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(57) Abstract: A coil arrangement for an inductive power transfer system comprising a core (32, 33) having a region of decreased
permeability (34), a coil (45) associated with the core, and a tuning slug (35) which is moveable along an axis adjacent the region of
decreased permeability in order to adjust the inductance of the coil arrangement, the tuning slug (35) having an effective permeability
which varies along said axis.
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A COIL ARRANGEMENT

FIELD OF THE INVENTION

The present invention is in the field of wireless power transfer systems. More
particularly, but not exclusively, the invention relates to magnetically permeable
cores incorporated into transmitter coils, receiver coils and inductors in resonant

and non-resonant circuits of wireless power transfer systems.

BACKGROUND OF THE INVENTION

In the production of winding cores for inductors, manufacturing variations
causing small variations in inductance can significantly affect performance,
especially for resonant circuits. One particular kind of ferromagnetic core used
in the production of inductors is known as a “gapped core”. The ferromagnetic
core may be shaped into a circle or rectangle or other suitable shape with a
section removed to form an air gap. These are typically used to address
saturation and other performance issues. It is difficult to trim gapped cores as
the introduction of small amounts of magnetically permeable material into the

air gap can result in a significant change in inductance.

One solution is to introduce a moveable magnetic slug however this can result in
significant non-linear changes in inductance of a wound gapped core. To obtain
better precision, a fine screw thread is cut on the face of the slug and the faces
on either side of the air gap are correspondingly tapped. However, the precision

machining required to achieve precise trimming can be expensive.

It is an object of the invention to provide an improved coil arrangement or to at

least provide the public with a useful choice.
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SUMMARY OF THE INVENTION

According to one exemplary embodiment there is provided a coil arrangement

for an inductive power transfer system comprising:

a.
b.

C.

a core having a region of decreased permeability,

a coil associated with the core, and

a tuning slug which is moveable along an axis adjacent the region of
decreased permeability in order to adjust the inductance of the coil
arrangement, the tuning slug having an effective permeability which

varies along said axis.

According to another exemplary embodiment there is provided a coil

arrangement for an inductive power transfer system comprising:

a.

a core having a region of decreased permeability and a bore passing
through the region of decreased permeability;

a coil associated with the core, and

a tuning slug which tapers at one end and is movable along the bore
into the region of decreased permeability to adjust the inductance of

the coil arrangement.

According to another exemplary embodiment there is provided a coil

arrangement for an inductive power transfer system comprising:

a.

a core having a region of decreased permeability and a bore passing
through the region of decreased permeability;

a coil associated with the core, and

a tuning slug having progressively increasing effective permeability
from one end thereof and being movable along the bore into the
region of decreased permeability to adjust the inductance of the coil

arrangement.
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It is acknowledged that the terms “comprise”, “comprises” and “comprising”
may, under varying jurisdictions, be attributed with either an exclusive or an
inclusive meaning. For the purpose of this specification, and unless otherwise
noted, these terms are intended to have an inclusive meaning — i.e. they will be
taken to mean an inclusion of the listed components which the use directly

references, and possibly also of other non-specified components or elements.

Reference to any prior art in this specification does not constitute an admission

that such prior art forms part of the common general knowledge.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings which are incorporated in and constitute part of the
specification, illustrate embodiments of the invention and, together with the
general description of the invention given above, and the detailed description of

exemplary embodiments given below, serve to explain the principles of the

invention.

Figure 1a shows a cross sectional view of a tuning slug having a conical end
engaged in a bore of a core in a first position;

Figure 1b shows a cross sectional view of a tuning slug having a conical end
engaged in a bore of a core in a second position;

Figure 1c shows a cross sectional view of a tuning slug having a conical end
engaged in a bore of a core in a third position;

Figure 2 shows a plan view of the core and tuning slug shown in Figure 1a;

Figure 3 shows a cross sectional view of a tuning slug having a wedge
shaped end engaged in a bore of a core;

Figure 4 shows a cross sectional view of a tuning slug having an elliptical

end engaged in a bore of a core;
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Figure 6

Figure 7

Figure 8

Figure 9

Figure 10

Figure 11

Figure 12

Figure 13

Figure 14

Figure 15

Figure 16
Figure 17
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shows a cross sectional view of a tuning slug of composite
construction engaged in a bore of a core;

shows a shows a cross sectional view of a tuning slug having a
partial conical end engaged in a bore of a core;

shows a shows a cross sectional view of a tuning slug having a
single step conical end engaged in a bore of a core;

shows a cross sectional view of a tuning slug having a multi-step
conical end engaged in a bore of a core;

shows a cross sectional view of a two part tuning slug engaged in
a bore of a core;

shows a cross sectional view of a tuning slug having an elliptical
end engaged in a bore of a core having inverted regions of
permeability;

shows a cross sectional view of a tuning slug advanced and
retracted into a bore of a core by an actuator;

shows a coil arrangement in which the core has a gap formed by a
layer of low permeability;

shows a coil arrangement in which the core is formed in two parts
with a gap that is adjustable by relative movement of the two
parts;

shows a coil arrangement in which the core has an internal gap
adjacent its bore;

shows a coil arrangement in which the core has an external gap a
gap and the tuning slug is in the form of a ring moveable along the
core adjacent the gap;

shows a transmitter and receiver coil pair; and

shows a tuning slug having a cavity at one end engaged in the

bore of a core.
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DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

Referring to Figures 1 and 2 a first core topology will be described. The core 1 is
of annular form having a slug 2 located within its central bore 7. Core 1 consists
of a first layer 3 of high permeability material, a second layer 4 of lower
permeability material and a third layer 5 of high permeability material.
References in this specification to “permeability” are to magnetic permeability.
Layers 3 and 5 may be formed of a material such as ferrite. The second layer 4
may have lower permeability than layers 3 and 5 due to the entire volume of the
layer 4 being formed of lower permeability material or due to part of the layer 4
being a low permeability material, such as air, and the remainder being a high
permeability material such as layers 3 and 5 (e.g. a gapped core). This same core
1 construction will be referred to in Figures 1 to 9. In all the following example
the cores are circular in plan although it will be appreciated that other shapes

may be employed.

The tuning slug 2 may be moved between two extreme positions shown in
Figures 1a and 1c¢, which allows for adjusting the inductance of a coil wound on
the core 1 (ie trimming). A gap 6b is maintained between the sides of the tuning
slug 2 and the core layers 3 and 5 so that even when the tuning slug is fully
extended as in Figure 1c, an area of low permeability is retained in order to avoid
saturation of the core at high coil currents. The gap 6b may be formed of low
permeability material such as a plastic sleeve or air. Figure 1b shows the tuning
slug in an intermediate tuning position. As with the size of the core air gap 4, the
size of the side gaps 6b can be designed depending on the requirements of the
coil arrangement as would be appreciated by those skilled in the art. For
simplicity of explanation and drawing, subsequent figures 3 — 17 illustrating
alternative tuning slug configurations do not show these side gaps between the

tuning slug and core.
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The tuning slug 2 in Figure 1 may be formed of a high permeability material such
as ferrite. Slug 2 tapers towards its distal end 6 to form a conical end in cross-
section along the axis of the tuning slug. Tuning slug 2 is moveable (i.e. may be
raised and lowered) along an axis adjacent the region of decreased permeability
4 to tune an inductor. It will be appreciated that the volume of high permeability
material of the slug introduced to bridge the flux between layers 3 and 5 only
gradually increases due to the tapered form of the distal end 6. This allows for
fine tuning of an inductor with relatively coarse control of movement of slug 2
with respect to core 1. Where slug 2 is threaded and engages with a thread
formed in bore 7 of core 1 this allows a relatively coarse thread to be employed.
Tuning slug 2 may alternatively slide within bore 7 and be fixed in place when

tuned, for example by gluing.

Referring now to Figure 3 an alternative embodiment utilizes a tuning slug of a
different shape with the core 1 shown in Figures 1 and 2. In this case the slug
has a wedged distal end 9. This design may be simpler to form but still only
progressively introduced the volume of high permeability material to bridge the

flux between layers 3 and 5.

Referring now to Figure 4 an alternative embodiment utilizes a tuning slug of a
different shape with the core 1 shown in Figures 1 and 2. In this case the slug
has a distal end 11 that is elliptical in cross-section along the axis of the tuning
slug. This design may avoid undesirable heating caused be a sharply pointed end

in some applications.

Referring now to Figure 5 an alternative embodiment utilizes a tuning slug of a
different shape with the core 1 shown in Figures 1 and 2. In this case the slug is
formed of a high permeability section 12 and a low permeability section 13.

Whilst shown in this drawing as two distinct sections it will be appreciated that
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the slug could be formed in one piece with the material that the slug is formed
from having varying permeability along its length. This would require only a

simple slug shape to be formed.

Figures 6 to 8 show variants of the tuning slug cross-sectional shape including a
slug 14 with a reduced conical tip 15 shown in Figure 6; a slug 16 with two
conical sections 17 and 18 joined by a cylindrical section 19; and a slug 20 having
a stepped conical tip 21. Whilst a range of cross-sections for the distal end of the
slug have been shown it will be appreciated that there are a range of possibilities
that may be appropriate in different applications. Figure 17 shows a further
variant in which instead of removing material from the outside a cavity 60 may
be formed in slug 59. Slug 59 is moveable within bore 61 of core 62. In this case
cavity 60 is of generally elliptical form but the shape may be varied as
appropriate for the application. This design may be easily formed by drilling a

cavity of desired shape or moulding etc.

Figure 9 shows a variant in which the tuning slug is formed by a first slug 22
having a frusto-conical end 23 and a second slug 24 having a conical end 25. This
arrangement allows slug 22 (and thus slug 24) to be moved for coarse

adjustment and slug 24 to be moved relative to slug 22 for fine adjustment.

Figure 10 shows a variant in which the core is formed of a layer of high
permeability material 26 surrounded by layers 27 and 28 of lower permeability
material. Slug 29 is moved axially to tune as in the previous embodiment. This
embodiment also shows a tuning slug having a more rounded or hemispherical
head compared with the angled pointed heads or tips of some previous

embodiments.
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Figure 11 shows a modification of the embodiment of Figure 4 in which an
actuator 31 advances and retracts slug 30 within bore 7. The actuator 31 may be
a linear actuator, piezo actuator etc. Actuator 31 may be controlled by a control
circuit which monitors the frequency of operation of an IPT circuit to actively

tune the inductor or to effect power flow control.

Referring now to Figure 12 a coil arrangement according to one embodiment is
shown including a main core section 32 and a secondary core section 33 formed
of a high permeability material, such as ferrite, separated by a spacer 34 formed
of a low permeability material. A tuning slug 35 formed of high permeability
material is moveable along bore 36 to effect tuning by introducing high
permeability material to bridge the flux between core sections 32 and 33. A coil

45 is provided about the core 32.

Referring now to Figure 13 a coil arrangement according to another embodiment
is shown including a main core section 37 and a secondary core section 38
formed of a high permeability material, such as ferrite. A coil 44 is wound about,
but spaced away from, core 38. The core sections 37 and 38 have
complementary threads 39 and 40 allowing the air gap 41 to be adjusted to a
desired spacing. A tuning slug 42 formed of high permeability material is
moveable along bore 43 to effect tuning by introducing high permeability
material to bridge the flux between core sections 37 and 38. This arrangement
allows tuning by variation of the air gap spacing and the position of the tuning

slug 42.

Referring now to Figure 14 a coil arrangement according to another embodiment
is shown including a core section 46 formed of a high permeability material, such
as ferrite. A coil 50 is wound about core 46. An air gap 47 is provided in core 46

—in this case it is internal but it may also be external to bore 49. A tuning slug
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48 formed of high permeability material is moveable along bore 49 to effect
tuning by introducing high permeability material to bridge the flux between core

sections adjacent the air gap 47.

Referring now to Figure 15 the core consists of a lower core section 51 joined to
an upper core section 52, all formed of a high permeability material. An air gap
53 is defined between core sections 51 and 52. In this case an external slug 54
formed of a high permeability material is provided about core section 52 and
may be raised and lowered with respect thereto to facilitate tuning. Various
other arrangements in which the tuning slug is located and moveable about an
air gap at an edge of a core are also contemplated. Such arrangements do not

require the slug to move within a bore of the core.

Figure 16 shows an IPT transmitter coil 56 and an IPT receiver coil 55 of the type
shown in Figure 14 in which the cores form a magnetic path indicated by flux
lines 57 in one direction passing between outer edges of the cores and flux lines
58 in the other direction passing between central regions of the cores. The
direction of the flux will oscillate rapidly during power transfer. It will be
appreciated that adjustment of the position of a tuning slug alters the inductance

of a coil and the reluctance of the main magnetic circuit between the coils.

It will be appreciated that in all the above embodiments a coil will be provided
about the core, complementary threads provided in the slug and core may be
used for adjustment or the slug may be freely moveable and then secured in
place by gluing etc. The aspect ratio of the tip of the tuning slug should also be

greater than 1:1 to assist in fine tuning.

It will also be appreciated that the tuning slug has an “effective permeability”

that varies along its length — that is to say for a cylindrical bore for example that
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the effective permeability at a cross-section along the axis of the bore the
effective permeability is permeability for the entire cross section. Thus for a
cross section where half the volume of the bore is occupied by a slug formed of a
material of constant permeability the effective permeability will be half that
where the entire slug occupies the bore. Alternatively, the effective permeability
may vary if the slug is of constant cross-section (e.g. a cylinder) but the
permeability of the material forming the slug varies progressively along the axis

of the slug.

There is thus provided coil arrangements enabling precise fine tuning of
inductance without the need for fine threads. Embodiments avoid the large
fluctuations of inductance that are characteristic of the use of known tuning slug
configurations in which the sudden introduction of a high permeability material
into the flux path way affects the inductance in a non-linear or “binary” manner,

making fine tuning difficult.

Where reference is made to any integer it will be appreciated that such integer
may be a discrete integer or a number of integers performing the required
function. Likewise, where reference is made to a number of discrete integers it
will be appreciated that they may be integrated into a single unified integer.
While the present invention has been illustrated by the description of the
embodiments thereof, and while the embodiments have been described in
detail, it is not the intention of the applicant to restrict or in any way limit the
scope of the appended claims to such detail. Additional advantages and
modifications will readily appear to those skilled in the art. Therefore, the
invention in its broader aspects is not limited to the specific details,
representative apparatus and method, and illustrative examples shown and
described. Accordingly, departures may be made from such details without

departure from the spirit or scope of the applicant’s general inventive concept.
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1. Acoil arrangement for an inductive power transfer system comprising:

a core having a region of decreased permeability,

a coil associated with the core, and

a tuning slug which is moveable along an axis adjacent the region
of decreased permeability in order to adjust the inductance of the
coil arrangement, the tuning slug having an effective permeability

which varies along said axis.

2. Acoil arrangement for an inductive power transfer system comprising:

a.

a core having a region of decreased permeability and a bore
passing through the region of decreased permeability;

a coil associated with the core, and

a tuning slug which tapers at one end and is movable along the
bore into the region of decreased permeability to adjust the

inductance of the coil arrangement.

3. Acoil arrangement for an inductive power transfer system comprising:

a.

b.

C.

a core having a region of decreased permeability and a bore
passing through the region of decreased permeability;

a coil associated with the core, and

a tuning slug having progressively increasing effective
permeability from one end thereof and being movable along the
bore into the region of decreased permeability to adjust the

inductance of the coil arrangement.

4. A coil arrangement as claimed in any one of the preceding claims wherein

the region of decreased permeability is created by an air gap in the core.
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10.

11.

12.

13.

12

A coil arrangement as claimed in claim 4 wherein the air gap is in the

form of a slot.
A coil arrangement as claimed in any one of claims 1 to 3 wherein the
region of decreased permeability is due to variation of permeability of

material forming the core.

A coil arrangement as claimed in any one of the preceding claims in which

the one end of the tuning slug has angled faces.

A coil arrangement as claimed in claim 7 wherein the one end is conical.

A coil arrangement as claimed in claim 7 wherein the one end is in the

form of a wedge.

A coil arrangement as claimed in any one of claims 1 to 6 in which the one

end of the tuning slug has a convex taper.

A coil arrangement as claimed in claim 10 wherein the one end on the

tuning slug has a generally elliptical cross-section along its axis.

A coil arrangement as claimed in any one of claims 1 to 6 in which the one

end of the tuning slug is stepped along its axis.

A coil arrangement as claimed in any one of the preceding claims in which

the one end of the tuning slug has a convex taper.
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14.

15.

16.

17.

18.

19.

20.

21.

22.

13

A coil arrangement as claimed in any one of the preceding claims in which
the tuning slug is a two part slug having a first section that is movable

relative to the second section.

A coil arrangement as claimed in any one of the preceding claims in which

the tuning slug has an aspect ratio greater than 1:1.

A coil arrangement as claimed in any one of claims 1 to 6 wherein the

permeability of the slug material varies along its length.

A coil arrangement as claimed in claim 16 wherein the tuning slug is of

generally cylindrical form.

A coil arrangement as claimed in claim 1 wherein a cavity is formed in one
end of the tuning slug so as to provide gradually increasing effective

permeability from one end.

A coil arrangement as claimed in any one of the preceding claims in which
the tuning slug is threaded and engages with a complementary thread in

the core.

A coil arrangement as claimed in any one of the preceding claims wherein
the core is formed in two parts having adjustable spacing to adjust the

size of an air gap between them.

A coil arrangement as claimed in claim 20 wherein the two core parts are

connected by complementary threads.

A coil arrangement as claimed in claim 1 wherein the core has an external

air gap and a tuning slug is moveable adjacent to the air gap.
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23. A coil arrangement as claimed in claim 22 wherein the core includes a
cylindrical section having a circumferential slot defining an air gap and
the tuning slug is in the form of a ring moveable along the cylindrical

section adjacent the air gap.

5
24. A coil arrangement as claimed in any one of the preceding claims
including an actuator which moves the tuning slug relative to the core.
25. A coil arrangement as claimed in claim 24 wherein the actuator is
10 controlled by a control circuit to maintain the frequency of operation of

the coil arrangement within a desired frequency range.
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