advantages including low cost, higher fill factor (since the 

7. On a polar plot (or in amplitude-and-phase space), if the 
distance between the signal and the reference exceeds 
a predetermined threshold, declare a detection ofFOD. 

In embodiments, the processing of the signal may be 
performed using analog electronic circuits, digital electron-
ics or both. In embodiments, the signals from multiple 
sensors may be compared and processed. In embodiments, 
FOD sensors may reside on only one, or all, or some of the 
resonators in a wireless power transfer system. In embodi­
ments, the signals from FOD sensors on different resonators 
may be processed to determine the presence ofFOD and/or 

20 loops can be made into any shape and easily tiled using 
standard PCB processing techniques), higher uniformity, 
higher reproducibility, small size and the like. A higher-fill 
factor was obtained using tiled rectangular loops for a 
16-channel array of single figure-8 sensors. The printed 

25 loops were highly uniform resulting in smaller (and flatter) 
baseline readings from the sensors when no FOD was 

to give control information to the wireless power system. In 
embodiments, FOD detection may be controllably turned on 30 

and off. In embodiments, FOD detection and processing may 
be used to control the frequency of the wireless power 
transfer system, the power level transferred by the wireless 
power system, and/or the time period when wireless power 
transfer is enabled and/or disabled. In embodiments, the 35 

FOD detectors may be part of a reporting system that may 
report to a system user that FOD is present and/or that may 
report to higher level systems that FOD is present or is not 
present. In embodiments, a FOD detection system may 
comprise a "learning capability" that may be used to identify 40 

certain types of FOD and that may comprise system and/or 
system feedback to categorize types ofFOD as harmless, in 
danger of heating, not allowed for other reasons, and the 
like. 

In accordance with exemplary and non-limiting embodi- 45 

ments processing may be embedded into the FOD detection 
subsystem or data may be sent back to a central processor. 
The processing may compare collected voltage waveforms 
to reference waveforms and look for statistically significant 
changes. Those skilled in the art will understand that the 50 

waveforms can be compared in amplitude and phase, I or Q 
components, sine or cosine components, in the complex 
plane, and the like. 

Exemplary Active FOD Detection Embodiments 

present. 
Other Embodiments 
In embodiments the sensors and gradiometer sensors 

described above can be combined with other types of FOD 
sensors to improve detection likelihood and lower false 
alarms (system detects FOD when no FOD is present). For 
example, an array of temperature sensors can be integrated 
into the resonator assembly. If a piece ofFOD begins to heat 
up it would disturb the normally expected spatial tempera­
ture distribution. That deviation can be used to send an alarm 
to the system controller. In embodiments, the temperature 
sensor may be used alone or in combination with a metal 
object sensor and/or it may be used as a backup or confirm­
ing sensor to the metallic object sensor. 

Living beings such as pets can be difficult to detect. In 
general, they may not interact in a substantial manner with 
the magnetic field. In addition, living beings may not heat up 
appreciably when exposed to magnetic fields. Nonetheless, 
a wireless power system may need to shut down if living 
beings intrude into magnetic fields of certain field strengths. 
The field strength limits may be frequency dependent and 
may be based on regulatory limits, safety limits, standards 
limits, public perception limits, and the like. In embodi­
ments, a dielectric sensor that measures changes in the fringe 
capacitance from a conductor such as a long wire can detect 
the proximity of living beings. In embodiments, this type of 
sensor may be used during diagnostic testing, prior to 
wireless energy transfer, and during wireless energy transfer. 

Applications to Vehicle Charging 
Two specific and non-limiting embodiments of FOD 55 

detection systems that were fabricated are described below. 
Data have been collected from both embodiments that show 
them working as FOD detectors. 

Detection ofFOD may be an important safety precaution 
in many types of wireless energy transfer systems. For the 
example of a 3.3-kW car charging system, an example of an 

60 embodiment follows. 
In the first embodiment a stranded wire was formed into 

a figure-8 loop forming a quadrupole as shown in FIG. 8 
with a longer wire between the two loops (gradiometer 1 ). 
The second embodiment was designed as shown as gradi­
ometer 2 in FIG. 8. The figure-8 loops were approximately 
5 cm long. FIG. 9A-9C show the voltage waveforms col­
lected from the two sensors placed on top of a wireless 65 

energy source between the resonators for a 3.3-kW wireless 
energy transfer system, when the system was delivering 3.3 

A block diagram of an exemplary EV Charger System is 
shown in FIG. 10. The system may be partitioned into a 
Source Module and a Device Module. The Source Module 
may be part of a charging station and the Device module 
may be mounted onto an electric vehicle. Power is wire­
lessly transferred from the Source to the Device via the 
resonators. Closed loop control of the transmitted power 
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may be performed through an in-band and/or out-of-band 
RF communications link between the Source and Device 
Modules. 

12 
described source and device resonators of highly resonant 
wireless power systems, one of skill in the art will under­
stand that the same sensors, detectors, algorithms, subsys­
tems and the like could be described for inductive systems 

5 using primary and secondary coils. 
AFOD detector system (not shown) can be integrated into 

the system in a variety of places. In embodiments, FOD 
systems may be integrated into the Source Module, into the 
source resonator, into the housings or enclosures of the 
source resonator and the like. In other embodiments, the 
FOD systems may be integrated on the device side of the 
system. In other embodiments, FOD systems may be imple- 10 

mented on both the source and device sides of the wireless 
power transmission system. In embodiments, the FOD 
detection system may include multiple sensors and a pro­
cessor with a discrimination algorithm. The processor can be 
connected to an interface that functions as an interlock in the 15 

Source control electronics. Other FOD detector systems may 
be connected to the charger systems through an additional 
interface or through an external interface. Local I/0 at each 
module may provide interface for system level management 
and control functions in a wireless power system utilizing 20 

FOD detection. 
The source resonator in a high power (3.3+ kW) vehicle 

charging system may have its highest magnetic field density 
near the boundaries of the windings and, optionally, any 
magnetic material. In this area, an array comprising multiple 25 

channels of double-figure 8 coils with rectangular-shaped 
lobes can protect against inadvertent heating of metallic 
FOD. The array may be fabricated on a PCB and may have 
integrated filtering and signal conditioning included on the 
board. A second PCB of equivalent design may be posi- 30 

tioned slightly above the first PCB and translated laterally in 
the manner described in FIG. 4B. An algorithm like that 
described above may run in an on-board processor whose 
output may be transmitted to a system controller. The system 
controller can compare the output of the metallic FOD 35 

detector to the outputs of additional FOD detectors, such as 
those measuring temperature profiles or dielectric changes. 
The system can then decide whether to tum down or shut 
down the system if FOD is detected. 

Some possible operation modes of a FOD detection 40 

system are as follows: 
Low-power diagnostic tests can be performed without the 

vehicle present to check health and status of the charg­
ing station (infrequent) and to check for FOD prior to 
a vehicle driving over the source (more frequent). 

After the vehicle arrives and is positioned over the source 
module, but prior to high-power charging, the FOD 
detector may verify that the source is still free ofFOD. 

45 

All documents referenced herein are hereby incorporated 
by reference. 

What is claimed is: 
1. A wireless energy transfer system with foreign object 

debris detection, the system comprising: 
a wireless energy transfer source comprising a source 

resonator configured to generate an oscillating mag­
netic field; and 

a foreign object debris detection system comprising: 
at least one magnetic field sensor; and 
at least one readout circuit configured to measure one 

or more electrical parameters of at the at least one 
magnetic field sensor, 

wherein the at least one magnetic field sensor is posi­
tioned within the magnetic field of the wireless energy 
transfer system; and 

wherein the foreign object debris detection system is 
configured to verify that foreign object debris has not 
moved onto or over the source resonator during gen­
eration of the oscillating magnetic field. 

2. The system of claim 1, wherein the wireless energy 
transfer source is configured to generate the oscillating 
magnetic field to transfer energy to a vehicle. 

3. The system of claim 2, wherein the foreign object 
debris detection system is configured to verify that foreign 
object debris has not moved onto or over the source reso­
nator prior to a transfer of energy from the source resonator 
to the vehicle. 

4. The system of claim 3, wherein the foreign object 
debris detection system is configured to perform a health 
and/or status check of the wireless energy transfer source 
before the vehicle is positioned over the source resonator. 

5. The system of claim 4, wherein the foreign object 
debris detection system is configured to perform the health 
and/or status check less frequently than the verification that 
foreign object debris has not moved onto or over the source 
resonator prior to a transfer of energy from the source 
resonator to the vehicle. 

6. The system of claim 4, wherein the foreign object 
debris detection system is configured to periodically perform 
the health and/or status check and the verification that 
foreign object debris has not moved onto or over the source 
resonator prior to a transfer of energy from the source During high-power charging the FOD detector can verify 

that no additional FOD has moved onto the coil. 50 resonator to the vehicle. 
While the invention has been described in connection 

with certain preferred embodiments, other embodiments will 
be understood by one of ordinary skill in the art and are 
intended to fall within the scope of this disclosure, which is 

7. The system of claim 2, wherein the foreign object 
debris detection system is configured to verify that foreign 
object debris has not moved onto or over the source reso­
nator after the vehicle is positioned over the source resonator 

55 and prior to a transfer of energy from the source resonator 
to the vehicle. 

to be interpreted in the broadest sense allowable by law. For 
example, designs, methods, configurations of components, 
etc. related to transmitting wireless power have been 
described above along with various specific applications and 
examples thereof. Those skilled in the art will appreciate 
where the designs, components, configurations or compo- 60 

nents described herein can be used in combination, or 
interchangeably, and that the above description does not 
limit such interchangeability or combination of components 
to only that which is described herein. 

Note too, that the techniques described here may be 65 

applied to any wireless power system that transmits power 
using electromagnetic fields. In cases where we have 

8. The system of claim 1, wherein the foreign object 
debris detection system is configured to verify that foreign 
object debris has not moved onto or over the source reso­
nator prior to generation of the oscillating magnetic field. 

9. The system of claim 1, wherein the wireless energy 
transfer source is a component of a vehicle charging station. 

10. The system of claim 9, further comprising a device 
module configured to be mounted on an electric vehicle. 

11. The system of claim 1, wherein the foreign object 
debris detection system is integrated into the wireless energy 
transfer source. 
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12. The system of claim 1, further comprising an enclo­
sure housing at least a portion of the wireless energy transfer 
source, wherein the foreign object debris detection system is 
integrated into the enclosure. 

13. The system of claim 1, wherein the wireless energy s 
transfer source is configured to deliver a power of more than 
3.3 kW to a wireless power receiving device. 

14. The system of claim 1, wherein: 
the at least one magnetic field sensor comprises a first 

conductive loop and a second conductive loop having 10 

a maximum dimension larger than a maximum dimen­
sion of the first conductive loop; 

the first conductive loop is positioned in a first spatial 
region and the second conductive loop is positioned in 
a second spatial region different from the first spatial 15 

region; and 
an amplitude of the oscillating magnetic field in the first 

spatial region is larger than an amplitude of the oscil­
lating magnetic field in the second spatial region. 

15. The system of claim 1, wherein: 20 

the at least one magnetic field sensor comprises a first 
conductive loop and a second conductive loop having 
a maximum dimension larger than a maximum dimen­
sion of the first conductive loop; 

14 
the first conductive loop is positioned in a first spatial 

region and the second conductive loop is positioned in 
a second spatial region different from the first spatial 
region; and 

a spatial variation of the oscillating magnetic field in the 
first spatial region is larger than a spatial variation of 
the oscillating magnetic field in the second spatial 
region. 

16. A method of detecting foreign object debris in a 
wireless energy transfer system, the method comprising: 

performing a health and/or status check of a source 
resonator of the wireless energy transfer system; 

verifying that no foreign object debris has moved onto or 
over the source resonator; 

positioning a vehicle over the source resonator; 
verifying that no foreign object debris has moved onto or 

over the source resonator; 
generating an oscillating magnetic field using the source 

resonator to transfer energy wirelessly to the vehicle to 
charge a battery of the vehicle; and 

verifying that no foreign object debris has moved onto or 
over the source resonator during the transfer of energy. 

* * * * * 
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