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Description

Title of Invention: VARIABLE MOTOR LAMINATIONS
Technical Field

This disclosure relates to electric motors and discusses methods of reducing ripple in
motor torque and reducing cogging torque.
Background Art

Electric motors operate by way of a rotor rotating in relation to a stator under the
influence of magnetic interaction between components of the rotor and the stator. As
the rotor rotates in relation to the stator, there can be variations in the interactive force/
torque between the rotor and stator due to variations in the relevant magnetic fields.
One effect on torque involved in the relative rotation can be referred to as "cogging
torque.” Cogging torque can be understood as a torque due to the interaction between
magnets (e.g. permanent magnets) and slotting. In some embodiments, the magnets can
be associated with the rotor while the slotting can be associated with the stator, and in
some embodiments, the magnets can be associated with the stator while the slotting
can be associated with the rotor. Sometimes cogging torque can be referred to as detent
or "no-current” torque. Generally, cogging torque is undesirable and can be associated
with jerkiness and torque ripple of the motor, especially at lower speeds. Accordingly,
it can be desirable to reduce the cogging torque for the motor.

Another effect on torque involved in the relative rotation can be referred to as "torque
ripple." Torque ripple can refer to a periodic increase or decrease in output torque the

motor rotates.
Disclosure of Invention

Technical Problem

The present disclosure provide an electric motors having variable motor laminations.
Solution to Problem

In a first aspect disclosed herein a motor rotor is provided, the motor rotor
comprising: a rotor comprising first and second rotor sections and a series of magnets,
the first rotor section comprising: a series of magnet pockets proximate an outer edge
of the first rotor section and configured to receive respective magnets to magnetically
interact with a series of coils located in a stator and distributed around the first rotor
section to effect relative rotation of the rotor and stator upon energization of the coils
during operation; each of the magnets having a respective d-axis extending through the
magnet and the outer edge of the first rotor section; the first rotor section comprising
for each magnet a respective air hole or air barrier that is symmetric about a respective

d-axis; wherein each air hole or air barrier results in an asymmetric magnetic field for
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the respective magnet; the second rotor section comprising: a series of magnet pockets
proximate an outer edge of the second rotor section and configured to receive re-
spective magnets to magnetically interact with a series of coils located in a stator and
distributed around the second rotor section to effect relative rotation of the rotor and
stator upon energization of the coils during operation; each of the magnets having a re-
spective d-axis extending through the magnet and the outer edge of the second rotor
section; the second rotor section comprising for each magnet a respective air hole or air
barrier that is asymmetric about a respective d-axis; wherein each air hole or air barrier
results in an asymmetric magnetic field for the respective magnet; wherein the first
rotor section is positioned in series with the second rotor section with the magnet
pockets of the first rotor section corresponding to the magnet pockets of the second
rotor section; and wherein each of the magnets is located within a magnet pocket of the
first rotor section and a magnet pocket of the second rotor section; wherein during
operation, the asymmetry of the magnetic fields of the second rotor section causes a
ripple in the torque that at least partially counters a ripple of the asymmetry of the
magnetic fields of the first rotor section.

In a second aspect disclosed herein, a motor stator is provided, the motor stator
comprising: a first stator section and a second rotor section and a series of coils, the
first stator section comprising: a series of winding openings, each winding opening
configured to receive wire to form one of the series of coils wrapped around a tooth of
the first stator section; each tooth of the first stator section providing a first stator
magnetic field; the second stator section comprising: a series of winding openings,
each winding opening configured to receive wire to form one of the series of coils
wrapped around a tooth of the second stator section; each tooth of the second stator
section providing a second stator magnetic field; wherein the first stator section is po-
sitioned in series with the second stator section with the teeth of the first stator section
corresponding to the teeth of the second stator section and the coil for each tooth is
made by winding conductor around a tooth of the first stator section and the corre-
sponding tooth of the second stator section, and during operation, the first stator
magnetic field causes a first ripple in the torque that at least partially counters a second
ripple in the torque caused by the second stator magnetic field.

In a third aspect disclosed herein, a motor is provided, the motor comprising: a rotor
comprising first and second rotor sections and a series of magnets; and a motor stator
comprising first and second stator sections and a series of coils, wherein, the first rotor
section comprising: a series of magnet pockets proximate an outer edge of the first
rotor section and configured to receive respective magnets to magnetically interact
with a series of coils located in a stator and distributed around the first rotor section to

effect relative rotation of the rotor and stator upon energization of the coils during
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operation; each of the magnets having a respective d-axis extending through the
magnet and the outer edge of the first rotor section; the first rotor section comprising
for each magnet a respective air hole or air barrier that is asymmetric about a re-
spective d-axis; wherein each air hole or air barrier results in an asymmetric magnetic
field for the respective magnet; the second rotor section comprising: a series of magnet
pockets proximate an outer edge of the second rotor section and configured to receive
respective magnets to magnetically interact with a series of coils located in a stator and
distributed around the second rotor section to effect relative rotation of the rotor and
stator upon energization of the coils during operation; each of the magnets having a re-
spective d-axis extending through the magnet and the outer edge of the second rotor
section; the second rotor section comprising for each magnet a respective air hole or air
barrier that is asymmetric about a respective d-axis; wherein each air hole or air barrier
results in an asymmetric magnetic field for the respective magnet; wherein the first
rotor section is positioned in series with the second rotor section with the magnet
pockets of the first rotor section corresponding to the magnet pockets of the second
rotor section; and wherein each of the magnets is located within a magnet pocket of the
first rotor section and a magnet pocket of the second rotor section; the first stator
section comprising: a series of winding openings, each winding opening configured to
receive wire to form one of the series of coils wrapped around a tooth of the first stator
section; each tooth of the first stator section providing a first stator magnetic field; the
second stator section comprising: a series of winding openings, each winding opening
configured to receive wire to form one of the series of coils wrapped around a tooth of
the second stator section; each tooth of the second stator section providing a second
stator magnetic field; wherein the first stator section is positioned in series with the
second stator section with the teeth of the first stator section corresponding to the teeth
of the second stator section and the coil for each tooth is made by winding conductor
around a tooth of the first stator section and the corresponding tooth of the second
stator section; and during operation, the first stator magnetic fieldcauses a ripple in the
torque that at least partially counters a ripple in the torque caused by the second stator
magnetic field.

In a first embodiment of the second or third aspect, the tooth of the first stator
comprises a first tooth head, and the first tooth head has a first tooth head shape, the
tooth of the second stator section comprises a second tooth head, and the second tooth
head has a second tooth head shape, the first and second tooth heads being different
from one another, and a difference between the first and second torque ripples is
related to a difference in the first and second tooth head shapes.

In a second embodiment of the second or third aspect, the tooth of the first stator

comprises a first tooth head, and the first tooth head has a first tooth head shape, the
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tooth of the second stator section comprises a second tooth head, and the second tooth
head has a second tooth head shape, the first and second tooth heads being different
from one another, and a difference between the first and second torque ripples is
related to a difference in the first and second tooth head shapes and the first tooth head
shape and the second tooth head shape differ in an edge-to-edge width.

In a third embodiment of the second or third aspect, the tooth of the first stator
comprises a first tooth head, and the first tooth head has a first tooth head shape, the
tooth of the second stator section comprises a second tooth head, and the second tooth
head has a second tooth head shape, the first and second tooth heads being different
from one another, and a difference between the first and second torque ripples is
related to a difference in the first and second tooth head shapes and the first tooth head
has a face that comprises one or more facets and the second tooth had has a face that
comprises one or more facets that correspond to the one or more facets of the first
tooth head, and the first tooth head shape and the second tooth head shape differ in a
surface area of a facet of the first tooth head and a corresponding facet of the second
tooth head.

In a fourth embodiment of the third aspect, the asymmetry of the magnetic field in
the first and second rotor sections is caused by asymmetry in air holes only.

In a fifth embodiment of the third aspect, the asymmetry of the magnetic field in the
first and second rotor sections is caused by asymmetry in air barriers only.

In a first embodiment of the first aspect, the asymmetry of the magnetic field in the
first and second rotor sections is caused by asymmetry in air holes only.

In a second embodiment of the first aspect, the asymmetry of the magnetic field in
the first and second rotor sections is caused by asymmetry in air barriers only.

In a third embodiment of the first aspect the motor rotor further comprises a third
rotor section, the third rotor section comprising: a series of magnet pockets proximate
an outer edge of the third rotor section and configured to receive respective magnets to
magnetically interact with a series of coils located in a stator and distributed around the
third rotor section to effect relative rotation of the rotor and stator upon energization of
the coils during operation; each of the magnets having a respective d-axis extending
through the magnet and the outer edge of the first rotor section; wherein the third rotor
section is aligned with the first and second rotor sections with the magnet pockets of
the third rotor section corresponding to the magnet pockets of the first and second rotor
sections; and wherein each of the magnets is located within a magnet pocket of the
first, second and third rotor sections.

In a fourth embodiment of the first aspect, the motor rotor further comprises a third
rotor section, the third rotor section comprising: a series of magnet pockets proximate

an outer edge of the third rotor section and configured to receive respective magnets to
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magnetically interact with a series of coils located in a stator and distributed around the
third rotor section to effect relative rotation of the rotor and stator upon energization of
the coils during operation; each of the magnets having a respective d-axis extending
through the magnet and the outer edge of the first rotor section; wherein the third rotor
section is aligned with the first and second rotor sections with the magnet pockets of
the third rotor section corresponding to the magnet pockets of the first and second rotor
sections; and wherein each of the magnets is located within a magnet pocket of the
first, second and third rotor sections and the third rotor section comprising for each
magnet a respective air hole or air barrier that is asymmetric about a respective d-axis;
wherein each air hole or air barrier results in an asymmetric magnetic field for the re-
spective magnet, and during operation, the asymmetry of the magnetic fields of the
third rotor section causes a ripple in the torque that at least partially counters a ripple of
the asymmetry of the magnetic fields of the first rotor section and/or the second rotor
section.

In a seventh embodiment of the third aspect the motor rotor further comprises a third
rotor section, the third rotor section comprising: a series of magnet pockets proximate
an outer edge of the third rotor section and configured to receive respective magnets to
magnetically interact with a series of coils located in a stator and distributed around the
third rotor section to effect relative rotation of the rotor and stator upon energization of
the coils during operation; each of the magnets having a respective d-axis extending
through the magnet and the outer edge of the first rotor section; wherein the third rotor
section is aligned with the first and second rotor sections with the magnet pockets of
the third rotor section corresponding to the magnet pockets of the first and second rotor
sections; and wherein each of the magnets is located within a magnet pocket of the
first, second and third rotor sections.

In an eighth embodiment of the third aspect the motor rotor further comprises a third
rotor section, the third rotor section comprising: a series of magnet pockets proximate
an outer edge of the third rotor section and configured to receive respective magnets to
magnetically interact with a series of coils located in a stator and distributed around the
third rotor section to effect relative rotation of the rotor and stator upon energization of
the coils during operation; each of the magnets having a respective d-axis extending
through the magnet and the outer edge of the first rotor section; wherein the third rotor
section is aligned with the first and second rotor sections with the magnet pockets of
the third rotor section corresponding to the magnet pockets of the first and second rotor
sections; and wherein each of the magnets is located within a magnet pocket of the
first, second and third rotor sections and the third rotor section comprising for each
magnet a respective air hole or air barrier that is asymmetric about a respective d-axis;

wherein each air hole or air barrier results in an asymmetric magnetic field for the re-
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spective magnet, and during operation, the asymmetry of the magnetic fields of the
third rotor section causes a ripple in the torque that at least partially counters a ripple of
the asymmetry of the magnetic fields of the first rotor section and/or the second rotor

section.
In a fourth aspect, an electric motor is provided, the electric motor has a rotor and a

stator, where the rotor and/or the stator can comprise two or more sections, and a
torque ripple caused by the magnetic field(s) associated with a section of the rotor (or
stator) can at least partially counters torque ripple caused by the magnetic field(s) as-

sociated with other section(s) of the rotor (or stator).

Advantageous Effects of Invention
The electric motors according to the embodiments of the present disclosure may

reduce ripple in motor torque and cogging torque through variable motor laminations.

Brief Description of Drawings

FIG. 1 is a diagram of an embodiment of a rotor and stator of a motor.

FIG. 2 is a diagram of an embodiment of a rotor and stator of a motor.

FIG. 3 is a diagram of an embodiment of a rotor and stator of a motor.

FIG. 4 is a diagram of an embodiment of a stator with variable lamination.

FIG. 5 is a diagram of an embodiment of a magnet in a rotor.

FIG. 6 is a diagram of an embodiment of a magnet in a rotor.

FIG. 7 shows an embodiment of a symmetric tooth for a stator.

FIGS. 8 and 9 show embodiments of asymmetric teeth for a stator.

FIG. 10 is a diagram of modeled torque ripple vs. rotor position for an embodiment
of rotors in a motor.

FIG. 11 is a diagram of modeled cogging torque vs. rotor position for an embodiment
of rotors in a motor.

FIG. 12 shows an embodiment of stator teeth having different edge-to-edge width.

FIGS. 13 and 14 show an embodiment of stator teeth with faceted tooth face.

Best Mode for Carrying out the Invention

In the following description, numerous specific details are set forth to clearly
describe various specific embodiments disclosed herein. One skilled in the art,
however, will understand that the presently claimed invention may be practiced
without all of the specific details discussed below. In other instances, well known
features have not been described so as not to obscure the invention.

Rotating electric motors, including permanent magnet motors, can operate by a
magnetic interaction between a rotor located within a stator. The description provided
herein will be based upon interior permanent magnet motors, but the teachings

provided can also be directed embodiments that are surface permanent magnet motors.
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In addition, the descriptions provided herein will be based upon the magnets being
located on or within a rotor which is surrounded by a stator that can include coils and
can include slotting, but the teachings provided can also be directed to embodiments
where the magnets are located on or within the stator and the rotor includes coils and/
or slotting.

As shown in Figure 1, an electric motor 11 can include a rotor 12 surrounded by a
stator 13. The rotor can include a series of magnets 21 arranged proximate the outer
edge 28 of the rotor. The magnets can be located in pockets 22, and can have any
suitable shape. In Figure 1, each magnet is "V"-shaped. In additional embodiments, the
magnets can be bar-type or rectangular-shaped or "U"-shaped as well as combinations
among these and combinations with "V-"shaped magnets. Each magnet can also be a
single-piece or multiple pieces, with the magnets of Figure 1 being two pieces with the
polarity of each piece directed in the same direction. In many embodiments of electric
motors, the series of magnets can have alternating polarities where the polarity of one
magnet is directed in a first direction and the polarity of the next magnet progressing
around the rotor is directed in the opposite direction.

Magnets 21 can be located in pockets 22. Magnet pockets 22 can be shaped Magnets
21 can be located in pockets 22. Magnet pockets 22 can be shaped to include one or
more air barriers 25, which provide an air gap between the magnet 21 located within a
pocket 22 and an interior wall of the pocket 22, such as at an end of the magnet 21 or
along a face of the magnet 21. In some embodiments, multiple air barriers 25 can be
present within a pocket 22. In Figure 1, the pockets 22 have three air barriers 25, with
one at each opposite end of the first and second parts of each magnet 21 and one
pocket 22 between the adjacent ends of the first and second parts of each magnet 21.

The rotor can be of any suitable design. The rotor 12 shown in Figure 1 is shown
with a stator 13 that includes a series of teeth 14 directed inward with slots and
winding openings 15 located between adjacent teeth 14 and configured for winding a
coil around each tooth.

The motor is operated by sequentially energizing the coils which then creates an elec-
tromagnetic field that interacts with the magnets of the rotor to apply a torque to the
rotor and causes the rotor to turn in relation to the stator. As the motor rotates, the teeth
(and respective coils) magnetically interact with nearby magnets, and this interaction
can, in some embodiments, vary, resulting in a ripple in the torque supplied by the
motor. In some embodiments, increasing the number of teeth and magnets can reduce
the magnitude of the ripple. However, other methods of reducing the ripple can also be
desirable.

In one approach to reduce torque ripple, an asymmetry can be provided in a first

section of the rotor 12a, such as by providing an air hole 24 in a first section of the
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rotor 12a at each of the magnets 21, such as that shown in Figures 1 and 5, that is
asymmetric in relation to the d-axis 23 of the magnet extending through the magnet
and the outer edge of the rotor holes, to provide an unequal effect on the magnetic field
on either side of the d-axis 23. In the embodiment of Figures 1 and 5, the air hole 24 is
located to the left of the d-axis 23. Note that air hole 24 is asymmetric with regard to
the d-axis 23 in Figures 1 and 5 in that the air hole 24 is only located on one side of the
d-axis 23. In additional embodiments, asymmetry regarding an air hole 24 or a series
of air holes 24 in relation to each magnet can be achieved by locating an air hole 24 or
a series of air holes to provide an unequal effect on the magnetic field on either side of
the d-axis 23, such as by locating the air hole 24 or series of air holes 24 in an unequal
manner on either side of the d-axis 23. In Figures 1 and 5, a single air hole is shown on
only one side of the d-axis 23. The first rotor section 12a can then be paired with a
second rotor section 12b, such as that shown in Figures 2 and 6. In Figures 2 and 6, a
countering asymmetry to the magnetic field generated by the magnet 24 of the first
rotor section 12a is produced by placing an air hole 24 on the right side of the d-axis 23
of the magnet 24 in Figures 2 and 6. The size and placement of the air hole 24 in the
first rotor section 12a and the size and placement of the air hole 24 in the second rotor
section can be selected such that the asymmetry or distortion of the magnetic fields
generated by the magnets in the first and second rotor sections counter one another to
reduce torque ripple as shown in Figure 10 and cogging torque as shown in Figure 11.

In some embodiments of a laminated rotor 12 described herein, a first rotor section
12a can be positioned in series with a second rotor section 12b, where the two rotor
sections are placed end-to-end such that the center line of the rotor sections are co-
axial and the pockets 22 of the first rotor section 12a correspond with the pockets 22 of
the second rotor section 12b, allowing each magnet to extend into a pocket 22 of the
first rotor section 12a and a pocket 22 of the second rotor section 12b. In some em-
bodiments, the first rotor section can be assembled to the second rotor section, and then
the magnets can be slipped into the motor pockets from one end, to extend into the
pockets of the first and second rotor layers.

In some embodiments, a third rotor layer can also be present, such as a rotor layer
lacking the asymmetry of the first and second layers, or a rotor layer having
asymmetry, such as that described for the first and second layers. In various em-
bodiments, the third rotor layer can be positioned between the first and second rotor
layers or can be positioned at one end or the other of the first and second rotor layer
assembly.

In another embodiment of an asymmetric rotor section, an asymmetric air barrier 25
can be provided in a rotor section to provide an asymmetric magnetic field which can

be countered at least partially by an asymmetric magnetic field in a second rotor
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section. In one such embodiment, an air barrier 25 can be added or an existing air
barrier 25 can be modified to provide asymmetric air barriers 25 for each magnet, such
as where the size of an air barrier to one side of the d-axis is larger than a corre-
sponding air barrier on the other side of the d-axis or where the air barrier on one side
of the d-axis is positioned to have a different effect on the magnetic field than the air
barrier on the other side of the d-axis.

In some embodiments, a combination of asymmetric air holes 24 and air barriers 25
can be used, such as both asymmetric air holes 24 and asymmetric air barriers 25 are
located within a rotor layer or where asymmetric air holes 24 are present in one rotor
layer and asymmetric air barriers are present in a second rotor layer, where the first and
second rotor layers are combined into a rotor for a motor.

In various embodiments of asymmetric rotor layers, the sizes and positions of the air
holes 24 and/or air barriers 25 can be selected to provide a beneficial reduction in
torque ripple and/or cogging torque.

In some embodiments, the asymmetric first and second rotor layers (and optional
third rotor layer) can be used with a stator not having the asymmetric features
described herein.

In a second approach to reduce torque ripple, different tooth designs can be used in a
first stator section as compared to a second stator section. In some embodiments of
different tooth designs between first and second stator sections, the teeth in the first
and second stator sections can have the portion of the tooth where that is wound by
wires (tooth body) be the same width between the first and second stator sections and
the stator sections can be arrange for the tooth bodies of the first section to be aligned
with the tooth sections of second stator section, such as to facilitate wrapping of the re-
spective aligned teeth of the first stator section and the second stator section together.
In various embodiments, the tooth head 30 (extending from the tooth body 29 toward
the rotor in an assembled motor) can have a different design between the first and
second rotor sections, such that the magnetic field from the first stator section is
different from the magnetic field from the second stator section to advantageously
reduce or substantially eliminate or eliminate torque ripple in the motor. In some em-
bodiments of embodiment of different tooth designs, the mass of the tooth head can be
varied between the first and second stator sections or an edge-to-edge width of the
tooth head 30 can be varied between the first and second stator sections or a curvature
of the tooth face can be varied between the first and second stator sections, or the
shape of tooth faces can be varied between the first and second stator such that or the
tooth faces can be faceted (with flat or curved facets) with one or more or all facets of
the tooth face having a different surface area between corresponding facets of the first

and second stator sections, or a shape of the tooth head resulting in a different volume
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of air present between the tooth and rotor of the first stator section as compared to the
second stator section. In various embodiments of tooth designs, such as those discussed
herein, the tooth designs can be symmetric or asymmetric about a tooth axis 27.

Figure 12 shows an embodiment of stator teeth having different edge-to-edge width
of the tooth head, such as where a first tooth, which can be associated with one of the
first and second stator sections is shown in broken lines and a second tooth, which can
be associated with the other of the first and second stator sections, is shown in solid
lines, and the first tooth has a narrower edge-to-edge dimension 42b of the tooth head
than the tooth head edge-to-edge dimension of the second tooth 42a. While Figure 12
shows a symmetric edge-to-edge width variation, an asymmetric edge-to-edge
variation, such as where the width to one side of the central axis is different from the
width to the other side of the tooth axis 27. In various embodiments, the asymmetry
can be reversed between the first and second stator sections.

Figures 13 and 14 show different faceting of the tooth face where the surface area of
the central facet 43 (facet intersecting the tooth axis 27) in Figure 13 is larger than the
central facet in Figure 14. In addition, facets to the side of the central facet 43 have less
surface area than the corresponding facets in Figure 14 and are positioned at a steeper
angle to the central facet (and the tooth axis 27) than in Figure 14. Figures 13 and 13
show a symmetrical variation in the facet surface area, but an asymmetric variation in
the facet surface area can be present also, such as where a facet area to one side of the
tooth axis is different from a corresponding facet area on the opposite side of the tooth
axis 27. In various embodiments, the asymmetry can be reversed between the first and
second stator sections.

In some embodiments of an assymetric tooth design, an asymmetry can be provided
in one or more or all teeth of a first stator section, such as by shaping the tooth faces 28
such that each tooth face 28 is asymmetric about a tooth axis 27 which bisects the tooth
14 at the tooth body 29, to provide an unequal effect on the magnetic field on either
side of the tooth axis 27. Figure 12 shows an embodiment of stator teeth having
different edge-to-edge width of the tooth head, such as where a first tooth, which can
be associated with one of the first and second stator sections is shown in broken lines
and a second tooth, which can be associated with the other of the first and second
stator sections, is shown in solid lines, and the first tooth has a narrower edge-to-edge
dimension 42b of the tooth head than the tooth head edge-to-edge dimension of the
second tooth 42a. Figures 13 and 14 show different faceting of the tooth face where the
surface area of the central facet 43 (facet intersecting the tooth axis 27) in Figure 13 is
larger than the central facet in Figure 14. In addition, facets to the side of the central
facet 43 have less surface area than the corresponding facets in Figure 14 and are po-

sitioned at a steeper angle to the central facet (and the central axis 27) than in Figure
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14.

In various embodiments, the asymmetry of the tooth faces can include changing a
radius of curvature for the tooth face on one side of the tooth axis 27 in comparison to
the radius of curvature for the tooth face on the other side of the tooth axis, such as that
shown in Figure §, in contrast to the symmetric tooth of Figure 7, or by otherwise in-
creasing or decreasing the tooth gap 16 (the distance between the tooth and the rotor)
on one side of the tooth axis as compared to the other side of the tooth axis. In some
embodiments, the tooth face can be asymmetric due to a narrowing or broadening of
the tooth head 30 on one side of the tooth axis as compared to the other side of the
tooth axis. The first stator section 13a can then be paired with a second stator section
13b having a countering asymmetry to the asymmetry, such as that shown in Figure 9,
to counter the asymmetry in the magnetic field of the coil/tooth of the first stator
section. Any suitable method can be used to impart asymmetry to the shape of the
tooth/coil of the first and second stator sections, such as those discussed above, with
the particular asymmetries of the first and second stator layers selected and sized so as
to result in at least partially countering the asymmetry or distortion of the magnetic
field of each other, and at least partially reducing the torque ripple and/or cogging
torque.

In some embodiments of a laminated stator 13 described herein, a first stator section
13a can be positioned in series with a second stator section 13b, where the two stator
sections are placed end-to-end such that the centerline of the first stator section is
coaxial with the second stator section and the teeth and winding openings of the first
stator section correspond to the teeth and winding openings of the second stator
section, respectively, to allow each coil to be made by winding conductor around one
tooth of the first stator section and one tooth of the second stator section.

In some embodiments, a third stator layer can also be present, such as a stator layer
lacking the asymmetry of the first and second layers, or a stator layer having
asymmetry, such as that described for the first and second layers. In various em-
bodiments, the third stator layer can be positioned between the first and second stator
layers or can be positioned at one end or the other of the first and second stator layer
assembly.

In some embodiments, the asymmetric first and second stator layers (and optional
third stator layer) can be used with a rotor not having the asymmetric features
described herein.

In a third approach to reduce torque ripple, asymmetric rotor layers and asymmetric
stator layers can be combined with one another, such as a rotor having an asymmetric
layer and a countering asymmetric layer or a layer without the asymmetric features

described herein being combined with a stator having an asymmetric layer and a
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countering asymmetric layer (non-asymmetric layer) or a layer without the asymmetric
features described herein (non-asymmetric stator layer).

In some embodiments, an asymmetric rotor layer can be countered by an asymmetric
stator layer that is located adjacent to the asymmetric rotor layer or located adjacent to
a different rotor layer. In some embodiments, an asymmetric rotor layer can be
countered by an asymmetric stator layer and an asymmetric rotor layer, where the
asymmetric stator layer is located adjacent to the asymmetric rotor layer or located
adjacent to the countering asymmetric rotor layer. In some embodiments, an
asymmetric stator layer can be countered by an asymmetric stator layer and an
asymmetric rotor layer, where the asymmetric rotor layer is located adjacent to the
asymmetric rotor layer or the countering asymmetric stator layer.

As used herein, the words "approximately”, "about"”, "substantially”, "near" and other
similar words and phrasings are to be understood by a person of skill in the art as
allowing for an amount of variation not substantially affecting the working of the
device, example or embodiment. In those situations where further guidance is
necessary, the degree of variation should be understood as being 5% or less.

Having now described the invention in accordance with the requirements of the
patent statutes, those skilled in this art will understand how to make changes and modi-
fications to the present invention to meet their specific requirements or conditions.
Such changes and modifications may be made without departing from the scope and
spirit of the invention as disclosed herein.

The foregoing Detailed Description of exemplary and preferred embodiments is
presented for purposes of illustration and disclosure in accordance with the re-
quirements of the law. It is not intended to be exhaustive nor to limit the invention to
the precise form(s) described, but only to enable others skilled in the art to understand
how the invention may be suited for a particular use or implementation. The possibility
of modifications and variations will be apparent to practitioners skilled in the art. No
limitation is intended by the description of exemplary embodiments which may have
included tolerances, feature dimensions, specific operating conditions, engineering
specifications, or the like, and which may vary between implementations or with
changes to the state of the art, and no limitation should be implied therefrom.
Applicant has made this disclosure with respect to the current state of the art, but also
contemplates advancements and that adaptations in the future may take into con-
sideration of those advancements, namely in accordance with the then current state of
the art. It is intended that the scope of the invention be defined by the Claims as written
and equivalents as applicable. Reference to a claim element in the singular is not
intended to mean "one and only one" unless explicitly so stated. Moreover, no element,

component, nor method or process step in this disclosure is intended to be dedicated to
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the public regardless of whether the element, component, or step is explicitly recited in
the Claims.
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Claims

A motor rotor comprising:

a rotor comprising first and second rotor sections and a series of
magnets,

the first rotor section comprising:

a series of magnet pockets proximate an outer edge of the first rotor
section and configured to receive respective magnets to magnetically
interact with a series of coils located in a stator and distributed around
the first rotor section to effect relative rotation of the rotor and stator
upon energization of the coils during operation;

each of the magnets having a respective d-axis extending through the
magnet and the outer edge of the first rotor section;

the first rotor section comprising for each magnet a respective air hole
or air barrier that is asymmetric about a respective d-axis; wherein each
air hole or air barrier results in an asymmetric magnetic field for the re-
spective magnet;

the second rotor section comprising:

a series of magnet pockets proximate an outer edge of the second rotor
section and configured to receive respective magnets to magnetically
interact with a series of coils located in a stator and distributed around
the second rotor section to effect relative rotation of the rotor and stator
upon energization of the coils during operation;

each of the magnets having a respective d-axis extending through the
magnet and the outer edge of the second rotor section;

the second rotor section comprising for each magnet a respective air
hole or air barrier that is asymmetric about a respective d-axis; wherein
each air hole or air barrier results in an asymmetric magnetic field for
the respective magnet;

wherein the first rotor section is positioned in series with the second
rotor section with the magnet pockets of the first rotor section corre-
sponding to the magnet pockets of the second rotor section; and
wherein each of the magnets is located within a magnet pocket of the
first rotor section and a magnet pocket of the second rotor section;
wherein during operation, the asymmetry of the magnetic fields of the
second rotor section causes a ripple in the torque that at least partially
counters a ripple of the asymmetry of the magnetic fields of the first

rotor section.
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The motor rotor of claim 1, wherein the asymmetry of the magnetic
field in the first and second rotor sections is caused by asymmetry in air
holes only.

The motor rotor of claim 1, wherein the asymmetry of the magnetic
field in the first and second rotor sections is caused by asymmetry in air
barriers only.

The motor rotor of claim 1, further comprising a third rotor section,
the third rotor section comprising:

a series of magnet pockets proximate an outer edge of the third rotor
section and configured to receive respective magnets to magnetically
interact with a series of coils located in a stator and distributed around
the third rotor section to effect relative rotation of the rotor and stator
upon energization of the coils during operation;

each of the magnets having a respective d-axis extending through the
magnet and the outer edge of the first rotor section;

wherein the third rotor section is aligned with the first and second rotor
sections with the magnet pockets of the third rotor section corre-
sponding to the magnet pockets of the first and second rotor sections;
and

wherein each of the magnets is located within a magnet pocket of the
first, second and third rotor sections.

The motor rotor of claim 4, wherein the third rotor section comprising
for each magnet a respective air hole or air barrier that is asymmetric
about a respective d-axis; wherein each air hole or air barrier results in
an asymmetric magnetic field for the respective magnet, and during
operation, the asymmetry of the magnetic fields of the third rotor
section causes a ripple in the torque that at least partially counters a
ripple of the asymmetry of the magnetic fields of the first rotor section
and/or the second rotor section.

A motor stator comprising:

a first stator section and a second rotor section and a series of coils,
the first stator section comprising:

a series of winding openings, each winding opening configured to
receive wire to form one of the series of coils wrapped around a tooth
of the first stator section;

each tooth of the first stator section providing a first stator magnetic
field;

the second stator section comprising:
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a series of winding openings, each winding opening configured to
receive wire to form one of the series of coils wrapped around a tooth
of the second stator section;

each tooth of the second stator section providing a second stator
magnetic field;

wherein the first stator section is positioned in series with the second
stator section with the teeth of the first stator section corresponding to
the teeth of the second stator section and the coil for each tooth is made
by winding conductor around a tooth of the first stator section and the
corresponding tooth of the second stator section, and

during operation, the first stator magnetic field causes a first ripple in
the torque that at least partially counters a second ripple in the torque
caused by the second stator magnetic field.

The motor stator of claim 6, wherein the tooth of the first stator
comprises a first tooth head, and the first tooth head has a first tooth
head shape, the tooth of the second stator section comprises a second
tooth head, and the second tooth head has a second tooth head shape,
the first and second tooth heads being different from one another, and a
difference between the first and second torque ripples is related to a
difference in the first and second tooth head shapes.

The motor stator of claim 7, wherein the first tooth head shape and the
second tooth head shape differ in an edge-to-edge width.

The motor stator of claim 7, wherein the first tooth head has a face that
comprises one or more facets and the second tooth had has a face that
comprises one or more facets that correspond to the one or more facets
of the first tooth head, and the first tooth head shape and the second
tooth head shape differ in a surface area of a facet of the first tooth head
and a corresponding facet of the second tooth head.

The motor stator of claim 6, further comprising a third stator section;
the third stator section comprising:

a series of winding openings, each winding opening configured to
receive wire to form one of the series of coils wrapped around a tooth
of the third stator section;

each tooth of the third stator; providing a third stator magnetic field
wherein the third stator section is positioned in series with the first and
second stator sections with the teeth of the third stator section corre-
sponding to the teeth of the first and second stator sections and the coil

for each tooth is made by winding conductor around a tooth of the first
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stator section and the corresponding tooth of the second stator section,
and the corresponding tooth of the third stator section.

The motor stator of claim 10, wherein the third stator magnetic field
causes a ripple in the torque that at least partially counters a ripple in
the torque that is caused by first stator magnetic field and/or the second
stator magnetic field.

A motor comprising:

a rotor comprising first and second rotor sections and a series of
magnets; and

a motor stator comprising first and second stator sections and a series
of coils,

wherein,

the first rotor section comprising:

a series of magnet pockets proximate an outer edge of the first rotor
section and configured to receive respective magnets to magnetically
interact with a series of coils located in a stator and distributed around
the first rotor section to effect relative rotation of the rotor and stator
upon energization of the coils during operation;

each of the magnets having a respective d-axis extending through the
magnet and the outer edge of the first rotor section;

the first rotor section comprising for each magnet a respective air hole
or air barrier that is asymmetric about a respective d-axis; wherein each
air hole or air barrier results in an asymmetric magnetic field for the re-
spective magnet;

the second rotor section comprising:

a series of magnet pockets proximate an outer edge of the second rotor
section and configured to receive respective magnets to magnetically
interact with a series of coils located in a stator and distributed around
the second rotor section to effect relative rotation of the rotor and stator
upon energization of the coils during operation;

each of the magnets having a respective d-axis extending through the
magnet and the outer edge of the second rotor section;

the second rotor section comprising for each magnet a respective air
hole or air barrier that is asymmetric about a respective d-axis; wherein
each air hole or air barrier results in an asymmetric magnetic field for
the respective magnet;

wherein the first rotor section is positioned in series with the second

rotor section with the magnet pockets of the first rotor section corre-
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sponding to the magnet pockets of the second rotor section; and
wherein each of the magnets is located within a magnet pocket of the
first rotor section and a magnet pocket of the second rotor section;
the first stator section comprising:

a series of winding openings, each winding opening configured to
receive wire to form one of the series of coils wrapped around a tooth
of the first stator section;

each tooth of the first stator section providing a first stator magnetic
field;

the second stator section comprising:

a series of winding openings, each winding opening configured to
receive wire to form one of the series of coils wrapped around a tooth
of the second stator section;

each tooth of the second stator section providing a second stator
magnetic field;

wherein the first stator section is positioned in series with the second
stator section with the teeth of the first stator section corresponding to
the teeth of the second stator section and the coil for each tooth is made
by winding conductor around a tooth of the first stator section and the
corresponding tooth of the second stator section; and

during operation, the first stator magnetic field causes a ripple in the
torque that at least partially counters a ripple in the torque caused by
the second stator magnetic field.

The motor stator of claim 12, wherein the tooth of the first stator
comprises a first tooth head, and the first tooth head has a first tooth
head shape, the tooth of the second stator section comprises a second
tooth head, and the second tooth head has a second tooth head shape,
the first and second tooth heads being different from one another, and a
difference between the first and second torque ripples is related to a
difference in the first and second tooth head shapes.

The motor stator of claim 13, wherein the first tooth head shape and the
second tooth head shape differ in an edge-to-edge width.

The motor stator of claim 13, wherein the first tooth head has a face
that comprises one or more facets and the second tooth had has a face
that comprises one or more facets that correspond to the one or more
facets of the first tooth head, and the first tooth head shape and the
second tooth head shape differ in a surface area of a facet of the first

tooth head and a corresponding facet of the second tooth head.
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The motor rotor of claim 12, wherein the asymmetry of the magnetic
field in the first and second rotor sections is caused by asymmetry in air
holes only.

The motor rotor of claim 12, wherein the asymmetry of the magnetic
field in the first and second rotor sections is caused by asymmetry in air
barriers only.

The motor rotor of claim 12, further comprising a third rotor section,
the third rotor section comprising:

a series of magnet pockets proximate an outer edge of the third rotor
section and configured to receive respective magnets to magnetically
interact with a series of coils located in a stator and distributed around
the third rotor section to effect relative rotation of the rotor and stator
upon energization of the coils during operation;

each of the magnets having a respective d-axis extending through the
magnet and the outer edge of the first rotor section;

wherein the third rotor section is aligned with the first and second rotor
sections with the magnet pockets of the third rotor section corre-
sponding to the magnet pockets of the first and second rotor sections;
and

wherein each of the magnets is located within a magnet pocket of the
first, second and third rotor sections.

The motor rotor of claim 18, wherein the third rotor section comprising
for each magnet a respective air hole or air barrier that is asymmetric
about a respective d-axis; wherein each air hole or air barrier results in
an asymmetric magnetic field for the respective magnet, and during
operation, the asymmetry of the magnetic fields of the third rotor
section causes a ripple in the torque that at least partially counters a
ripple of the asymmetry of the magnetic fields of the first rotor section

and/or the second rotor section.



0000000000000




0000000000000




3/12

PCT/KR2019/015683




4/12

PCT/KR2019/015683

WO 2020/101440

[Fig. 4]

12




5/12

WO 2020/101440 PCT/KR2019/015683

[Fig. 5]

[Fig. 6]

28




6/12

WO 2020/101440 PCT/KR2019/015683

[Fig. 7]




7712

WO 2020/101440 PCT/KR2019/015683

[Fig. 8]




8/12

WO 2020/101440 PCT/KR2019/015683

[Fig. 9]

l\w_ 27

| __—28

30

29



9/12

WO 2020/101440 PCT/KR2019/015683
[Fig. 10]
/— Lamination 2 /— Lamination 1 /—— Final
75 / /
7
[0}
&
é 6
55
5
D 5 10 15
Rotor position (Degree)
e | amination-2  =-Final - amination-1
[Fig. 11]
Lamination 2 . Lamination 1
\ — Final /
0.15 \ / /

o
-

o
=)
(s

-0.05

Cogging (PP, Nm)
O

=
—

-0.15

Rotor position

~g~| amination-2 -e—Final -#—Lamination-1




10/12

WO 2020/101440 PCT/KR2019/015683

[Fig. 12]

e

14

28




11/12

WO 2020/101440 PCT/KR2019/015683

[Fig. 13]

wwwwwwwwwwwwwwwwwwww

41

28/ 41

27
43



WO 2020/101440

41

28

12/12

PCT/KR2019/015683

30

41
27 43



INTERNATIONAL SEARCH REPORT International application No.
PCT/KR2019/015683

A. CLASSIFICATION OF SUBJECT MATTER
HO02K 1/27(2006.01)i, HO2K 1/14(2006.01)i, HO2K 3/52(2006.01)i

According to International Patent Classification (IPC) or to both national classification and [PC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
HO02K 1/27;, B60L 11/14; HO2K 007/00; HO2K 037/00; HO2K 1/14; HO2K 1/16; HO2K 1/22; HO2K 9/19; HO2K 3/52

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models

Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
cKOMPASS(KIPO internal) & Keywords: rotor, stator, asymmetry, ripple, counter

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X US 8102091 B2 (IONEL) 24 January 2012 1-5
Column 5, line 52 - column 6, line 1;

column 7, lines 16-40; and figures 1-3, 7, 13.
A 6-19

A US 2012-0274160 A1 (HINO et al.) 01 November 2012 1-19
Paragraphs [0118], [0159]; and figures 7B, 24.

A US 7969058 B2 (RAHMAN et al.) 28 June 2011 1-19
Abstract; claim 1; and figures 1-3.

A US 2005-0285471 A1 (CHEN et al.) 29 December 2005 1-19
Paragraphs [0020]-[0030]; and figures 3A-3B, 8.

A KR 10-1224722 B1 (HITACHI AUTOMOTIVE SYSTEMS, LTD.) 21 January 2013 1-19
Paragraphs [0051]-[0066]; and figures 4a-8a, 15b.

|:| Further documents are listed in the continuation of Box C. See patent family annex.

* Special categories of cited documents: "T" later document published after the international filing date or priority

"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention

"D" document cited by the applicant in the international application "X" document of particular relevance; the claimed invention cannot be

"E" eartlier application or patent but published on or after the international considered novel or cannot be considered to involve an inventive
filing date step when the document is taken alone

"L"  document which may throw doubts on priority claim(s) or which is "Y" document of particular relevance; the claimed invention cannot be
cited to establish the publication date of another citation or other considered to involve an inventive step when the document is
special reason (as specified) combined with one or more other such documents,such combination

"O" document referring to an oral disclosure, use, exhibition or other means

being obvious to a person skilled in the art

"P"  document published prior to the international filing date but later "&" document member of the same patent family
than the priority date claimed
Date of the actual completion of the international search Date of mailing of the international search report
19 March 2020 (19.03.2020) 19 March 2020 (19.03.2020)
Name and mailing address of the [SA/KR Authorized officer

International Application Division
Korean Intellectual Property Office JANG, Gijeong
189 Cheongsa-ro, Seo-gu, Daejeon, 35208, Republic of Korea

Facsmlile No. +82-42-481-8578 Telephone No. +82-42-481-8364

Form PCT/ISA/210 (second sheet) (July 2019)



INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT/KR2019/015683
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 8102091 B2 24/01/2012 CA 2732646 Al 04/02/2010
CA 2732646 C 12/01/2016
EP 2304863 A2 06/04/2011
EP 2304863 Bl 27/06/2018
MX 2011001263 A 21/04/2011
US 2010-0026128 Al 04/02/2010
WO 2010-014844 A2 04/02/2010
WO 2010-014844 A3 15/07/2010
US 2012-0274160 Al 01/11/2012 EP 2099114 A2 09/09/2009
EP 2099114 A3 30/12/2015
EP 2099114 B1 24/01/2018
JP 2009-213256 A 17/09/2009
JP 4708448 B2 22/06/2011
US 2009-0224627 Al 10/09/2009
US 8247940 B2 21/08/2012
US 8368273 B2 05/02/2013
US 7969058 B2 28/06/2011 CN 101325348 A 17/12/2008
CN 101325348 B 30/05/2012
DE 102008026756 Al 02/01/2009
DE 102008026756 B4 21/05/2015
US 2008-0303370 Al 11/12/2008
US 2005-0285471 Al 29/12/2005 JP 2006-014575 A 12/01/2006
JP 3144685 U 11/09/2008
TW 200601666 A 01/01/2006
TW 1276281 B 11/03/2007
US 7339301 B2 04/03/2008
KR 10-1224722 Bl 21/01/2013 BR P10919792 A2 15/12/2015
CN 102187546 A 14/09/2011
CN 102187546 B 17/12/2014
CN 104467226 A 25/03/2015
CN 104467226 B 24/05/2017
EP 2348611 Al 27/07/2011
EP 2348611 A4 30/11/2016
JP 2010-098830 A 30/04/2010
JP 5433198 B2 05/03/2014
US 10177615 B2 08/01/2019
US 10547222 B2 28/01/2020
US 2011-0254474 Al 20/10/2011
US 2016-0164354 Al 09/06/2016
US 2018-0048198 Al 15/02/2018
US 2019-0115796 Al 18/04/2019
US 9300176 B2 29/03/2016
US 9812913 B2 07/11/2017
WO 2010-044426 Al 22/04/2010

Form PCT/ISA/210 (patent family annex) (July 2019)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - claims
	Page 17 - claims
	Page 18 - claims
	Page 19 - claims
	Page 20 - claims
	Page 21 - claims
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - wo-search-report
	Page 35 - wo-search-report

