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(57) Abstract: An object of the invention is to provide a
stator of an electrical machine that is straightforward to as-
semble and for which an efficient liquid cooling can be ar-
ranged. The stator comprises a stator core (801) having a
plurality of stator teeth and stator slots, and a stator wind -
ing having a plurality of stator coils (803). The width of
cach stator coil 1s one stator slot pitch, and the stator teeth
are shaped to allow each stator coil to be installed by push -
ing the stator coil to surround one of the stator teeth. The
stator coils comprise tubular cooling channels (804) for
con- ducting cooling liquid m the stator slots. The stator
winding is designed by taking into account the aspects re-
lated to the liquid cooling, and it has been noticed that a
stator winding structure which 1s advantageous for arran-
ging the liquid cooling has satisfactory electrical and mag-
netic properties t0o.
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A stator of an electrical machine and an electrical machine

Field of the invention

The invention relates generally to rotating electrical machines. More particularly,
the invention relates to a liquid cooled stator of an electrical machine and to a lig-

uid cooled rotating electrical machine.
Background

Power plants comprising a direct driven generator have several advantages, such
as high mechanical reliability and low mechanical losses, due to the fact that there
IS N0 gear between the generator and a prime mover, €.g. a turbine, of the power
plant. In many applications, a drawback of directly driven generators is that the
mechanical size of the generator and thereby its weight can be quite big because
the mechanical size is determined by the required maximum torque and the cool-
ing of the generator. In a radial flux electrical machine, the maximum torque is
proportional to the product of the air-gap radius, the area of the air-gap surface,
the magnetic flux density (Tesla) in the air-gap and, the linear current density
(Amperes/meter) in air-gap surface. Hence, without increasing the mechanical size
of the electrical machine, the maximum torque can be increased by increasing the
linear current density because the magnetic flux density cannot practically be in-
creased any more when it is above the saturation point of iron. Increasing the line-
ar current density increases, however, the resistive losses in a winding that pro-
duces the linear current density, and therefore the cooling of the said winding has

to be made more effective.

The most effective method for cooling the winding of an electrical machine is a lig-
uid cooling in which the cooling liquid is in contact or at least in close vicinity of
electrical conductors of the winding. The liquid cooling of the winding is traditional-
ly used in conjunction with large turbo-generators in which the electrical conduc-
tors of stator coils can be hollow so as to allow the cooling liquid to flow inside the
electrical conductors. For example, the publication UA73661 discloses a liquid

cooled stator of an electrical machine. The stator comprises a magnetic core with
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hydrogen cooling and a three-phase winding having hollow bars for the cooling
liquid. Hydrogen pressure in the hydrogen cooling system of the magnetic core
corresponds to liquid pressure in the liquid cooling system of the winding. A gen-
eral inconvenience related to liquid cooled windings is that manufacturing and as-

sembling of a liquid cooled winding is more complex and expensive than manufac-

turing and assembling of an air cooled winding.

Summary

In accordance with the first aspect of the invention, there is provided a new stator
for an electrical machine. The stator according to the invention comprises:

- a stator core comprising a plurality of stator teeth and stator slots, and

- a stator winding comprising a plurality of stator colls,

wherein:

- width of each stator coil is one stator slot pitch,

- the stator teeth are shaped to allow each stator coil to be installed by push-
ing the stator coil to surround one of the stator teeth without changing the
shape of the stator coil, and

- the stator coils comprise cooling tubes made of different material than elec-
trical conductors of the stator coils and attached to the electrical conductors
of the stator coils, the cooling tubes forming tubular cooling channels for
conducting cooling liquid in the stator siots in the longitudinal direction of
the electrical conductors of the stator coils and among the electrical con-

ductors of each of the stator coils.

As the stator teeth are shaped to allow each stator coil to be installed by pushing
the stator coil to surround one of the stator teeth, the liquid cooled stator coils can
be assembled before installing them to the stator core. Hence, the present inven-
tion solves a technical problem which is present in prior art electrical machines
equipped with a liquid cooled stator winding, namely that it is complicated to equip
such a stator winding, which is typical to multiphase alternating current electrical
machines, with liquid cooling. In conjunction with the present invention, the view-
point has been reversed so that the stator winding is designed by taking into ac-
count the aspects related to the liquid cooling, and it has been noticed that the
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above-described stator structure which is advantageous for arranging the liquid
cooling has also satisfactory electrical and magnetic properties when used, for ex-

ample, in a low-speed wind turbine generator.

In an advantageous exemplifying embodiment of the present invention, the tubular
cooling channels are formed by cooling tubes made of ditferent material than the
electrical conductors of the stator coils and attached to the electrical conductors of
the stator colils. In this case, the material of the cooling tubes can be selected on
the basis of aspects related to resistance against corrosive and erosive effects of
the cooling liquid and the material of the electrical conductors can be selected on
the basis of aspects related to electrical properties. Hence, the need for compro-
mises In the above-mentioned aspects is reduced. The cooling tubes can be made
of, for example, stainless steel and the electrical conductors can be made of, for
example, copper. Furthermore, when the stator coils comprise separate cooling
tubes and electrical conductors, it is more straightforward to connect the stator
winding to a liquid circulation system than in a case in which there are hollow elec-

trical conductors which constitute the tubular channels for the cooling liquid.

In accordance with the second aspect of the invention, there is provided a new
electrical machine. The electrical machine according to the invention comprises a

rotor and a stator, wherein the stator comprises:
- a stator core comprising a plurality of stator teeth and stator slots, and
- a stator winding comprising a plurality of stator coils,

wherein:
- width of each stator coil is one stator slot pitch,

- the stator teeth are shaped to allow each stator coil to be installed by push-
ing the stator coil to surround one of the stator teeth without changing the

shape of the stator coil, and
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- the stator coils comprise tubular cooling channels for conducting cooling
liquid in the stator slots in the longitudinal direction of electrical conductors

of the stator coills.

The electrical machine can be, for example, a directly driven wind turbine genera-
tor and its rotor may comprise permanent magnets for producing an excitation

magnetic flux.

The electrical machine can be an inner rotor radial flux machine, an outer rotor ra-

dial flux machine, or an axial flux machine.

A number of exemplifying embodiments of the invention are described in accom-

panied dependent claims.

Various exemplifying 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 specific exemplifying embod-

iIments when read Iin connection with the accompanying drawings.

The verb "to comprise” Is used in this document as an open limitation that neither
excludes nor requires the existence of unrecited features. The features recited in
depending claims are mutually freely combinable unless otherwise explicitly stat-
ed.

Brief description of the figures

The exemplitying embodiments of the invention and their advantages are ex-
plained in greater detail below in the sense of examples and with reference to the

accompanying drawings, in which:

figure 1 shows a schematic illustration of a stator according to an embodiment of

the Invention,

figure 2 shows a schematic illustration of a stator according to an embodiment of

the Invention,
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figure 3 shows a schematic illustration of a stator according to an embodiment of

the Invention,

figures 4a and 4b illustrate a stator coil of a stator according to an embodiment of

the Invention,

figures 5a and 5b illustrate a stator coil of a stator according to an embodiment of

the Invention,

figures 6a and 6b illustrate a stator coil of a stator according to an embodiment of

the Invention,

figure 7 illustrates a stator coil of a stator according to an embodiment of the in-

vention,
figure 8 shows a part of a stator according to an embodiment of the invention, and

figure 9 shows a schematic illustration of an electrical machine according to an

embodiment of the invention.
Description of the exemplifying embodiments

Figure 1 shows a schematic illustration of a stator 100 according to an embodi-
ment of the invention. The stator comprises a stator core 101 having a plurality of
stator teeth 102 and stator slots between adjacent stator teeth. The stator core is
preferably made of steel sheets that are electrically insulated from each other and
that are stacked in the direction perpendicular to the plane of figure 1. The stator
comprises a stator winding having a plurality of stator coils 103. The width of each
stator coll is one stator slot pitch, and the stator teeth are shaped to allow each
stator coil to be installed by pushing the stator coil to surround one of the stator
teeth. The electrically series connected turns of the stator coils are electrically in-
sulated from each other, and the required strength of the insulation depends on
the voltage level being used. The stator coils comprise tubular cooling channels for
conducting cooling liquid in the stator slots in the longitudinal direction of electrical
conductors of the stator coils. As the stator teeth are shaped to allow each stator

coll to be installed by pushing the stator coil to surround one of the stator teeth and
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the end-windings of the stator coils do not crisscross with each other, the liquid
cooled stator coils 103 can be assembled before installing them to the stator core
101.

In the exemplifying stator illustrated in figure 1, the tubular cooling channels are
formed by cooling tubes 104 that are attached to the electrical conductors of the
stator coils. Figure 1 shows the terminals 106 of the electrical conductors of the
stator coils. It is also possible that the electrical conductors of the stator coils 103
are tubular so that the electrical conductors form the tubular cooling channels.
However, the structure in which the tubular cooling channels are formed by cooling
tubes 104 that are attached to the electrical conductors of the stator coils has cer-
tain advantages. Firstly, the cooling tubes 104 can be made of different material
than the electrical conductors of the stator coils. Therefore, the material of the
cooling tubes 104 can be selected on the basis of aspects related to resistance
against corrosive and erosive effects of the cooling liquid and the material of the
electrical conductors can, in turn, be selected on the basis of aspects related to
electrical properties. Hence, the need for compromises in the above-mentioned
aspects is reduced. The cooling tubes 104 can be made of, for example, stainless
steel and the electrical conductors can be made of, for example, copper. Further-
more, when the stator coils comprise separate cooling tubes and electrical con-
ductors, it is more straightforward to connect the stator winding to a liquid circula-
tion system than in a case in which there are hollow electrical conductors which

constitute the tubular channels for the cooling liquid.

The stator illustrated in figure 1 has eight stator teeth and thereby eight stator
slots. As evident, this number of stator teeth and slots is only an example and sta-
tors according to various embodiments of the invention may have a different num-
ber of stator teeth and slots. For example, if the stator coils are connected to con-
stitute a symmetrical three phase system, the number of stator teeth and slots is
advantageously 3 x N, where N is an integer. The stator coils 103 can be connect-
ed via their terminals 105 in a desired manner in parallel and/or in series in order

to achieve a desired voltage level.



CA 02849231 2014-03-19
WO 2012/052618 PCT/FI12011/050904

/

In a stator according to an embodiment of the invention, the stator core 101 con-
sists of a plurality of stator segments 121, 122, 123, 124, 125, 126, 127, and 128

that are joined to each other in the tangential direction.

In a stator according to an embodiment of the invention, the stator winding is coat-
5 ed with a layer of resin so as to protect the stator winding against external stress-

es. The resin can be, for example, epoxy resin.

The stator illustrated in figure 1 is a stator for an inner rotor radial flux electrical
machine. Figure 2 shows a schematic illustration of a stator 200 according to an
embodiment of the invention for an outer rotor radial flux electrical machine. The

10  stator 200 comprises:

- a stator core 201 comprising a plurality of stator teeth 202 and stator slots,

and
- a stator winding comprising a plurality of stator coils 203,
wherein:
15 - width of each stator coil is one stator slot pitch,

- the stator teeth are shaped to allow each stator coil to be installed by push-

ing the stator coil to surround one of the stator teeth, and

- the stator coils comprise tubular cooling channels 204 for conducting cool-
ing liquid in the stator slots in the longitudinal direction of electrical conduc-

20 tors of the stator coils.

Figure 3 shows a schematic illustration of a stator 300 according to an embodi-
ment of the invention for an axial flux electrical machine. The stator 300 compris-

eS.

- a stator core 301 comprising a plurality of stator teeth 302 and stator slots,
25 and

- a stator winding comprising a plurality of stator coils 303,
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wherein:
- width of each stator coll is one stator slot pitch,

- the stator teeth are shaped to allow each stator coll to be installed by push-

ing the stator coil to surround one of the stator teeth, and

- the stator coils comprise tubular cooling channels 304 for conducting cool-
iIng liquid in the stator slots in the longitudinal direction of electrical conduc-

tors of the stator coils.

In a stator according to an embodiment of the invention, the electrical conductor of
each stator coil stator coil comprises two electrically parallel connected bars of
electrically conductive material and the tubular cooling channel of each stator coll
Is formed by a cooling tube placed between the bars. The electrically conductive
material can be, for example, copper and the cooling tube can be made of, for ex-
ample, stainless steel. Figures 4a and 4b illustrate a stator coil 403 of a stator ac-
cording to the above-described embodiment of the invention. Figure 4b shows a
section taken along the line A-A of figure 4a. Figure 4b contains a magnification
411 of the area 410. The stator coil 403 comprises an electrical conductor 405 that
Is composed of bars 407 and 408 of electrically conductive material. The bars 407
and 408 are connected to electrical terminals 406 of the stator coil. The stator coll
comprises a cooling tube 404 placed between the bars 407 and 408. The stator
coil 403 further comprises electrically insulating connecting elements 409 at the

ends of the cooling tube 404.

In a stator according to an embodiment of the invention, the electrical conductor of
each stator coil comprises a sleeve of electrically conductive material and the
tubular cooling channel of each stator coil is formed by a cooling tube placed in-
side the sleeve of the electrically conductive material. The electrically conductive
material can be, for example, copper and the cooling tube can be made of, for ex-
ample, stainless steel. Figures 5a and 5b illustrate a stator coil 503 of a stator ac-
cording to the above-described embodiment of the invention. Figure 5b shows a
section taken along the line A-A of figure 5a. Figure 5b contains a magnification

511 of the area 510. The stator coil 503 comprises an electrical conductor 505 that
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s a sleeve 507 of electrically conductive material. The sleeve of the electrically
conductive material is connected to electrical terminals 506 of the stator coil. The
stator coil comprises a cooling tube 508 surrounded by the sleeve 507. The stator
coil 503 further comprises electrically insulating connecting elements 509 at the

ends of the cooling tube 504.

In a stator according to an embodiment of the invention, the electrical conductor of
each stator coil comprises a bundle of electrically parallel connected wires of elec-
trically conductive material, and the tubular cooling channel of each stator coil is
formed by a cooling tube placed inside the bundle. The electrically conductive ma-
terial can be, for example, copper and the cooling tube can be made of, for exam-
ple, stainless steel. Each the stator coils further comprises electrical insulator ma-
terial between adjacent wires of the electrically conductive material. The wires can
be, for example, Litz wires which consist of many thin wire strands that are individ-
ually insulated and twisted or woven together. The insulation can be made using,
for example, the vacuum impregnation method. A stator according to this embodi-
ment of the invention is better suitable for high frequency currents than a stator in
which electrical conductors are made of solid material. Figures 6a and 6b illustrate
a stator coil 603 of a stator according to the above-described embodiment of the
invention. Figure 6b shows a section taken along the line A-A of figure 6a. Figure
6b contains a magnification 611 of the area 610. The stator coil 603 comprises an
electrical conductor 605 that is a bundle 607 of electrically parallel connected
wires of electrically conductive material. The bundle 607 is connected to electrical
terminals 606 of the stator coil. The stator coil comprises a cooling tube 608 sur-
rounded by the wires of the bundle 607. The stator coil 603 further comprises elec-

trically insulating connecting elements 609 at the ends of the cooling tube 604.

In a stator according to an embodiment of the invention, each stator coil comprises
two cooling tubes which constitute parallel paths for the cooling liquid and the elec-
trical conductors attached to these two cooling tubes are electrically series con-
nected. Hence, an effective cooling can be arranged in a situation in which there
are several turns in series in the stator colls. Figure 7 illustrates a stator coil 703 of
a stator according to the above-described embodiment of the invention. The stator

coil 703 comprises two cooling tubes 704 and 704" which constitute parallel paths
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for the cooling liquid and the electrical conductors attached to these two cooling

tubes are electrically series connected between end terminals 706.

Figure 8 shows a part of a stator according to an embodiment of the invention. The
stator comprises a stator core 801 having a plurality of stator teeth and stator
slots, and a stator winding having a plurality of stator coils 803. The width of each
stator coll Is one stator slot pitch, and the stator teeth are shaped to allow each
stator coil to be installed by pushing the stator coil to surround one of the stator
teeth. The stator coils comprise tubular cooling channels for conducting cooling
liquid In the stator slots in the longitudinal direction of electrical conductors of the
stator colils. In the case shown in figure 8, the stator coils comprise cooling tubes
804 that form the tubular cooling channels. The cooling tubes are connected with
electrically insulating connecting elements 809 to a manifold 830 of a cooling liquid
circulation system. The stator coils 803 can be locked to the stator slots for exam-

ple by using slot wedges that are mounted to the openings of the stator slots

Figure 9 shows a schematic illustration of an electrical machine according to an
embodiment of the invention. The electrical machine comprises a rotor 960 and
stator 900. The stator comprises a stator core having a plurality of stator teeth and

stator slots, and a stator winding having a plurality of stator coils, wherein:
- width of each stator coil is one stator slot pitch,

- the stator teeth are shaped to allow each stator coll to be installed by push-

ing the stator coil to surround one of the stator teeth, and

- the stator coils comprise tubular cooling channels for conducting cooling
liquid in the stator slots in the longitudinal direction of electrical conductors

of the stator coills.

The above-described technical features of the stator 900 are not shown in figure 9
but the stator can be, for example, according to what is presented in figure 8. The
stator further comprises a three-phase electrical terminal 906 for connecting to an
external electrical system and pipelines 904 for connecting to an external cooling

liquid circulation system.
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The rotor 960 comprises permanent magnets 941, 942, 943, 944, 945, 946, 947/,
948, 949, and 950 for producing an excitation magnetic flux. The arrows shown In
the permanent magnets 941-950 illustrate the directions of magnetization of the
permanent magnets. It is also possible that the rotor comprises, instead of or in
addition to the permanent magnets, excitation windings for producing excitation

magnetic flux.

In an electrical machine according to an embodiment of the invention, the number
of magnetic poles produced with the permanent magnets of the rotor is greater
than the quotient of the number of the stator teeth and the number of phases of
the stator winding, i.e. Q/m/p < 1, where Q is the number of the stator teeth, m is
the number of the phases of the stator winding, and p is the number of the mag-

netic poles of the rotor.

In the electrical machine illustrated in figure 9, the number of phases is m = 3 and
the number of magnetic poles produced with the permanent magnets 941-950 of
the rotor is p = 10. If, for example, the number of stator teeth is Q = 12, then Q/m/p

= 0.4, i.e. the electrical machine is a fractional slot machine.

The electrical machine illustrated in figure 9 can be, for example, a directly driven
wind turbine generator. As there is an effective cooling in the stator winding, the
maximum efficiency of the electrical machine can be optimized to correspond to
the most typical operation point instead of the nominal operation point that repre-
sents In wind power applications higher power than the most typical operating
point. Thanks to the effective cooling, greater losses can be allowed at the nominal
point and thereby the size and weight of the electrical machine can be smaller.
The cooling liquid can be, for example, water which is de-ionized or which other-

wise has sufficiently low electrical conductivity.

The specific examples provided in the description given above should not be con-
strued as limiting. Therefore, the invention is not limited merely to the embodi-

ments described above.
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What is claimed is:

1. A stator for an electrical machine, the stator comprising:

- a stator core comprising a plurality of stator teeth and stator siots, ana

- a stator winding comprising a plurality of stator colls,

5 wherein width of each stator coil is one stator slot pitch, and the stator teeth are
shaped to allow each stator coil to be installed by pushing the stator coil to
surround one of the stator teeth without changing the shape of the stator coil, and
wherein the stator coils comprise cooling tubes made of different material than
electrical conductors of the stator colls and attached to the electrical conductors of

10  the stator coils, the cooling tubes forming tubular cooling channels for conducting
cooling liquid In the stator slots in the longitudinal direction of the electrical
conductors of the stator coils and among the electrical conductors of each of the
stator coils, and wherein each electrical conductor comprises a bundle of
electrically parallel connected wires of electrically conductive material so that the

15  bundle constitutes, together with one and only one of the cooling tubes, at least a
part of a cable with a cooling channel so that a cross-section of the cooling tube is
N a center of a cross-section of the cable so that the cross-section of the cooling
tube is surrounded by the electrically parallel connected wires in all directions

perpendicular to the cooling tube.

20 2. A stator according to claim 1, wherein the cooling tubes are made of

stainless steel.

3. A stator according to claim 1, wherein the stator coils comprise electrically

insulating connecting elements at the ends of the cooling tubes.

4. A stator according to claim 1, wherein the electrical conductors of the stator

25  colls are made of copper.

5. A stator according to claim 1, wherein the stator core consists of a plurality of

stator segments.

CA 2849231 2017-12-01
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6. A stator according to claim 1, wherein the stator winding is coated with a
layer of resin so as to protect the stator winding against external stresses.

/. A stator according to claim 1, wherein the stator is one of the following: a
stator of an inner rotor radial flux machine, a stator of an outer rotor radial flux

5 machine, a stator of an axial flux machine.

8. An electrical machine comprising a rotor and a stator, wherein the stator

comprises:
- a stator core comprising a plurality of stator teeth and stator slots, and

- a stator winding comprising a plurality of stator colls,

10  wherein width of each stator coll is one stator slot pitch, and the stator teeth are
shaped to allow each stator coil to be installed by pushing the stator coil to
surround one of the stator teeth without changing the shape of the stator coil, and
wherein the stator coils comprise cooling tubes made of different material than
electrical conductors of the stator coils and attached to the electrical conductors of

15  the stator colls, the cooling tubes forming tubular cooling channels for conducting
cooling liquid In the stator slots in the longitudinal direction of the electrical
conductors of the stator coils and among the electrical conductors of each of the
stator colls, and wherein each electrical conductor comprises a bundle of
electrically parallel connected wires of electrically conductive material so that the

20  bundle constitutes, together with one and only one of the cooling tubes, at least a
part of a cable with a cooling channel so that a cross-section of the cooling tube is
in a center of a cross-section of the cable so that the cross-section of the cooling
tube Is surrounded by the electrically parallel connected wires in all directions

perpendicular to the cooling tube.

25 9. An electrical machine according to claim 8, wherein the rotor comprises

permanent magnets for producing an excitation magnetic flux.

10.  An electrical machine according to claim 9, wherein the number (p) of

magnetic poles produced with the permanent magnets is greater than the quotient

CA 2849231 2017-12-01
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of the number (Q) of the stator teeth and the number of phases (m) of the stator
winding, Q/m/p < 1.
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