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(57) Abréegée/Abstract:

An electric machine has grooves and windings, divided Into strands, of electrical conductors. At least one strand has a number s of
colls connected In series and arranged In the grooves. Each coll has sub-conductors connected in parallel and arranged In
bundles. Each bundle Is arranged in a groove at a bundle position relative to a deepest possible bundle position in the groove. The
positions of all bundles In all colls define a number b of possible bundle positions of the strand. The bundles are interchanged
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position, wherein n Is the integer quotient in regard to the quotient of the number s and the number b, wherein n'=n If s Is divisible
by b and n'=n+1 If s Is not divisible by b.
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ARSTRACT

An electric machine has grooves and windings, divided into
strands, of electrical conductors. At least one strand has a
number s of colls connected in series and arranged 1n the

grooves. Each coill has sub-conductors connected in parallel

and arranged 1in bundles. Each bundle 1s arranged 1n a groove
at a bundle position relative to a deepest possible bundle
position in the groove. The positions of all bundles in all
colls define a number b of possible bundle positions of the
strand. The bundles are interchanged between the coils such

that each bundle 1s arranged in the grooves at least n times

and at most n' times at each possible bundle position, whereiln

n 1s the integer quotient in regard to the guotient of the

number s and the number b, wherein n'=n 1f s 1s divisible by b

and n'=n+l1l 1f s 1s not divisible by Db.
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Reduction of the electrical resistance for an electric machine

having windings arranged in grooves

CROSS~REF!

£

RENCES TO RELATED APPLICATIONGS

This application is the Canadian National Stage ot

International Application No. PCT/EP2013/061672, filed

June 6, 2013, which designated Canada and has been published as
International Publication No. WO 2013/189750 and which claims

the priority of German Patent Application, Serial No. 10 2012
210 ©614.6, filed June 22, 2012.

BACKGROUND OF TH.

INVENTION

R
J

The invention relates to an electric machine having grooves and
windings of electrical conductors, wherein the windings are

divided into strands, wherein at least one strand has a

respective number s of coils connected in series, which are
each are arranged in the grooves, wherein the colls each

comprise sub-conductors connected in parallel, wherein the sub-

conductors of a coil are in each case arranged in a plurality
of bundles, wherein a bundle of a ccil 1s 1n each case

connected in series to a bundle of a coil connected in seriles,

wherein each bundle of the at least one strand is 1n each case
arranged in a groove at a respective bundle position 1n

relation to a deepest possible bundle position 1n the groove,

wherein the respective bundle positions of all bundles in all

colls of the at least one strand in each case define a

H

respective number b of possible bundle positions of the at

least one strand.

Tn the case of electrical conductors through which alternating

current flows, the current density inside a conductor 1s lower
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than 1t 1s on the surface. This effect, known as current

displacement or skin effect, is also observed for an electric
machine comprising windings and turns arranged 1in grooves. In
particular, in the case of high feed frequencies, these current
displacement phenomena between the sub-conductors (so-called

first-order current displacement) result in massive

supplementary losses.

To date, the following measures have been used to reduce these
supplementary losses, 1n particular in the case of coil
windings. For example, a bundle interchange 1s performed with
which the parallel sub-conductors are divided into two bundles,
wherein the upper and the lower bundle are interchanged
approximately in the middle of the coil group. This measure 1s
very similar to bar transposition with bar windings, which 1s
known as a Roebel bar. Alternatively, it 1s also possible to
use a sub-conductor transposition for which the sub-conductors
are transposed 180° in a short distance at a specific position

either inside a coil or between two colls of a coil group.

A device of this kind is, for example, known from DE 1 041 148

A. Here, conductive bars are embodied as Roebel bars in that
with a conductive bar, the sub-conductors are inclined 1nto two

planes and offset from one conductor plane into the other

conductor plane.

Additional electric machines are known, for example, from DE 10

2000 021 354 Al,

p—

EP 2 388 892 A1, AT 91 774 B, GB 1913 10 919

<)

or DE 613 780, in which individual strands of a phase in the

various grooves on respective groove positions are arranged.
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BR1IEF SUMMARY OF THE INVENTION

The i1nvention i1s based on the object of reducing the electrical

resistance for an electric machine that has windings arranged

in grooves and can be operated with alternating current.

This object 1s achieved by an electric machine of the type
mentioned 1n the introduction in that the bundles of the at
least one strand are 1n each case 1nterchanged petween the
colls in such a way that each bundle of the at least one strand
is arranged 1n the grooves 1in each case at least n times and at
most n' times at each respective possible bundle position of
the at least one strand 1n relation to the respective deepest

possible bundle position in the groove, wherein n is the

integer quotient with regard to the guotient of the number s of

1)

coils of a strand connected in series and the number b o]
possible bundle positions of a strand, wherein n'=n if s 1s

divisible by b and n'=n+l1 1f s 1s not divisible by b.

Interchanging the bundles of the at least one strand 1n this
way ensures that each bundle of the strand 1s arranged as

equally frequently as possible at each of the respective

possible bundle positions:

- 1f the number s of coils of the strand connected 1in series 1is
a integral multiple of the number b of possible bundle
positions of the strand, each bundle is exactly equally

frequently at each of the possible bundle positions;

-~ 1if the number s of coils of the strand connected in series 1S
not divisible by the number b of possible bundle positions of

the strand, a bundle of the strand is arranged in each of the b

possible bundle positions at least n times and at most n'=n+l
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times, wherein n is the integer quotient of s with respect to
b: 1f r is set by the remainder of the quotient s/b, the result
1s that a total of n'=n+l bundles are located i1n r bundle

positions and a total of n bundles are located in (b- r) bundle

positions.

This arrangement of the bundles causes the respective bundles

to be located as equally deep as possible in the interior of
the windings arranged in the grooves of the electric machine
compared to the remaining bundles of the strand and viewed over
the entire length of a bundle. Hence, this bundle arrangement
enables the current displacement between the electrical
conductors of the electric machine to be very effectively
reduced. Therefore, overall, the electric machiline has a lower

ohmic resistance, which saves energy during the operation of

the electric machine.
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Here, the suggested interchanging of the bundles 1s more

efficient than the aforementioned known bundle interchanging

with which the parallel sub-conductors for each winding are

divided into, for example, two bundles so that an upper and a

lower bundle are formed, which are interchanged approximately

in the middle of the coil group. Due to the significantly
reduced supplementary losses, therefore, the electric machine
according to the invention has much lower ohmic resistances

than electric machines with the known bundle interchanging.

The electric machine according to the inventilion also has
advantages compared to the known sub-conductor transposition,
with which the sub-conductors are transposed 180° over a short

distance because the suggested interchanging of the bundles 1is

much easier to implement from a technical polnt of view.

Preferably, the electric machine according to the invention
comprises three strands, which are assigned to the three

current phases. Here, it is possible to carry out the

suggested interchange of the bundles for each of the strands

in order to minimize current displacement effects between the
strands. The electric machine also preferably comprises at

least three coils connected in series per strand, wherein the

number b of possible bundle positions is also pretferably at

least three.

P

In a preferred embodiment of the invention, each bundle of the

at least one strand is arranged in the grooves exactly eqgually

ey

frequently at each of the possible bundle positions of the at

least one strand in relation to the deepest possible bundle

position in the groove. Hence, the number s of the colls of

the strand connected in series is an integral multiple of the
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number b of possible bundle positions of the strand. This

arrangement of the bundles counteracts the current

1 1)

displacement particularly effectively because the eifects O:
the individual bundles compensate one another. Hence, a
particularly lower ohmic resistance of the electric machine 1s

achieved.

—_

In a further advantageous embodiment of the i1nvention, the

bundles of the at least cne strand are in each case cyclically

P

interchanged after each coil. The cyclic interchange of the

bundles offers the advantage of being particularly simple to

-y

imnplement from a technical point of view.

For example, for an electric machine with four bundles, a

cyclic interchange of the bundles can be achieved 1n that
between the coils the three lowermost bundles are introduced
from a first grcove into the next groove as the three

uppermost bundles and the uppermost bundle of the first groove

is introduced past the three aforementioned bundles and under

the three aforementioned bundles into the next groove. In the

fastened to

[ I

area of the bundle interchange, the bundles can be

one another, for example by taping, to achieve i1mproved

mechanical stability and to suppress unwanted vibration.

It is also possible to carry out the respective interchanging

of the bundles between the respective grooves as centrally as

possible and as symmetrically as possible in relation to the

ends of the grooves so that, even during the respective

P

interchanging of the bundles between the grooves, the

respective bundles are located as deeply as possible 1n the

interior in relation to the other windings compared to the

p—

remaining bundles of the strand and the current displacement

i1s minimized.
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In a further advantageous embodiment of the invention, at
least two strands have the respective number s of colls
connected in series, which are each arranged 1in the grooves,
wherein each coil is arranged in a groove 1n each case at a
respective coil position in relation to a deepest possible

coil position in the groove, wherein the respective coill

positions of all coils of the respective strand define a

B—

Jr—.

respective number p of possible coill positions of the strand,

wherein the coil positions of the respective strand are
interchanged in such a way that each coil of the respective

strand is arranged in the grooves at least m times and at most

p——

(m+1) times at each of the possible coil position of the

respective strand in relation to the deepest possible coill

position in the groove, wherein m is the integer quotlent with

regard to the guotient of the number s of colls of a strand

connected in series and the number p of possible coil

positions of a strand, wherein m'=m if s 1s divisible by p and

m'=m+]1 1f s 1s not divisible by p.

go—

The arrangement of a plurality of colls 1n a groove produces

the number p of possible coil positions. Similarly to the

g

above-described interchanging of the bundles and the bundle

positions, the coils and the coil positions are interchanged.

Interchanging the coils of the at least two strands 1n this

way ensures that each coil of the respective strand 1s

arranged as equally frequently as possible at each of the

respective possible coil positions.

This arrangement of the coils causes the respective coills to

be located as equally deep as possible in the interior of the

windings viewed over the entire length of the respective

strand. Hence, this coil arrangement enables the current
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-

displacement between the electrical conductors of the electric

machine that results 1in excessive ohmic losses To be even more

effectively reduced. Hence, 1n particular the combination of

the interchanging of the bundles with the interchanging the

colls results 1n an extremely advantageous conductor

*

arrangement i1n relation to current displacement effects for

each bundle of each strand. Overall, therefore, the electric

machine has a particularly lower ohmic resistance which saves

even more energy with the operation of the electric machine.

In a further advantageous embodiment of the i1nvention, the

coll positions of the respective strand between the grooves
are 1lnterchanged 1n such a way that each coll position of the
respective strand 1n the grooves 1s arranged exactly egually

J—

frequently at each of the possible coil positions of the

respective strand in relation to the deepest possible coil

position in the groove. Hence, the number s of the coils of

the strand connected 1in serles 1s an integral multiple of the

number p of possible coil positions of a strand. This

.

arrangement of the coils particularly effectively counteracts

the current displacement because the effects of the individual

coils compensate one another. Hence, a particularly lower

-

ohmic resistance of the electrilic machine 1s achieved.

gt

In a further advantageous embodiment of the invention, the

coll positions of the respective strand between the grooves

are in each case cyclically interchanged. Similarly to the

above-described cyclic interchanging of the bundles, the

cyclic interchanging the coils is particularly simple to

accomplish from a technical point of view.
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According to one aspect of the present invention, there 1is
provided an electric machine, comprising: electrical conductors
having windings which are divided into strands, at least one
strand having a number s of coils which are connected 1in series
and respectively arranged in grooves of the electric machine,
each sald coil comprising sub-conductors connected 1n parallel
and arranged in bundles, each salid bundle being connected 1in
series to a bundle of another coil that 1s connected in series,
wherein each bundle of the at least one strand in a groove 1s
arranged at a bundle position in relation to a deepest possible
bundle position in the groove, with the bundle positions of all
bundles 1n all coils of the at least one strand deflining a
number b of possible bundle positions of the at least one
strand, wherein the bundles of the at least one strand are
interchanged between the coils in such a way that each bundle
of the at least one strand is arranged 1n the grooves at least

i

n times and at most n' times at each of the possible bundle

poslitions of the at least one strand in relation to the deepest

possible bundle position in the groove, wherein n is the

integer quotient with regard to a quotient of the number s of

coils of the at least one strand that are connected 1in serles
and the number b of possible bundle positions of the at least

one strand, wherein n'=n 1if s 1s divisible by b and n'=n+l 1f s

is not divisible by b.

BRIEF DESCRIPTION OF THE DRAWINGS

-

The following describes and explains the invention 1n more

detail with reference to the exemplary embodiments 1n the

figures, which show:
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FIG 1 a circuit diagram of an electric machine from the
pPrior art,
FIG 2 a first embodiment of a circult diagram of an electric

machine according to the invention,
FIG 3 a second embodiment of a circult diagram and

FIG 4 a three~dimensional representation of an i1nterchange of

bundles according to a third embodiment.

DETALL

]
O
-,

ESCRIPTION OF PR

=]
"]

ERRED

1

MBODIMENTS

FIG 1 shows a circuilt diagram of an electric machine from the

prior art. A coil 1 comprises eight sub-conductors 2 connected 1n

parallel, wherein four sub-conductors 2 are combined 1n a bundle

3. Each sub-conductor 2 comprises three windings 13 connected in
series, which each in turn comprise an outgoing conductor 10 and
a return conductor 12, which are in each case connected via a

conductor in the area of the winding head 11.

The circuit diagram from the prior art shows a total of four
coils 1 connected in series. The different sub-conductors 2 1in
cach coil 1 are usually inserted in a groove of the electric
machine. In the following, it is assumed that the lower of the
two bundles 3 of a coll 1 1s arranged at the deepest possible
bundle position in a groove. It is known from the prior art to

interchange the bundles 3 in the middle of the coil group so that

the arrangement of the bundles 3 between the first coil 1 and the

second coil 1 and between the third coil 1 and the fourth coil 1
1is not changed. On the other hand, the upper bundle 3 or the
lower bundle 3 of the second coil 1 is connected to the lower

bundle 3 or the upper bundle 3 of the third coil 1 and this

represents the actual bundle
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-

interchanging. This type of circuit is comparable to a Roebel

bar.

FIG 2 shows a first embodiment of a circuit diagram oI an
clectric machine according to the invention. Each coil 1 1n

turn comprises eight sub-conductors 2, which are combined 1in

pairs to form a total of four bundles 3. In the following, 1t

— |}
P

is assumed that the lowest of the four bundles 3 of the Iirst

coil 1 is arranged at the deepest possible bundle position,

F

designated bundle position D, in a groove of the electric

machine. Correspondingly, the second lowest bundle 3 1s
arranged at bundle position C, the second topmost bundle 3 at

bundle position B and the topmost bundle 3 at bundle position
A.

Retween the first coil 1 and the second coil 1, the bundles 3

are interchanged in such a way that the bundle 3, which 1is

arranged in the first coil 1 at bundle position A or B or C oOr
D, is connected to the bundle 3 of the second coil 1 at bundle

position B or C or D or A, respectively. This interchange 1s

repeated between the further coils 1. Overall, hence, each of

the four bundles 3 in the four coils 1 are 1n each case

arranged once at bundle position A, B, C and D. Hence, each ot

the bundles 3 is located equally deep in the interior of the
windings arranged in the grooves of the electric machine over

the entire length of a plurality of coils 1 connected 1n

series. This enables current displacement effects in the

individual bundles 3 to compensate one another particularly

effectively, as a result of which the ohmic resistance of the

entire circuit the electric machine is particularly low.

FIG 3 shows a second embodiment of a circuit diagram. Each

coil 1 in turn comprises eight sub-conductors 2, which are
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-—th

combined in pairs to form a total of four bundles 3, whereln a

total of four coils 1 are connected in series. In each case in

the coil pair of the first and second coil 1 and the coil pair

of the third and fourth coil 1, the bundles 3 are interchanged

-

as follows: the topmost bundle 3 of one coil 1 of the coil

pair is connected to the second topmost bundle 3 of the other

coil 1 of the coil pair; the lowest bundle 3 of one coil 1 of

ot

P —
p—

the coil pair is connected to the second lowest bundle 3 of

the other coil 1 of the coil pair.

In the coil pair of the second and the third coil 1, the

el

bundles 3 are interchanged in such a way that the topmost

bundle 3 of one coil 1 of the coil pair is connected to the

lowest bundle 3 of the other coil 1 of the coil pair and the

o~

second topmost bundle 3 of one coil 1 of the coil pair 1s

p—

connected to the second lowest bundle 3 of the other coil 1 of

A

the coil pailr.

This type of interchanging of the bundles 3 also has the

result that each of the four bundles 3 in the four coils 1 1s

in each case arranged once on each of the four possible bundle

positions. Each of the bundles 3 1s located equally deep 1n

i

the interior of the windings arranged in the grooves of the

r—
—
hevers

clectric machine over the entire length of a plurality o:
coils 1 connected 1in series, as a result of which the current

displacement effects of the individual colls 1 particularly

effectively compensate one another.

-

FIG 4 shows a three-dimensional representation of an

interchanging of bundles according to a third embodiment. A

groove of the electric machine extends in the direction of the

arrow x. At the top of the drawing, that is in the positive y-

direction, is located the end of a first coil 1, which
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protrudes from a groove of the electric machine and comprises

f—-

four bundles 3. Relative to the middle of the conductor

arrangement of the electric machine, which 1s located at y=0,

the positive y-direction points from the inside to the outside

so that the four bundles 3 are arranged from the 1nside to the

cutside 1n the seguence of bundle positions (D, C, B, A).

Viewed from the middle of the conductor arrangement, the

negative y-direction also points outward. Located at the

-

bottom, that i1is i1n the negative y-direction, 1is the end of a

second coi1l 1, which protrudes from a further groove of the

electric machine and once agailn comprises four bundles 3. The

four bundles 3 the first coi1l 1 are diverted in a U-shape and

connected to the four bundles 3 the second coil 1.

Between the first coi1l 1 and the second coil 1 connected i1n

series to the first coi1l 1, the bundles 3 are interchanged as

tollows, wherein the designations of the bundle positions (A,

B, C and D) 1n each case only relate to the bundle positions

in the first coil 1. Observed from the inside to the outside,

at the output from the first coil 1, four bundles 3 are

arranged 1n the sequence of bundle positions (D, C, B, A). The

block of the three bundles 3 of the bundle positions (D, C, B)

is retained and is diverted in an U-shape and inside the block

connected in the sequence (D, C, B) from the i1nside to the

outside to the respective bundles 3 of the second coil 1. The

bundle 3 of the original bundle position A of the first coil 1

is diverted in such a way that the position of the bundle 3

changes: after the first coil 1 arranged completely outside,

.

the bundle 3 is connected to the bundle 3 of the second coil

1, which lies completely 1nsidqe.

Hence, observed from the inside to the outside, the seguence

(D, C, B, A) of the four bundles 3 1s changed after the first
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coil 1 in the sequence (A, D, C, B) so that a cyclic
interchange is achieved. This interchancge 1s repeated between

the further coils 1.

To summarize, the invention relates an electric machine having

grooves and windings of electrical conductors, wherein the

windings are divided into strands, wherein at least one strand

has a respective number s of coils connected in seriles, which
are each arranged in the grooves, wherein the colls each

comprise sub-conductors connected in parallel, wherein the

sub-conductors of a coil are in each case arranged 1n a

plurality of bundles, wherein a bundle of a coil 1is 1n each
case connected in series to a bundle of a coll connected 1in
series, wherein each bundle of the at least one strand in a
groove is in each case arranged at a respective bundle
position in relation to a deepest possible bundle position in
the groove, wherein the respective bundle positions of all

pp—
prore.

bundles in all coils of the at least one strand define a

P

respective number b of possible bundle positions of the at

least one strand. In order to reduce the electrical resistance

for an electric machine that has windings arranged 1n grooves
and can be operated with alternating current, 1t is suggested
that the bundles of the at least one strand 1s 1n e€ach case

interchanged between the coils in such a way that each bundle

of the at least one strand is in each case arranged 1n the

grooves at least n times and at most n' times at each or the

respective possible bundle position of the at least one strand
in relation to the respective deepest possible bundle position
in the groove, wherein n is the integer quotient with regard

"

to the quotient of the number s of coils of a stranad connected

p— -~
p—

in series and the number b of possible bundle positions of a

strand, wherein n'=n if s is divisible by b and n'=n+ 1f s 1s

not divisible by b.
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CLAIMS:
1. An electric machine, comprising: electrical

conductors having windings which are divided into strands, at
least one strand having a number s of coils which are connected
1n series and respectively arranged in grooves of the electric
machine, each said coill comprising sub-conductors connected 1n
parallel and arranged in bundles, each said bundle being
connected 1n series to a bundle of another coil that 1is
connected 1in series, whereln each bundle of the at least one
strand 1n a groove 1s arranged at a bundle position 1n relation
to a deepest possible bundle position in the groove, with the

pundle positions of all bundles in all coils of the at least

B

one strand defining a number b of possible bundle positions o:

the at least one strand, wherein the bundles of the at least
one strand are 1nterchanged between the coils in such a way

that each bundle of the at least one strand is arranged 1n the

grooves at least n times and at most n' times at each of the

possible bundle positions of the at least one strand in

relation to the deepest possible bundle position in the groove,

wherein n 1s the integer quotient with regard to a quotient of

|

o

the number s of coils of the at least one strand that are

connected 1n serlies and the number b of possible bundle
positions of the at least one strand, wherein n'=n if s is

divisible by b and n'=n+l 1f s is not divisible by b.

2. The electric machine of claim 1, wherein each bundle
of the at least one strand is arranged in the grooves with
1dentical frequently at each of the possible bundle positions

of the at least one strand in relation to the deepest possible

bundle position in the groove.
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3. The electric machine of claim 1, wherein the bundles

of the at least one strand are cyclically interchanged after

each coil.

4, The electric machine of claim 1, whereilin at least two
of said strand have the number s of coils that are connected 1in
series and arranged in the grooves, each coil being arranged in
a groove at a coil position in relation to a deepest possible

coil position 1in the groove, with the coil positions of all

colls of a respective strand defining a number p of possible

coll positions of the strand and being interchanged in such a
way that each coi1il of the respective strand is arranged 1in the
grooves at least m times and at most (m+l) times at each
possible col1l position of the respective strand in relation to
the deepest possible coil position in the groove, wherein m 1S
the 1nteger quotient with regard to a gquotient of the number s
of coils of a strand connected in series and the number p of
possible coll positions of a strand, wherein m'=m if s is

divisible by b and m'=m+1 i1f s 1s not divisible by b.

5. The electric machine of claim 4, wherein the coil

positions of the respective strand are interchanged between the

grooves 1n such a way that each coill position of the respective

strand in the grooves is arranged with identical frequency at
each of the possible col1l positions of the respective strand 1in

relation to the deepest possible coil position in the groove.

C . The electric machine of claim 4, wherein the coil

positions of the respective strand are cyclically interchanged

petween the grooves.
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