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A winding of an electric machine

Field of the disclosure

The disclosure relates generally to electric machines. More particularly, the disclo-
sure relates to a winding of an electric machine. Furthermore, the disclosure re-
lates to an electric machine and to a method for manufacturing a winding of an

electric machine.
Background

In an electric machine, such as an electric motor or a generator, a magnetic flux is
developed between the electromagnetically active parts of the electric machine.
Typically, at least one of the above-mentioned electromagnetically active parts
comprises a ferromagnetic core element and one or more windings installed in
slots of the core element. The core element can be for example the stator core of
a rotating electric machine and the windings can be the stator windings of the ro-
tating electric machine. The rotating electric machine can be for example an elec-
trically excited synchronous machine, a permanent magnet machine, an induction
machine, or a reluctance machine. The windings are constituted by conductors
each comprising a core portion and a layer of electrically insulating material sur-
rounding the core portion. The core portion comprises electrically conductive ma-
terial, e.g. copper, for conducting electric current. The conductors are either round
wire conductors or shaped conductors that typically have a rectangular cross-
sectional profile. The core portion of a shaped conductor can be a single conduc-
tor bar, e.g. a copper bar. It is also possible that the core portion of a shaped con-
ductor comprises many conductor bars which have rectangular cross-sectional
profiles and are positioned with respect to each other so that a desired cross-
sectional profile of the shaped conductor is achieved. The conductor bars can be
electrically insulated from each other. It is also possible that the core portion of a
shaped conductor comprises a bundle of filamentary conductors. In this case, the
cross-sectional profile is determined by the layer of the electrically insulating mate-
rial surrounding the core portion and/or by resin or other filler material among the
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filamentary conductors. The bundle of the filamentary conductors may comprise
for example one or more Litz wires where the filamentary conductors are individu-

ally insulated and twisted and/or woven together.

Shaped conductors have certain advantages with respect to round wire conduc-
tors. One of the advantages is that inductances of different phases of a multi-
phase, e.g. a three phase, winding can be made more symmetrical with shaped
conductors than with round wire conductors because shaped conductors are lo-
cated in a more deterministic way in slots and end-winding regions than round wire
conductors do. Another advantage of shaped conductors is that the conductor
space factor, i.e. the filling factor, of slots can be higher than in a case where
round wire conductors are used. A third advantage of shaped conductors is that, in
many cases, a shaped conductor can be arranged to comprise a tubular channel
for conducting water or some other suitable liquid or gaseous cooling fluid. Shaped
conductors are, however, not free from challenges. One of the challenges is relat-
ed to slot openings because a straightforward way to construct a winding with
shaped conductors is to use open slots instead of semi-closed slots that are com-
monly used in conjunction with windings implemented with round wire conductors.
Semi-closed slots are, however, more advantageous from the view point of air-gap

harmonics of a magnetic flux distribution than open slots.
Summary

The following presents a simplified summary in order to provide basic understand-
ing of some aspects of various invention embodiments. The summary is not an ex-
tensive overview of the invention. It is neither intended to identify key or critical el-
ements of the invention nor to delineate the scope of the invention. The following
summary merely presents some concepts of the invention in a simplified form as a
prelude to a more detailed description of exemplifying embodiments of the inven-

tion.

In accordance with the invention, there is provided a new machine element for an

electric machine. A machine element according to the invention comprises:
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- a core element comprising a yoke section and teeth connected to the yoke
section, semi-closed slots being formed between adjacent ones of the teeth
and the core element being integral so that portions of the core element
comprising adjacent ones of the teeth are inseparable from each other

without material destructive actions, and

- at least one winding constituted by shaped conductors each comprising a
core portion and a layer of electrically insulating material surrounding the
core portion, the core portion comprising electrically conductive material for

conducting electric current.

Each of the shaped conductors has a substantially rectangular cross-sectional pro-
file so that the width of the shaped conductors is smaller than the width of the slot
openings. The shaped conductors are placed to form, in each of the slots, an array
having rows so that the rows are in the lateral direction of the slot, the rows are
wider than the slot opening, and the rows are one upon the other in the depth di-
rection of the slot. An end-portion of each of the teeth is asymmetric with respect
to a geometric plane that is parallel with the shaped conductors placed in the slots
and perpendicular to an air-gap surface defined by the teeth, and divides a cross-
sectional area of the tooth under consideration into two substantially equal sized
portions

The placing of the shaped conductors in the way described above makes it possi-
ble to use the semi-closed slots together with the shaped conductors having the
rectangular cross-sectional profile. Each of the shaped conductors can be, if
needed, arranged to comprise a tubular channel for conducting water or some
other suitable liquid or gaseous cooling fluid. The tubular channel can be consti-
tuted by a hollow conductor bar or by a tube placed among the electrical conduc-
tors of the shaped conductor under consideration.

In accordance with the invention, there is provided also a new electric machine. An
electric machine according to the invention comprises at least one machine ele-
ment of the kind described above. The electric machine can be for example an in-
ner rotor radial flux electric machine, an outer rotor radial flux electric machine, an

axial flux electric machine, or a linear electric machine.
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A machine element according to the invention may constitute for example a stator
core and stator windings of a rotating electric machine, or two or more machine el-
ements according to the invention may constitute the stator core and the stator
windings of the electric machine so that each machine element constitutes one
stator segment. It is also possible that the rotor of a rotating electric machine com-

prise one or more machine elements according to the invention.

In accordance with the invention, there is provided also a new method for manu-
facturing a machine element of the kind described above. The method comprises
placing, in each of the slots, those of the shaped conductors belonging to an up-
most row that is closest to the slot opening so that:

- particular ones of the shaped conductors constituting one or more portions
of the upmost row that are farthest from the slot opening are placed first,

and

- one or more of the shaped conductors constituting a portion of the upmost
row that is closest to the slot opening are placed subsequently.

In cases where the cross-sections of the slots are symmetrical, the portions of the
upmost row that are farthest from the slot opening are the ends of the upmost row
and the portion of the upmost row that is closest to the slot opening is the middle
portion of the upmost row. In a case where the cross-sections of the slots are
asymmetrical, the situation can be, for example but not necessarily, such that one
end of the upmost row represents a portion that is farthest from the slot opening
whereas the other end of the upmost row represents a portion that is closest to the

slot opening.

A number of exemplifying and non-limiting embodiments of the invention are de-

scribed in accompanied dependent claims.

Various exemplifying and non-limiting embodiments of the invention both as to
constructions and to methods of operation, together with additional objects and
advantages thereof, will be best understood from the following description of spe-
cific exemplifying and non-limiting embodiments when read in connection with the

accompanying drawings.
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The verbs “to comprise” and “to include” are used in this document as open limita-
tions that neither exclude nor require the existence of unrecited features. The fea-
tures recited in dependent claims are mutually freely combinable unless otherwise
explicitly stated. Furthermore, it is to be understood that the use of “a” or “an”, i.e.
a singular form, throughout this document does not exclude a plurality.

Brief description of the figures

Exemplifying and non-limiting embodiments of the invention and their advantages
are explained in greater detail below in the sense of examples and with reference

to the accompanying drawings, in which:

figures 1a and 1b illustrate a part of a machine element according to an exemplify-

ing and non-limiting embodiment of the invention,

figure 1c illustrates a part of a machine element according to another exemplifying

and non-limiting embodiment of the invention,

figure 2 illustrates an electric machine according to an exemplifying and non-

limiting embodiment of the invention,

figure 3 illustrates a method according to an exemplifying and non-limiting embod-

iment of the invention for manufacturing a machine element, and

figure 4 illustrates a part of a machine element according to an exemplifying and

non-limiting embodiment of the invention.
Description of the exemplifying embodiments

The specific examples provided in the description given below should not be con-
strued as limiting the scope and/or the applicability of the appended claims. Lists
and groups of examples provided in the description given below are not exhaus-
tive unless otherwise explicitly stated.

Figure 1a shows a section view of a part of a machine element 101 according to
an exemplifying and non-limiting embodiment of the invention. The section plane is

parallel with the xy-plane of a coordinate system 199. The machine element 101
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can be a part of a stator of an inner rotor radial flux machine or a part of a rotor of
an outer rotor radial flux machine so that the axis of rotation is parallel with the z-
axis of the coordinate system 199. The machine element 101 comprises a core el-
ement 107 and at least one winding 112. The core element 107 comprises a yoke
section 108 and teeth connected to the yoke section. As shown in figure 1a, semi-
closed slots are formed between adjacent ones of the teeth. In figure 1a, two of
the teeth are denoted with reference numbers 109 and 110 and one of the slots is
denoted with a reference number 111. The core element 107 is integral so that
portions of the core element that comprise adjacent ones of the teeth are insepa-
rable from each other without material destructive actions, e.g. cutting. The core
element 107 is made of, or at least comprises, ferromagnetic material. The core
element 119 may comprise a stack of ferromagnetic sheets that are electrically in-
sulated from each other and stacked in the longitudinal direction of the slots, i.e. in
the z-direction of the coordinate system 199.

The winding 112 is constituted by shaped conductors each comprising a core por-
tion and a layer of electrically insulating material surrounding the core portion. In
figure 1a, one of the shaped conductors is denoted with a reference number 113.
As illustrated in figure 1a, the shaped conductors have a substantially rectangular
profile so that the width of the shaped conductors is smaller than the width of the
slot openings of the slots. Concerning the slot 111, the widths of the shaped con-
ductors and the slot opening are measured in the x-direction of the coordinate sys-
tem 199. The shaped conductors are placed to form, in each of the slots, an array
having rows so that the rows are in the lateral direction of the slot, the rows are
wider than the slot opening, and the rows are one upon the other in the depth di-
rection of the slot. In figure 1a, the rows related to the slot 111 are denoted with
reference numbers 116, 117,118, 119, 120, and 121.

Figure 1b shows a section view of the shaped conductor 113. In figure 1b, the core
portion of the shaped conductor 113 is denoted with a reference number 114 and
the layer of the electrically insulating material is denoted with a reference number
115. The core portion 114 comprises electrically conductive material for conduct-
ing electric current. The electrically conductive material may comprise for example
copper. In the exemplifying case illustrated in figure 1a and 1b, the core portion
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114 comprises a bundle of filaments each comprising the electrically conductive
material. In figure 1b, one of the filaments is denoted with a reference number 122.
The bundle of the filaments may comprise for example one or more Litz wires
where the filaments are individually insulated and twisted and/or woven together.
Figure 1c shows a section view of a shaped conductor 133 of a machine element
according to another exemplifying and non-limiting embodiment of the invention. In
this exemplifying case, the core portion 134 of the shaped conductor 133 compris-
es bars 136 and 137 made of electrically conductive material and positioned with
respect to each other so that the bars form a substantially rectangular cross-
sectional profile. The bars 136 and 137 are surrounded by a layer 135 of electrical-
ly insulating material. It is also possible that the core portion of each shaped con-
ductor comprises only one bar made of electrically conductive material.

In the exemplifying machine element illustrated in figures 1a and 1b and in the
other exemplifying machine element whose shaped conductor is illustrated in fig-
ure 1c¢, the core portion of each shaped conductor comprises a tubular channel for
conducting cooling fluid in the longitudinal direction of core portion. The tubular
channel can be constituted by a hollow conductor bar or a tube placed among
electrical conductors. In figure 1b, the tubular channel of the shaped conductor
113 is denoted with a reference number 123, and in figure 1b, the tubular channel
of the shaped conductor 133 is denoted with a reference number 138. The tubular
channels 123 and 138 are constituted by tubes placed among electrical conduc-
tors of the shaped conductor. The tubes can be made of different material than the
electrical conductors. The tubes can be made of for example stainless steel so as
to provide a good resistance against corrosion and erosion.

Figure 2 shows a section view of an electric machine according to an exemplifying
and non-limiting embodiment of the invention. The section plane is parallel with the
xy-plane of a coordinate system 299. In this exemplifying case, the electric ma-
chine is an inner rotor radial flux machine that comprises permanent magnets in its
rotor 224. In figure 2, one of the permanent magnets is denoted with a reference
number 225. The axis of rotation of the rotor 224 is parallel with the z-axis of the
coordinate system 299. A stator 224 of the electric machine comprises machine
elements 201, 202, 203, 204, 205, and 206 according to an embodiment of the in-
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vention. Each of the machine elements 201-206 can be for example such as de-
scribed above with reference to figures 1a and 1b or 1c.

Figure 3 illustrates a method according to an exemplifying and non-limiting embod-
iment of the invention for manufacturing a machine element of the kind described
above with reference to figures 1a and 1b or 1¢. The method is illustrated with ref-
erence to the slot 111 shown in figure 3. In phase 301, the upmost row 116 of the
shaped conductors is missing. In phase 302, the shaped conductor constituting
one end of the upmost row 116 has been placed and the shaped conductor consti-
tuting the other end of the upmost row 116 is being placed. In phase 303, the
shaped conductors constituting the ends of the upmost row 116 have been placed,
one of the shaped conductors constituting the middle portion of the upmost row
116 has been placed, and another of the shaped conductors constituting the mid-
dle portion of the upmost row 116 is being placed. In phase 304, the shaped con-
ductors belonging to the slot 111 have all been placed. Further method phases
may include for example installing slot wedges and/or casting or injecting resin or

some other suitable impregnation material.

Figure 4 shows a section view of a part of a machine element 401 according to an
exemplifying and non-limiting embodiment of the invention. The section plane is
parallel with the xy-plane of a coordinate system 499. The machine element 401
comprises a core element 407 and at least one winding 412. The core element
407 comprises a yoke section 408 and teeth connected to the yoke section. As
shown in figure 4, semi-closed slots are formed between adjacent ones of the
teeth. In figure 4, two of the teeth are denoted with reference numbers 409 and
410 and one of the slots is denoted with a reference number 411. The core ele-
ment 407 is integral so that portions of the core element that comprise adjacent
ones of the teeth are inseparable from each other without material destructive ac-
tions, e.g. cutting. The winding 412 comprises shaped conductors having substan-
tially rectangular cross-sectional profiles and placed in the slots as illustrated fig-
ure 4 where one of the shaped conductors is denoted with a reference number
413.
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In the exemplifying machine element illustrated in figure 4, the end-portion of each
tooth is asymmetric with respect to a geometric plane that is parallel with the
shaped conductors placed in the slots and perpendicular to the air-gap surface de-
fined by the teeth, and divides the cross-sectional area of the tooth under consid-
erations into two substantially equal sized portions. In figure 4, the geometric plane
of the kind mentioned above and related to the tooth 409 is depicted with a dashed
line and denoted with a reference number 440. Due to the asymmetrical teeth, the
machine element illustrated in figure 4 is more suitable for cases where circumfer-
ential force acting on the teeth is in the negative x-direction of the coordinate sys-
tem 199 than for cases where the circumferential the force is in the positive x-
direction. Thus, an electrical machine comprising a machine element of the kind il-
lustrated in figure 4 is more suitable for generating torque in one direction than in
the other direction. However, in some cases, a winding of a machine element of
the kind illustrated in figure 4 can be easier to manufacture than a winding of a

machine element having symmetrical teeth and slots.

The specific examples provided in the description given above should not be con-
strued as limiting the applicability and/or the interpretation of the appended claims.
Lists and groups of examples provided in the description given above are not ex-
haustive unless otherwise explicitly stated.
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What is claimed is:

1. A machine element (401) for an electric machine, the machine element com-

prising:

- acore element (407) comprising a yoke section (408) and teeth (409, 410)
connected to the yoke section, semi-closed slots (411) being formed be-
tween adjacent ones of the teeth and the core element being integral so
that portions of the core element comprising adjacent ones of the teeth are
inseparable from each other without material destructive actions, and

- at least one winding (412) constituted by shaped conductors (113) each
comprising a core portion (114) and a layer (115) of electrically insulating
material surrounding the core portion, the core portion comprising electrical-

ly conductive material for conducting electric current,

wherein each of the shaped conductors has a substantially rectangular cross-
sectional profile so that a width of the shaped conductors is smaller than a width of
slot openings, and the shaped conductors are placed to form, in each of the slots,
an array having rows (116-121) so that the rows are in a lateral direction of the
slot, the rows are wider than the slot opening, and the rows are one upon the other
in a depth direction of the slot, characterized in that an end-portion of each of the
teeth is asymmetric with respect to a geometric plane that is parallel with the
shaped conductors placed in the slots and perpendicular to an air-gap surface de-
fined by the teeth, and divides a cross-sectional area of the tooth under considera-
tion into two substantially equal sized portions.

2. A machine element according to claim 1, wherein the core portion (114) of
each of the shaped conductors comprises a bundle of filaments (122) each com-

prising the electrically conductive material.

3. A machine element according to claim 1, wherein the core portion of each of
the shaped conductors comprises only one bar made of the electrically conductive

material.

10
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4. A machine element according to claim 1, wherein the core portion of each of
the shaped conductors comprises bars (136, 137) made of the electrically conduc-
tive material and positioned with respect to each other so that the bars form the

substantially rectangular cross-sectional profile.

5. A machine element according to any of claims 1-4, wherein the core portion
of each of the shaped conductors comprises a tubular channel (123, 138) for con-
ducting cooling fluid in a longitudinal direction of the shaped conductor under con-
sideration.

6. A machine element according to claim 5, wherein core portion of each of the
shaped conductors comprises a tube constituting the tubular channel.

7. A machine element according to claim 6, wherein the tube is made of materi-
al different from the electrically conductive material for conducting the electric cur-

rent.

8.  An electric machine comprising at least one machine element (201-206) ac-
cording to any of claims 1-7.

9. An electric machine element according to claim 8, wherein a rotor of the elec-

tric machine comprises the machine element according to any of claims 1-7.

10. An electric machine element according to claim 8 or 9, wherein a stator (224)
of the electric machine comprises the machine element according to any of claims
1-7.

11. A method for manufacturing a machine element according to any of claims 1-
7, characterized in that the method comprises placing, in each of the slots, those
of the shaped conductors belonging to an upmost one of the rows (116) that is
closest to the slot opening so that:

- particular ones of the shaped conductors constituting one or more portions
of the upmost row that are farthest from the slot opening are placed (302)
first, and

11
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- one or more of the shaped conductors constituting a portion of the upmost
row that is closest to the slot opening are placed (303) subsequently.

12
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AMENDED CLAIMS
received by the International Bureau on 06 October 2016 (06.10.2016)

1. A machine element (401) for an electric machine, the machine element com-

prisingr

- a core element (407) comprising a yoke section (408) and teeth (409, 410)
connected to the yoke section, semi-closed slots (411) being formed be-
tween adjacent ones of the teeth and the core element being integral so
that portions of the core element comprising adjacent ones of the teeth are

inseparable from each other without material destructive actions, and

- at least one winding (412) constituted by shaped conductors (113) each
comprising a core portion (114) and a layer (115) of electrically insulating
material surrounding the core portion, the core portion comprising electrical-
ly conductive material for conducting electric current,

wherein each of the shaped conductors has a substantially rectangular cross-
sectional profile so that a width of the shaped conductors is sm‘aller than a width of
slot openings, and the shaped conductors are placed to form, in each of the slots,
an array having rows (116-121) so that the rows are in a lateral direction of the
slot, the rows are wider than the slot opening, and the rows are one upon the other

in a depth direction of the slot.

2. A machine element according to claim 1, wherein the core portion (114) of
each of the shaped conductors comprises a bundle of filaments (122) each com-

prising the electrically conductive material.

3. A machine element according to claim 1, wherein the core portion of each of
the shaped conductors comprises only one bar made of the electrically conductive

material.

4. A machine element according to claim 1, wherein the core portion of each of
the shaped conductors comprises bars (136, 137) made of the electrically conduc-
tive material and positioned with respect to each other so that the bars form the

substantially rectangular cross-sectional profile.

13
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5. A machine element according to any of claims 1-4, wherein the core portion
of each of the shaped conductors comprises a tubular channel (123, 138) for con-
ducting cooling fluid in a longitudinal direction of the shaped conductor under con-

sideration.

6. A machine element according to claim 5, wherein core portion of each of the

shaped conductors comprises a tube constituting the tubular channel.

7. A machine element according to claim 6, wherein the tube is made of materi-
al different from the electrically conductive material for conducting the electric cur-

rent.

8.  An electric machine comprising at least one machine element (201-206) ac-

cording to any of claims 1-7.

9. An electric machine element according to claim 8, wherein a rotor of the elec-

tric machine comprises the machine element according to any of claims 1-7.

10. An electric machine element according to claim 8 or 9, wherein a stator (224)
of the electric machine comprises the machine element according to any of claims
1-7.

11. A method for manufacturing a machine element according to any of claims 1-
7, characterized in that the method comprises placing, in each of the slots, those
of the shaped conductors belonging to an upmost one of the rows (116) that is

closest to the slot opening so that:

- particular ones of the shaped conductors constituting one or more portions
of the upmost row that are farthest from the slot opening are placed (302)

first, and

- one or more of the shaped conductors constituting a portion of the upmost

row that is closest to the slot opening are placed (303) subsequently.

14
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- one or more of the shaped conductors constituting a portion of the upmost
row that is closest {o the slot opening are placed (303) subsequently.

15
AMENDED SHEET (ARTICLE 19)
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