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(57) ABSTRACT

A foreign object detector, a foreign object detection system
and a method for operating the foreign object detector are
disclosed. In an embodiment, a foreign object detector
includes a conducting wire with a first section and a second
section, a first node, a second node and an intermediate
node, wherein the first section electrically connects the first
node to the intermediate node and has a plurality of three or
more vertical segments, and wherein the second section
electrically connects the intermediate node to the second
node and has a plurality of three or more horizontal seg-
ments.
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FOREIGN OBJECT DETECTOR, FOREIGN
OBJECT DETECTION SYSTEM, USE OF A
FOREIGN OBJECT DETECTOR, AND
METHOD OF DETECTING A FOREIGN
OBJECT

[0001] This patent application is a national phase filing
under section 371 of PCT/EP2017/062453, filed May 23,
2017, which is incorporated herein by reference in its
entirety.

TECHNICAL FIELD

[0002] The present invention refers to the field of foreign
object detection, e.g., for wireless power transfer systems.

BACKGROUND

[0003] Wireless power transfer systems can be used to
transfer electric power from a primary coil to a secondary
coil without the need for direct physical contact between the
coils. Wireless power transfer systems can be used to
transfer power from a charging base coil to a secondary coil
to charge or power an electric load, e.g., a battery.

[0004] When high power transfer rates are needed strong
magnetic fields are generated from the primary coil to the
secondary coil. Metallic or dielectric objects in the vicinity
can absorb energy in the form of heat. In particular, metallic
objects and dielectric objects such as living matter can be
heated up.

[0005] Thus, the necessity for monitoring the vicinity of
the wireless power transmission, especially during operation
and before initiating a power transfer operation is needed.
[0006] From U.S. Patent Publication No. 2013/
0069441A1, a system for monitoring utilizing coils is
known.

[0007] Other solutions are based on switching inductive
sensors to monitor the wireless power transmission system’s
environment.

[0008] Known solutions do not cover the complete area.
Some known solutions are not able to detect living matter.
Some known solutions are susceptible to noise, especially
when strong magnetic fields are present. Such systems
require complex noise filtering and are disturbed and disturb
the wireless power transmission system.

SUMMARY OF THE INVENTION

[0009] Embodiments provide a foreign object detection
that is immune to electromagnetic signals. Further embodi-
ments provide a detector that is able to sense the proximity
of metallic objects and living matter. Yet other embodiments
provide a detector that is compatible with strong magnetic
fields such as the magnetic fields of a wireless power
transmission system. Various further embodiments provide a
detector that does not disturb a power transfer process or
vice versa. Various other embodiments provide a detector
that provides a clear signal with a minimum of induced noise
and that is compatible with a plurality of different sizes and
shapes of areas that need monitoring.

[0010] Additional embodiments provide a use of a foreign
object detector and a method of detecting a foreign metallic
or dielectric object.

[0011] Invarious embodiments, the foreign object detector
comprises a conducting wire with a first section and a second
section. Further, the foreign object detector has a first node,
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a second node and an intermediate node. The first section
electrically connects the first node to the intermediate node
and has plurality of three or more vertical segments. The
second section electrically connects the intermediate node to
the second node and has a plurality of three or more
horizontal segments.

[0012] The second node can be arranged in the vicinity of
the first node.
[0013] Such a conducting wire can preferably be used to

cover a rectangular area. However, where a not-flat surface
can locally be approximated by patches of flat surfaces, the
principles of the present foreign object detector can be
utilized to cover non-flat surfaces also.

[0014] The wording horizontal and vertical indicates the
orientation of the corresponding sections relative to each
other. The orientation of the whole foreign object detector is
not limited.

[0015] It is preferred that the first node and the second
node are arranged in a distance as small as possible. The
plurality of horizontal segments and the plurality of vertical
segments establish a mesh structure with mesh elements,
e.g., rectangular or rhomboid mesh elements. If the size of
the mesh elements is sufficiently small compared to the
absolute value of a gradient of a present magnetic field, then
contributions of the magnetic field to a signal from the
different mesh elements cancel each other and the overall
signal of the foreign object detector is mainly independent of
a present magnetic field. Thus, the present foreign object
detector is immune to external magnetic fields and to a
changing magnetic field.

[0016] The first node and the second node on one hand and
the intermediate node on the other hand are mainly arranged
diagonally with respect to a rectangle.

[0017] It is possible that the node is a hardware node or
that the node is a virtual node of an equivalent circuit
diagram. Then, the first section and the second section are
parts of a single conductor.

[0018] It is possible that the number of the vertical seg-
ments of the first section and the number of the horizontal
segments of the second section are odd numbers.

[0019] However, it is also possible that the number of the
vertical segments of the first section and the number of the
horizontal segments of the second section are even numbers.
[0020] The number of the vertical segments and the num-
ber of the horizontal segments can be equal. However, the
number of the vertical segments and the number of the
horizontal segments can be different.

[0021] Further, it is possible that the vertical segments of
the first section and the horizontal segments of the second
section are arranged in a meander pattern.

[0022] Then, the conducting wire having the first section
and the second section establishes a mesh with mesh ele-
ments and metallic objects, dielectric objects and living
matter in the vicinity of such a mesh can be detected by
evaluating the electric behavior of the conducting wire.
[0023] Itis possible that the wire further comprises turning
segments between the vertical segments and between the
horizontal segments. The turning segments may have the
shape of a circle segment (e.g., the shape of a half-circle),
the shape of two 900 turn or the shape of four 45° turns. The
winding number of such a turning segment may be 0.5.
[0024] It is possible that the first section and the second
section establish at intersection points rhomboid mesh ele-
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ments. Thus, deviation from 90° intersections between the
first section and the second section of the conducting wire
are possible.

[0025] It is accordingly possible that the wire establishes
a mesh that has the shape of a rectangle, of a section of a
lateral surface of a cylinder, or of a section of a lateral
surface of a cone.

[0026] One such mesh or a plurality of corresponding
meshes can be utilized to cover the sensitive area of a
primary part of a wireless power transmission system or of
a secondary part of a wireless power transmission system.
[0027] To that end, the foreign object detector can further
comprise one or more additional conducting wires where
each of the additional conducting wire establishes an addi-
tional mesh.

[0028] Itis further possible that the foreign object detector
comprises a driver circuit. The conducting wire or the
plurality of conducting wires establishes a single or a
plurality of impedance elements. The driver circuit is pro-
vided to excite the one impedance element or the plurality of
impedance elements with or without a resonance.

[0029] A possible resonance frequency of the resonance
circuit comprising the conducting wire and the driver circuit
can be in a range of Kilohertz and Gigahertz, e.g., between
100 kHz and 100 GHz.

[0030] Further, it is possible that one or more driver
circuits are provided where the resonance frequency changes
between a lower resonance frequency in the range of a few
hundred kilohertz and a higher resonance frequency around
several GHz.

[0031] Depending on the excitation frequency the circuit
can show an inductive and a capacitive behavior.

[0032] It was found that the above described wiring topol-
ogy of the conductive wire allows the detection of metallic
objects or the presence of dielectric matter.

[0033] Itis also possible to drive the conducting wire as an
impedance element in an intermediate frequency range
between 100 kHz and 15 MHz. Then, the conducting wire
shows properties of an inductive sensing element and a
capacitive sensing element and the environment of the
foreign object detector can be searched for both metallic and
dielectric objects.

[0034] Itis possible that the foreign object detector further
comprises an evaluation circuit. The evaluation circuit is
provided to detect a change of a parameter of the conducting
wire. A parameter could be selected from the impedance of
the conducting wire, the amplitude of a signal, the resonance
frequency of a signal and the change of a frequency.
[0035] The signal can be the signal of a driver circuit that
is utilized to excite the conducting wire.

[0036] It is possible that the evaluation circuit can distin-
guish between metallic and dielectric matter in the vicinity
of the conducting wire.

[0037] Such a foreign object detector can be used to detect
foreign metallic or dielectric matter in the vicinity of the
wireless power transmission (WPT) system.

[0038] It is possible to use the foreign object detector
before, during and/or after operation of the WPT system.
[0039] Further embodiments provide a method of detect-
ing a foreign metallic or dielectric object using the above
described foreign object detector can comprise the steps:
[0040] exciting the conducting wire with an AC signal
(AC=alternative current),

Jul. 2, 2020

[0041] monitoring a parameter selected from the imped-
ance of the conducting wire, the amplitude of the AC signal
and the resonance frequency of the AC signal,

[0042] detecting a change of the monitored parameter.

[0043] Accordingly, it is possible that a capacitive behav-
ior of the conducting wire indicates the presence of a
dielectric object and an inductive behavior of the conducting
wire indicates the presence of a metallic object.

[0044] Itis possible to integrate the foreign object detector
in a foreign object detection system. The foreign object
detection system may comprise further parts and compo-
nents in addition to the foreign object detector.

[0045] The foreign object detector is based on embodi-
ments according to the above described possibilities of a
wiring topology. These topology possibilities allow an
immunity to external electromagnetic fields while a com-
plete area around a primary or a secondary coil of a WPT
system can be covered.

[0046] The size of the mesh and the size of the mesh’s
elements can be chosen such that a coupling of mainly zero
with an external electromagnetic field is obtained. This can
be obtained if the size of the mesh elements is sufficiently
small compared to a scale of inhomogeneity of the magnetic
field. Thus, practically no noise will be present in the signal
applied to the evaluation circuit and the foreign object
detector does not affect the operation of the surrounding
circuit elements, e.g., of the wireless power transmission
system. As a consequence thereof, the foreign object detec-
tor will not be heated up during the operation of the WPT
system.

[0047] The power needed to drive the conducting wire can
be as low as a few mW. The sensitivity of the foreign object
detector can be selected by choosing the power of the AC
signal that is used to drive the conducting wire. Further, it is
possible to cover one patch, e.g., a rectangular patch by two
of the described conducting wires which are electrically
connected in series or in parallel with or without resonating
components.

[0048] The size of a patch having one mesh or the size of
one element of the mesh can be within a very large range, in
principle from nanometers to kilometers. Preferred sizes for
one patch can be in the range of 10x10 cm. A preferred size
of a mesh element can be in the range between 1x1 mm?® and
Ix 1 cm®

[0049] A preferred number of elements of a mesh can be
between 2x2 (in the case of three horizontal segments and
three vertical segments) and 20x20 (for 21 horizontal seg-
ments and 21 vertical segments).

[0050] The conducting wire for one mesh or a plurality of
conducting wires for a plurality of meshes can be mounted
on a solid or a flexible PCB (Printed Circuit Board). The
wire can also be embedded in the cover of a ground
assembly of a power transfer system.

[0051] The conducting wire, the driver circuit and the
evaluation circuit can be galvanically isolated from the
circuit of a primary coil and the circuit of a secondary coil
of a WPT system.

[0052] It is possible that a patch has a size of approxi-
mately 1x1 m. The mesh elements can have a size of 1.5x1.5
cm. The driver circuit can apply a signal with an amplitude
of 11 V to the conducting wire of the mesh. Then, the
presence of a human hand in the vicinity of the mesh can be
observed as a relatively large amplitude drop from 11 V to
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9.52 V. In parallel, a frequency change of 60 kHz (from
14.98 MHz to 15.04 MHz) can also be observed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0053] Working principles and details of preferred
embodiments are described in the schematic accompanying

figures.

[0054] In the figures:

[0055] FIG. 1 shows a possible topology of the conducting
wire.

[0056] FIG. 2 shows a possible topology of the first

section of the conducting wire.

[0057] FIG. 3 shows a possible embodiment of the second
section of the conducting wire.

[0058] FIG. 4 illustrates the working principle and an
explanation of the detector being immune to external mag-
netic fields.

[0059] FIG. 5 shows an embodiment with 8x8 elements.
[0060] FIG. 6 shows an embodiment with a smaller area of
one patch.

[0061] FIG. 7 illustrates three meshes covering the same

patch to increase sensitivity.

[0062] FIG. 8 shows a possibility of arranging nine con-
ducting wires in a matrix arrangement.

[0063] FIG. 9 shows the possibility of combining patches
of the same size but with meshes of different element sizes.
[0064] FIG. 10 shows quadratic patches combined with
rectangular patches.

[0065] FIG. 11 shows the possibility of arranging a rect-
angular foreign object detector in a plain above a primary
coil of a WPT system.

[0066] FIG. 12 shows the possibility of adding further
patches to cover further areas around a primary coil.
[0067] FIG. 13 illustrates the possibility of covering dif-
ferent topologies.

[0068] FIG. 14 illustrates the possibility of even numbers
of segments.

[0069] FIG. 15 illustrates the possibility of deviating from
90° angles.

[0070] FIGS. 16-18 illustrate the different possibilities of
turning segments.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

[0071] FIG. 1 shows a possible arrangement of a conduct-
ing wire CW of a foreign object detector FOD. The foreign
object detector FOD has a first node N1 and a second node
N2. The conducting wire has a first segment that electrically
connects the first node N1 to an intermediate node NI. A
second section electrically connects the intermediate node
NI to the second node N2. It is preferred that the second
node is arranged in the vicinity of the first node N1. Then,
a matrix arrangement of nxm mesh elements is obtained.
The shape of the patch covered by the mesh can be essen-
tially rectangular. The first node N1 and the second node N2
on one hand and the intermediate node NI on the other hand
are arranged on diagonal edges of the rectangular. It is
possible that the number of columns n and the number of
lines m of the mesh are even numbers. Then, the number of
vertical segments is n+l1 and the number of horizontal
segments is m+1.

[0072] FIG. 2 illustrates a possible shape of the first
section of the conducting wire CW. The first section has
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vertical segments VS that are electrically connected to each
other via turning segments TS.

[0073] FIG. 3 shows the corresponding second section of
the conducting wire CW. The second section has horizontal
segments HS which are electrically interconnected by turn-
ing segments TS.

[0074] The first section of the conducting wire as shown in
FIG. 2 and the second section of the conducting wire as
shown in FIG. 3 are arranged one above the other and
connected to each other by the intermediate node NI such
that the second node N2 comes to a position near the
position of the first node N1. Then, the mesh structure of
FIG. 1 is obtained.

[0075] FIG. 4 shows the working principle and the inter-
action to an external magnetic field.

[0076] Ifan AC signal or an RF signal is applied to the port
comprising the first node N1 and the second node N2, then
FIG. 4 shows (circular arrows) the orientation of an induced
magnetic field for each of the 3x3 mesh elements. There are
mesh elements (without an arrow) where the contributions to
the overall magnetic field of the singular wire elements of a
mesh element cancel each other out. Further, there are mesh
elements (indicated with arrows up or down) where all four
contributions to the overall magnetic field of a mesh element
add up. Per one mesh element with a magnetic field in the
upwards direction, there is one mesh element with a mag-
netic field in the downward direction. Thus, the total inter-
action due to induction cost by an external magnetic field is
zero. However, if a metallic object or a dielectric object is
brought near to the patch, then locally an impedance of the
patch is changed and a change in a parameter of the AC or
RF signal applied to the port can be monitored.

[0077] FIG. 5 shows the possibility of increasing the size
of a mesh element to obtain a larger patch.

[0078] FIG. 6 shows the possibility of reducing the size of
a mesh element to obtain a reduced patch.

[0079] The size of the patch can be chosen according to
the size of an area to be covered. The size of the corre-
sponding mesh elements can be chosen according to the
homogeneity of a magnetic field.

[0080] FIG. 7 shows the possibility of arranging three
meshes within a single patch and electrically connecting the
meshes’ wires in series.

[0081] FIG. 8 shows the possibility of arranging a plural-
ity of meshes in a plurality of patches one next to another in
a matrix arrangement to cover a larger area. The conducting
wires of the meshes can be electrically connected in series
or in parallel or an own dedicated driver circuit and evalu-
ation circuit can be provided to each of the meshes.
[0082] FIG. 9 illustrates the possibility of arranging
patches of the same size but having different meshes with
different mesh element sizes.

[0083] FIG. 10 illustrates the possibility of providing
meshes and patches that are not limited to quadratic shapes.
Quadratic patches and rectangular patches can be combined.
[0084] FIG. 11 shows a possible arrangement of a con-
ducting wire CW establishing a mesh M over a primary coil
PC of a wireless power transmission system WPT. Before
powering up the wireless power transmission systems and
during operation of the wireless power transmission system,
the mesh of the foreign object detector can be utilized to
check whether the vicinity of the wireless power transmis-
sion system is free of unwanted metallic and/or dielectric
matter.
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[0085] FIG. 12 illustrates the possibility of adding further
meshes M around the primary coil PC. The meshes of the
foreign object detector can be arranged at the positions of
site surfaces, e.g., front and back, left and right, and topside
of a cuboid around a primary coil PC of the wireless power
transmission WPTS.

[0086] FIG. 13 illustrates the possibility of covering fur-
ther surfaces that are not limited to rectangular surfaces. The
top side S1 (being a disk) and the lateral surface S2 of the
cylinder can also be covered with a band patch or a plurality
of patches by approaching a non-rectangular shape by a
plurality of small rectangular shapes.

[0087] FIG. 14 illustrates a topology with an even number
of the vertical segments of the first section and an even
number of the horizontal segments of the second section.
The second node can be spaced apart from the first node.
[0088] FIG. 15 illustrates the possibility of rhomboid
shaped mesh elements ME constituting a mesh M. Thus, a
deviation of a=90° is possible. The sections of the conduct-
ing wire divide the detection in the shown example are into
a grid of 4x4 mesh elements. But in principle any grid size
nxm is possible with n and m being natural numbers=2.

[0089] FIG. 16 shows a turning segment with two 90°
turns.
[0090] FIG. 17 shows a turning segment with a half circle.
[0091] FIG. 18 shows a turning segment with four 45°
turns.
[0092] The foreign object detector, the use of the foreign

object detector and the method of detecting a foreign metal-
lic or dielectric object are not limited to the above described
examples. Further meshes and circuit elements and further
steps can also be contained.

1-16. (canceled)

17. A foreign object detector comprising:

a conducting wire with a first section and a second
section, a first node, a second node and an intermediate
node,

wherein the first section electrically connects the first
node to the intermediate node and has a plurality of
three or more vertical segments, and

wherein the second section electrically connects the inter-
mediate node to the second node and has a plurality of
three or more horizontal segments.

18. The foreign object detector of claim 17, wherein a
number of the vertical segments of the first section and a
number of the horizontal segments of the second section are
odd numbers.

19. The foreign object detector of claim 17, wherein a
number of the vertical segments of the first section and a
number of the horizontal segments of the second section are
even numbers.

20. The foreign object detector of claim 17, wherein the
vertical segments of the first section and the horizontal
segments of the second section are arranged in a meander
pattern.

21. The foreign object detector of claim 17, further
comprises turning segments between the vertical segments
and between the horizontal segments, wherein the turning
segments have a shape of an are of a circle, or a shape of two
90° turn or a shape of four 45° turns, and wherein a winding
number of a turning segment is 0.5.
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22. The foreign object detector of claim 17, wherein the
first section and the second section establish at intersection
points rhomboid mesh elements.

23. The foreign object detector of claim 17, wherein the
conducting wire establishes a mesh that has a shape of a
rectangle, a section of a lateral surface of a cylinder, or a
section of a lateral surface of a cone.

24. The foreign object detector of claim 17, further
comprising one or more additional conducting wires each of
the additional wires establishing a mesh.

25. The foreign object detector of claim 17, further
comprising a driver circuit, wherein the conducting wire
establishes an impedance element, and wherein the driver
circuit is configured to excite the impedance element with a
resonance.

26. The foreign object detector of claim 25, further
comprising an evaluation circuit configured to detect a
change of a parameter selected from an impedance of the
conducting wire an amplitude a signal or a resonance
frequency of a signal.

27. The foreign object detector of claim 26, wherein the
evaluation circuit is configured to distinguish between
metallic and dielectric matter in a vicinity of the conducting
wire.

28. A method for using the foreign object detector accord-
ing to claim 17, the method comprising:

detecting, by the foreign object detector, foreign metallic

or dielectric matter in a vicinity of a WPT system.

29. A method for using the foreign object detector accord-
ing to claim 17, the method comprising:

operating the foreign object detector before and/or during

operation of a WPT system.

30. A method for detecting a foreign metallic or dielectric
object by the foreign object detector of claim 17, the method
comprising:

exciting the conducting wire of the foreign object detector

with an AC signal;

monitoring a parameter selected from an impedance of the

conducting wire, an amplitude of the AC signal or a
resonance frequency of the AC signal; and

detecting a change of the monitored parameter.

31. The method of claim 30, wherein a capacitive behav-
ior of the conducting wire indicates a presence of the
dielectric object and an inductive behavior of the conductive
wire indicates a presence of a metallic object.

32. A detection system comprising:

the foreign object detector according to claim 17.

33. The foreign object detector of claim 17, wherein the
conducting wire establishes a mesh that has a shape of a
rectangle, a section of a lateral surface of a cylinder, or a
section of a lateral surface of a cone, wherein the foreign
object detector further comprises one or more additional
conducting wires each of the additional wires establishing a
mesh.

34. The foreign object detector of claim 33, further
comprising:

a driver circuit,

wherein the conducting wire establishes an impedance

element, and

wherein the driver circuit is configured to excite the

impedance element with a resonance.
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