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Abstract

In order to be able to industrially produce a transposed conductor having jointly transposed
partial conductors located next to one ancther, the invention proposes that the rounding of at
least one edge (15) of a single conductor (11) of a single canductor group (12) that limits a
contact surface (14) between two single conductors (11) located next to one another is em-
bodied with a smaller radius (r») than the radii (r) of the roundings of the outer edges (13) of

the single conductor group (12).
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Continuously Transposed Conductor

The present invention relates to a continuously transposed conductor comprising a plurality
of individual, electrically insulated single conductors, in which two or more single conductors
disposed one above the other are combined into a group of single conductors and trans-
posed together, with the edges of each single conductor being designed in a rounded-off

fashion, and a transformer comprising a winding made of such a transposed conductor.

A continuously transposed conductor is understood to be a transposed conductor that is
manufactured in long lengths, for example, lengths of a few thousand meters are not rare,
and that are subsequently processed to form a winding of an electrical machine, for example,
a transformer winding. During the winding process, the transposed conductors experience a
strong degree of curvature. In contrast, winding rods or Roebel cables of short length are
manually produced and combined to form a winding for an electrical machine (for example,
an electric motor or a generator) in that the straight rods are placed in grooves on the rotor
and the axial ends of the rods are subsequently connected to one another in a certain fash-
ion in order to form the winding. Such a winding rod is thus also produced from a series of
single conductors transposed with one another, with a finished winding rod never being
warped or bent in any way in the course of its further processing such that its transposed
partial conductors or groups of partial conductors remain in position throughout. Thus, as a
matter of principle, different problems occur in the further processing of continuously trans-
posed conductors and winding rods, for which reason they cannot be directly compared to

one another.

It is known that electromagnetic radial fields (transverse fields) occur in transformers, primari-
ly in the outermost parts of the winding, which induce eddy currents in the conductors of the
winding that lead to eddy current losses. Eddy current losses reduce the efficiency of the
transformer, but also cause undesirably high local temperatures, which in turn can cause
damage to the winding insulation. By the use of known continuously transposed conductors,
such eddy current losses can be reduced. Such transposed conductors comprise a bundle of
individual, insulated partial conductors that are individually transposed one against the other,
for example, according to the Roebel principle, as is shown, for example, in Fig. 1. Such con-
tinuously transposed conductors are known, for example, from EP 746 861 B1 and are pro-
duced in a mechanical and automated fashion with lengths of a few thousand meters and are
wound onto drums for shipment. Transposed conductors are particularly distinguished by the
fact that they are sufficiently flexible that they can be wound in order to produce windings.

For winding rods and Roebel cables, AT 309 590 B discloses providing the transpasition in
such a way that two adjacent partial conductors are always transposed together. In addition
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to compensating for the longitudinal field by transposition, this measure is also intended to
compensate for the radial field inside a groove, which is already detrimental. Roebel cables,
which continue to be primarily manufactured manually in that short partial conductors are
manually transposed on special workbenches by a worker, can thus be produced in a simple
manner even when two adjacent partial conductors are jointly transposed. Roebel cables,
however, are not wound; rather, a winding is “built” from a plurality of Roebel cables by con-
necting the ends of the Roebel cables correspondingly.

However, demands on modern transformers are constantly increasing, on the one hand, with
regard to size and output and, on the other hand, with regard to efficiency and reduction of
losses caused by, for example, eddy current. Particularly in the case of very large, high-
performance transformers, significant undesired eddy current losses occur due to the mag-
netic fields. Moreover, the reduction of the hotspot temperature, voltage properties, and fill
factor have a great deal of significance in the design of transformer windings.

In currently known transposed conductors, it is not possible to improve the properties men-
tioned above by physical limits in the transposed conductor production process due to their
geometry and manufacturing options. The number of possible single conductors for trans-
posed conductors that can be transposed into a transposed conductor is limited by the so-
called transposition factor. The transposition factor fp is described by the following formula as
a function of the inner diameter of the transformer winding, the number of single conductors
of the transposed conductor, and the width of the single conductor:

_WD-r«
n-b

Jo

The variables represent

WD smallest winding diameter
n number of single conductors
b1 with of a single conductor

Current production technology allows transposed conductors to be produced up to a mini-
mum transposition factor of f{5=5, with the number of single conductors, the wire width, and
winding diameter being dependent on one another. This limitation of the transposition factor
by production technology limits the ability of transposed conductors to be produced with an
increasing number of single conductors.

In a transformer winding with conventional transposed conductors, the voltage distribution is

also problematic because potential differences between the parallel transposed conductors
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cause undesired capacities to occur. Moreover, significant eddy current losses, and therefore
also high temperatures in the transposed conductor and the winding, occur.

When a plurality of single conductors is used that are transposed together as a bundle of
single conductors to form a transposed conductor, the resuiting eddy current losses and thus
the hotspot temperatures can be reduced. Such a transposed conductor is known, for exam-
ple, from EP 133 220 A2, in which cables comprised of a group of round single conductors
are transposed to form an electrical conductor. A similar conductor is disclosed by US 4 431
860 A, in which the single conductors of the individual cables are transposed into one anoth-
er again. This allows the number of single conductors to be increased and the physical limita-
tion of the transposition factor to still be maintained at five. However, when round single con-
ductors are used, as is the case in EP 133 220 A2, a poor fill factor results, causing the cross
section of the transposed conductor to become undesirably large with the prespecified cop-
per cross section. In one embodiment of the cables, the round single conductors may be
deformed in a rectangular fashion in the packet which, although it improves the fill factor
somewhat, also requires an additional process step, thus making production more expen-

sive.

However, the transposed conductors disclosed by EP 133 220 A2 and US 4 431 860 A have
the distinct disadvantage of expensive production because a partial conductor must first be
produced from a number of single conductors by transposing the single conductors and only
then are the partial conductors transposed to form a transposed conductor. This results in at
least one additional process step, along with all the associated disadvantages such as stor-
age and handling of the single conductors and partial conductors, various transposition sys-
tems, longer production times, etc. For this reason, the use of such transposed conductors
according to the prior art has more or less been avoided in practice. However, the transposi-
tion of the single conductors within the partial conductors allowed a compact, internally stable
partial conductor to be produced in which the single conductors cannot shift relative to one
another and that is therefore suitable for subsequent transposition to form a transposed con-
ductor. Only in this manner has it been possible up to now to produce transposed conductors

with partial conductors made of multiple single wires.

In the joint transposition of partial conductors resting loosely one atop the other, it is possible
for the individual partial conductors to shift relative to one another, which would make the
finished transposed conductor unusable. Up to now, it has not been possible for two or more
single conductors located adjacent to one another to be jointly transposed in one process
step of a continuous manufacturing process for producing a continuously transposed conduc-
tor. Such a production of a transpased conductor was therefore up to now not controllable
from a production standpoint.

-3-
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One object of the present invention is therefore to disclose a transposed canductor with jointly
transposed single conductors located adjacent to one another that enables a simple
production of the transposed conductor, in particular in one process step, and that has a

sufficient withstand voltage.

The rounding of at least one edge of a single conductor of a single conductor group that limits
a contact surface between two single conductors located adjacent to one another is embodied
with a smaller radius than the radii of the roundings of the outer edges of the single conductor
group. This measure increases the surface area on which the single conductors rest against
one another, whereby the single conductors are prevented from shifting over or under one
another during transposition, in which the single conductors must be displaced transversely
relative to their longitudinal extension without detriment to the withstand voltage of the
transposed conductor because the outer edges remain unchanged throughout. At the same
time, this also increases the conductor cross section in the transposed conductor, which can

have a positive influence on the fill factor.

According to an aspect of the invention, there is provided a continuously transposed
conductor comprising a plurality of individual, electrically insulated single conductors, each
single conductor has a rectangular cross section with edges lengthwise, two or more single
conductors disposed next to one another being combined to form a single conductor group,
and two or more single conductor groups being transposed, with the edges of each single
conductor being embodied in a rounded-off fashion, wherein a rounding of at least one edge
of a single conductor of the single conductor group that limits a contact surface between two
single conductors located next to one another is embodied with a smaller radius than radii of

roundings of outer edges of the single conductor group.

According to another aspect of the present invention, there is provided a transformer having a
winding made of a continuously transposed conductor as described herein.

According to another aspect of the present invention, there is provided a continuously
transposed conductor comprising a plurality of individual, electrically insulated single
conductors, each single conductor has a rectangular cross section with edges lengthwise, two

CA 2828156 2018-12-28
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or more single conductors disposed next to one another being combined to form a single
conductor group, and two or more single conductor groups being transposed, with the edges of
each single conductor being embodied in a rounded-off fashion, wherein a radius of a rounding
of at least one edge of a single conductor of the single conductor group that limits a contact
surface between two single conductors located next to one another is smaller than radii of

roundings of outer edges of the single conductor group.

According to another aspect of the present invention, there is provided a continuously
transposed conductor comprising a plurality of individual, electrically insulated single
conductors, each single conductor has a cross section with edges lengthwise, two or more
single conductors disposed next to one another being combined to form a single conductor
group, and two or more single conductor groups being transposed, with the edges of each
single conductor being embodied in a rounded-off fashion, wherein a radius of a rounding of at
least one edge of a single conductor of the single conductor group that limits a contact surface
between two single conductors located next to one another is smaller than radii of roundings of
outer edges of the single conductor group, whereby shifting of the single conductors over or
under one another during transposition is prevented.

Preferably, the roundings of all the edges of a single conductor of a single conductor group that
limit a contact surface between two single conductors located adjacent to one another are
embodied with a smaller radius than the radii of the roundings of the outer edges of the single
conductor group. If more than two single conductors are adjacent to one another, it is preferable
for the roundings of the edges of all of the single conductors of a single conductor group that
limit a contact surface between two single conductors located adjacent to one another to be
embodied with a smaller radius than the radii of the roundings of the outer edges of the single
conductor group. These measures make the transposition process even more secure and
increase the available conductor cross section in the transposed conductor even further.

In a further advantageous embodiment, the single conductors in a single conductor group are
disposed in an n x n or n x m arrangement and at least one edge of a single conductor of the

CA 2828156 2019-11-20



single conductor group that limits a contact surface between two single conductors located one
atop the other is embodied with a smaller radius than the radii of the roundings of the outer
edges of the single conductor group. Here, it is again particularly advantageous for all of the
edges that limit the contact surfaces of single conductors located adjacent to one another and
one atop the other to be embodied with a smaller radius than the radii of the roundings of the

outer edges of the single conductor group.

If the thickness of the insulation layer in a transposed conductor according to the invention is
embodied between 0.03 and 0.08 mm, the fill factor of such a transposed conductor can be

CA 2828156 2019-11-20
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improved because this allows the increase in the amount of lacquer caused by the greater
number of single conductors in the transposed conductor to be effectively counteracted by a

reduction in the lacquer layer.

The voltage distribution in a known transformer winding with conventional transposed con-
ductors wound in a parallel fashion is considerably poorer than when transposed conductors
according to the invention with separate single conductors are used. In conventional trans-
former windings, potential differences in the parallel transposed conductors cause capacities
to occur that do not occur if a transposed conductor according to the invention with separate
single conductors is used because the single conductors in the overall bundle are transposed
with one another. Moreover, unifying the parallel transposed conductors to form one trans-
posed conductor with separate single conductors results in an improvement of the fill factor,
and the outer dimensions of the transformer become more compact. Thus, the use of a
transposed conductor according to the invention in a transformer winding is particularly ad-

vantageous.

The present invention shall be described below with reference to Figs. 1 to 6, which show

advantageous embodiments by way of example that are in no way limiting. Shown are:

Fig. 1 a conventional transposed conductor according to the prior ar,

Fig. 2 a transposed conductor according to the invention having a group of single con-
ductors with single conductors disposed next to one another,

Fig. 3 a cross section of a single conductor group,

Fig. 4 a cross section of a transposed conductor according to the invention,

Fig. 5 a cross section of a single conductor group having an n x m arrangement of sin-

gle conductors, and

Fig. 6 a cross section of a tfransposed conductor having a single conductor group with

an n x m arrangement of single conductors.

Fig. 1 shows a sufficiently known transposed conductor 1 comprising a number of electrically
insulated single conductors 2 that are disposed in two single conductor stacks 3. As is
known, the single conductors 2 are transposed in such a way that they change position from
the uppermost position to the lowest position. A single conductor 2 has a rectangular cross
section and rounded edges. In order to guarantee that the bundle of single conductors holds
together to form a transposed conductor 1 or in order to protect the transposed conductor, a

wrapping 4 may be provided using a woven tape, a strip of paper, or the like.

Fig. 2 shows a continuously transposed conductor 10 according to the invention that com-
prises a plurality of individual electrically insulated single conductors 11. in this transposed

-5
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conductor 10, two single conductors 11 located next to one another are combined to form a
single conductor group 12 and are jointly transposed. In this context, “next to one another”
means that, given a rectangular cross section of the single conductor, the single conductors
11 are disposed in cross section resting against one another on their narrow sides on a con-
tact surface 14, see Fig. 3. Given a quadratic cross section, “next to one another” means that
the single conductors are disposed resting against one another transversely to the longitudi-
nal extension of the transposed conductor 10 on a contact surface 14. However, a single
conductor group 12 could also comprise more than two single conductors 11 disposed next
to one another and therefore multiple contact surfaces 14.

The transposed conductor 10 may in turn be surrounded by a wrapping 4, for example, to
protect the single conductors 11 during transport or to stabilize the transposed conductor 10.

Transpasition becomes possible in that the radii r, of the roundings of the edges 15 that limit
the contact surface 14 (relative to the winding in the axial direction) of the adjacent single
conductors 11 of the single conductor group 12 are smaller than the roundings of the outer
edges 13 of the single conductor group, as is shown in Fig. 3. The “outer’ edges 13 in this
case are the edges of the resulting rectangular (or quadratic) cross section of the single con-
ductor group 12. In principle, it may also be sufficient to round off only one of these edges 15
or one of these edges 15 on each single conductor 11 with a smaller radius r,. From the
standpoint of the fill factor and of increasing the conductor cross section, however, it is better
for all of these edges 15 of the single conductor 11 to be rounded off with a smaller radius r,.
The small radii r, therefore result in a sufficiently large contact surface 14 that prevents the
individual conductors 11 from shifting over or under one another during the transposition pro-
cess in which the single conductor group 12 must be shifted transversely to the longitudinal
extension. In contrast, with the large radii r, that are necessary on the outside, the single
conductars could very easily slide against one another on the radii and it would be very sim-
ple for the single conductors 11 to slide over or under one another, which would make the

transposition process virtually impossible.

This simple measure allows a transposed conductor 10 having transposed single conductor
groups 12 comprising a number of single 11 conductors disposed next to one another to be
produced in one process step. A cross section of such a transposed conductor 10 having
seven single conductor groups 12, to 12;, each comprising two individual single conductors
11 disposed next to one another, is shown in Fig. 4. The transposed conductor 10 may again
be surrounded by a wrapping 4, for example, to protect the single conductor 11 during
transport or for stabilization of the single conductor bundle.
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However, such a transposed conductor 10 also fulfills the requirements for withstand voltage
because the roundings on the particularly critical outer edges 13 are not changed. Only the
interior edges, i.e., the edges 15 limiting a contact surface 14, on which the electrical fieid
intensities are lower, are embodied with smaller roundings, which does not affect the with-
stand voltage while increasing the fill factor. Thus, this simple measure allows the inherently

contradictory requirements of high withstand voltage and high fill factor to be met.

In another possible embodiment of the transposed conductor 10 according to the invention, a
single conductor group 12 comprises a plurality of single conductors 11 disposed next to one
another and one atop the other, for example, in an n x n arrangement of single conductors
11, as is shown in Fig. 5, or an n x m arrangement of single conductors 11. In this context,
“one atop the other” means that the single conductors 11 are disposed against one another
resting on their longitudinal sides in cross section. The single conductors 11 resting next to
one another are resting next to one another on a contact surface 14 and the single conduc-
tors 11 resting one atop the other are resting against one another on a second contact sur-
face 16 (relative to the winding in the radial direction). According to the invention, at least one
rounding of an edge 15 that limits a contact surface 14 between two single conductors 11 is
again embodied with a smaller radius r, than the radii ry of the outer edges 13 of the single
conductor group 12. In the preferred embodiment, as is shown in Fig. 5, all of the edges 15
limiting the contact surfaces 14 are again embodied with this smaller radius r,. It should also
be noted here that the radii of these edges 15 need not all be equal; rather, according to the
invention, these radii must simply be smaller than the radii r, of the outer edges 13. Addition-
ally, in the preferred embodiment of a single conductor group 12, the edges 17 of the contact
surfaces 16 between two adjacent single conductors located one atop the other are also em-
bodied with a smaller radius r,. However, the radii of these edges 17 can be just as large as
the radii ry of the outer edges 12, as is implied by a dotted line in one place in Fig. 5.

A cross section of such a transposed conductor 10 having five partial conductor groups 12,
to 125, comprising 2 x 2 single conductors 11 is shown in Fig. 6. The transposed conductor
10 may again be surrounded by a wrapping 4, for example, for protecting the single conduc-
tors 11 during transport or for stabilizing the single conductor bundie.

A transposed conductor 10 may also be used particularly advantageously in a transformer
winding, with a transposed conductor 10 embodied according to the invention being able to
replace two conventional transposed conductors (for example, according to Fig. 1) wound in
a parallel fashion because the transposed conductor 10 according to the invention contains

considerably more, for example, twice as many, single conductors 11.

-7-
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A transposed conductor 10 according to the invention has a lower fill factor than a conven-
tional transposed conductor with the same cross section because each single conductor 11
must be insulated and, due to the larger number of single conductors 11, more insulation is
naturally present in the cross section. According to the applicable norm, the insulation layer
of a single conductor 11 is 0.1 mm at grade 1 and 0.15 mm at grade 2. In today’s transposed
conductors, only quality grade 1 is generally used. In order to improve the fill factor in a
transposed conductor 10 according to the invention while maintaining the same cross sec-
tion, provision may be made for the thickness of the insulation layer to be reduced, preferably
to a range of 0.03 to 0.08 mm, preferably also 0.06 mm.

8-



The embodiments of the invention in which an exclusive property or privilege is

claimed are defined as follows:

1. A continuously transposed conductor comprising a plurality of individual,
electrically insulated single conductors, each single conductor has a cross section with
edges lengthwise, two or more single conductors disposed next to one another being
combined to form a single conductor group, and two or more single conductor groups
being transposed, with the edges of each single conductor being embodied in a
rounded-off fashion, wherein a radius of a rounding of at least one edge of a single
conductor of the single conductor group that limits a contact surface between two single
conductors located next to one another is smaller than radii of roundings of outer edges
of the single conductor group, whereby shifting of the single conductors over or under
one another during transposition is prevented.

2. The continuously transposed conductor according to claim 1, wherein a radius of
the roundings of all edges of the single conductor of the single conductor group that limit
the contact surface between the two single conductors located next to one another is
smaller than the radii of the roundings of the outer edges of the single conductor group.

3. The continuously transposed conductor according to claim 1, wherein a radius of
the roundings of all edges of all single conductors of the single conductor group that limit
the contact surface between the two single conductors located next to one another is

smaller than the radii of the roundings of the outer edges of the single conductor group.

4. The continuously transposed conductor according to any one of claims 1 to 3,
wherein the single conductors in the single conductor group are disposed in an n x n or
n x m arrangement and the radius of at least one edge of the single conductor of the
single conductor group that limits the contact surface between two single conductors
located one atop the other is smaller than the radii of the roundings of the outer edges of
the single conductor group.

5. The continuously wound conductor according to claim 4, wherein a radius of all

edges that limit the contact surfaces of the single conductors located next to one another
-0-
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and one atop the other is smaller than the radii of the roundings of the outer edges of the

single conductor group.
6. The continuously transposed conductor according to any one of claims 1 to 5,
wherein thickness of an insulation layer of a single conductor is embodied between 0.03

and 0.08 mm.

7. The continuously transposed conductor according to claim 6, wherein the

thickness of the insulation layer of the single conductor is 0.06 mm.

8. A transformer having a winding made of a continuously transposed conductor as
defined in any one of claims 1 to 7.

-10-
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