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THREE PHASED BALANCED OR UNBALANCED ASYMMETRIC RELUCTANCE
MOTOR

Technical Field of the Invention

The present invention relates to a three phased reluctance motor, comprising
a rotor arranged to rotate on a shaft and a stator in the form of an annulus, the stator
being provided with a plurality of coils, and where both the exterior surface of the
rotor and the interior surface of the coils are provided with a number of teeth. Both a
balanced and unbalanced variant of the motor are presented. For the balanced
variant there is no net electromagnetic force which must be absorbed by the
bearings, while for the unbalanced variant there is a considerable net electro-
magnetic force which must be absorbed by the bearings. The unbalanced variant

can, however, produce more torque.

Background for the Invention

In many applications there are a need for an electric motor which most of the
time is turned off. A typical example is a motor for opening and closing a valve. For
such a motors low price and descent torque density are important. Efficiency is
generally of little importance because the motor is seldom in operation and the
energy cost is therefore low anyway.

The expensive parts in a motor are permanent magnets and copper coils.
Electric steel has in comparison a low price. When optimizing on price it is therefore
preferable to increase torque by increasing amount of electric steel. Moreover, to
reduce the amount of copper in a motor, it is important to keep in mind that the
amount of flux through a coil is dependent on the area inside the coil. The coil should
therefore be as close to circular and have as long circumference as possible to
utilize the current to the max. The parts for motor must be easy to manufacture with
a minimum of strict tolerances and the motor most be easy to assemble. Here the
reluctance motor has the advantage since there is no forces between rotor and

stator unless there go current through the coils.
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in the power supply the power transistors are a relative expensive part, so it is
preferably to have as few bridges as possible. In a reluctance motor it generally
makes no difference which way the current goes in the coil. This is interesting
because the bridge which supplies the phase with current then can consist of one
transistor instead of four.

From Wikipedia™ (Enclosure 1), a four-phase stepper motor is disclosed, the
motor being a brushless, synchronous electric motor that can divide a full rotation
into a large number of steps. Stepper motors operate differently from DC brush
motors, which rotate when voltage is applied to their terminals. Stepper motors, on
the other hand, effectively have multiple "toothed" electromagnets arranged around a
central gear-shaped piece of iron. The electromagnets are energized by an external
control circuit, such as a microcontroller. To make the motor shaft turn, first one
electromagnet is given power, which makes the gear's teeth magnetically attracted to
the electromagnet's teeth. When the gear's teeth are thus aligned to the first
electromagnet, they are slightly offset from the next electromagnet. When the next
electromagnet is turned on and the first is turned off, the gear rotates slightly to align
with the next one, and from there the process is repeated for then four phases. Each
of those slight rotations is called a "step", with an integer number of steps making a
full rotation. In such way, the motor can be turned by a precise angle.

The step motor disclosed may either be a unipolar or a bipolar motor. Stepper
motors operate differently from DC brush motors, which rotate when voltage is
applied to their terminals.

Enclosure 2 discloses a hybrid stepper motor where permanent magnets are
used.

The invention is motivated by the need of an electric motor which has low
price, descent torque and low rotation speed, preferable with characteristics of a

stepper motor.

Summary of the Invention
The present invention relates to a reluctance motor where torque is created

between a relative large number of teeth in stator and rotor. Because of the high

number of teeth the rotor will rotate at low speed compared to the electric frequency.
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Since the teeth in the motors stator are shifted in an asymmetric pattern, it is only
necessary with six coils to create positive torque at all rotor positions. The coils are
connected in pairs so the motor are three-phased. The design is so that the current
in each of the three wires, one for each phase, only need to vary between zero and
positive. Three wire ends can therefore be grounded inside the machine, reducing
the number of wires out of the machine to four.

An object of the invention is to provide an electric motor which has low price,
produces a decent torque and has the characteristics of a stepper motor, which can
compete with the two phased hybrid stepper motors which has most of this marked
segment today.

Another object of the invention is to achieve a more compact shape of the
rotor and the stator teeth in order to achieve a more effective use of a three-phase
reluctance motor.

The objects of the present invention are achieved by means of an asymmetri-
cal reluctance motor as further defined by the independent claims, while embodi-
ments or alternatives of such motor are defined by the dependent claims. According
to the present invention, the slot between of at least two consecutive coils may be
different from the neighbouring slot between two consecutive coils.

According to one main embodiment of the invention, the three-phase
balanced reluctance motor has a stator provided with six slots for three pairs of coils
in stator and that there is a number of teeth in rotor, denoted nTeeth, such number
being equal to n*6 where n is a positive integer equal to or larger than three, and that
the angle from centre of first slot for coil 1 and 2 in stator to centre of first tooth is
360°/nTeeth and that then there is ((nTeeth/6)-1) teeth with an angle of 360°/nTeeth
between each tooth before there is a second slot for coil 1 and 3 where the angle
between the teeth on each side of the slot is (7/3)*360°/nTeeth, and that then there
is (nTeeth/B-1) teeth with an angle of 360°/nTeeth between each tooth before there
is a third slot for coil 2 and 3 where the angle between the teeth on each side of the
slot is (4/3)*360°/nTeeth, and that there is ((nTeeth/6)-1) teeth with an angle of
360°/nTeeth between each tooth before there is a forth slot for coil 1 and 2 where the
angle between the last tooth and the centre of the slot is (4/3)*360°/nTeeth, and that
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then the pattern from centre of first slot to centre of forth slot is repeated once to
complete the full circle.

According to another main embodiment of the invention, the three-phase
unbalanced reluctance motor has six slots for three pairs of coils in the stator, the
stator having a number of teeth in rotor, denoted nTeeth, which is equal to n*6 where
n is a positive integer equal to or larger than three. The angle from centre of the first
slot only for coil 1 in the stator to the first tooth is 360°/nTeeth and that there is
(nTeeth/6-1) teeth with an angle of 360°/nTeeth between each tooth before there is a
second slot for coil 1 and 2 where the angle between the teeth on each side of the
slotis (7/3)*360°/nTeeth, and that then there is ((nTeeth/6)-1) teeth with an angle of
360°/nTeeth between each tooth before there is a third slot only for coil 2 where the
angle between the teeth on each side of the slot is 2*360°/nTeeth, and that then
there is ((nTeeth/6)-1) teeth with an angle of 360°/nTeeth between each tooth before
there is a forth slot for coil 2 and 3 where the angle between the last tooth and the
centre of the slot is (2/3)*360°/nTeeth, and that then the pattern from centre of first
slot to centre of forth slot is mirrored through the plane through the rotation axis and
centre of first/forth slot to complete the full circle.

According to an embodiment of said two variants of the three-phase
reluctance motor, all the variants which occurs if any of the sided in the motor is
mirrored through the planes through the centre axis and the centre of the slots for
coils.

Some of the stator teeth may be moved slightly out of the position described
here to archive a skewing effect, and there may be an additional tooth in the slots
which is big enough for it. Also some of the teeth can be removed from the described
geometry without altering the motor principle. Further, the slots for the coils may be
placed slightly irregular compared to the geometry according to the two main
embodiments described above, e.g. to reduce saturation in the iron behind the teeth

close to the slots.

Short Description of the Drawings
One embodiment of the invention will be described in further details below,

referring to the drawings where:
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Figure 1 shows schematically in perspective, the construction and the various
major parts of a prior art synchronous step motor,

Figure 2 shows schematically a cross section through the stator and rotor of
the balanced variant of the described invention, the cross section being perpendi-
cular to the axis of rotation of the motor;

Figure 3 shows in an enlarged scale a cross section through one sector of the
cross section shown in Figure 2; and

Figure 4 shows current in phases as function of electric angle, square wave
on or off, the electric angle being equal to mechanical angle*nTeeth, where n is the

number of teeth on the rotor.

Detailed Description of the Invention

Figure 1 shows schematically in perspective & prior art synchronous step
motor 15, equipped with an annulus 16, provided with four electromagnets 23",
arranged in equal distance apart on the inner surface 24 of the annulus 16. Each
electromagnet 23" is further provided with four teeth 22 on the surface facing the
rotor 19. The magnets 23" may be successively energized, the energizing being
controlled by an external control circuit (not shown). Further, the step motor 15 is
provided with a centrally arranged iron rotor 19, provided with a centrally arranged
bore 20 for a shaft (not shown). The iron rotor 19 is gear-shaped, provided with a
large number of teeth 21. In order to initiate rotation of the rotor 19, the top
electromagnet 23 is turned on, attracting the nearest tooth 21 of the gear-shaped
rotor 19, the nearest tooth being marked with A in the Figure, such movement being
the first step of the rotation. With the teeth 21 aligned to the electromagnet 23", they
will be slightly offset from the electromagnet 232. The top magnet 23" is then turned
off and the right electromagnet, i.e. electromagnet 237, is energized, pulling the
nearest teeth 21 slightly to the right. This results in a second step of rotation of 3.6°
according to the prior art embodiment shown in Figure 1. The bottom electromagnet
23%is energized while electromagnet 232 is de-energized, producing another 3.6°
step of rotation of the rotor 19. The left electromagnet, i.e. electromagnet 23*, is then
energized, while electromagnet 23° is de-energized, enabling the rotor 19 to be
rotated by 3.6°. When the top magnet 23" is energized once more, the teeth in the
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sprocket 19 will have rotated by one tooth position. Since there are twenty-five
teeth, it will take hundred steps to make a full rotation of the iron sprocket 19 in this
example.

Figure 2 shows a cross section of a plane perpendicular to the axis of rotation
of the motor 10 according to the present invention. The cross section shown is equal
through the entire electromagnetically active part of the motor 10. The motor 10
comprises a stator 4 consisting of stator iron, coil pairs 1,2,3 and coil liner 7. The coil
liner 7 is strictly speaking not necessary, but it protects the wire insulation from the
electrical sheet steel which tends to have sharp edges. Further, the motor 10
comprises a rotor 5 consisting of rotor iron which is pressed or glued on the shaft 8.
The shaft 8 is there to transfer the torque mechanically to the device the motor shall
influence. Further, the stator 4 is provided with holes 6, configured for bolting the
stator 4 to a frame or the like (not shown).

The stator 4 and rotor 5 is made up of a stack of sheets of electric steel with
thin layers of insulation between them. These motor elements 4,5 could also be
made of solid iron or pressed powder iron but such embodiment would be more
expensive and give less performance.

The pair of coils 1,2,3 are arranged is three phases, i.e. phase 1, phase 2,
and phase 3 for the numbering to be consistent with Figure 2. The symbols ¢
shown in the Figure 2 indicate if current go into or out of the cross section plane of
Figure. It only goes current in one or two of the phases at any given time. The
current in the three-phases has a shape as shown in Figure 4. Considerable
modifications from the square wave shape indicated are possible depending on how
the motor is optimized. To optimize the motor power a sinusoidal current shape is
likely to be optimal. If constant torque at low speed is required a complex curve
which would resemble the letter M is likely to be optimal.

Assuming counter clockwise direction of rotation of the rotor 5, phase 2 in
Figure 2 has full current, the current in phase 1 is about to be turned on while the
current in phase 3 will be off until the motor has moved another 120°.

The motor will not work unless the asymmetric geometry is correct.

There are six coils in the stator 4, each being wound around a big tooth 16. As

indicated in Figure 3, each big tooth 16 shall have the same number of small teeth
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17, meaning that the total number of small teeth 18 in rotor 5 most be a power of 6. It
is necessary to remove six small teeth 17 in stator 4 to make the geometry fit. It is
possible to not remove four of these six teeth with the possible benefit of a reduced
amount of copper in two of the phases. It is also possible to deviate from the
requirement of an equal number of small teeth on each of the six big teeth 16 in
stator, but this is likely to cause increased torque ripple and make the motor slightly
unbalanced. Both options give considerable design complications.

Regarding the number of teeth, it makes little sense of having only one small
tooth on each big stator tooth 16, so the smallest power is 3. The number of teeth in
rotor must then be nTeeth = n*6, n = 3,4,5.... Higher number of teeth will give higher
torque because the motor can utilize a larger percentage of the air gap
circumference, at least until the number of teeth becomes so high that a
considerable amount of flux leaks to rotor through paths which does not create
torque.

Reference is made to the embodiment shown in Figure 2. Based on the
various formulas defined above the various number of teeth and angles will be
identified, the relevant corresponding formulae being given in brackets. With
reference to Figure 2, the angle a between the centre of two rotor teeth 13 is
a=360°/nTeeth. Since the number n of teeth according to the embodiment shown in
Figure 2 is equal 72 (nTeeth=72), the angle a = 5°, as also indicated in the Figure 2.
The angle b from the centre of the slot 15" for coil 1 and 2 in Figure 2 to centre of
first stator tooth 9 is angle b = 360°/nTeeth. Hence, according to the embodiment
disclosed, such angle is b = 5°, since shown number n of teeth on rotor is 72. It is
thus eleven teeth ((nTeeth/6)-1), encircled by coil 1 in counter clockwise direction in
Figure 2 from slot 15" to slot 15% for coil 1 and 3. The angle between centre of last
tooth 10 encircled by coil 1 and first tooth 11 encircled by coil 3 is the angle b+d
where b = 5° (360°/72) and d = 6.67° [(4/3)*360°/72], i.e. the angle b+d = 11,67°
according to the embodiment shown in Figure 2. It is then eleven teeth ((72/6)-1)
between the centre of each tooth encircled by coil 3 between the slot 15% and the slot
15° for coil 2 and 3. The angle between the teeth 12,13 on each side of the slot 153
for coil 2 and 3 is 2%¢c, where ¢ = (2/3)*360°/nTeeth, i.e. ¢ = 6.67° according to the
embodiment shown in Figure 2. It is then ((nTeeth/6)-1) with 360°/nTeeth between
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centre of each tooth encircled by coil 2. The angle from last tooth 14 encircled by coil
2 to centre of slot 15* for coil 1 and 2 is then d = (4/3)*360°/nTeeth before the pattern
is repeated, with slot 15* as the first slot in the next sequence. The number of total
teeth on the rotor 5§ according to the embodiment shown in Figure 2 is nTeeth = 6*12
=72.

The advantage of this design over other designs is that the attracting forces
between stator and rotor is balanced because the linked coils are opposite of each
other. This reduces the forces on the bearings. If rotor is perfectly centred the forces
on the bearings would be zero.

The disadvantage is that the magnetic field from all the phases go through the
entire machine and therefore interacts with each other. As a result the back iron in
stator 4 is rather thick because magnetic field from two phases has to pass through
it. This reduces the torque because it reduces rotor radius. It also makes it more
difficult to run the motor “smoothly” with sensor free control. With “smoothly” means
that the rotor does not start and stop at every step as it would if the speed was
controlled simply by switching the current to the phases as shown in Figure 4 at a
given frequency.

In the unbalanced variant of this motor there is an angle of 360°/nTeeth from
centre of first slot 15" to centre first tooth. Then there are (nTeeth/6-1) teeth with
360°/nTeeth between centres of each tooth before there is a second slot 152 The
angle between centres of the teeth on each side of the second slot 152 is
(713)*360°/nTeeth. Then there are (nTeeth/6-1) teeth with 360°/nTeeth between
centres of each tooth before there is a third slot 15°. The angle between the teeth on
each side of the third slot 15° is 2*360°/nTeeth. Then there are (nTeeth/6-1) teeth
with 360°/nTeeth between centre of each tooth before the forth slot 15*. The angle
between centres of the last tooth and the centre of the forth slot 15% is
(2/3)*360°/nTeeth. The stator 4 is then mirrored through the plane through the
rotation axes and centre of first/forth slot 15',15*. Compared to the motor shown in
Figure 2 the first slot 15" in this motor will only contain coils from phase 1, the
second slot 152 will contain coils from phase 1 and 2, the third slot 15> will only
contain coils from phase 2, the forth slot 15% will contain coils from phase 2 and 3,
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the fifth slot 15° will only contain coils from phase 3 and the sixth slot 15° will contain
coils from phase 1 and 3.
Torque is larger for the unbalanced machine and it is easier to run the motor

“smoothly”, but the bearings must handle a huge torque.

Enclosures:
(1)  Wikipedia - Stepper Motor, pages 1-8, print out 18.01.2011
(2)  Web-Books - Stepper Motors, page 1-10, print out 18.01.2011
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Claims

1) A three phased balanced asymmetric reluctance motor comprising:

a rotor rotatably arranged on a shaft, wherein an exterior surface of the
rotor has a number of rotor teeth, hereafter denoted nTeeth, equal to n*6
wherein n is a positive integer equal to or larger than three; and

a stator in the form of an annulus provided with first through sixth slots
for coils and provided with a plurality of coils, wherein a plurality of big stator
teeth is provided on an interior surface of the stator, and wherein each of the
plurality of big stator teeth contain an equal number of small stator teeth,

wherein the first slot of the stator receives a first coil and a second coil,
the second slot of the stator receives the first coil and a third coil, the third slot
of the stator receives the second coil and the third coil, and the fourth slot of the
stator receives the first coil and the second coil;

wherein the equal number of the small stator teeth provided on each of
the plurality of big stator teeth is equal to (nTeeth/6)-1,

wherein an angle (a), as measured from a center of the rotor, and formed
between a center of a first rotor tooth and a center of a second rotor tooth is
equal to 360°/nTeeth, wherein the first rotor tooth and the second rotor tooth are
consecutively positioned,

wherein an angle (b), measured from the center of the rotor, and formed
between a center of the first slot opening of the stator and a center of a first
small stator tooth is equal to 360°/nTeeth,

wherein an angle (d), as measured from the center of the rotor, and
formed between the center of the first slot opening of the stator and a center of
a last small stator tooth is equal to (4/3)*360°/nTeeth,

wherein an angle (b+d), as measured from the center of the rotor, and
formed between the first small stator tooth and the last small stator tooth is
equal to (7/3)*360°/nTeeth,

wherein a width of the first slot opening of the stator is equal to a width of

the second slot opening of the stator,
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wherein an angle (c¢), as measured from the center of the rotor, and
formed between a center of a third slot opening for the stator and a center of a
small stator tooth adjacent to the third slot opening of the stator is equal to
(2/3)*360°/nTeeth,

wherein a pattern from the center of the first slot opening to the center of
the fourth slot opening is repeated around a complete circumference of the

stator, the fourth slot opening being the first slot opening in the next sequence.

2) The three phased reluctance motor according to claim 1, wherein a
variant in the three phased balanced asymmetric reluctance motor is mirrored

through a center axis and through the center of the slots for the coils.

3) The three phased reluctance motor according to claim 1 or 2, wherein at
least one of the stator teeth is positioned to achieve a skewing effect.

4) The three phased reluctance motor according to claim 1 or 2, wherein
there is an additional tooth in the slots which are big enough for the additional
tooth.





