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(67)  Thepresentdisclosure relates to an electromag-
netic induction device (1) comprising: a magnetic core
(5) having a limb (7), a foil winding (9-3) wound around
the limb (7), wherein the foil winding (9-3) has a first end
portion (17) at a first axial end of the foil winding (9-3)
and a second end portion (19) at a second axial end,

7

opposite to the first axial end, of the foil winding (9-3),
wherein each of the first end portion (17) and the second
end portion (19) of the foil winding (9-3) is provided with
cut-outs (21) along the circumference of the foil winding
(9-3).
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Description
TECHNICAL FIELD

[0001] The present disclosure generally relates to
electromagnetic induction devices such as transformers
and reactors, and in particular to electromagnetic induc-
tion devices having foil windings.

BACKGROUND

[0002] Electromagnetic induction devices, such as
transformers and reactors, are used in power systems
for voltage level control. Hereto, a transformer is an elec-
tromagnetic induction device used to step up and step
down voltage in electric power systems in order to gen-
erate, transmit and utilize electrical power in a cost ef-
fective manner. In a more generic sense a transformer
has two main parts, a magnetic circuit, the core, made
of e.g. laminated iron and an electrical circuit, windings.
[0003] Several types of windings may be used in elec-
tromagnetic induction devices. Foil windings such as alu-
minium or copper foil windings have unique advantages
compared to wire windings due to their simplicity of man-
ufacturing, their improved transient voltage distribution
and superior short circuit fault withstand-ability. Howev-
er, the usage of foil windings is limited to smaller rating
power transformer due to uneven current distribution
caused by fringing of the magnetic leakage flux at the
ends of the foil winding. This results in high eddy losses
and high temperature developments in the foil winding.
The problem becomes worse with high leakage flux mag-
nitude as the power rating increases.

[0004] GB990418 A discloses an electrically conduct-
ing shield structure for an electrical apparatus having a
core and one or more foil windings to reduce current con-
centrations at the edges of the windings, caused by radial
flux leakage, by establishing a magnetic field adjacent to
the surface of each winding in opposition to the radial
component of flux passing through the winding. Shields
are arranged between the L.T. winding and core and sur-
rounding the H.T. winding.

[0005] Although the design of GB990418 may reduce
eddy current losses, it would however be desirable to
further reduce eddy current losses in foil windings to be
able to increase power ratings for electromagnetic induc-
tion devices utilising foil windings.

SUMMARY

[0006] An object of the present inventive concept is to
provide electromagnetic induction devices which solve
or at least mitigate the problems with existing solutions.
[0007] According to a first aspect of the present disclo-
sure there is provided an electromagnetic induction de-
vice comprising a magnetic core having alimb, afoil wind-
ing wound around the limb, wherein the foil winding has
a first end portion at a first axial end of the foil winding
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and a second end portion at a second axial end, opposite
to the first axial end, of the foil winding, wherein each of
the first end portion and the second end portion of the
foil winding is provided with a plurality of cut-outs along
the circumference of the foil winding.

[0008] An effect which may be obtainable thereby is
that the current may be more evenly distributed in the foil
winding. This may in particular be obtainable due to that
the electrical resistance at the lateral ends of the foil wind-
ing is increased because of the cut-outs. The current dis-
tribution may thereby be more centred towards the mid-
dle section of the foil winding.

[0009] According to one embodiment the foil of each
turn of the foil winding is provided with the cut-outs.
[0010] According to one embodiment the cut-outs are
in the form of a plurality of through-openings.

[0011] Accordingtoone embodimentthe cut-outs have
a circular or elliptical shape.

[0012] According to one embodiment the first end por-
tion and the second end portion each has a plurality of
rows of the through-openings, wherein the rows extend
longitudinally parallel with the circumferential direction of
the foil winding, and wherein the dimension of the
through-openings of the first end portion increases with
each row towards the first axial end of the foil winding
and wherein the dimension of the through-openings of
the second end portion increases with each row towards
the second axial end of the foil winding.

[0013] According to one embodiment the cut-outs are
extending from the edge of the first axial end towards the
centre of the foil winding, and wherein the cut-outs are
extending from the edge of the second axial end towards
the centre of the foil winding.

[0014] According to one embodiment the cut-outs are
triangular-shaped, trapezoidal-shaped, or define a wave-
like pattern in the circumferential direction of the foil wind-
ing.

[0015] According to one embodiment the first end por-
tion and the second end portion each has a plurality of
rows of cut-outs, wherein each row extends longitudinally
along the circumferential direction of the foil winding, and
wherein each pair of adjacent rows are overlapping axi-
ally and are displaced relative to each other in the cir-
cumferential direction of the foil winding.

[0016] According to a second aspect of the present
disclosure there is provided an electromagneticinduction
device comprising a magnetic core having a limb, a foil
winding wound around the limb, a busbar, first connec-
tors, second connectors and third connectors, wherein
the foil winding is subdivided into a plurality of main sec-
tions that are electrically parallel connected, wherein the
plurality of main sections include a central main section
connected to the busbar by means of the first connectors,
a first main end section connected to the busbar by
means of the second connectors and a second main end
section connected to the busbar by means of the third
connectors, wherein the total impedance of the first main
end part and the second connectors and the total imped-
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ance of the second main end part and the third connec-
tors is larger than the total impedance of the central main
section and the first connectors.

[0017] An effect which may be obtainable thereby is
that the current may be more evenly distributed in the foil
winding. This may in particular be obtainable because of
the higher total impedance at the two end sections of the
foil winding. This results in that the current distribution
may be increased towards the central main section.
[0018] Accordingtoone embodimentthe firstmain end
section is subdivided into a plurality of first end sections,
wherein the first end sections are electrically parallel con-
nected.

[0019] According to one embodiment the second main
end section is subdivided into a plurality of second end
sections, wherein the second end sections are electrical-
ly parallel connected.

[0020] According to one embodiment the plurality of
main sections include a central main section, a first main
end section and a second main end section, wherein the
central main section is made of copper foil, and the first
main end section and the second main end section are
made of aluminium foil.

[0021] The highresistance ofthe aluminium foil pushes
down the current to the central copper foil. The eddy cur-
rent loss at is thus reduced due to the high resistance of
the aluminium foil. The length proportion of the aluminium
and copper can be decided based on the resistivity ratio
of aluminium and copper, i.e. p,/p.,, and the flux distri-
bution to arrive at fairly uniform current distribution.
[0022] Generally, all terms used in the claims are to be
interpreted according to their ordinary meaning in the
technical field, unless explicitly defined otherwise herein.
All references to "a/an/the element, apparatus, compo-
nent, means, etc. are to be interpreted openly as referring
to at least one instance of the element, apparatus, com-
ponent, means, etc., unless explicitly stated otherwise.

BRIEF DESCRIPTION OF THE DRAWINGS
[0023] The specific embodiments of the inventive con-
cept will now be described, by way of example, with ref-

erence to the accompanying drawings, in which:

Fig. 1 schematically shows the interior of an electro-
magnetic induction device;

Fig. 2a shows a side view of an example of a foil
winding for the electromagnetic induction device in

Fig. 1;

Fig. 2b shows the electrical circuit of the foil winding
in Fig. 2a;

Fig. 3a shows another example of a foil winding for
the electromagnetic induction device in Fig. 1;

Fig. 3b shows the electrical circuit of the foil winding
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in Fig. 3a;

Fig. 4a shows yet another example of a foil winding
for the electromagnetic induction device in Fig. 1;

Fig. 4b shows an unwound portion of the foil winding
in Fig. 4a;

Figs 5a and 5b show two more examples of a foil
winding for the electromagnetic induction device in
Fig. 1;

Fig. 6 shows a top view of a foil winding having cut-
outs extending radially across all turns of the foil
winding;

Fig. 7a shows yet another example of a foil winding
for the electromagnetic induction device; and

Fig. 7b shows an unwound portion of the foil winding
in Fig. 7a.

DETAILED DESCRIPTION

[0024] The inventive concept will now be described
more fully hereinafter with reference to the accompany-
ing drawings, in which exemplifying embodiments are
shown. The inventive concept may, however, be embod-
ied in many different forms and should not be construed
as limited to the embodiments set forth herein; rather,
these embodiments are provided by way of example so
that this disclosure will be thorough and complete, and
will fully convey the scope of the inventive concept to
those skilledinthe art. Like numbers refer to like elements
throughout the description.

[0025] This disclosure covers two main aspects of an
electromagnetic induction device which has a magnetic
core with a limb, and a foil winding wound around the
limb. Both aspects provide a more even current distribu-
tion along the axial direction of the foil winding.

[0026] The first aspect obtains this effect by means of
a subdivision of the foil winding in the axial direction, thus
obtaining a plurality of main sections. With subdivided is
here mean that the main sections are physically sepa-
rated from each other, and may be seen as a plurality of
discs arranged along the longitudinal direction of the limb.
The main sections are electrically parallel connected.
[0027] The second aspectobtains this effect by means
of cut-outs provided in the foil winding, in particular in the
foil constituting the foil winding, and which cut-outs are
arranged along the tangential direction of the foil winding.
The cut-outs extend through the foil. The cut-outs are
arranged only along the two end portions of the foil wind-
ing. Due to the cut-outs the electrical resistance is in-
creased in the two end portions of the foil winding, where
eddy current losses are the greatest, and the current dis-
tribution in the foil winding may become more uniform.
[0028] Fig. 1 schematically shows a general electro-
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magnetic induction device 1 comprising a tank or housing
3, a magnetic core 5 having a limb 7, and a foil winding
9 wound around the limb 7. A number of variations of the
foil winding 9 will now be described with reference to Figs
2a to Fig. 7b.

[0029] Turning to Figs 2a and 2b, according to one
example of the electromagnetic induction device 1, the
foil winding 9 is subdivided into a plurality of main sec-
tions. In particular, the exemplified foil winding 9-1 is sub-
divided into a plurality of main sections 11 which include
a first main end section 11b, a central main section 11a
and a second main end section 11c. The main sections
11 are electrically parallel connected. The electromag-
netic induction device 1 may further comprise a busbar
B, first connectors C1, second connectors C2 and third
connectors C3 schematically shownin the circuit diagram
in Fig. 2b which shows the parallel connection of the main
sections 11a, 11b and 11c.

[0030] The central main section 11a is connected to
the busbar B by means of the first connectors C1, which
is schematically shown in the circuit diagram in Fig. 2b.
The first main end section 11b is connected to the busbar
B by means of the second connectors C2. The second
main end section 11c is connected to the busbar B by
means of the third connectors C3. The first main end
section 11b and the second connectors C2 have a total
impedance Z1. The second main end section 11c and
the third connectors C3 have a total impedance Z3. The
central main section 11a and the first connectors C1 have
a total impedance Z2. Each of the impedances Z1 and
Z3 is larger than the impedance Z2. With the size of the
impedances is here meant the magnitude of the imped-
ances, i.e. their absolute value.

[0031] Even more uniform current distribution may po-
tentially be obtained in the main sections 11 when the
main sections 11 located at the two ends of the foil wind-
ing 9-1 are subdivided into additional sections. Fig. 3a
shows an example of a foil winding 9-2 in which these
main sections 11 are further subdivided.

[0032] The first main end section 11b may be subdi-
vided into a plurality of first end sections 13a, 13b. The
plurality of first end sections 13a, 13b are electrically par-
allel connected, as can be seen in Fig. 3b. The total im-
pedance Z1 of the first end sections 13a, 13b and the
second connectors C2 is larger than the total impedance
Z2 of the central main section 11a and the first connector
C1.

[0033] The second main end section 11c may be sub-
divided into a plurality of second end sections 15a, 15b.
The plurality of second end sections 15a, 15b are elec-
trically parallel connected. The total impedance Z3 of the
second end sections 15a, 15b and the third connectors
C3 is larger than the total impedance Z2 of the central
main section 11a and the first connector C1.

[0034] The first main end section 11b and the second
main end section 11c could according to one variation
be further subdivided into more than two firstend sections
and second end sections, respectively.
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[0035] According to one variation, the first main end
section and the second main end section may be made
of a foil that has higher resistivity than the central main
section. To this end, the first main end section and the
second main end section may for example be made of
aluminium, and the central main section may be made
of copper.

[0036] Turning now to the second aspect, the foil wind-
ing of all of these examples has a first end portion at a
first axial end of the foil winding and a second end portion
at a second axial end, opposite to the first axial end, of
the foil winding. Each of the first end portion and the sec-
ond end portion of the foil winding is provided with cut-
outs. The cut-outs are distributed along the circumfer-
ence of the foil winding. The cut-outs increase the im-
pedance in the first end portion and in the second end
portion of the foil winding, relative to the impedance of
the central portion of the foil winding, which is not pro-
vided with cut-outs. The central portion of the foil winding
hence has a continuous surface.

[0037] Fig. 4a shows an example of a foil winding 9-3
having a first end portion 17 at a first axial end of the foil
winding 9-3 and a second end portion 19 at a second
axial end, opposite to the first axial end, of the foil winding
9-3. Each of the first end portion 17 and the second end
portion 19 of the foil winding 9-3 is provided with cut-outs
21, which according to the example in Fig. 4a are pro-
vided in the form of a plurality of through-holes extending
radially through the foil of the foil winding 9-3. The
through-openings are arranged in rows along the circum-
ference of the foil winding 9-3. The through-openings
may be arranged along the entire length unwound length
of the foil winding 9-3 such that each turn of the foil wind-
ing 9-3 is provided with the through-openings.

[0038] Fig. 4b shows a portion of the foil winding in an
unwound state, i.e. whenitis afoil 10. The through-open-
ings are arranged in a plurality of rows 23-27. The rows
extend in the circumferential direction of the foil winding
9-3 parallel with each other.

[0039] According to one variation the dimension of the
through-openings decreases for each row inwards to-
wards the centre of the foil winding 9-3 in the axial direc-
tion thereof. The impedance of the foil winding 9-3 is
hence gradually decreased in the axial direction inwards
towards the centre of the foil winding 9-3. Alternatively,
the dimension of the through-openings could increase
foreach row inwards towards the centre of the foil winding
inthe axial direction thereof, or the dimension may remain
constant in each row, depending on the density of the
rows.

[0040] The through-openings may for example be cir-
cular, elliptical or any other rounded shape. The through-
openings could alternatively have angular or edgy
shapes such as a rectangular or polygonal shape.
[0041] Fig. 5ashows another example of a foil winding.
Foil winding 9-4 also has a first end portion 17 at a first
axial end of the foil winding 9-4 and a second end portion
19 at a second axial end, opposite to the first axial end,
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of the foil winding 9-4. Each of the first end portion 17
and the second end portion 19 of the foil winding 9-4 is
provided with cut-outs 21. According to this example, the
cut-outs 21 are in the form of a plurality of cuts made in
the edges of the foil winding 9-4, i.e. at the first axial end
and at the second axial end of the foil winding 9-4. The
cut-outs 21 are distributed along the circumference of
the foil winding 9-4. The cut-outs 21 extend from the edge
of the first axial end towards the centre of the foil winding
9-4, and from edge of the second axial end towards the
centre of the foil winding 9-4. A close-up perspective view
of the foil winding 9-4 is shown in the upper right corner
of Fig. 5a.

[0042] The cut-outs 21 may for example be triangular-
shaped, trapezoidal-shaped, or define a wave-like pat-
tern in the circumferential direction of the foil winding. A
foil winding 9-4’ with a wave-like pattern created by the
cut-outs 21 is shown in Fig. 5b. In the case of a wave-
like pattern, the wave crests may be folded radially in-
wards towards the limb 7 so as to control the flux path of
the leakage flux.

[0043] The cut-outs 21 may be made by cutting the
entire foil when the foil has been wound around the limb
7 thus forming the foil winding 9-4 or when the foil is still
in an unwound state. The cut-outs 21 may for example
be made by means of laser cutting. This applies to any
of the examples of foil windings having cut-outs present-
ed herein.

[0044] Fig. 6 shows a top view of a foil winding, in par-
ticular a variation of the foil winding 9-4 in Fig. 5a. Ac-
cording to this example, the cut-outs 21 extend radially
from the outermost foil turn to the innermost foil turn of
the foil winding.

[0045] Figs 7a and 7b show yet another example of a
foil winding. Foil winding 9-5 also has a first end portion
17 at a first axial end of the foil winding 9-5 and a second
end portion 19 at a second axial end, opposite to the first
axial end, of the foil winding 9-5. Each of the first end
portion 17 and the second end portion 19 of the foil wind-
ing 9-5 is provided with cut-outs 21. According to this
example, the cut-outs 21 extend longitudinally in the cir-
cumferential direction of the foil winding 9-5. The cut-outs
21 form a plurality of rows parallel to each other. Each
pair of adjacent rows of cut-outs 21 are overlapping in
the axial direction but are displaced relative to each other
in the circumferential direction of the foil winding 9-5. In
otherwords, each row of cut-outs 21 comprises a plurality
of longitudinally extending cut-outs 21 arranged one after
the other in the circumferential direction of the foil winding
9-5. The longitudinally extending cut-outs 21 of subse-
quent or adjacent rows are displaced relative to each
other in the circumferential direction such that an alter-
nating cut-out pattern is obtained. This design prevents
or at least reduces the generation of eddy currents.
[0046] The electromagneticinductiondevices present-
ed herein may beneficially be medium voltage or high
voltage electromagneticinduction devices. The magnetic
core may comprise one or more limbs, with each limb
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being provided with a foil winding according to any of the
examples provided herein. However, all of the foil wind-
ings of an electromagnetic induction device are prefera-
bly of the same type.

[0047] The inventive concept has mainly been de-
scribed above with reference to a few examples. How-
ever, as is readily appreciated by a person skilled in the
art, other embodiments than the ones disclosed above
are equally possible within the scope of the inventive con-
cept, as defined by the appended claims.

Claims
1. An electromagnetic induction device (1) comprising:

a magnetic core (5) having a limb (7),

a foil winding (9; 9-3; 9-4; 9-4’; 9-5) wound
around the limb (7),

wherein the foil winding (9; 9-3; 9-4; 9-4’; 9-5)
has a first end portion (17) at a first axial end of
the foil winding (9; 9-3; 9-4; 9-4’; 9-5) and a sec-
ond end portion (19) at a second axial end, op-
posite to the first axial end, of the foil winding (9;
9-3; 9-4; 9-4’; 9-5),

wherein each of the first end portion (17) and
the second end portion (19) of the foil winding
(9; 9-3; 9-4; 9-4’; 9-5) is provided with cut-outs
(21) along the circumference of the foil winding
(9; 9-3; 9-4; 9-4’; 9-5).

2. The electromagnetic induction device (1) as claimed
in claim 1, wherein the foil of each turn of the foil
winding is provided with the cut-outs (21).

3. The electromagnetic induction device (1) as claimed
in claim 1 or 2, wherein the cut-outs (21) are in the
form of a plurality of through-openings.

4. The electromagnetic induction device (1) as claimed
in claim 3, wherein the cut-outs (21) have a circular
or elliptical shape.

5. The electromagnetic induction device (1) as claimed
in claim 3 or 4, wherein the first end portion (17) and
the second end portion (19) each has a plurality of
rows (23-27) of the through-openings, wherein the
rows (23-27) extend longitudinally parallel with the
circumferential direction of the foil winding (9-3), and
wherein the dimension of the through-openings of
the first end portion (17) increases with each row
towards the first axial end of the foil winding (9-3)
and wherein the dimension of the through-openings
of the second end portion (19) increases with each
row towards the second axial end of the foil winding
(9-3).

6. The electromagnetic induction device (1) as claimed
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in claim 1 or 2, wherein the cut-outs (21) are extend-
ing from the edge of the first axial end towards the
centre of the foil winding (9-4), and wherein the cut-
outs are extending from the edge of the second axial
end towards the centre of the foil winding (9-4).

The electromagnetic induction device (1) as claimed
in claim 6, wherein the cut-outs (21) are triangular-
shaped, trapezoidal-shaped, or define a wave-like
pattern in the circumferential direction of the foil
winding (9-4").

The electromagnetic induction device (1) as claimed
in claim 1 or 2, wherein the first end portion (17) and
the second end portion (19) each has a plurality of
rows of cut-outs (21), wherein each row extends lon-
gitudinally along the circumferential direction of the
foil winding (9-5), and wherein each pair of adjacent
rows are overlapping axially and are displaced rela-
tive to each other in the circumferential direction of
the foil winding (9-5).

An electromagnetic induction device (1) comprising:

a magnetic core (5) having a limb (7),

a foil winding (9; 9-1; 9-2) wound around the limb
@),

a busbar (B),

first connectors (C1), second connectors (C2)
and third connectors (C3),

wherein the foil winding (9; 9-1; 9-2) is subdivid-
ed into a plurality of main sections (11) that are
electrically parallel connected, wherein the plu-
rality of main sections (11) include a central main
section (11a) connected to the busbar (B) by
means of the first connectors (C1), a first main
end section (11b) connected to the busbar (B)
by means of the second connectors (C2) and a
second main end section (11c) connected to the
busbar (B) by means of the third connectors
(C3), wherein the total impedance of the first
main end part (11b) and the second connectors
(C2) and the totalimpedance of the second main
end part (11¢) and the third connectors (C3) is
larger than the total impedance of the central
main section (11a) and the first connectors (C1).

10. The electromagnetic induction device (1) as claimed

1.

in claim 9, wherein the first main end section (11b)
is subdividedinto a plurality of first end sections (13a,
13b), wherein the first end sections (13a, 13b) are
electrically parallel connected.

The electromagnetic induction device (1) as claimed
in claim 9 or 10,wherein the second main end section
(11c) is subdivided into a plurality of second end sec-
tions (15a, 15b), wherein the second end sections
(15a, 15b) are electrically parallel connected.
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12. The electromagnetic induction device (1) as claimed

in any of claims 9-11, wherein the plurality of main
sections (11) include a central main section (11a), a
first main end section (11b) and a second main end
section (11c), wherein the central main section (11a)
is made of copper foil, and the first main end section
(11b) and the second main end section (11c) are
made of aluminium foil.
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