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(57) Abstract: An inductive power transfer coil assembly including: a magnetically permeable core including a base having a pair of
spaced apart limbs extending therefrom; and a winding located between and above the pair of spaced apart limbs.
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MAGNETICALLY PERMEABLE CORE AND AN INDUCTIVE POWER TRANSFER
COIL ARRANGEMENT

FIELD OF THE INVENTION

The present invention is in the field of wireless power transfer systems. More
particularly, the invention relates to magnetically permeable cores incorporated
into transmitters and receivers in wireless power transfer systems and coil

arrangements utilising the cores.

BACKGROUND OF THE INVENTION

Mechanical slip rings utilising direct contact electrical connections are still
utilised in a large number of applications. These suffer from contact losses,

contact failure and high maintenance costs.

Inductive Power transfer {IPT) systems have been developed which address
these drawbacks. A basic problem that must be overcome in wireless power
transfer system designh is ensuring that power can be transferred between coil
arrangements over sufficient displacements (i.e. between the primary side and

secondary side), while maintaining sufficient power transfer.

Introducing magnetically permeable elements into either the transmitting coils
or receiving coils can improve the performance of the system. Magnetically
permeable elements increase the inductance of the transmitter or receiver coils.
This means that less coil turns are required to achieve the same inductance value
as a transmitter or receiver without magnetically permeable elements.
Magnetically permeable elements can also be configured to ‘shape’ the magnetic

field, which can be directed from the transmitter to the receiver. By directing the
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magnetic field, the coupling factor between the transmitter and receiver can be

increased, thus improving the performance of the system.

Current IPT coil arrangements often suffer from a low magnetic coupling
coefficient k, which results in limited power transfer capability, particularly for
large air gaps, due to magnetic flux leakage between the limbs of the
magnetically permeable cores. Decreased power transfer capability results in low

efficiency, greater size and greater cost for a given power transfer capacity.

The physical space available for a wireless power transfer system is often limited,
including in rotary applications for robotic joints and wind power pitch control.
Further, a large air gap is often required for mechanical clearance. When the air
gap is large, the magnetic flux tends to leak within the core limbs instead of

linking to the other side, which can result in low magnetic field coupling.

[t is an object of the invention to provide a magnetically permeable core and an
inductive power transfer coil arrangement having improved magnetic coupling,

or to at least provide the public with a useful choice.

SUMMARY OF THE INVENTION

According to one exemplary embodiment there is provided an inductive power
transfer coil assembly including:
i. a magnetically permeable core including a base having a pair of
spaced apart limbs extending therefrom; and
ii. a winding located between and above the pair of spaced apart

limbs.

According to another exemplary embodiment there is provided an inductive

power transfer coil arrangement comprising:
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i. a first coil assembly as claimed in any one of the preceding claims;
and
ii. a second coil assembly arranged with respect to the first coil
assembly such that there is effective magnetic coupling between
the first and second magnetically permeable cores.
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

embodiments given below, serve to explain the principles of the invention.

Figure 1 shows the magnetic flux paths for two standard U cores;

Figure 2 shows a reluctance model of the arrangement shown in
Figure 1;

Figure 3 shows an inductance based T-equivalent circuit of the

arrangement shown in Figure 1;
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Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

Figures 9

Figures 10

Figures 11

PCT/NZ2015/050056

shows the cross-sectional area and length of the leakage

flux lines for the arrangement of Figure 1;

shows the general configuration of an inductive power

transfer coil arrangement according to one embodiment;

shows a partially cut away slip ring type arrangement

utilising the general configuration shown in Figure 5;

shows the relationship between the magnetic coupling
coefficient and the Length of core limbs (the ratio of the
height of the limbs to the height of the limb and winding

above the base);

shows the relationship between the magnetic coupling

coefficient and the air gap;

shows the relationship between the mutual inductance

and the air gap;’

shows magnetic flux lines for a conventional design; and

shows magnetic flux lines for the embodiment shown in

Figure 5.
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DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

Figure 1 shows the flux paths of a contactless slip ring system using a UU core
arrangement. In Figure 1 the total flux linked by each coil can be divided into two
components; a mutual component ®m= that is common to both coils and leakage
flux components (9t and ®iz) that links only the coil itself. When a magnetic
force (Ampere-Turns) is applied to a magnetic element (such as a section of the
core, or anh air gap), the amount of flux is determined by the reluctance of that
magnetic element. The reluctance of each region of the structure is calculated
from its area, length and permeability (R = &/#4), and inserted with its specific

value into the appropriate location in the reluctance models as shown in Fig.2.

The reluctances of the regions between the cores limbs (Rua and Rua ) are of key
importance, the magnetic fields in these regions translate into leakage
inductance. Relative permeability equals 1.0 in these non-magnetic regions and
in the copper conductors. The primary and secondary leakage inductances can

be expressed in terms of their relevant reluctances as:

Ly = Ny :M
k1
Ry b Equation (1)
qu2 :’N_:_:N:(IJOAII:Z
Ry by Equation (2)

where 4m: and 4ne are the cross-section areas of the leakage flux lines and fus
and na are the length of the leakage flux lines path which is the distance

between the core limbs.

The mutual inductance on the other hand depends on both coils and can be

expressed by:
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M
m Equation (3)

where ®m is the total mutual reluctance between two sides expressed by:

R, =R, +R,, +R, +R  +R +R+R, +R,, =R, +R,, Equation (4)

Generally, the air gap reluctances are much greater than the adjacent ferrite
core legs in Figure 2, meaning that the core reluctances could be eliminated from

Equation (4). Thus for a total air gap Iy = lgz+lg2, the mutual inductance is:

A :MMme/
R, l Equation (5)

The reluctance models finally translate to the inductance-based electrical model
hased on the duality principle as shown in Figure 3. From Figure 3 the magnetic

coupling coefficient k is calculated based on the system inductances from:

. \/E.%J M__ M
LL A+ M) Ly +M) Equation (6)

Substituting Equations (1), (2) and (5) into Equation (6) gives the coupling

coefficient k based on the system geometry as:

| 1 1

k= .
(GBI
k1 2 Equation (7)

For a system with identical primary and secondary sides, Equation (7) can be

rewritten as:
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k=1=1

Rﬂl Rlll
It k2 Equation (8)

The magnetic coupling coefficient of Equation (8) can be improved by reducing
the ratios ®#m/®mt and ®mf/Riz. Increasing the reluctance of the leakage flux path
(R and Rie ) can be achieved by either increasing the length of the leakage
flux path fwe and ‘e (the distance between the core limbs) or reducing the
leakage cross-section areas #ii and “mz (see Figure 4). To improve the
magnetic coupling coefficient within fixed structural dimensions, the distance
between the core limbs (¥ and %iz) is kept the same. Thus Rua and Ria
increase by reducing Ame and Az (by reducing the length of the cores limbs as

illustrated in the embodiments of Figures 5 and 6).

For the mutual reluctance ®w (the air gap reluctance) as the length of the limbs
of the cores is reduced, the size of the air gap increases which results in greater
reluctances and accordingly reduced mutual inductance. The mutual inductance
is then improved by filling the available provided space {due to the shortened

core limbs) with a greater number of turns.

Figure 5 shows an exemplary configuration of an inductive power transfer coil
utilizing the topology of the present invention. A first magnetically permeable U
core is formed by a base 1 and two limbs 2 and 3 extending from the base 1.
Whilst transitions between the base and limbs are shown as angular transitions it
will be appreciated that curved transitions may provide improved flux flow.
Windings 4 are provided between and above the limbs 2 and 3 of the first U core.
A second U core is formed by a base 5 and two limbs 6 and 7 ext‘ending from the
base 5. Windings 8 are provide between and above the limbs 6 and 7 of the

second U core.
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Counterintuitively this arrangement provides improved coupling due to:
1. increased M due to increasing Ny and N, as stated in Equation (3), and
2. two loops of coils being provided on each side in proximity which
enhances the flux linkage between the two sides as shown in Figure 5.
This results in the ratios Ru/Riin in Equation (8) being reduced and an

increased coupling coefficient k.

Figure 6 shows an exemplary slip ring embodiment utilising the topology of
Figure 5. In this embodiment the coil arrangement includes a first coil assembly 9
that is relatively rotatable with respect to a second coil assembly 10, as per a slip
ring arrangement. In this embodiment the first coil assembly 9 includes a
plurality of magnetically permeable cores 11 (only one of which is indicated)
arranged along an annular path. A first coil 12 is wound following the annular
path between and above the limbs of each core 11. The second coil assembly 10
includes a plurality of magnetically permeable cores 13 (only one of which is
indicated) arranged along an annular path. A second coil 14 is wound following

the annular path between and above the limbs of each core 13.

It will be appreciated that the plurality of cores 11 and 13 could each be replaced
by a single core of annular form, although this form may be more expensive to
produce. It will also be appreciated that this arrangement may also be
implemented in linear form — either with a plurality of cores 11 and 13 in parallel
linear arrangements or utilizing single opposed elongate cores. Further, it will be
appreciated that rather than having the coil assemblies axially spaced they may
be concentrically arranged with the limbs being generally radially directed.
Whilst two limbs are shown in this embodiment it will be appreciated that three
or more limbs may be used in other applications. It will be appreciated that the

design may be implemented with or without a through hole.
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The coil arrangement of Figure 6 was modelled using Litz wire, an alr gap of 5
mm between the first and second coil assemblies (considered a typical value)

and the values specified in Table 1 below:

Table 1
Parameter Value
f (kHz) 50
N1=N, (Typical design) 4
N:=N, (Present embodiment) 8
Ferrite Mn-Zn with B, (T) 0.5

3D-FEM models were used to compare coil assemblies utilizing cores with limbs
ranging in length from a core with no limbs (0%) and a core with full length of
limbs (100%) are considered. The percentages here representing the ratio of the
height of the limb above the base to the height of the limb and winding above
the base. The results shown in Figure 7 show that the magnetic coupling
coefficient changes non-linearly versus with the length of the core limbs. The
maximum magnetic coupling coefficient of about 0.653 is achieved when the
length of the limbs reduced to about 50%. This compares to a value of about 0.58
for a conventional design in which the windings do not extend above the limbs.
Thus the magnetic coupling coefficient may be improved by about 13% without
increasing the size of the coil assemblies. In fact any value less than about 90% is
advantageous with values below about 70% being more advantageous. Ratios
between about 20% and about 70% are seen to be particularly advantageous
with values between about 40% and about 60% being most advantageous with a

maximum at about 50%.
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Figure 8 shows the variation in coupling coefficient for an air gap ranging from
about 0.5 mm to about 50 mm. It can be seen in Figure 8 that for small air gaps
(< about 3.5 mm) the magnetic coupling coefficient of a conventional {“typical”)
design is greater than the coupling coefficient of the present embodiment
(“proposed” design, in which the ratio of the height of the limb above the base
to the height of the limb and winding above the base is about 50), as most of the
flux lines tend to link the other side. As the air gap increases (> about 3.5 mm),
the coupling coefficient of the present embadiment increases and remains

greater than that of the “typical” design for larger air gaps.

It will be appreciated that where the air gap is greater than the distance between
limbs of the first and second coil assemblies that the arrangement of Figure 5
provides improved coupling. Such a trajectory for the coupling coefficient k can
also be observed from the ratio of the mutual reluctance by the leakage
reluctance Rm/R ik as shown in Figure 9. The smaller the ratio /R, the higher
the magnetic coupling coefficient as stated in Equation (8). For the present
embodiment this ratio is reduced by reducing the leakage cross-section area
(shortening the cores limbs) and using the available area for current flow by
accommodating a greater number of turns. This greatly increases the system
magnetic field coupling as well as mutual inductance within the same physical
dimensions as shown in Figure 9. The maximum improvement in the coupling
coefficient k of about 23% is achieved at about an air gap of about 10 mm. For
this air gap, the magnetic coupling coefficient of the “typical” design and the
improved design of the present embodiment are about 0.35 and about 0.43

respectively.

From Figure 11 it can be observed that although the flux lines follow larger loops
than the conventional topology shown in Figure 10 when the length of the core

limbs is reduced to about 50% of the total limb and winding length, a higher flux
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linkage is maintained between the two sides. This signifies that the presence of
the core limbs has a small impact on the magnetic field coupling between the
primary and the secondary coils for a gapped magnetic structure having a large

dominant air gap.

Whilst the invention has been described in relation to relatively movable coils it
will also be appreciated that the invention will find application in relation to coil
assemblies maintained in fixed relationship, especially where large air gaps are
required. The invention may also find application in relation to implementations
having variable spacing between coils. Further, it is understood by those skilled
in the art that the invention is applicable to IPT systems having materials other

than air in the ‘gap’ between the transmitter and receiver coils.

The invention may find application in wide range of inductive power transfer
applications including slip rings, stationary wireless charging system for
applications such as electric vehicles, linear arrangements such as are used for
electric vehicles on roadways and automation, biomedical applications,

connectors and couplings etc.

The arrangements described provide improved magnetic coupling for a given
physical size. This results in improved efficiency, a more compact construction

and reduced cost.

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 hot limited to the specific details,
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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.



WO 2015/178781 PCT/NZ2015/050056

10

156

20

25

13

CLAIMS:

1, An inductive power transfer coil assembly including:
i a magnetically permeable core including a base having a pair of
spaced apart limbs extending therefrom; and
ii. a winding located between and above the pair of spaced apart

limbs.

2, An inductive power transfer coil assembly as claimed in claim 1 wherein
the ratio of the height of the limb above the base to the height of the limb and

winding above the base is less than about 90%.

3. An inductive power transfer coil assembly as claimed in claim 1 wherein
the ratio of the height of the limb above the base to the height of the limb and

winding above the base is less than about 70%.

4, An inductive power transfer coil assembly as claimed in claim 1 wherein
the ratio of the height of the limb above the base to the height of the limb and

winding above the base is between about 20% and about 70%.

5. An inductive power transfer coil assembly as claimed in claim 1 wherein
the ratio of the height of the limb above the base to the height of the limb and

winding above the base is between about 40% and about 60%.

6. An inductive power transfer coil assembly as claimed in claim 1 wherein
the ratio of the height of the limb above the base to the height of the limb and

winding above the base is about 50%.

7. An inductive power transfer coil assembly as claimed in claim any one of

the preceding claims including one or more core provided along an annular path.
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8. An inductive power transfer coil assembly as claimed in claim 7 including
a plurality of cores.
9. An inductive power transfer coil assembly as claimed in claim 7 including

a single annular core.

10. An inductive power transfer coil assembly as claimed in any one of claims

7 to 9 having a through hole at the centre of the annular path.

11.  An inductive power transfer coil assembly as claimed in claim any one of

claims 1 to 6 including one or more core provided along a linear path.

12.  Aninductive power transfer coil assembly as claimed in claim 11 including

a plurality of cores.

13.  An inductive power transfer coil assembly as claimed in claim 11 including

a single linear core.

14.  An inductive power transfer coil assembly as claimed in any one of claims

7 to 13 wherein the winding is provided between and above each core.

15.  An inductive power transfer coil assembly as claimed in any one of the
preceding claims wherein each core has three or more limbs extending from the

base.

16.  An inductive power transfer coil assembly as claimed in any one of the

preceding claims wherein the transition from the base to each limb is curved.
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17. An inductive power transfer coil arrangement comprising:
i, a first coil assembly as claimed in any one of the preceding claims;
and
if. a second coil assembly arranged with respect to the first coll
assembly such that there is effective magnetic coupling between the first

and second magnetically permeable cores.

18.  An inductive power transfer coil arrangement as claimed in claim 17
wherein the first and second coil assemblies are arranged in relatively moveable

relationship.

19. An inductive power transfer coil arrangement as claimed in claim 17 or
claim 18 wherein there is an air gap greater than about 3.5 mm between the first

and second coil assemblies.

20.  An inductive power transfer coil arrangement as claimed in claim 17 or
claim 18 wherein there is an air gap greater than the distance between limbs of

the first and second coil assemblies.

21.  An inductive power transfer coil arrangement as claimed in any one of
claims 18 to 20 wherein the limbs of the first and second coil assemblies are

arranged along an annular path.

22, An inductive power transfer coil arrangement as claimed in claim 17
wherein the limbs of the first and second coil assemblies are generally radially

directed.
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23.  An inductive power transfer coil arrangement as claimed in claim 17

wherein the limbs of the first and second coil assemblies are generally axially

directed.
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