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(57) Abstract: A rotor disk 110 for arotor 100 of a synchronous reluctance machine consists of a disk body material with high
magnetic permeability. In order to improve the ability of the rotor disk 110 to stand centrifugal and thermal loads, spokes 190 ex-
tending in radia direction between a shaft opening 200 and a disk periphery 170 are provided with spoke openings 220. These
spoke openings 220 extend over awide distance both in circumferential direction and in radial direction to worsen the heat con-
ducting properties of the spokes 190 and to render the spokes 190 less stiff.
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Rotor disk with spoke openings

TECHNI CAL  FI ELD

The present invention relates to a rotor disk for rotor of a
synchronous reluctance machine. The heat conduction
properties and stiffness of the rotor disk have been

nodi fied by providing openings in radial extending spokes to
thereby inprove the ability of the rotor disk to stand

centrifugal and thermal | oads.

BACKGROUND ART

Referring to figure 1, a typical rotor 100 of a synchronous
reluctance nachine consists of a plurality of rotor disks
110 stacked together in axial direction. Each rotor disk 110
conprises essentially a disk body of high nmagnetic
perneability material, and longitudinal flux barriers 120 of
low magnetic perneability material. Typically the flux
barriers 120 are created by cutting material from the disk
body, the |ow nmagnetic perneability material thereby being
air. The flux barriers 120 are configured to give the rotor
di sk 110 an anisotropic nagnetic structure such that axes of
maxi mum reluctance i.e. g-axes 130, and axes of m ninum
reluctance i.e. d-axes 140 are formed. Each pole of the
rotor disk 110 typically comprises 3-5 radial distanced
longitudinal flux barriers 120 in turns with flux paths 150
of corresponding shape. A radial extending symretry |ine of
each pole coincides with a g-axis 130. The rotor disk 110 is
mechanically self-sustained in that the flux paths 150 are
connected to one another by narrow tangential ribs 160 at a
di sk periphery 170, and eventually also with radial bridges
180 at -axes 130.

Bet ween nei ghbouring rotor poles there are spokes 190

extending in radial direction between a shaft opening 200
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and the disk periphery 170. Typically, if the spokes 190 are
symretrical, the symetry axis of each spoke 190 coincides
with a d-axis 140. The spokes 190 are typically solid

el enents consisting of the disk body material, but they may
conprise sonme holes or openings in different shapes and for
different purposes such as for inserting tie bolts or for

functioning as a flux barrier 120.

JP 2001-136717 discloses a rotor disk with relatively Ilarge
openings in the spokes. JP2001-136717 does not explain the
purpose of the openings, but the explanation is probably
related to the mechanical properties of the rotor disk. The
width of the openings at the radial inward ends of the sane
is only slightly greater than the overall wdth of the

openi ngs .

US 7,560,846 discloses in figure 13 a rotor disk conprising
triangul ar shaped openings in the spokes. The openings are
configured to receive a coupling nenmber fixing and orienting

the rotor disks together.

US 6,300,703 discloses in figure 31 a rotor disk with a |ong
and narrow opening in the spokes. US 6,300,703 does not
explain the purpose of the openings, but they appear to

function as additional flux barriers.

When a synchronous reluctance machine operates, iron |osses
in the rotor 100 cause the rotor 100 to heat up. Although
such losses are relatively low in a synchronous reluctance

machi ne, the tenperature at the flux paths 150 separated by

flux barriers 120 still may beconme quite high because the
generated heat cannot be effectively conducted away. It is
only the radial innernost flux paths 150, i.e. the spokes

190, that have a large heat conducting area towards the
rotor shaft. Al the remaining flux paths 150 are connected
to the rotor shaft only via narrow ribs 160 or bridges 180

which do not provide an adequate heat conducting capacity
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for keeping the rotor tenperatures down. Therefore, in a
conventional synchronous reluctance machine there is a great
tenperature difference between the spokes 190 and the

remaining flux paths 150 during a long-term operation.

G eat tenperature differences between different parts of a
rotor disk 110 cause thermal tensions wthin the sane.
Together with centrifugal |oad these tensions result in an
excess deformation of the rotor disk 110 which lead to
hairline cracks and ultimately destroy the rotor disk 110.
The prior art rotor disks 110 do not provide a satisfactory
solution for preventing this from happening. Figure 2 shows
a sinulated detail of a conventional rotor disk 110 in a
deforned state under a certain load condition. The
deformations in figure 2 are exaggerated for the sake of

illustration.

SUMVARY OF THE | NVENTI ON

An object of the present invention is to provide a rotor
disk with an inproved ability to stand centrifugal and
thermal loads, and to provide a corresponding synchronous

rel uctance mmachi ne.

These objects are achieved by the devices according to

appended clainms 1 and 15.

The invention is based on the realization that by providing
rotor disk spokes with openings, and to thereby worsening
heat conducting properties of the spokes, tensions caused by
tenperature differences wthin the rotor disk are reduced.

At the sane tinme the spokes become less stiff and allow
greater deformation of the rotor disk w thout pernmanent
damage to the disk body material. Even if some prior art
rotor disks conprise spokes with openings, the dinmensions of
such openings are too small for remarkably altering the heat

conduction properties or stiffness of the spokes.
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According to a first aspect of the invention, there is
provided a rotor disk for a rotor of a synchronous

rel uctance nachine. The rotor disk conprises a disk body
material wth high magnetic perneability, a plurality of

| ongitudinal flux barriers conprising a material with |ow
magnetic perneability and configured to give the rotor disk
an anisotropic magnetic structure such that at |east one
axis of maxi mum reluctance i.e. a g-axis, and at |east one
axis of mninmum reluctance i.e. a d-axis are forned, a spoke
extending in radial direction between a shaft opening and a
di sk periphery, and in circunferential direction between two
adj acent qg-axes, the spoke having a spoke area substantially
contoured by the shaft opening, the two adjacent g-axes, two
adj acent flux barriers at opposite sides of a d-axis, and
the disk periphery. Part of the spoke area is not occupied
by the disk body material, the spoke area portion or
portions not occupied by the disk body material being
distributed in circunferential direction over an angul ar
distance a of at least 25° neasured fromthe rotor disk

centre.

By not occupying the whole spoke area with the disk body
material, and by distributing the non-occupied portion in
circunferential direction over a w de angular distance,
temperature differences within the rotor disk are
effectively reduced and greater deformation of the sane is
allowed w thout permanent damage to the disk body material.

According to one enbodinment of the invention, the spoke area
portion or portions not occupied by the disk body material
are distributed in circunferential direction over an angul ar
di stance a of at least 27°, such as 30°, 33° or 35°. Even
nore even tenperature distribution is achieved and even
greater deformations allowed when the non-occupied portion

is increased in circunferential direction.
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According to one enbodinment of the invention, the spoke area
portion or portions not occupied by the disk body materi al
are distributed in circunferential direction over an angul ar
di stance a corresponding to at |east 38% such as 40% 45%
or 50% of the angular distance between two adjacent Q-axes.
Depending on the pole nunber of the rotor it may be
reasonable to express the distribution of the non-occupied
portion in circunferential direction in terms of a value

relative to the pole sector instead of an absolute val ue.

According to one enbodiment of the invention, the spoke area
portion or portions not occupied by the disk body materi al
are distributed in radial direction over a distance d
corresponding to at |east 50% such as 60% 70% or 80% of

t he maxi num di stance D between the shaft opening and the

di sk periphery. By distributing the non-occupied portion
over a long distance in radial direction, tenperature
differences within the rotor disk are further reduced and
even greater deformation of the sane is allowed wthout

per manent darmage to the disk body nmaterial.

According to one enbodiment of the invention, the spoke area
conprises a continuous portion not occupied by the disk body
material, the continuous portion extending in
circunferential direction over an angular distance a of at

| east 25°, such as 27°, 30°, 33° or 35° or, alternatively,
the continuous portion extending in circunferential

direction over an angular distance « corresponding to at

| east 38% such as 40% 45% or 50% of the angul ar distance
between two adjacent g-axes or, alternatively, the

conti nuous portion extending in radial direction over a

di stance d corresponding to at |east 50% such as 60% 70%
or 80% of the maxi mum radial distance D between the shaft
opening and the disk periphery or, alternatively, the

angul ar di stance a over which the continuous portion extends

in circunferential direction being at |least four tines, such
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as five, seven or ten tines, the angular dinension [ of the
continuous portion in the mddle of the sane in radial
direction. By nmaking the non-occupied portion continuous,
temperature differences within the rotor disk are further
reduced and even greater deformation of the sanme is allowed

wi t hout permanent damage to the disk body material.

According to one enbodinent of the invention, less than 75%
such as less than 70% or less than 65% of the spoke area is
occupied by the disk body material. Less disk body material

|l eads to further decreased heat conduction and to even |ess

stiff spokes.

According to one enbodinent of the invention, a radial
outernost part of the spoke area portion or portions not
occupied by the disk body material has a rounding in shape
of an arc of a circle extending over 200° such as over 220°.
Wth such a rounding shape nechanical stresses about this
portion are distributed evenly and stress concentration

poi nts are prevented.

According to one enbodinent of the invention, the spoke has
a cut-out at the disk periphery. A narrow cut-out at the
di sk periphery further inproves the flexibility of the spoke

at the radial outernpst portion of the sane.

According to one enbodinent of the invention, the spoke area
portion or portions not occupied by the disk body material

is filled with air. Cutting out disk body material is a
simple way of providing the non-occupied portions and |eads

to air-filled spoke openings.

According to one enbodinent of the invention, the spoke area
does not conprise but a single continuous portion not
occupied by the disk body material. Manufacturing of one
conti nuous portion appears sinpler than manufacturing of a

plurality of portions.
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According to one enbodiment of the invention, the shaft
opening conprises a key hole on a g-axis. By directing the
key holes towards g-axes the heat conduction path between
two adjacent spokes in divided into two narrow necks which
further decreases the heat conduction area towards the
shaft .

According to a second aspect of the invention, there is
provided a synchronous reluctance nachine conprising a rotor

di sk according to the description hereinbefore.

BRI EF DESCRI PTI ON OF THE DRAW NGS

The invention will be explained in greater detail wth

reference to the acconpanying draw ngs, wherein

figure 1 shows a conventional rotor of a synchronous

rel uct ance mmachi ne,

figure 2 shows a simulated detail of a conventional rotor

disk in a deforned state under different | oads,

figure 3 shows a rotor disk according to one enbodiment of

the invention, and

figure 4 shows preferred enbodinments of spokes for rotor

di sks according to the invention.

DESCRI PTI ON OF PREFERRED ENMBODI MENTS

Referring to figure 3, a rotor disk 110 with four poles is
shown. The rotor disk 110 is symetrical, each pole
conprising four flux paths 150 separated by three flux
barriers 120. The flux paths 150 are connected to one
another by narrow tangential ribs 160 at the disk periphery
170, and sone of them are additionally connected wth radial
bridges 180 crossing the flux barriers 120 in the m ddle.
The disk periphery 170 may have a circular shape, but the

shape can also be slightly non-circular and/or it may
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conprise recesses or cut-outs. About the rotor disk centre
300 there is a shaft opening 200 with four key holes 210. A
rotor shaft (not shown) is inserted into the shaft opening
200 in a conplete rotor 100. The disk body is made of

el ectri cal steel, and the flux barriers 120 consist of air-
filled openings formed by cutting out the disk body

material. Each pole has an axis of maxinmum reluctance i.e. a
g-axis 130 which coincides with a radial extending symretry
axis of each pole. Between each pair of adjacent poles there

is an axis of mninmum reluctance i.e. a d-axis 140.

At each d-axis 140 there is a spoke 190 extending in radial
direction between the shaft opening 200 and the disk
periphery 170. In circunferential direction the spokes 190
extend between two adjacent g-axes 130. Each spoke 190
thereby has a spoke area contoured by (or defined by) the
shaft opening 200 (including two key holes 210), two

adj acent g-axes 130, two adjacent flux barriers 120 at
opposite sides of a d-axis 140, and the disk periphery 170.
VWhen defining the contours of the spoke areas, the
tangential ribs 160 at the disk periphery 170 should be
omtted as well as any rounding or chanfering of the flux
barrier shape close to the disk periphery 170. Also any
bridges 180 crossing the flux barriers 120 should be
omtted. Instead, the contours should be considered to
follow the flux barrier edges and natural extensions of the
same when considering the overall shape of the whole flux

barriers 120.

Sone preferred enbodinents of spokes 190 for rotor disks 110
according to the invention are shown in figures 4a-4f. The
spoke areas are not conpletely occupied by the disk body
material but they are provided wth spoke openings 220 in
different shapes. Figures 4a-4c show three different spokes
190, each with a single continuous spoke opening 220 in
shapes of a funnel 230, the Eiffel Tower 240 and a letter T
250, respectively. Figure 4d shows a spoke 190 with a
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plurality of round openings 260 together formng a shape of
a funnel. Figure 4e shows a spoke 190 with an arc-shaped
narrow opening 270 close to the shaft opening 200, and wth
a narrow cut-out 280 at the disk periphery 170. Finally,
figure 4e shows a spoke 190 with two symmetrical openings
310 .

The spoke openings 220 cause the heat conduction path
between the radial outernpst parts of the spokes 190 and the
rotor shaft to increase in length and to decrease in cross
section conpared with solid spokes 190. The heat conducting
properties of the spokes 190 are thereby worsened, and as a
result the radial outernost parts of the spokes 190 becone
warner during operation of the machine. This brings the
spoke tenperature closer to the already high tenperature of
the remaining flux paths 150, and tensions caused by
tenperature differences within the rotor disk 110 are
reduced. It is to be noted that in contrast to induction
machi nes (increased copper |osses) and permanent magnet
machi nes (weakened magnetic field) , the increased rotor
tenmperature does not have any negative effect on performance

in a synchronous reluctance nachine.

The spoke openings 220 also render the spokes 190 less stiff
and allow greater deformation of the same w thout pernmanent
danmage to the rotor disk material. This has significance
when centrifugal forces in a rotating rotor 100 tend to
deform the rotor disks 110 by drawing the flux paths 150
outwards. The radial outernost parts of the spoke openings
220 may be provided with a rounding 290 in a shape of an arc
of an alnmost full circle according to figures 4b and 4c.
Such a rounding 290 distributes nechanical stresses about
this portion evenly over the whole length of the rounding
290 and prevents stress concentration points from occurring.
The narrow cut-out 280 at the disk periphery 170 according
to figure 4e further inproves the flexibility of the spoke

190 at the radial outernpst portion of the sane.
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Looking closer at the spoke 190 of figure 4a, the spoke
opening 220 extends in circunferential direction over an
angul ar distance a of about 45° neasured from the rotor disk
centre 300. This corresponds to about 50% of the angul ar

di stance (90°) between two adjacent ¢-axes 130. In radial
direction the spoke opening 220 extends over a distance d
corresponding to about 82% of the maxi mum distance D between
the shaft opening 200 and the disk periphery 170. The

angul ar distance a (45°) over which the spoke opening 220
extends in circunferential direction is about 16 tinmes the
angul ar dinmension B (2,85°) of the spoke opening 220 in the
mddle of the same in radial direction. Only about 63% of
the spoke area is occupied by the disk body material while
the rest is occupied by the spoke opening 220.

The key holes 210 are directed towards g-axes 130 in order
to divide the heat conduction path between two adjacent
spokes 190 into two narrow necks instead of one broader one.
Such a division further inproves the mechanical and thernal

properties of the spokes 190.

The invention is not Ilimted to the enbodi nents shown above,
but the person skilled in the art may, of course, nodify
them in a plurality of ways within the scope of the
invention as defined by the clainms. Thus, for exanple, the
invention is not limted to rotor disks 110 with spoke
openings 220 filled with air but the spoke openings 220 nay
be filled with any thermally isolating material. Al so, the
pol e nunber of the rotor is not limted to four, but the
pol e nunber may be two, six, eight, or even greater.

Finally, the invention is not limted to machines using
solely reluctance conponent for creating torque. |n deed,
such machine may additionally conprise other neans, for

exanpl e permanents nmagnets, for creating torque.
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CLAIMS

1.

A rotor disk (110) for a rotor (100) of a synchronous
reluctance machine, the rotor disk (110) conprising:

a disk body material wth high nmagnetic perneability;

a plurality of |ongitudinal flux barriers (120)
conprising a material wth |ow nagnetic perneability and
configured to give the rotor disk (110) an anisotropic

magnetic structure such that at |east one axis of

maxi rum reluctance i.e. a g-axis (130), and at |east one
axis of mninmum reluctance i.e. a d-axis (140) are
f or med;

a spoke (190) extending in radial direction between a
shaft opening (200) and a disk periphery (170), and in
circunferenti al direction between two adjacent (-axes
(130), the spoke (190) having a spoke area substantially
contoured by the shaft opening (200), the two adjacent
g-axes (130), two adjacent flux barriers (120) at
opposite sides of a d-axis (140), and the disk periphery
(170) ;

characterized in that part of the spoke area is not
occupied by the disk body material, the spoke area
portion or portions not occupied by the disk body
material being distributed in circunferential direction
over an angular distance a of at l|east 25° neasured from

the rotor disk centre (300)

A rotor disk (110) according to claim 1, wherein the
spoke area portion or portions not occupied by the disk
body material are distributed in circunferential
direction over an angular distance a of at |east 27°,

such as 30°, 33° or 35°.

A rotor disk (110) according to claim 1, wherein the
spoke area portion or portions not occupied by the disk
body material are distributed in circunferential

direction over an angular distance « corresponding to at
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between two adjacent g-axes (130)

di sk

such as 40% 45% or 50% of the angular

(110) according to any of the preceding

radial direction over a distance d corresponding

are distributed in

not

to at

| east 50% such as 60% 70% or 80% of the nmaxi num
di stance D between the shaft opening (200) and the disk
peri phery (170)

5. A rotor

di sk

(110) according to any of the preceding

clainms, wherein the spoke area conprises a continuous

portion

not

occupied by the disk body material,

continuous portion extending in circunferential

directio

such as

6. A rotor

n over an angular distance a of at |east

27°,

di sk

30°, 33° or 35°.

t he

25°,

(110) according to any of the preceding

clainms, wherein the spoke area conprises a continuous

portion
conti nuo

directio

| east 38%

di st ance

7. A rotor

not

occupied by the disk body material,

us portion extending in circunferential

t he

n over an angular distance « corresponding to

between two adjacent qg-axes (130)

di sk

such as 40% 45% or 50% of the angular

(110) according to any of the preceding

clainms, wherein the spoke area conprises a continuous

portion
conti nuo
di st ance

70% or

not

occupied by the disk body material,

us portion extending in radial direction

t he

over

at

a

d corresponding to at least 50% such as 60%

80%

of the maxi num radial distance D between

shaft opening (200) and the disk periphery (170)

8. A rotor

di sk

(110) according to any of the preceding

clainms, wherein the spoke area conprises a continuous

portion

not

occupied by the disk body material,

t he

t he
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10.

11.

12.

13.

14.

15.

13

angul ar distance « over which the continuous portion
extends in circunferential direction being at least four
times, such as five, seven or ten tines, the angular
dinmension p of the continuous portion in the niddle of

the sane in radial direction.

A rotor disk (110) according to any of the preceding
clains, wherein less than 75% such as less than 70% or
less than 65% of the spoke area is occupied by the disk

body material.

A rotor disk (110) according to any of the preceding
clains, wherein a radial outernpst part of the spoke
area portion or portions not occupied by the disk body
material has a rounding (290) in shape of an arc of a

circle extending over 200° such as over 220°.

A rotor disk (110) according to any of the preceding
clains, wherein the spoke (190) has a cut-out (280) at
the disk periphery (170)

A rotor disk (110) according to any of the preceding
clains, wherein the spoke area portion or portions not

occupied by the disk body nmaterial is filled with air.

A rotor disk (110) according to any of the preceding
clains, wherein the spoke area conprises a single
continuous portion not occupied by the disk body

mat eri al

A rotor disk (110) according to any of the preceding
clains, wherein the shaft opening (200) conprises a key

hole (210) on a g-axis (130)

A synchronous reluctance nachine conprising a rotor disk

according to any of clains 1-14.
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