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(54) INDUCTOR AND METHOD FOR VARYING THE MAGNETIC PERMEABILITY OF AN INDUCTOR

(57) There is provided an inductor (5) having a coil
(10) enclosing at least a part of a core (15, 20, 70, 90).
A sensor (40) senses a current when flowing in the coil
(10). The core comprises a first part (15), and a second
part (20, 70, 90) comprising a movable metal part mount-
ed relative to the first part (15) of the core such that the
second movable metal part (20, 70, 90) is separated from
the first part (15) of the core by an air gap (25, 30). A
least a portion of the second part (20, 70, 90) is arranged

to move relative to the first part (15), thereby to vary the
magnetic permeability of the core (15, 20, 70, 90), ac-
cording to an output of the sensor (40). In this way, if the
output of the sensor (40) indicates an onset of saturation
of the core (15, 20, 70, 90), the magnetic permeability of
the core (15, 20, 70, 90) may be reduced by such move-
ment. A method for varying the magnetic permeability of
an inductor core (15, 20, 70, 90) is also provided.
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Description

Technical Field

[0001] The present disclosure relates to an inductor
and to a method for varying the magnetic permeability of
an inductor.

Background

[0002] It is known to introduce gaps and to apply sup-
plementary magnetic materials to inductor cores to
achieve required inductor characteristics, including a re-
quired saturation profile. This technique enables an in-
ductor to be designed for use in a particular application.

Summary

[0003] According to a first aspect disclosed herein,
there is provided an inductor, comprising a coil enclosing
at least a part of a core, and a sensor for sensing a current
when flowing in the coil, wherein the core comprises a
first part, and a second part comprising a movable metal
part mounted relative to the first part of the core such that
the second, movable metal part is separated from the
first part of the core by an air gap, and wherein at least
a portion of the second part is arranged to move relative
to the first part, thereby to vary the magnetic permeability
of the core, according to an output of the sensor.
[0004] Movement of at least a portion of the second
part may be achieved in this way based upon a continu-
ous control loop in which the sensed current determines
the extent of movement of the at least a portion of the
second part and hence the magnetic permeability of the
inductor core.
[0005] In an example, at least a portion of the second
part is arranged to move relative to the first part to vary
the air gap according to the output of the sensor.
[0006] In an example, at least a portion of the second
part is arranged to move relative to the first part to in-
crease the air gap if the output of the sensor indicates
an onset of saturation of the core. Increasing the air gap
decreases the magnetic permeability of the core and so
causes the current required to achieve saturation of the
core to be greater than that flowing in the coil, so avoiding
saturation of the coil.
[0007] In an example, at least a portion of the second
part is arranged to move relative to the first part to vary
the alignment of the second part with the first part of the
core according to the output of the sensor.
[0008] In an example, at least a portion of the second
part is arranged to move relative to the first part to de-
crease the alignment of the second part with the first part
of the core if the output of the sensor indicates an onset
of saturation of the core. Decreasing the alignment of the
first part 15 and the second part 20 reduces the magnetic
coupling of the two parts 15, 20 of the core and so reduces
the magnetic permeability of the core.

[0009] In an example, at least a portion of the second
part is arranged to pivot about an axis. Such a movement
may achieve one or both of varying the air gap and chang-
ing the alignment between the first and second parts of
the core.
[0010] In an example, at least a portion of the second
part is hinged at one end.
[0011] In an example, at least a portion of the second
part is movable by a controllable actuator. The movement
applied by the actuator may be controlled according to
the output of the sensor.
[0012] In an example, at least a portion of the second
part is a controllably deformable metal part. Deformation
of at least a portion of the second part may achieve one
or both of varying the air gap and changing the alignment
between the first and second parts of the core.
[0013] In an example, the controllably deformable met-
al part comprises a bi-metal strip deformable by heating
of the bi-metal strip.
[0014] In an example, a controllable source of heat is
provided for heating the bi-metal strip, wherein the con-
trollable source of heat is arranged to heat the bi-metal
strip according to an output from the sensor and com-
prises at least one of: a heater arranged to radiate heat;
a heater embedded within the bi-metal strip; a heater
enclosing or surrounding at least a part of the bi-metal
strip; and passing a variable electric current through the
bi-metal strip thereby to heat the bi-metal strip according
to the electrical resistance of the bi-metal strip.
[0015] In an example, the sensor comprises at least
one of: a current sensing resistor; a current sensing coil;
and a Hall Effect sensor for sensing a magnetic field due
to a current when flowing in the coil.
[0016] According to a second aspect disclosed herein,
there is provided a method for controlling the magnetic
permeability of a core of an inductor having a coil enclos-
ing at least a part of the core, wherein the core comprises
a first part, and a second part comprising a movable metal
part mounted relative to the first part of the core such that
the second, movable metal part is separated from the
first part of the core by an air gap, the method comprising:

sensing a current flowing through the coil; and
moving at least a portion of the second part relative
to the first part, thereby to vary the magnetic perme-
ability of the core, according to the sensed current.

[0017] In an example of the method, moving at least a
portion of the second part relative to the first part is ar-
ranged to reduce the magnetic permeability of the core
if the sensed current indicates an onset of saturation of
the core.
[0018] In an example of the method, moving at least a
portion of the second part relative to the first part com-
prises at least one of: deforming the at least a portion of
the second part; and moving the at least a portion of the
second part by tilting or rotating the at least a portion of
the second part about a pivot axis.
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Brief Description of the Drawings

[0019] To assist understanding of the present disclo-
sure and to show how embodiments may be put into ef-
fect, reference is made by way of example to the accom-
panying drawings in which:

Figure 1 shows schematically an example of an in-
ductor arrangement in one state of operation, as de-
scribed herein;

Figure 2 shows schematically the example inductor
arrangement of Figure 1 in a further state of opera-
tion, as described herein; and

Figure 3 shows schematically a further example of
an inductor arrangement, as described herein.

Detailed Description

[0020] There are various applications of inductors in
which it is desirable to avoid the onset of inductor core
saturation. For example, in some applications, saturation
of the inductor core may lead to rapid increase in a current
flowing through the inductor and consequent overheating
of the inductor. This may be the case in particular in high-
power applications. Example devices will now be de-
scribed with reference to Figures 1 to 3 embodying a
method for preventing the onset of inductor core satura-
tion by varying the magnetic permeability of the core.
[0021] Referring initially to Figure 1, two schematic rep-
resentations are provided in Figure 1a and Figure 1b of
an example inductor 5 comprising a core and coiled wind-
ings 10. The core comprises a first C-shaped part 15
made from a ferro-magnetic such as iron, nickel or cobalt
or ferri-magnetic material such as ferrite. The core also
comprises a second part comprising a bi-metal strip 20
that is separated from the ends of the first C-shaped part
15, when in a normal configuration as shown in Figure
1a, by small air gaps 25, 30. The bi-metal strip 20 may
be anchored at one end such that the air gap 30 at that
end remains fixed. A deformation of the bi-metal strip 20,
as shown in Figure 1b, causes the un-anchored end of
the strip 20 to move away from the first part 15, so in-
creasing the air gap 25. Alternatively, the bi-metal strip
20 may be anchored at another point along its length so
that one or both of the air gaps 25, 30 may vary by a
deformation of the strip 20.
[0022] In an alternative arrangement of the bi-metal
strip 20, not shown in Figure 1, the bi-metal strip 20 may
be anchored such that the alignment of the first part 15
and the second bi-metal strip part 20 may be varied by
a deformation of the strip 20. The variation of alignment
may occur with or without a variation in one or both of
the air gaps 25, 30.
[0023] A power source or signal source 35 may be con-
nected to the coiled windings 10 according to the partic-
ular application of the inductor 5.

[0024] A sensor 40 is provided to sense a current flow-
ing through the coil 10 or to sense the effect of a flowing
current. Such a sensor 40 is thereby able to sense char-
acteristics indicative of an onset of saturation of at least
the first part of the core 15. The sensor 40 may comprise,
for example, one or more current sensing resistors or a
current sensing transformer. Alternatively, the sensor 40
may comprise a Hall Effect sensor provided to sense a
changing magnetic field due to a current flowing in the
inductor coil 10.
[0025] The sensor 40 is connected to an amplifier 45
of a type appropriate to the type of sensor 40 being used.
The output of the amplifier 45 is input to a controller 50,
comprising a micro-controller or other type of processor,
or comprising an analogue circuit. The controller 50 is
configured to interpret the amplified output of the sensor
40 with reference to preconfigured characteristics of
sensed current flow or sensed magnetic field strength
expected when at least the first part of the core 15 is
close to saturation.
[0026] The controller 50 is linked to a controllable heat
source 55 associated with the bi-metal strip 20. The con-
troller 50 is configured to adjust the heat output 60 of the
heat source 55 according to the output of the sensor 40
to vary the amount and the rate of bending of the strip
20. When the bi-metal strip 20 bends, as shown in the
example in Figure 1b, one end of the strip 20 remains
fixed in relation to the first part 15 of the core while the
other end of the strip 20 bends away from the first part
of the core 15, so increasing the air gap 25. Alternatively,
as mentioned above, the bending of the bi-metal strip 20
may instead vary the alignment of the bi-metal strip 20
with the first part 15. An increase in the air gap 25 between
the first part of the core 15 and the bi-metal strip 20 caus-
es the magnetic permeability of the core 15, 20 to de-
crease. Similarly, a decrease in the alignment of the first
part of the core 15 and the bi-metal strip 20 causes the
magnetic coupling of the two parts 15, 20 and hence the
magnetic permeability of the core 15, 20 to decrease.
With a decreased magnetic permeability of the core 15,
20, a higher current would therefore be required to cause
saturation of the core 15, 20 which, if higher than the
current being supplied by the power or signal source 35,
thereby avoids the onset of saturation of the core 15, 20.
[0027] The controller 50 may be configured to deter-
mine a rate of change in the current flowing through the
coil 10 and adjust the rate of heating of the bi-metal strip
20 according to the sensed rate of change of current.
That is, if the sensed rate of change in the current is high,
then the controller 50 triggers a higher heat output by the
heat source 55 thereby causing a higher rate of bending
of the bi-metal strip 20. For a lower sensed rate of change
in the current, the controller 50 causes a lower rate of
heating by the heat source 55 and therefore a slower rate
of bending of the bi-metal strip 20.
[0028] The heat source 55 may be mounted separately
from the bi-metal strip 20 and arranged to heat the bi-
metal strip 20 by radiated heat 60, as shown in Figure 1.
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Alternatively the heat source 55 may partially enclose
the bi-metal strip 20, for example in the form of a heating
element formed around a part of the bi-metal strip 20. As
a further alternative, the heat source 55 may be embed-
ded or integrated within the bi-metal strip 20 to provide
heating of the strip 20 by conducted heat. As a further
alternative, a variable heating current may be passed
through the bi-metal strip 20 by the controller 50 such
that the strip 20 is heated according to the electrical re-
sistance of the metals used in the strip 20.
[0029] The controller 50 is configured to operate a
closed feedback loop whereby the extent of the air gap
25 is adjusted by varying the heating of the bi-metal strip
20 according to the current flowing in the coil 10 or the
resultant magnetic field or the rate of change in the cur-
rent or magnetic field, as sensed by the sensor 40. If the
controller 50 determines that the sensed current flow in
the coil 10 is no longer increasing or is reducing, the
controller 50 correspondingly reduces or ceases heating
of the bi-metal strip 20 by the heat source 55. The bi-
metal strip 20 then gradually returns to the normal con-
figuration shown in Figure 1a and the gap 25 decreases.
[0030] If necessary, the controller 50 may be config-
ured to trigger further actions, for example to make ad-
justments to an underlying cause of saturation of the core
15, 20 so that a return to near-saturation of the core 15,
20 may be avoided. Alternatively, the controller 50 may
simply continue to respond to the sensed onset of satu-
ration and adjust the heating of the bi-metal strip 20, so
far as it is possible to do, to prevent the onset of saturation
of the core 15, 20.
[0031] An alternative example of an inductor will now
be described with reference to Figure 2 in which the sec-
ond part 20 of the core is movable by a rotation rather
than by a deformation of the second part 20.
[0032] Referring to Figure 2, the same inductor coil 10
and first C-shaped part 15 of the core are shown as in
Figure 1. However, in this example, a second part 70 of
the core comprises a movable metal portion which may
be made, for example, using a ferro-magnetic or ferri-
magnetic material, optionally using the same material as
the first part of the core 15. The second part 70 of the
core is arranged to tilt about a pivot or hinge 75 so that
the air gap 25 between the first and second parts 15, 20
may be varied according to the degree of tilt applied to
the second part 70 relative to the first part 15. An actuator
80, linked to the second part 70, may be controlled by
the controller 50 to vary the angle of tilt of the second
part 70 and hence the size of the air gap 25.
[0033] The pivot or hinge 75 shown in Figure 2 may
alternatively be positioned at a point other than at an end
of the second part 70 so that when the second part 70
pivots or tilts, both of the air gaps 25, 30 may vary.
[0034] An alternative implementation of the inductor 5
will now be described with reference to Figure 3.
[0035] Referring to Figure 3, three schematic views are
provided, in Figure 3a, 3b and 3c, showing a different
arrangement for a second part 90 of the core. In Figure

3a, the same inductor coil 10 and first C-shaped part 15
of the core are shown as in Figure 1. However, in this
example, a second part 90 of the core is mounted upon
a spindle 95 that may be rotated by an actuator 100,
under the control of the controller 50, to vary the align-
ment of the second part 90 with the first part 15 of the
core. As the second part 90 rotates, the air gaps 25, 30
remain substantially constant. However, the alignment
of the second part 90 of the core with the first part 15 of
the core varies from a normally aligned configuration, as
shown in a view of the second part 90 along the axis of
the spindle 95 in Figure 3b, to a displaced configuration
as shown in Figure 3c. An increased displacement of the
second part 90 relative to the first part 15 of the core,
reduces the magnetic coupling of the two parts 15, 90 of
the core and so reduces the magnetic permeability of the
core 15, 90, so avoiding the onset of saturation.
[0036] In another example of the inductor 5, the second
part 20, 70, 90 may comprise a deformable metal part,
such as a bi-metal strip, that may be moved as well as
deformed by any one of the techniques described above.
The amount and speed of variation in deformation and/or
movement of the second part 20, 70, 90 is determined
by the variation required in magnetic permeability of the
core to avoid the onset of saturation of the core.
[0037] As mentioned above, the controller 50 may
comprise an analogue circuit configured to adjust the
heat output by the heat source 55, or to control the ac-
tuator 80, 100 according to an output of the sensor 40.
In particular, the analogue circuit 50 may be configured
to respond to predetermined characteristics of a current
supplied to the inductor coil 10, or of a magnetic field due
to the supplied current, to: adjust the rate of heat output
by the heat source 55, and hence the rate and extent of
deformation of the second part 2; or to adjust the rate
and extent of movement of the second part 70, 90 of the
core by the actuator 80, 100 respectively.
[0038] In principle, the inductor arrangement and con-
trol loop implemented by examples disclosed herein may
be applied to many different types of inductor in various
different applications. Some specific examples in which
the inductor arrangement and control loop may be used
with particular advantage include power supplies, trans-
formers, actuators, transmitters, induction cookers etc.
[0039] It will be understood that when the controller 50
is implemented using a processor, the processor or
processing system or circuitry may in practice be provid-
ed by a single chip or integrated circuit or plural chips or
integrated circuits, optionally provided as a chipset, an
application-specific integrated circuit (ASIC), field-pro-
grammable gate array (FPGA), digital signal processor
(DSP), graphics processing units (GPUs), etc. The chip
or chips may comprise circuitry (as well as possibly
firmware) for embodying at least one or more of a data
processor or processors, a digital signal processor or
processors, baseband circuitry and radio frequency cir-
cuitry, which are configurable so as to operate in accord-
ance with the exemplary embodiments. In this regard,
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the exemplary embodiments may be implemented at
least in part by computer software stored in (non-transi-
tory) memory and executable by the processor, or by
hardware, or by a combination of tangibly stored software
and hardware (and tangibly stored firmware).
[0040] To the extent that at least some aspects of the
embodiments described herein with reference to the
drawings comprise computer processes performed in
processing systems or processors, the invention also ex-
tends to computer programs, particularly computer pro-
grams on or in a carrier, adapted for putting the invention
into practice. The program may be in the form of non-
transitory source code, object code, a code intermediate
source and object code such as in partially compiled form,
or in any other non-transitory form suitable for use in the
implementation of processes according to the invention.
The carrier may be any entity or device capable of car-
rying the program. For example, the carrier may comprise
a storage medium, such as a solid-state drive (SSD) or
other semiconductor-based RAM; a ROM, for example
a CD ROM or a semiconductor ROM; a magnetic record-
ing medium, for example a floppy disk or hard disk; optical
memory devices in general; etc.
[0041] The examples described herein are to be un-
derstood as illustrative examples of embodiments of the
invention. Further embodiments and examples are en-
visaged. Any feature described in relation to any one ex-
ample or embodiment may be used alone or in combi-
nation with other features. In addition, any feature de-
scribed in relation to any one example or embodiment
may also be used in combination with one or more fea-
tures of any other of the examples or embodiments, or
any combination of any other of the examples or embod-
iments. Furthermore, equivalents and modifications not
described herein may also be employed within the scope
of the invention, which is defined in the claims.

Claims

1. An inductor (5), comprising a coil (10) enclosing at
least a part of a core (15, 20, 70, 90), and a sensor
(40) for sensing a current when flowing in the coil
(10), wherein the core comprises a first part (15),
and a second part (20, 70, 90) comprising a movable
metal part mounted relative to the first part (15) of
the core such that the second, movable metal part
(20, 70, 90) is separated from the first part (15) of
the core by an air gap (25, 30), and wherein at least
a portion of the second part (20, 70, 90) is arranged
to move relative to the first part (15), thereby to vary
the magnetic permeability of the core (15, 20, 70,
90), according to an output of the sensor (40).

2. The inductor (5) according to claim 1, wherein at least
a portion of the second part (20, 70, 90) is arranged
to move relative to the first part (15) to vary the air
gap (25, 30) according to the output of the sensor

(40).

3. The inductor (5) according to claim 2, wherein at least
a portion of the second part (20, 70, 90) is arranged
to move relative to the first part (15) to increase the
air gap (25, 30) if the output of the sensor (40) indi-
cates an onset of saturation of the core (15, 20, 70,
90).

4. The inductor (5) according to any one of claims 1 to
3, wherein at least a portion of the second part (20,
70, 90) is arranged to move relative to the first part
(15) to vary the alignment of the second part (20, 70,
90) with the first part (15) of the core according to
the output of the sensor (40).

5. The inductor (5) according to claim 4, wherein at least
a portion of the second part (20, 70, 90) is arranged
to move relative to the first part (15) to decrease the
alignment of the second part (20, 70, 90) with the
first part (15) of the core if the output of the sensor
(40) indicates an onset of saturation of the core (15,
20, 70, 90).

6. The inductor (5) according to any one of claims 1 to
5, wherein at least a portion of the second part (20,
70, 90) is arranged to pivot about an axis (75, 95).

7. The inductor (5) according to any one of claims 1 to
6, wherein at least a portion of the second part (20,
70, 90) is hinged (75) at one end.

8. The inductor (5) according to any one of claims 1 to
7, wherein at least a portion of the second part (20,
70, 90) is movable by a controllable actuator (80,
100).

9. The inductor (5) according to any one of claims 1 to
8, wherein at least a portion of the second part (20,
70, 90) is a controllably deformable metal part.

10. The inductor (5) according to claim 9, wherein the
controllably deformable metal part (20, 70, 90) com-
prises a bi-metal strip (20) deformable by heating of
the bi-metal strip (20).

11. The inductor (5) according to claim 10, comprising
a controllable source of heat (55) for heating the bi-
metal strip (20), wherein the controllable source of
heat (55) is arranged to heat the bi-metal strip (20)
according to an output from the sensor (40) and com-
prises at least one of: a heater arranged to radiate
heat (60); a heater embedded within the bi-metal
strip (20); a heater enclosing or surrounding at least
a part of the bi-metal strip (20); and passing a vari-
able electric current through the bi-metal strip (20)
thereby to heat the bi-metal strip (20) according to
the electrical resistance of the bi-metal strip (20).
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12. The inductor (5) according to any one of claims 1 to
11, wherein the sensor (40) comprises at least one
of: a current sensing resistor; a current sensing coil;
and a Hall Effect sensor for sensing a magnetic field
due to a current when flowing in the coil (10).

13. A method for controlling the magnetic permeability
of a core (15, 20, 70, 90) of an inductor (5) having a
coil (10) enclosing at least a part of the core (15, 20,
70, 90), wherein the core comprises a first part (15),
and a second part (20, 70, 90) comprising a movable
metal part mounted relative to the first part (15) of
the core such that the second, movable metal part
(20, 70, 90) is separated from the first part (15) of
the core by an air gap (25, 30), the method compris-
ing:

sensing (40) a current flowing through the coil
(10); and
moving at least a portion of the second part (20,
70, 90) relative to the first part (15), thereby to
vary the magnetic permeability of the core (15,
20, 70, 90), according to the sensed current.

14. The method according to claim 13, wherein moving
at least a portion of the second part (20, 70, 90) rel-
ative to the first part (15) is arranged to reduce the
magnetic permeability of the core (15, 20, 70, 90) if
the sensed current indicates an onset of saturation
of the core (15, 20, 70, 90).

15. The method according to claim 13 or claim 14,
wherein moving at least a portion of the second part
(20, 70, 90) relative to the first part (15) comprises
at least one of: deforming the at least a portion of
the second part (20, 70, 90); and moving the at least
a portion of the second part (20, 70, 90) by tilting or
rotating the at least a portion of the second part (20,
70, 90) about a pivot axis (75, 95).
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