1 TOOTH SHAPE FOR ELECTRI CAL MACHI NE PARTS The present invention relates to
a rotor or stator for an electrical machine, the.rotor or stator being of
the kind conprising a plurality of teeth spaced about its circunfeéerence.
Such parts find gpplication in, for exanple, stepping notors. Stepping
notors are used for inparting |ncrenental retational notion to a shaft in
response to a pul sed S|gnal Typically, the toothed part nay be a rotor .&nd
the pul sed .signal is app ‘ % I 0 z nef. éxnIS'spaced'
around the inner circum ' ‘ ; e oth has a
significant effect on the operatlon of such nachlnes and in partlcular on
the efficiency of conversion of electrical energy. The si npl est

conventional tooth shape for such machines is rectangular, as shown in
Figure 1 of tHFhepresemcinyenton relatesdo a idtorort staton far anehbemcaémaghme;rtbe
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normal |y in tldroumfigeer®e3d - 0.41. The ratio of tooth height 17 to pitch
is known to be optimum at about 0.5. However, this does not result in a

particularly high output torque. US patent specification 4 186 316
di scl oses a rotor having ‘

Such parts find application in, for example, stepping

motors. Stepping motors are used for imparting

incremental rotational motion to a shaft in response ‘to
a pulsed signal. Typically, the tootﬁed part may be a
rotor and the pulsed signal is applied to a plurality of
electromagnetic coils spaced a#qund_tﬁe inner

circumference of a stator.

The shape of the teeth has a significant effect on the
operation of such machines and in-particﬁlar on the

efficiency of conversion of_electridal energy.

The simplest conventional tooth shape for such machines
is rectangular, as shown in Figure 1 of the accompanying
drawings. Each tooth 1 is defined by three rectangular
edges 3, 5, 7 and the teeth are spaced by recessed
peripheral edge lengths 9, 11 of the rotor. The ratio
of tooth width 13 to pitch 15 is normally in the range
0.39 - 0.41. The ratio of tooth height 17 to pitch is
known to be optimum at about 0.5. However, this does
not résult in a particularly high output torque. US

patent specification 4 186 316 discloses a rotor having



2 aplurality of teeth each wth sides substantially parallel to each other
.and to a radius mdway between the sides, and al so having a curved . :.
periphery having a radius of curvature less than the radius of curvat.ure of -
the.circle descrlbed by the outernost part of the teeth. As descri'bed, the
shape of the teeth”i-s intended to inprove the precision of rotational
positioning and to inprove static torque whilst not reducing running

t orqfue. Anot her known variant of the-tooth sh@pe shown in Figure 1 is
illustrated in Figure 2. This tooth 21 conprises one circular edge 23 at
the crest and: two Bhuzalgity @f tteeth seael Whﬁl%%s$‘ah$F§PF§/abgVal lel to
each other and to a radius m dway between_them The transition re I on
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of curved edges re |on This configuration,has n arthcular merit
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di scontinuities S connec Ion W e recessed peri pﬁer al

edges 9, 11. On difie HiMAle NdKlribéa KBRS 0L le SHEHE 3@9 £ g¥r eng has two

corners 45,47 and respective curved edge regions 35, deflnlng a snooth

connection of thadWNth Ad tded i begeselws NedpPNef 2Eh€0€e6th is intended
to improve the precision of rotational positioning and
to improve static torque whilst not reducing running

torque.

Another known variant of the tooth shape shown in Figure
i is illustrated in-Figure 2. This tooth 21 comprises
one circular edge 23 at the crest and two straight
vertical sides 25, 27 substantially parallel to each
other and to a radius midway between them. The
transition region between the sides 25, 27 and the
recessed peripheral edges 29, 31 consists of curved
edges regions 33, 3S5. This_configuration'has,no

particular merit beyond convenience of manufacture.

Thus, it can be seen that the known tooth shown in Figure 1 has two corners 37,
39 and two sharp discontinuities 41, 43 defining its connection with the
recessed peripheral edges 9, 11. On the other hand, the known tooth shown in
Figure 2 has two comers 45, 47andrespecuvecurvededgereglons35 37
defining asmoothconnecuon of the tooth with the recessed penpheral edges
29, 31



29, 31. 3 Teeth formed according to the disclosure of US patent
specification 4 186 316 al so have two points separating the respective
edges. The junction of each tooth with the recessed edges of ‘the rotor are
in this case mar&ed by sharp discontinuities. The middle edge of - ‘each tooth
(at the renote periphery) is curved. Anot he®? known tooth shape is shown in
Figure 3. This is the subject of patent application nunber CN 86206257 U of
the People's Republic of China. It is particularly intended for use in =

variable relu The,t oot h as _shown,conpri ses_ _seven
strai ght edgegf W%%ége fi& ation 4 186 316
65, 67, 69, 71, 7alsmhammpommmnglmem

The fjigction ofédchon
git ggegf t ger Iot Qr . ﬁmerl W%u @ﬁé‘&@ﬁ%d&%‘i’ywot h

shape as shomm ﬁleﬂchpath(atﬁnamongpemphpry)tsy 14 -

17% and greatwnﬂwaNOV|ng perfornance However the seven edges plus
recessed peripheral edges present nore difficulties in nmaking dies for
punchi ng | am nati ons, conpared to the tooth shapes in Figure 1 and Figure 2
whi ch have only three (plus recessed peripheral edges). This is because the

Another known tooth shape is shown in Figure 3. This is
the subject of patent application number CN 86206257 U
of the People’'s Republic of China. It is particularly

. intended for use in variable reluctance stepﬁer motors.

The tooth 49 as shown comprises seven straight edges 51, 53, 55, 57, 59, 61, 63
separated by six points 65, 67, 69, 71, 73, 75. Two sharp discontinuities 77, 79
define the connection between the lower edges 51, 63 and respective recessed

peripheral edges 81, 83 of a rotor.

Experimental results have demonstrated that the tooth
shape as shown in Figure 3 has the capability of
increaiing torque by 14 - 17% and greatly improving
performance. However the seven edges plus r;cessed
peripheral edges present more difficulties in making
dies for punching laminations,'conpared to the tooth
shapgs in Figure 1 and Figure 2 which have only three
'(plus recessed peripheral edges). This is because the

number of edges increases the number of apexes at the.
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nunber of edges increases the nunber of apexes at the 4 corner points.

These apexes are weak points.

They also greatly reduce the |ife of dies

used to formthem Wen the laninations are punched, this weakness can cause
breakage and inacguracy in final dinensions. It has” now been di scovered
t hat the drawbacks associated with the known teeth structures referred to

abgve can be overcone by providing accorﬁing to the present

i nvention

, a

rot®r or stator conprising a plurality of teeth extending radially fromthe
body of the rotor or stator, at |east one of the teeth having a m ddl e edge
which is generally perpendicular to the radius of the rotor or stator,
~havi ng an outer edge either side of the mddl e edge and contiguous with the
m ddl e edge, each outer edge generally sloping away fromthe radius in the
direction of the body of the rotor or stator, and an jnner edge extending

fromthe outcornenpeints Theseapoxes ancrweak points,

Thest also greatly raduce.dge

general ly skppis il S Vi ﬁl‘hﬂﬂéﬂ“ dyhief the
rotor or stggr.gﬁkf\e@%srgﬁfggt e ggé ﬂe%get.oo |dﬁssﬁntpelpﬁﬂga’agggt t he
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B% of the

rotor. Any or all of the edges may be straight or curved or of any other
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Most

preferably, tedth strubtaresaeferréd so abeve cap beasvercomedy praviding according ed at
the geometriyg3ne pdleht ifVertith, W¥dtor dF StatdrPCorphiSiiy £ phifafity dftesth ' cast
extending radially from the body of the rotor or stator, at least one of the
. teeth having a middle edge which is generally perpendicular to the radius
of the rotor or stator, having an outer edge either side of the middle edge
and contiguous with the middle edge, each outer edge generally sloping

one

away from the radius in the direction of the body of the rotor or stator, and

an inner edge extending from the outer edge to the body of the rotor or
stator, the inner edge generally sloping away from the radius in the

_direction of the body of the rotor or stator.

Preferably, the at least one tooth is symmetric about the radial axis, i.e. a

notional radial line drawn from the centre of the rotor.

Any or all of the edges may be straight or curved or of any other shape but

generally, it is preferred that the middle edge is curved and the outer edges

- either side of the middle edge are substantially straight. Most preferably,
the middle edge has the shape of an arc of a circle centred at the
geometrical centre of the part. The transitions between the at least one
tooth and respective recessed edges may be smooth or defined by a

- discontinuity (angle).

Most preferably, all the teeth of rotors or stators according to the present

invention are substantially the same as each other and therefore conform to

the profile of the said at least one tooth.



tooth and respective recessed edges may be snooth or defined by a
discontinuity (angle). Mst preferably, all the teeth of rotors or stators
according to the present invention are substantlally t he sane as.each other
and therefore conformto the profile of the said at |east one tooth. 5
_Rotors or stators according to the present invention may be used in a w de
variety of electric machines, for exan® e those which rely fully or :
partially on reluctance torque, variable reluctance stepper notors, hybrTU
st epper notors, synchronous rel uctance machi nes or sw tched reluctance
drives. The present invention wi'll now be explained in nore detail by the
follow ng description of a preferred enbodinent and with reference to the
acconpanyi ng drawi ngs in which:- Figure 1 shows a known tooth profile;
Figure 2 shows a second known tooth profile; Figure 3 shows a third known

toot h pr ofRbgors lorstaters' ackerding té des prevent inveriorrmay e used in diwidel 0 2
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Fi gure 6 stmreluctance:torgue;fvariablé reluctanoe steppemhnogonsoh bnlti odi ment
of L% P hhirs! SYFCHroRbus B8fhckariby faénil'Sr dwitlidd rath Bl dived. " "

The present invention will now be explained in more detail by the
following description of a preferred embodiment and with reference to the
accompanying drawings in which:-

Figure 1 shows a known tooth profile;

Figure 2 shows a second known tooth profile;

Figure 3 shows a third known tooth profile;

Figure 4 shows a tooth profile of a rotor according to a first
embodiment of the present invention;

Figure 5 shows a tooth profile of a rotor according to a second
embodiment of the present invention;

Figure 6 shows a tooth profile of a rotor according to a third

. embodiment of the present invention; and

Figure 7 shows a tooth profile of a rotor according to a fourth

embodiment of the present invention.

The specific embodiments of the invention described below relate to
rotors. However, it will be appreciated that the tooth shapes described
may equally be applied to, for example, a stator. '

In a first embodiment of the present invention, a circular rotor comprises a
plurality of substantially equally spaced teeth 101 as shown in Figure 4.
The teeth are located on the periphery of the rotor, separated by recessed
edges 103, 105 of the rotor. The tooth is substantially symmetric about a
notional radial axis 107. A middle edge 109 is straight as shown in Figure
4 or alternatively may be in the shape of an arc of a circle and is located at
the crest of the tooth is joined on either side by respective straight side



enbodi nent of the present invention. The specific enbodi nents of the

.inventijon described belowrelate to rotors. However, it will be appr eci at ed
that the tooth shapes described may equally be applied to, for exanple, a
stator: In a firsp of the present invention, a circul ar rotor

conprises a plurality of substantially e&ually spaced teeth 101 as shown in
Figufe 4. The teeth are |l ocated on the p®riphery of the rotor, separated by
recessed edges 103, 105 of the rotor. The tooth is substantially synmetric
about a notional radial axis 107. A mddle edge 109 is straight as shown in
Figure 4 or alternatively may be in the shape of an arc of a circle and is
~located at the crest of the tooth is joined on either side by respective
strai ght side 6 edges 111, 113. The boundaries between the latter two
edges and the nmddl e edges are defi ned by respectlve first and second
-points 115, etges 14, déspe’Ehebeundamdsbatweem thenlagier two edges amxd ther enot e
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and fourth points, the concave curved edges neet the recessed edges 103,
105 of the 19 f¥spective third and fourth points 119, 121, remote from points 115,

~ 117, the straight side edges meet respective concave curved edges 123,
125. At their remote ends 127, 129 remote from the third and fourth
points, the concave curved edges meet the recessed edges 103, 105 of the

rotor.

[




In the region adjacent the third and fourth points, the concave curved

- edges are approximately straight and dpproximately parallel to the axis
107. The straight side edges are at an angle Qrelative to-a hoti.onal"
extensi on 131 of o he concave curved edges, or to a line parallel to the
axis. The angle Qis in the range from5 tg 65. The overall relative

di rensions could also vary. Thus, for-exanple, the height of the mddle.”

d 109 ab h d rotar. ed 1Q3, 1 | d be high | ower

The concave. cul Bed I EEBIQAAi 49T L ahe (Bird e finneth @oinitar or
d ic f [ fil ' in Fi. 4 | t

guadratic function profi gheLnggaggecLQP%gléa?Fg gggm%??%afé%§&gﬂﬁ%resu S

In a torque increase of from approxi nate 0 appr

relative to ! hexsdpges shaunapprbkgibtely Parklfeiat® thiaxil W oress the

manufacturing difficulties encountered Wwith the shape shown in ure 3.

The precise cdrtie gsteaightosidécedgeshavel htvany aagter ¢ Rela®ikiae iditeended
application. In the light of this disclosure the opti mum paraneters for a
particul ar nmacitieontl |extendional 3ul afl thbycpacaves cakivededdigest, hemrt
using a non-linear field calculation inplenented as a suitable conputer
program or by %hy2 diire paPabhel ate thehasis. The angle Q is in the

range from 5° to 65°. The overall relative dimensions
could also vary. Thus, for example, the height of the

middle.edge 109 above the recessed rotor edges 103, 105

could be higher or lower. The concave curved side.edges N

123, 125 could for example have a circular or quadratic

function profile.

Using the tooth shape shown in Figure 4 results in a
torque increase of from approximatély 15% to
approxipately 30% relative to the shape shown in Figure
1. At the same time, it overcomes the manufacturing
difficulties encountered with the shape shown in Figure

3.

The p;pcile configuration of the tooth will vary
according to the intended application. In the ligﬁt of
this disclosure the optimum parameters for a particular
machine will now be calculable by persons skilled in the
art using a non-linear field calculation implemented as
a suitable. computer program or by iny other appropriate

method.



8 Figures 5 through 7 illustrate tooth profiles of rotors according to
.ot her enbodi nents of the present invention. These rotors are i'ndicated by
reference numerals 133, 135, 137 respectively. However, parts which-are th
same as for the tgpth shown in'Figure 4 are designated by the same :
reference nunerals and different nunmerals arg only used for those parts
that ~differ with respect to the enbodi nent shown in the latter draw ng.

ospect ve st ai BHEVERRcochhEetaasy 151vBRFaRE FRERR HECERIFA BE, Hokarky ™
[ 119, 121 . di LAult | 9 @I h d
-eages 103, 105 HfebRELAgEBTbFRUF, bRBoaLhents ok ERS PASKSRE T (T Ne only

difference W th; ,6eR€EbN! 0 THakeSPORBrENabbluh@idakaat Byt relf@rence
di scontinuities 127, 129 are dispensed with and there is a snooth curved

-transition betweenetAEs COBBAVE36Ur 180 zedpeedyealy23, Hovbvear] paetsecessed
rotor edges 103, 105. Wth the enbodi nent of Figure 7, the concave curved
si de edges 123,wHRl&haarer théasasebassdbst thei sbbyhsshawghinsFdguaegds 143,
145. However, there are still two . differences with respect to the
enbodi nent showmreé pdesignated by the same reference numerals and

different numerals are only used for tﬁose parts'thaﬁ
. differ with respect to the embodiment shown in the

latter drawing.

Thus, as shown in Figure 5, instead of the concave curved edges 123, 125,
respective straight side edges 139, 141 extend from the third and fourth points
119, 121 to the discontinuities 127, 129 where they join the recessed edges 103,
105 of the rotor.

In the embodiment shown in Figure 6, the only difference
wifh respect to that shown in Figure 4 is that the
discontinuities 127, 129 are dispensed ﬁith and there is
a smooth curved transition between the concave curved
side edges 123, 125 and the recessed rotor edges 103,
105.

- o | With the embodiment of Figure 7, the concave curved side
edges 123, 125 are replaced by substantially straight
side edges 143, 145. However, there are still two
differences with respect ﬁq the embodiment shown in

Figure 5.



Fi gure 5. 9 First, the angle R between the straight side edges 143, 145
and notional lines 147 parallel to the axis of symmetry 107 is greater than
t he equi val ent angle for the enbodi nent of Figure 5. Second, the recessed
rotor edges 103,+105 are dispensed with and the tooth 137 abuts adj acent
teeth 149, 151 at respective notches 153, 155. In the light of this

di scl osure, nodifications of the described%nbodiments as well as ot her _
enbodi nents, all within the scope of the invention as herei nbefore defineé
wi Il now be aPbBstntthe paglien’ brtween thet Rgraight sitie @dyeds 143, A
rotor or stator_conprising a_plurality of teeth extending radially fromthe
body of the rb#dra® §9548P91aﬁipéasﬂ48n8‘§ﬁlﬂﬁé toethehaxisg af ni ddl e edge

which is generall% erpﬁﬂd%cular %o thg radhus of the rotor or stator,
having an outTY™BYGEY ef P et SsFHRAGLE: B2 Ghee equd¥atptc ANGLQUFRF with the

qiddle edge, @@gheﬂyégimgggeof Figure 5. Second, the recessed rotor

edges 103, 105 are dispensed with and the tooth 137

abuts adjacent teeth 149, 151 at respecti#e notches 153,
155.

In the light of this disclosure, modifications of the
described embodiments as well as other embodiments, all N~
within the scope of the invention as hereinbefore

.defined will now be apparent to persons skilled in the

art.



generally sloping away fromthe radius in the direction of the body of the
rotor or stator, and an inner edge extending fromthe outer edge to the
body of the.rotor or stator, the innér -€dge generally sloping away fromthe
radius’in the direction of the body of the rptor or stator. 2. A rotor
or stator according to claiml1, wherein-“the inner edges of said at |east
one tooth are recessed. 3. A rotor or stator according to claim1l or
c|a+ﬁ%2, wherein the said at |east one tooth is symetrical about the
radi al axis. 4. A rotor or stator accQrding to any of clainms 1 to 3,
wheren the m ddl e edge of said at | east 18ne tooth is curved and the outer
¥edges are substantially straight 5. A rotor or statr according to claim
4, wherein the mddl e edge has the shape of an arc of a circle centred at -
the geonetrical centre of the body of the rotor or stator. 6. A rotor or
“stator according to any preceding claim wherein all the teeth of the rotor

or stator amtantially the sane as each other. 7. A rotor or stator
conprising a plurality of teeth substantially as hereinbefore described

with reference to Figures 4 to 7 of the acconmpanying draw ngs.
1. A rotor or stator comprising a plurality of teeth extending radially from the

body of the rotor or stator, at least one of the teeth having a middle edge which is
generally perpendicular to the radius of the rotor or stator, having an outer edge either
side of the middle edge and contiguous with the middle edge, each outer edge
, generally sloping away from the radius in the direction of the body of the rotor or
—/ stator, and an inner edge extending from the outer edge to the body of the rotor or
stator, the inner edge generally sloping away from the radius in the direction of the
- body of the rotor or stator. '

2 A rotor or stator according to claim 1, wherein the inner edges of said at least
one tooth are recessed.

3. A rotor or stator according to claim 1 or claim 2, wherein the said at least one
tooth is symmetrical about the radial axis.

4. Amtororsmtorh@éordihgto aﬁyofclaims 1 to 3, wherein the middle edge of
said at least one tooth is curved and the outer edges are substantially straight.

~ 5. A rotor or stator according to claim 4, wherein the middle edge has the shape
of an arc of a circle centred at the geometrical centre of the body of the rotor or stator.

6. A rotor or stator according to any preceding claim, wherein all the teeth of the
rotor or stator are substantially the same as each other.

S 1. A rotor or stator comprising a plurality of teeth substantially as hereinbefore
described with reference to Figures 4 to 7 of the accompanying drawings.
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