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The present invention relates to electric machines of
the variable reluctance type and more particularly to machines
of this kind in which the magnetic circuit includes saturated
and unsaturated portions.

Variable reluctance electric machines are described in
Canadian application serial No. 817,827, filed February 25,
1961, now Canadian patent No. 672,548, issued October 22, 1963.
In these machines the saturation induction in the rotor teeth
magnetic material is reduced to between 15 and 85% of the maximal
induction selected for the magnetic circuit material of the
machine, thereby allowing magnetic fields of relatively large
strength to be developed in the gaps adjacent the polar areas
without excessive losses and promoting a high ratio of output
power of the machine to its weight. With this object in view,
the rotor teeth are constituted by alternate sheets of magnetic
material which are interspersed with non-magnetic material, for
example iron sheets which are separated by lamina-shaped air-
gaps.

In a typical variable~-reluctance alternator according
to our abovementioﬁed patent, the stator comprises at least two
identical pairs of pole projections, each pole having an angular
development a and the interpolar space having an angular
development b and the rotor comprises two teeth each subtending
an angle ¢ equal to the sum of angles. a and b. Each stator pole
carries a field winding. At two diametrically opposite points
of the stator the ends of two adjacent windings are connected
together and to the terminals of a D.C. energization source;

while at two other diametrically opposite points of the stator,
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the ends of two adjacent windings are connected together and to
the terminals of the utilization load. In other words, the ends
of two adjacent windings are connected together and are con-
nected respectively to the four terminals of a bridge circuit,
diametrically opposite by pairs so that the two diagonally
disposed terminals of the bridge are the input D.C. terminals of
the machine and the two other diagonally disposed terminals are
the output A.C. terminals. as a result, the rates of flux
variation produced in any pailr of adjacent stator pole windings
by the teeth displacement are equal, at any time, but are
reversed. Consequently the A.C. potential difference across the
diagonal of the bridge, where the energization voltage is applied,
is theoretically zero and all of the output power is theoretic-
ally available across the other diagonal.

However, satisfactory decoupling was not easily
achieved in the above-mentioned embodiment, Specifically the
decoupling of the inductive action of the rotor teeth upon
adjacent stator poles was not effectively realized and decoupling
of the A.C. output and D.C. input circuits of the bridge was
insufficient in order to obtain the desired efficiency.

It is an object of the present invention to provide an
improved variable-reluctance electric machine of the type shown
in our prior Canadian patent No. 672,548 having a D.C. energiza-
tion circuit and an A.C. circuit which are fully decoupled, and
in accordance with the invention, the stator poles and the rotor
teeth are respectively separated in two assemblies which are
axially spaced apart, each of said assemblies comprising a half-

stator having a given number of pairs of poles and a half-rotor

having the same number of pairs of teeth.

-2 -



10

20

729241

More precisely, the rotor is divided, perpendicular ly
to its axis, into two coaxial half-rotors axially spaced apart
and secured to each other and to a common rotatable shaft, each
of said half-rotor having at least a pair of teeth made in a
material the saturation induction of which has a first value,
and the stator is divided into two identical, axially spaced
apart half-stators, each of said half-stators cooperating with a
given half-rotor and having as many pairs of poles as pairs of
teeth in the cooperating half-rotor, each pole being made in a
material the saturation induction of which has to a second value
significantly greater than said first value and carrying a field
winding, a given winding in the first half-stator, a correspond-
ing winding in the second half-stator, the winding opposite to
saild given winding in said first half-stator and the winding
opposite to said corresponding winding in said second half-
stator being serially connected in the manner of a four-impedance
bridge, two pairs of serially connected windings pertaining to
first and second half-stators being connected in parallel to a
D.C. energization source and two pairs of serially connected
windings opposite in a given half-stator being connected in
parallel to the machine output. Thus two windings of the impe-
dance bridge pertaining to two different half-stators will be
"D.C. coupled" and two windings of the impedance bridge pexr-
taining to the same half-stator will be "A.C. coupled". The
arrangement between the poles and the teeth is such that the
sum of the angular development of the par£ of a teeth of the
first half-rotor beneath a first pole of the first half—stat§r
and the angular development of the part of a teeth of the second
half-rotor beneath a second pole of the second half-stator the
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winding of which is D.C. coupled to the winding of the first
pole be, at any time, equal to the angular development of a
pole.

When the machine is four-poled, each half-stator has
two opposite poles and each half-rotor has two opposite teeth
and it may be convenient to axially align the poles of the two
half-stators and to space apart by m/2 the teeth of the two
half-rotors. Thus, oriented-grain steel sheets (oriented elec-
trical steel) can be used for the manufacture of the stator and
the power versus weight of the machine can be increased.

An advantage of a two-pole alternator according to the
invention in which the diagonal points of the bridge connected
to the two pairs of serially connected D.C. coupled field
windings are joined to the D.C. energization source and where
the A.C. output voltage is derived from the diagonal points of
the bridge connected to the two pairs of serially connected A.C.
coupled field windings lies in the fact that the largest alter-
nating output current amplitude is limited to the value of the
D.C. energization current since for such a value the demag-
netizing ampere-turns of the alternating current are equal to
the magnetizing ampere-turns of the D.C. current. Thus, the
machine may be shortcircuited without any damage.

It is to be noted that in the variable-reluctance
machines of the prior art, the rotor teeth had constant magnetic
properties over all their angular development. Particularly,
since the teeth have a rectangular cross-sectional shape as do
the stator poles, the increase of the magnetic flux when a tooth

is moving past the leading edge of a stator pole and the decrease
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of said flux when the tooth is moving past the trailing edge of
the pole are constant per time unit and proportional to the
angular displacement of the rotor during said time, whereby
electromotive forces produced in the field windings during the
travel of the tooth beneath the pole take successively two
opposite substantially constant values, at least when the machine
runs light or with a slight load. The waveform of the induced
voltage is thus substantially rectangular which is objectionable
when the machine is used as an alternator for supplying a sinu-
soidal mains or as a synchronous motor connected to the sinu-
soidal supply mains.

A further object of the invention is to provide a
variable-reluctance electric machine operating with a sine-~wave
current.

According to another feature of the invention, the
rotor teeth are constituted by magnetic sheets spaced apart by
spacers and having a circular shape with substantially sectoral
projecting portions, the sectoral angle being lesser than the
angular development of a stator pole and greater than half the
said angular development, and the sectoral portions are fanned
out so that the angular development of all the angularly spaced
apart sectoral portions is equal to that of a pole or slightly
lesser. As a result, the average magnetic material density per
volume unit of a tooth is maximum near the tooth axis and drops
off from this maximum value in stepwise decrements which are in
proportion to the decrease of the number of projecting portions
which are provided in the axial direction of the rotor from the

central axis of the tooth on both sides of said axis; and on
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this basis, there is provided a stepwise change in magnetic
characteristic with respect to the angular direction, whereby
our variable-reluctance electric machine operates substantially
with a sine-wave current.

The features of our invention which we believe to be
novel are set forth with particularity in the appended claims.
Our invention itself, however, both as to its structure and
method of operation, together with further objects and advant-
ages thereof, may best be understood by reference to the
following description taken in connection with the accompanying
drawings in which:

- Fig. 1 is a simplified axially cross-sectional view
of a four-pole alternator constructed in accordance with the
invention;

- Fig. 2 is a perspective, partially cross-sectional,
view of the alternator of Fig. 1, section being taken along
line II-II of Fig. 1, the stator being partially broken away for
allowing the rotor being seen;

- Fig. 3 is a sinmplified, side and front, view of a
rotor tooth in accordance with the invention; and

- Fig. 4 is a perspective, partially cross-sectional,
view of the alternator of Fig. 1l in which the teeth assume the
structural form of Fig. 3.

Referring now to Figs. 1 and 2, there is shown a
stator 31 of a variable-reluctance alternator. It comprises a
stack of magnetic sheets 32, which may be of the oriented-grain
type, and it has four pole projections 33a, 33b, 33¢ and 33d

each having an angular development of substantially z/2. Poles
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33a and 33d are axially aligned, and similarly poles 33b and 33c
are axially aligned and are respectively diametrically opposite
poles 33a and 33b. Each pole carries a field winding, respect-
ively 34a, 34b, 34c and 34d, said windings being identical to
each other'and the conducting wire thereof is so dimensioned as
to allow both direct energization and alternating output currents
to flow therein.

The rotor comprises two half-rotors 38. and 38

1 2
on a common rotatable shaft 39. Each of said half-rotor is

secured

constituted according to the teachings of the abovementioned
patent by a stack of magnetic sheets, 28a and 30a, sheets 30a
being circular in shape and sheets 28a being generally circular
in shape but having two diametrically opposite sectoral pro-
jecting portions substantially /2 wide, so that laminated air-
gaps 29a separate the portions of sheets 28a which project
farther than sheets 30a. The projecting portions of sheets 28a
are axially aligned in each half-rotor and form teeth 405, and
40p)1 in half-rotor 38) and teeth 4052 afd..40,, in half-rotor
38;. Teeth 40,, and 40, ; of half-rotor 38, are angularly spaced
apart by n/2 from teeth 40,5 and 40,5 of half-rotor 38;5.

As a result of this arrangement the sum of the angular
developments of the fraction of the teeth 4Oal' 4032 on the one
hand, and 4°a2’ 40b2 on the other hand, engaged beneath a pole
is constant and equal to 7/2. 1In operation, when the motor is
revolving, the variations of the magnetic flux produced in
windings 34a and 34d are, at any instant, equal but reverse, as
in like manner are the magnetic flux variations in windings 34b

and 34c. Consequently the electromotive force induced by these
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flux variations are equal but reverse, on the one hand in
serially connected windings 34a and 34b, and on the other hand
in serially connected windings 34c and 34d; and, these two pairs
of serially connected windings can be connected in parallel.

More precisely, the four windings 34a, 34b, 34c, 34d
are connected in an impedance bridge circuit I, J, K, L shown in
Fig. 1. The energization D.C. current produced by the source 37
is applied to the diagonal connection points I, K between the
two serially connected D.C. coupled windings 34a, 34d on the one
hand, and 34b, 34c on the other hand, connected in parallel.
According to the utilization of the variable-reluctance machine,
whether as an alternator or as a motor, the output or input of
the A.C. current is connected to the diagonal connection points
J, L between the two serially connected A.C. coupled windings
34a, 34b in one group and 34c, 34d in the other group being
connected in parallel. The alternating resulting voltage across
the diagonal I, K of the bridge comprises in each branch (34a +
34d) and (34b + 34¢) a positive voltage in windings 34a and 34
and an equal negative voltage in windings 34c and 34d; the
resulting voltage is equal to zero and no alternating current
flowé in diagonal I.K . 1In the same way, it may be shown that
no diréét‘current flows in diagonal J.L . The totality of the
mechanical power applied to the rotor is transferred to the
alternatiﬂg power output with the exception of the inevitable
losses in the steel sheets and in the conducting wires.

The improved result described in the foregoing para-
graphs is due firstly to the fact that the teeth of rotor 38

are substantially completely saturated while the other parts of
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the alternator are not saturated magnetically and secondly to

the physical separation of the magnetic circuits of poles 33a and
33d and teeth 40al and 40bl in a first group and of poles 33b and
33¢c and teeth 40a2 and 40b2 in a second group.

Fig. 3 shows a side view and a front view of the teeth
of a rotor 40 constructed according to the invention. Each
tooth comprises a plurality of fanned out sectoral projections
415445, 4lp-44p, 41c-44¢, 4lg-44g made of iron sheet, each group
of four sectoral projections being axially spaced apart from the
adjacent one by a spacer sheet 45 having no projecting part. In
each group the sectoral portions are angularly spaced apart by
the fifth of their angular development so that the entire tooth
has an angular development equal to eight fifths of the angular
development of a sectoral projection.

It is easily deduced from Fig. 3 that, along the axis
of the tooth, i.e. at the point where the passage of the tooth
beneath a pole must give the upmost reluctance or flux varia-
tion, the density of the resultant magnetic material substantially
corresponds to four magnetic laminae for one air lamina, i.e. a
relative ‘density approximately equal to 4/5 of the density of
the bulk material. In the second eighth part of the tooth on
both sides of the axis, the average density corresponds to three
magnetic laminae and two air laminae, i.e. 3/5. In the third
eighth part of the tooth on both sides of the axis, the average
density is equal to 2/5 and it is equal to 1/5 over the fourth
eight part on both sides of the axis. The law of the average
density of magnetic material per volume unit of the tooth thus

better approximates a sine law than in Fig. 1.



7279241

Fig. 4 differs from Fig. 2 only in respect to rotor 40
whose teeth are of the type illustrated in Fig. 3. It is shown
how the projections 415, 42a' 43a, 44a are spaced apart in a
fan-~like manner and how the groups of four projections are

separated by non-projecting spacers 45.



