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(57) Abstract: An electric machine (20) having a rotor (24) with a rotor core (30)
formed out of magnetically permeable material and defines a plurality of poles (32).
Each pole includes a plurality of discrete axially extending magnet slots (36, 38) with
at least one permanent magnet (40, 42) in each magnet slot. Each pole (32) has a
radial centerline (34) and includes a plurality of voids (86, 88, 90) defined by the
rotor core. For each pole the magnet slots include at least one central magnet slot
(36) and two outer magnet slots (38), the outer magnet slots (38) are positioned on
opposite circumferential sides of the radial centerline (34) of the pole and are at least
partially positioned closer to a radially outer perimeter of the rotor core than a radially
outermost edge (60) of the at least one central magnet slot (36). Each of the plurality
of voids (86, 88, 90) is spaced from each of the magnet slots (36, 38) and positioned
circumferentially between the outer magnet slots (38) and radially outwardly of the at
least one central magnet slot (36).
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INTERIOR PERMANENT MAGNET ELECTRIC MACHINE WITH FLUX DISTRIBUTING
VOIDS

Cross Reference to Related Applications

[0001] This application claims priority to U.S. patent application serial no.16/242,515 filed on
Jan. 8, 2019 entitled INTERIOR PERMANENT MAGNET ELECTRIC MACHINE WITH
FLUX DISTRIBUTING VOIDS, the disclosure of which is hereby incorporated herein by
reference.

BACKGROUND

1. Technical Field.

[0002] The present invention relates to electrical machines and, more particularly, to electrical
machines utilizing permanent magnets.

2. Description of the Related Art.

[0003] Interior permanent magnet electric machines are often employed in hybrid vehicles due
in part to their relatively high torque density and efficiency. Such interior permanent magnet
electric machines employ a rotor that includes permanent magnets mounted therein to provide
the rotor field.

[0004] One issue presented by the use of such interior permanent magnet electric machines is a
phenomenon referred to as cogging torque. Cogging torque, sometimes referred to as "no

current'" torque, is a consequence of the position and number of the rotor and stator magnetic
poles and their interaction and results in torque ripple and speed ripple.
[0005] While known internal permanent magnet electric machines are effective, further
improvements remain desirable.

SUMMARY
[0006] The present invention provides an interior permanent magnet electric machine with a
rotor configuration that enhances the performance of the electric machine.
[0007] The invention comprises, in one form thereof, an electric machine that includes a stator
operably coupled with a rotor wherein the rotor being rotatable about a rotational axis. The rotor
includes a rotor core formed out of magnetically permeable material and defines a plurality of
poles. Each pole includes a plurality of discrete axially extending magnet slots formed in the

rotor core with at least one permanent magnet being positioned in each of the separate magnet

slots with each of the plurality of poles defining a respective radial centerline and including a
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plurality of voids defined by the rotor core. For each of the plurality of poles: the plurality of
magnet slots includes at least one central magnet slot and first and second outer magnet slots, the
first and second outer magnet slots being positioned on opposite circumferential sides of the
radial centerline of the pole and wherein the radial distance from a radially outer perimeter of the
rotor core to the first and second outer magnet slots is less than the radial distance from the
radially outer perimeter of the rotor core to a radially outermost edge of the at least one central
magnet slot. Each of the plurality of voids is spaced from each of the magnet slots and
positioned circumferentially between the first and second outer magnet slots and radially
outwardly of the at least one central magnet slot.

[0008] In some embodiments of the electric machine, the at least one central magnet slot
comprises two discrete central magnet slots with each of the central magnet slots having at least
one permanent magnet disposed therein.

[0009] In some embodiments of the electric machine, each of the plurality of voids has a radial
length and a circumferential width wherein the radial length is greater than the circumferential
width.

[0010] In some embodiments, each of the plurality of voids has a common circumferential
width. Alternatively, or additionally, each of the plurality of voids may be spaced from an outer
radial perimeter of the rotor core by a radial distance that is at least twice the circumferential
width of the void.

[0011] In some embodiments, each of the plurality of voids is spaced from an outer radial
perimeter of the rotor core by a first radial distance that is greater than a minimum radial distance
separating the first and second outer magnet slots from the outer radial perimeter of the rotor
core. In such an embodiment, each of the plurality of voids may also be radially spaced from a
radially outer edge of the at least one central slot by a second radial distance that is at least as
great as the first radial distance.

[0012] In some embodiments, each of the plurality of voids is separated from a
circumferentially adjacent void or magnet slot by a circumferential distance that is at least three
times greater than the circumferential width of the void, or, by a circumferential distance that is
at least six times greater than the circumferential width of the void.

[0013] In some embodiments, each of the voids includes opposing, radially extending edges

wherein the radially extending edges of each void are linear and parallel. In such an
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embodiment, the radially extending edges of each void may be parallel with a radial line
bisecting the void.

[0014] In some embodiments, each of the voids has the same circumferential width. In such
embodiments, the voids may be positioned symmetrically about the centerline of the pole and the
radial length of the voids may vary with voids having shorter radial lengths being positioned
circumferentially outwardly of voids having longer radial lengths. Such embodiments may
further be configured to include at least two voids on each circumferential side of the centerline
of the pole which have a common radial length wherein at least one void having a radial length
shorter than the common radial length is disposed on each circumferential side of the centerline
of the pole and positioned circumferentially outwardly of the at least two voids having a
common radial length.

[0015] The invention comprises, in another form thereof, an electric machine that includes a
stator operably coupled with a rotor wherein the rotor is rotatable about a rotational axis. The
rotor includes a rotor core formed out of magnetically permeable material and defines a plurality
of poles. Each pole includes a plurality of discrete axially extending magnet slots formed in the
rotor core with at least one permanent magnet being positioned in each of the separate magnet
slots. Each of the plurality of poles also defines a respective radial centerline and includes a
plurality of voids defined by the rotor core wherein each of the plurality of poles has a
configuration that is symmetrical about the respective radial centerline. For each of the plurality
of poles the plurality of magnet slots includes at least one central magnet slot and first and
second outer magnet slots, the first and second outer magnet slots being positioned on opposite
circumferential sides of the radial centerline of the pole and being at least partially positioned
radially outwardly of a radially outermost edge of the at least one central magnet slot. For each
of the poles, each of the plurality of voids axially extends through the rotor core and is spaced
from each of the magnet slots and positioned circumferentially between the first and second
outer magnet slots and radially outwardly of the at least one central magnet slot, each of the
plurality of voids having a radial length and a circumferential width wherein the radial length is
greater than the circumferential width; and wherein each of the plurality of voids is spaced from
an outer radial perimeter of the rotor core by a first radial distance that is at least twice the
circumferential width of the void and is spaced from a radially outer edge of the at least one

central magnet slot by a second radial distance that is at least as great as the first radial distance;
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and wherein each of the plurality of voids is separated from a circumferentially adjacent void or
magnet slot by a circumferential distance that is at least as great as the circumferential width of
the void.

[0016] In some embodiments of such an electric machine, each of the plurality of voids has a
common circumferential width.

[0017] Such embodiments may be further configured such that the first radial distance is
greater than a minimum radial distance separating the first and second outer magnet slots from
the outer radial perimeter of the rotor core.

[0018] Such embodiments may be still further configured such that each of the plurality of
voids is separated from a circumferentially adjacent void or magnet slot by a circumferential
distance that is at least three times greater than the circumferential width of the void.

[0019] Such embodiments may still further be configured such that the radial length of the
voids varies with voids having shorter radial lengths being positioned circumferentially
outwardly of voids having longer radial lengths.

[0020] Such embodiments may yet further be configured such that at least two voids on each
circumferential side of the centerline of the pole have a common radial length and at least one
void having a radial length shorter than the common radial length is disposed on each
circumferential side of the centerline of the pole and positioned circumferentially outwardly of

the at least two voids having a common radial length.
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[0021] In any of the various embodiments described above, the voids may be positioned
symmetrically about the centerline of the pole wherein the radial length of the voids varies with
voids having shorter radial lengths being positioned circumferentially outwardly of voids having
longer radial lengths. The electric machine may be still further configured such that each of the
plurality of voids is spaced from an outer radial perimeter of the rotor core by a first radial
distance that is greater than a minimum radial distance separating the first and second outer
magnet slots from the outer radial perimeter of the rotor core; wherein each of the plurality of
voids is spaced from a radially outer edge of the at least one central magnet slot by a second
radial distance that is at least as great as the first radial distance; and wherein each of the
plurality of voids is separated from a circumferentially adjacent void or magnet slot by a
circumferential distance that is at least three times greater than the circumferential width of the
void.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] The above mentioned and other features of this invention, and the manner of attaining
them, will become more apparent and the invention itself will be better understood by reference
to the following description of an embodiment of the invention taken in conjunction with the
accompanying drawings, wherein:

[0023] FIG. 1 is a schematic cross-sectional view of an electric machine.

[0024] FIG. 2 is a partial end view of a rotor.

[0025] FIG. 3 is a partial end view of a rotor showing a single pole.

[0026] FIG. 4 is a partial end view of a rotor without voids depicting flux density at no load.
[0027] FIG. 5 is a partial end view of the rotor of FIGS. 1-3 depicting flux density at no load.
[0028] FIG. 6 is a partial end view of a rotor without voids depicting flux density at full load.
[0029] FIG. 7 is a partial end view of the rotor of FIGS. 1-3 depicting flux density at full load.
[0030] FIG. 8 is a chart comparing the torque ripple generated by a rotor without voids and the
rotor of FIGS. 1-3 at 50 Arms armature current.

[0031] FIG. 9is a chart comparing the torque ripple generated by a rotor without voids and the
rotor of FIGS. 1-3 at 150 Arms armature current.

[0032] FIG. 10 is ais a chart comparing the torque ripple generated by a rotor without voids

and the rotor of FIGS. 1-3 at 250 Arms armature current.

-5-



WO 2020/146281 PCT/US2020/012412

[0033] FIG. 11 is a chart comparing the torque ripple generated by a rotor without voids and
the rotor of FIGS. 1-3 at 350 Arms armature current.

[0034] FIG. 12 is a chart comparing the torque ripple generated by a rotor without voids and
the rotor of FIGS. 1-3 at 450 Arms armature current (full load).

[0035] Corresponding reference characters indicate corresponding parts throughout the several
views. Although the exemplification set out herein illustrates an embodiment of the invention, in
one form, the embodiment disclosed below is not intended to be exhaustive or to be construed as
limiting the scope of the invention to the precise form disclosed.

DETAILED DESCRIPTION

[0036] FIG. 1 provides a schematic cross-sectional view of an electric machine 20. Electric
machine 20 includes a stator 22 having a stator core and a plurality of windings. A rotor 24 is
operably coupled with stator 22 and has a shaft 26 secured thereto. Rotor 24 and shaft 26 rotate
relative to stator 22 about rotational axis 28. Electric machine 20 is an interior permanent
magnet synchronous machine (IPMSM) and may be employed as a motor/generator in a hybrid
vehicle wherein it selectively operates as either a motor or a generator.

[0037] Rotor 24 includes a rotor core 30 and defines a plurality of magnetic poles 32 which
interact with stator 22 during operation of electric machine 20. The illustrated electric machine
20 is an internal permanent magnet electric machine and each of the poles 32 of rotor 24 include
a plurality of axially extending magnet slots formed in rotor core 30 with at least one permanent
magnet positioned in each of the magnet slots. The magnets may be secured within the slots
using an interference fit, using an adhesive material, another securement method or combination
of securement methods.

[0038] Rotor core 30 is formed out of magnetically permeable material. For example, rotor
core 30 may be formed out of a plurality of stacked laminations wherein each individual
lamination is a sheet of electrical steel. The use of stacked electrical steel laminations to form a
rotor core is well known to those having ordinary skill in the art. Electrical steel often has a
relative magnetic permeability of around 4,000. By definition, a vacuum has a relative magnetic
permeability of 1.

[0039] As discussed in greater detail below, the magnet slots formed in rotor core 30 define
gaps and voids at selected locations in each pole 32. These gaps and voids have a relative

magnetic permeability less than that of the rotor core 30. For example, these gaps may be filled
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with air. Air has a relative magnetic permeability of 1.00000037. Which, for purposes of this
disclosure can be rounded to the nearest whole number, i.e., 1. Instead of leaving the gaps and
voids as air-filled space, it is also possible to fill these gaps and voids with a polymeric and/or
adhesive material which may be used to further secure the magnets within the slots or simply fill
the open space. Advantageously, the material used to fill the gaps/voids has a relative magnetic
permeability of 1.

[0040] Each of the rotor poles 32 define a radial centerline 34 that intersects rotational axis 28.
In the illustrated embodiment, poles 32 are symmetric about centerline 34, however, alternative
embodiments could include some asymmetric features. In this regard, it is noted that the
illustrated electric machine is operable in both rotational directions, however, alternative
embodiments could be used for applications where the electric machine operates in only one
rotational direction. The illustrated embodiment includes ten rotor poles 32, however, alternative
embodiments may employ a different number of poles.

[0041] The individual poles 32 include a plurality of discrete magnet slots that includes at least
one central magnet slot 36 and two outer magnet slots 38. As used herein a discrete magnet slot
is a slot that is separated by the magnetically permeable material forming the rotor core from the
other magnet slots. In the illustrated embodiment, each of the poles 32 have the same
configuration and include two central magnet slots 36 with one of the central magnet slots 36
being disposed on each side of the radial centerline 34. Outer magnet slots 38 are positioned on
opposite circumferential sides of radial centerline 34 and, advantageously, at least partially
circumferentially outwardly of a radially outermost edge 44 of the central magnet slots 36. In
the illustrated embodiment, the permanent magnets 42 within outer magnet slots 38 are
positioned entirely circumferentially outwardly of the permanent magnets 40 disposed within
central magnet slots 36.

[0042] Each of the slots 36, 38 has at least one permanent magnet 40, 42 disposed therein. In
the illustrated embodiment, each slot 36, 38 has only a single magnet 40, 42 disposed therein,
however, alternative embodiments could position more than one magnet in one or more of the
magnet slots.

[0043] As can be seen in the figures, magnets 42 disposed in the outer magnet slots 38 are

smaller than the magnets 40 disposed in the central magnet slots 36. All of the magnets 42
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disposed in the outer magnet slots 38 have the same dimensions and all of the magnets 40
disposed in the central magnet slots 36 have the same dimensions.

[0044] In the illustrated embodiment, permanent magnets 40, 42 are all parallelepipeds with
each face of the permanent magnets 40, 42 being rectangular. In this regard, it is noted that the
faces are not perfectly rectangular but have slightly rounded corners and edges.

[0045] All of the magnets 40, 42 have the same axial length. Magnets 40 disposed in central
magnet slots 36 have a greater length 50 and smaller width 46 than the length 52 and width 48 of
magnets 42 disposed in outer magnet slots 38.

[0046] The use of a rectangular cross section and common axial length provides for
manufacturing efficiency. The axial length of the magnets corresponds to the axial length of the
rotor core 30. The illustrated magnets are all formed out of the same material. Any suitable
permanent magnetic material may be used. For example, magnets 40, 42 may take the form of
rare earth magnets or ferrite magnets.

[0047] 1t is additionally noted that while the illustrated embodiment has a single magnet
disposed in each slot and uses two differently sized magnets, under some circumstances it may
prove more efficient to utilize multiple magnets in some or all of the magnet slots. For example,
it might be possible to use only one sized magnet and employ three of the magnets in the central
slots and two of the magnets in the outer slots if electric machine 20 were designed with all of
the magnets having a common width.

[0048] Magnet slots 36, 38 of each pole 32 are positioned to define a U-shaped configuration
with magnets 40 positioned in central slots 36 oriented such that they extend a greater
circumferential distance than radial distance. In this regard, it is noted that magnets 40 are
positioned such that length 50 is substantially equivalent to the circumferential distance over
which magnets 40 extend and width 46 is substantially equivalent to the radial distance over
which magnets 40 extend. Magnets 42 positioned in outer magnet slots 38 are oriented such that
they extend a greater radial distance, which generally corresponds to length 52, than
circumferential distance, which generally corresponds to width 48.

[0049] In the illustrated embodiments, central magnet slots 36 are linearly aligned with the
radially inner edges 58 of both slots being colinear and the radially outer edges 60 also being

colinear. Outer magnet slots 38 are separated by a circumferential distance that becomes greater
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as the outer magnet slots 38 approach the outer radial perimeter 64 of rotor core 30. In other
words, outer magnet slots 38 angle outwardly as they progress radially outwardly.

[0050] Outer magnet slots 38 each define a material bridge 66 that is disposed between the
outer magnet slot 38 and the radially outer perimeter 64 of rotor core 30. Material bridges 66 are
tapered bridges that define a radial thickness that varies. As can be seen in the figures, material
bridges 66 have a radial thickness that decreases as the circumferential distance from the radial
centerline 34 increases. The use of such a tapered material bridge 66 has certain advantages that
are discussed in greater detail in U.S. Patent Application Serial No. 16/242,340 (Attorney Docket
No. 22888-0329) filed Jan. 8, 2019 and entitled INTERIOR PERMANENT MAGNET
ELECTRIC MACHINE WITH TAPERED BRIDGE STRUCTURE which is hereby
incorporated herein by reference.

[0051] In each outer magnet slot 38, a gap 70 is defined between permanent magnet 42 and
material bridge 66. Each of the poles 32 is configured to define two additional gaps in the
magnet slots. At the radially inner edge 76 of outer magnet slots 38, magnet 42 is positioned to
define a gap 78 between magnet 42 and radially inner edge 76. In the central magnet slots 36, a
gap 80 is formed between the permanent magnet 40 and the outer circumferential edge 82 of the
central magnet slot 36. Permanent magnet 40 is positioned directly adjacent the inner
circumferential edge 84 of the central magnet slot 36 whereby no gap is formed at this edge. In
this regard, it is noted that a thin layer of adhesive or other material may be present between
magnet 40 and inner circumferential edge 84. Additionally, or alternatively, small voids due to
manufacturing tolerances may be present between magnet 40 and inner circumferential edge 84
without thereby defining a gap within central magnet slot 36 which would materially impact the
electromagnetic flux at this location during operation in the manner of gaps 70, 78, 80. As
mentioned above, gaps 70, 78, 80 may be air-filled spaces or may be filled with a polymeric
and/or adhesive material which may be used to secure the magnets within the slots. If the gaps
are filled with a solid material, it will generally be desirable to use a material having a relative
magnetic permeability of 1.

[0052] Each of the poles 32 also includes a plurality of voids 86, 88, 90 that are spaced from
each of the magnet slots 36, 38 and from each other with the magnetically permeable material

forming the rotor core 30 separating each of the individual voids 86, 88, 90 from each other and
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the magnet slots 36, 38. The voids 86, 88, 90 are positioned circumferentially between the two
outer magnet slots 38 and radially outwardly of the central magnet slots 36.

[0053] The voids may be filled with air, or, as discussed above filled with a solid material such
as a polymeric material that has a magnetic permeability significantly less than that of the
material used to form the rotor core, for example, a material having a relative magnetic
permeability of around 1. In embodiments having voids filled with a solid material, they are still
considered voids as that term is used herein because they are void of material having a magnetic
permeability comparable to that of the material used to form the rotor core 30.

[0054] In the illustrated embodiment, each pole 32 includes six voids, with three voids located
on each side of centerline 34. In the illustrated embodiment, not only are the voids
symmetrically disposed about centerline 34 but the entire configuration of pole 32 is symmetric
about centerline 34. In this embodiment, the circumferentially innermost voids 86 and the
middle voids 88 have the same dimension and the circumferentially outer void 90 has a shorter
radial length.

[0055] Each of the illustrated voids has a radial length L that is larger than its circumferential
width W. For the illustrated voids, all of the voids have the same circumferential width, i.e., a
common circumferential width. Each of the voids is spaced from outer radial perimeter 64 of
rotor core 30 by a radial distance 92 that is at least twice the circumferential width W of the void.
[0056] These radial distances 92 are all greater than a minimum radial distance 94 separating
the outer magnet slots 38 from outer radial perimeter 64 of rotor core 30. In some embodiments,
the radial distances are no greater than a minimum radial distance 96 separating the permanent
magnets 42 disposed in slots 38 from the outer radial perimeter 64.

[0057] Each of the voids 86, 88, 90 is also spaced from the radially outer edge 60 of central
slots 36 by a radial distance 98 that is at least as great as that void's radial distance 92 to the outer
radial perimeter 64.

[0058] Each of the voids are also separated from a circumferentially adjacent void or magnet
slot 38 by a circumferential distance 100 that is at least as great as the circumferential width W
of the void. Advantageously, this circumferential distance is at least three times greater than the
circumferential width W of the immediately adjacent voids, or, as depicted in the illustrated
embodiment, at least six times greater than the circumferential width W of any immediately

adjacent void. In this regard, it is noted the illustrated configuration of voids 86, 88, 90 leaves a
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substantial quantity of magnetically permeable rotor core material surrounding the voids. As
discussed below, the voids are sufficient to provide substantial benefits but their relatively small
size allows the rotor core to retain significant mechanical strength and structural integrity which
can be a factor in electrical machines having a high power density and high rotational speeds.
[0059] Each of the individual voids has a similar shape although not necessarily the same
dimensions. More specifically, in the illustrated embodiment, the voids all have opposing
radially extending edges 102 that are linear, i.e., formed by a straight line, and are parallel with
each other. Edges 102 of each void are also parallel with a radial line 104 that bisects the void.
[0060] As mentioned above, voids 86, 88, 90 are symmetrically positioned about centerline 34
with the individual voids having varying lengths. More specifically, voids 86, 88 all have the
same radial length L. while voids 90 have a shorter radial length L. The voids are positioned
such that the voids having a shorter radial length are positioned circumferentially outwardly of
voids having a longer radial length. In the illustrated embodiment, three voids are positioned on
each side of centerline 34 with voids 86, 88 having the same radial length and a void 90
positioned on each side of centerline 34 with voids 90 being positioned circumferentially
outwardly of voids 86, 88.

[0061] A computer model was used to compare an electric machine having voids 86, 88, 90
with an electric machine that is identical except for not having voids 86, 88, 90. FIG. 4 shows
the calculated flux density of a rotor pole of an electric machine that does not include voids 86,
88, 90 while FIG. 5 shows the calculated flux density for an electric machine with voids 86, 88,
90. In FIGS. 4 and 5 the electric machines are operated as a motor under no load and the rotor is
rotating at 1000 rpm in a direction counterclockwise as viewed in FIGS. 4 and 5. The calculated
strength of the magnetic field B (measured in tesla) within the electric machine is represented in
FIGS. 4 and 5. As shown in the legend, different colors in the figures represent values between
2.4 tesla down to zero teslain 2.0 x 10-1 tesla increments although not all such values are present
in each figure.

[0062] As can be seen from a comparison of FIGS. 4 and 5, there is very little difference in the
magnetic field B that is generated at the air gap between the rotor and the stator by these two
different electric machines when they are operated under no load.

[0063] Similarly, FIG. 6 shows the calculated flux density of a rotor pole of an electric

machine that does not include voids 86, 88, 90 while FIG. 7 shows the calculated flux density for
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an electric machine with voids 86, 88, 90 under different operating conditions. In FIGS. 6 and 7
the electric machines are operated as a motor under full load and the rotor is rotating at 1000 rpm
in a direction counterclockwise as viewed in FIGS. 6 and 7. The calculated strength of the
magnetic field B (measured in tesla) within the electric machine is represented in FIGS. 6 and 7.
As shown in the legend, different colors in the figures represent values between 2.4 tesla down to
zero tesla in 2.0 x 10-1 tesla increments although not all such values are present in each figure.
[0064] As can be seen from a comparison of FIGS. 6 and 7, the electric machine having voids
86, 88, 90 has a stronger magnetic field B in the air gap between the rotor and stator when these
two different electric machines are operated as a motor under full load. This greater distribution
of the flux density reduces undesirable torque ripple.

[0065] FIGS. 8-12 provide charts comparing the calculated torque ripple of the electric
machine of FIGS. 4 and 6 (without voids) with the electric machine of FIGS. 5 and 7 (with
voids) when operating as a motor and over a range of electrical loads.

[0066] In FIG. 8, the chart compares the calculated torque values of the electric machines when
the stator windings have a current draw of 50 Ay, A 18 the root mean square of the Amps
being drawn by the electric machine. Under real world conditions, the current draw may vary
slightly and the use of the A.ms draw current provides a meaningful average value. The torque
ripple can be calculated from this data and, at this relatively light load, the torque ripple of the
electrical machine without voids (line with dots) is nearly identical to the torque ripple of the
electrical machine with voids (line without dots) with the two lines essentially overlapping and
the calculated torque ripple for the machine without voids being 16.42% and the calculated
torque ripple for the machine with voids being 16.40%.

[0067] FIG. 9 provides a similar comparison at 150 Ay, at this load, the calculated torque
ripple for the machine without voids (line with dots) is 9.01% and the calculated torque ripple for
the machine with voids (line without dots) is 8.92%.

[0068] FIG. 10 provides a similar comparison at 250 A, at this load, the calculated torque
ripple for the machine without voids (line with dots) is 6.41% and the calculated torque ripple for
the machine with voids (line without dots) is 4.88%.

[0069] FIG. 11 provides a similar comparison at 350 A, at this load, the calculated torque
ripple for the machine without voids (line with dots) is 7.73% and the calculated torque ripple for

the machine with voids (line without dots) is 4.15%.
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[0070] FIG. 12 provides a similar comparison at 450 A (full load), at this load, the calculated
torque ripple for the machine without voids (line with dots) is 10.43% and the calculated torque
ripple for the machine with voids (line without dots) is 3.89%.

[0071] As demonstrated by the data presented in the charts of FIGS. 8-12, voids 86, 88, 90
provide an increasing improvement in the performance of the electric machine as the load
increases.

[0072] While this invention has been described as having an exemplary design, the present
invention may be further modified within the spirit and scope of this disclosure. This application
is therefore intended to cover any variations, uses, or adaptations of the invention using its

general principles.
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WHAT IS CLAIMED IS:

1. An electric machine (20) comprising;

a stator (22) operably coupled with a rotor (24), the rotor being rotatable about a
rotational axis (28);

wherein the rotor (24) includes a rotor core (30) formed out of magnetically permeable
material, the rotor defining a plurality of poles (32), wherein each pole includes a plurality of
discrete axially extending magnet slots (36, 38) formed in the rotor core with at least one
permanent magnet (40, 42) being positioned in each of the separate magnet slots; and

wherein each of the plurality of poles (32) defines a respective radial centerline (34) and
includes a plurality of voids (86, 88, 90) defined by the rotor core; and

for each of the plurality of poles (32):

the plurality of magnet slots includes at least one central magnet slot (36) and first
and second outer magnet slots (38), the first and second outer magnet slots being positioned on
opposite circumferential sides of the radial centerline (34) of the pole and wherein the radial
distance from a radially outer perimeter (64) of the rotor core (30) to the first and second outer
magnet slots (38) is less than the radial distance from the radially outer perimeter (64) of the
rotor core to a radially outermost edge (44) of the at least one central magnet slot; and
wherein each of the plurality of voids (86, 88, 90) is spaced from each of the

magnet slots and positioned circumferentially between the first and second outer magnet slots
(38) and radially outwardly of the at least one central magnet slot (36).

2. The electric machine of claim 1 wherein each of the plurality of poles (32) has a
configuration that is symmetrical about the respective radial centerline (34);,

each of the plurality of voids (86, 88, 90) has a radial length (L) and circumferential
width (W) wherein the radial length is greater than the circumferential width; and

wherein each of the plurality of voids is spaced from the outer radial perimeter (64) of the
rotor core by a first radial distance (92) that is at least twice the circumferential width (W) of the
void and is spaced from a radially outer edge (44) of the at least one central magnet slot (36) by a
second radial distance (98) that is at least as great as the first radial distance; and wherein each of
the plurality of voids is separated from a circumferentially adjacent void or magnet slot by a
circumferential distance (100) that is at least as great as the circumferential width (W) of the

void.
-14-
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3. The electric machine of claim 2 wherein the at least one central magnet slot comprises
two discrete central magnet slots (36), each of the central magnet slots having at least one
permanent magnet (40) disposed therein.

4. The electric machine of claim 1 wherein each of the plurality of voids (86, 88, 90) has
a radial length (L) and a circumferential width (W) wherein the radial length is greater than the
circumferential width.

5. The electric machine of any one of claims 1 through 4 wherein each of the plurality of
voids (86, 88, 90) has a common circumferential width (W).

6. The electric machine of any one of claims 1 through 4 wherein each of the plurality of
voids (86, 88, 90) is spaced from the outer radial perimeter (64) of the rotor core by a first radial
distance (92) that is greater than a minimum radial distance (94) separating the first and second
outer magnet slots (38) from the outer radial perimeter (64) of the rotor core.

7. The electric machine of claim 6 wherein each of the plurality of voids (86, 88, 90) is
radially spaced from a radially outer edge (44) of the at least one central slot (36) by a second
radial distance (98) that is at least as great as the first radial distance (92).

8. The electric machine of any one of claims 1 through 4 wherein each of the plurality of
voids is separated from a circumferentially adjacent void or magnet slot by a circumferential
distance (100) that is at least three times greater than the circumferential width (W) of the void.

9. The electric machine of any one of claims 1 through 4 wherein each of the plurality of
voids is separated from a circumferentially adjacent void or magnet slot by a circumferential
distance (100) that is at least six times greater than the circumferential width (W) of the void.

10. The electric machine of any one of claims 1 through 4 wherein each of the voids
includes opposing, radially extending edges (102) wherein the radially extending edges of each
void are linear and parallel with each other and with a radial line (104) bisecting the void.

11. The electric machine of any one of claims 1 through 4 wherein the voids are
positioned symmetrically about the centerline (34) of the pole and wherein the radial length (L)
of the voids varies with voids (90) having shorter radial lengths being positioned
circumferentially outwardly of voids (86, 88) having longer radial lengths.

12. The electric machine of claim 11 wherein at least two voids (86, 88) on each
circumferential side of the centerline (34) of the pole have a common radial length and wherein

at least one void (90) having a radial length shorter than the common radial length is disposed on
-15-
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each circumferential side of the centerline of the pole and positioned circumferentially outwardly
of the at least two voids having a common radial length and wherein each of the voids has a
common width (W).

13. The electric machine of claim 11 wherein each of the plurality of voids (86, 88, 90)
is spaced from the outer radial perimeter (64) of the rotor core by a first radial distance (92) that
is greater than a minimum radial distance (94) separating the first and second outer magnet slots
(38) from the outer radial perimeter (64) of the rotor core; wherein each of the plurality of voids
is spaced from a radially outer edge (44) of the at least one central magnet slot (36) by a second
radial distance (98) that is at least as great as the first radial distance (92); and wherein each of
the plurality of voids is separated from a circumferentially adjacent void or magnet slot by a
circumferential distance (100) that is at least three times greater than the circumferential width

(W) of the void.

-16-



WO 2020/146281 PCT/US2020/012412

1/11

20>
Y 22
\\\\\\\ N

vy

= OISO NS SN NN NN —L -

L

AHMMNNIN

FIG. 1

SUBSTITUTE SHEET (RULE 26)



WO 2020/146281 PCT/US2020/012412
2/11

SUBSTITUTE SHEET (RULE 26)



WO 2020/146281
3/11

PCT/US2020/012412

B [teslal

2.4000E+00

2.2000E+00

2.0000E+00

1.8000E+00
| 1.8000E+00

1.4000E+00

1.2000E+00

1.0000E+00

8.0000E-01
| 6.0000€-01

4.0000E-04

2.0000E-04

0.0000E+00

{Time =0g
Spesd =1000.000000pm

{ Posilion =3.000000deg

FIG. 4

SUBSTITUTE SHEET (RULE 26)




WO 2020/146281

4/11

PCT/US2020/012412

B [testal

2 4000E+00

2.20006+00

| 2.0000+00
11.80006+00

| 1.6000E+00
1,4000E500)
1,2000E400

6.0000E-04
§ 4.0000E-04

Time =08
Speed =1000.000000rpm
Posilion =3 000000dey

SUBSTITUTE SHEET (RULE 26)



WO 2020/146281 PCT/US2020/012412
5/11

B [teslal

2.4000E+00
2.2000E+00
2,0000E+00
1,8000E+00
1,6000E+00
1,4000E+00
1.2000E+00
1.0000E+00
8.0000E-01
6.00008-01 |
4,0000E-01

2,0000E-01

0.0000E+00

| Speed  =1000.000000rpm | -
 Position =3.000000deg |

SUBSTITUTE SHEET (RULE 26)



WO 2020/146281

B [tesial

2A000E+00
2,2000E+00
2.0000E+00
1.8000E+00
1.6000E+00
1.4000E+00
1.2000£+00
1.0000E+00
8,00008-01
6.0000E-01
4.0000E-01
2,0000E-01
0.0000E+00

6/11

PCT/US2020/012412

Speed =1000.000000rpm
Position =3.000000deg

SUBSTITUTE SHEET (RULE 26)




PCT/US2020/012412

WO 2020/146281

7/11

8 9l

[sw] awiy

PTETTY

El!llf!fiili!$i

O A R

LIREIN A B

02.5°C | LYSL1T | STI0H LNOHLM e
2999°C | LISLLC | STIOHHIM e
HdZAd | DAY aN39T]

WUDLINDT XN DOOT WWOOT HAH
SWJIY0S S3joy Yyiim anbuol A3

[1919jUOIMBN] TA

SUBSTITUTE SHEET (RULE 26)



PCT/US2020/012412

WO 2020/146281

8/11

6 9Ol

[sw] awiy

E PSSO SUUSUIRINEY. TSUUSIIISISUISSURIIIUPUIISPIYL SUSURLE FOPUIISIPUISSPURIIISPIIISPRII: SUSSUUSINN TODIIPURIIISISUIIPURIIPIRIRIY: SUPPSA

[e601

192028

SFTOH 1NOHLIM

erelfffirrn

6624

6898°L8

SFTOH HilM

WdZWd

OAY

aN3oa]

ITeeTTTre Ty
0
h

%)}

CITYTTETY

\

U\

HEE A R

<

£

JUDLIND XNjf DOOT WWQOOT HAH
SWIYQST S$9|0Yy ylm anbuol N3

P
;\‘

e 0O

o
[1913AIU0IMBN] TA

™~
X000 00 M~

oo
o0 00

SUBSTITUTE SHEET (RULE 26)



PCT/US2020/012412

WO 2020/146281

9/11

OlL 9l

[sw] awig

3

0

0t 00°¢ 00’1 00°0

} i 3 : H 3 E ; ; i } H £

Z086°6b) | STIOH INOHLIM  —»-
£8CT°L | pLTL B | STTOH HLM -
WdZNd DAY ERER

SWIY0SZ Ssojoy yum anbuaol N3

007¢vT

00 vP1

A

ooovT =
0081
007051

00°¢sl

[+918|AlUOIMBN

00 Ps1

00941

SUBSTITUTE SHEET (RULE 26)



PCT/US2020/012412

WO 2020/146281

10/11

[sw]awiy
00°9 00°S 00'v 00°€ 00'C CO'T 00°0

Ll ©Old

J 1 H ] ] j 1 H X J 1 H H } ; j 3

VTTTPE T T IT TTTY

T

T

LR

FYTyeres

]

FTTYTYTET

STIOHLAOHLM —e— | JUDLIND™ XN D00T WWOOT HAH

£0.9°8 | 0Z96'80¢ | STIOHHLIM

T SWJYQSE S9[0Y YUM anbiol A3

Ndghd | DAY

N353

00702
00°907
00'80Z =<
0001
0071z 2
001z &
00°9TZ 2
00'81Z
00022 v
00222
00°vTT

SUBSTITUTE SHEET (RULE 26)



PCT/US2020/012412

WO 2020/146281

11/11

¢l 9l4

[swi] awiy
00t

00°¢

-

RS
"

ST\
RV

“"“%" '

|

‘M
T

|

585082

92t0'69¢

STI0H LNOHLIM —e-

wac ol

eerivae

STT0H HLIM

HdgAd

OAY

aN3D37

UBLIND XN 00T WWQOT HAH
SWJYOSY sajoy yiim anbiol N3

00°595¢

00°09¢

00°99¢

00°04L¢

00°6L¢

[1319AJUOIMBN] TA

00°08<¢

00'48¢

SUBSTITUTE SHEET (RULE 26)



INTERNATIONAL SEARCH REPORT International application No.
PCT/US2020/012412

A. CLASSIFICATION OF SUBJECT MATTER
HO02K 1/27(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)
HO2K 1/27, HO2K 1/22; HO2K 21/14

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, core, magnet slot, U-shaped, void, cogging torque

C. DOCUMENTS CONSIDERED TO BE RELEVANT

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

Y US 2018-0145552 A1 (TOYOTA JIDOSHA KABUSHIKI KAISHA) 24 May 2018 1-13
See paragraphs [0027]-[0032], [0045]-[0048], [0066]; and figures 1-2.

Y US 2008-0224558 A1 (DAN M. IONEL) 18 September 2008 1-13
See paragraphs [0058]-[0059], [0079]; and figure 1.

Y US 2014-0232231 A1 (KOJI YABE et al.) 21 August 2014 11-13
See paragraphs [0022]-[0024]; and figures 1-2.

A JP 2012-023856 A (TOYOTA INDUSTRIES CORP.) 02 February 2012 1-13
See paragraphs [0029]-[0066]; and figures 1-2.

A JP 2011-083047 A (ASMO CO., LTD.) 21 April 2011 1-13
See paragraphs [0021]-[0048]; and figures 1-3.

|:| 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
04 May 2020 (04.05.2020) 06 May 2020 (06.05.2020)
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
Information on patent family members

International application No.

PCT/US2020/012412
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2018-0145552 Al 24/05/2018 CN 108075585 A 25/05/2018
JP 2018-082540 A 24/05/2018
JP 6508168 B2 08/05/2019
US 10530205 B2 07/01/2020
US 2008-0224558 Al 18/09/2008 US 7932658 B2 26/04/2011
WO 2008-113082 Al 18/09/2008
US 2014-0232231 Al 21/08/2014 CN 103891102 A 25/06/2014
CN 103891102 B 24/08/2016
EP 2773021 Al 03/09/2014
EP 2773021 A4 06/01/2016
EP 2773021 Bl 22/05/2019
IN 3489CHN2014 A 09/10/2015
JP 5677584 B2 25/02/2015
US 9496759 B2 15/11/2016
WO 2013-061397 Al 02/05/2013
JP 2012-023856 A 02/02/2012 CN 102986116 A 20/03/2013
CN 102986116 B 25/11/2015
EP 2595281 Al 22/05/2013
EP 2595281 A4 21/09/2016
EP 2595281 Bl 23/01/2019
JP 2012-023854 A 02/02/2012
JP 5621372 B2 12/11/2014
JP 5621373 B2 12/11/2014
US 2013-0113325 Al 09/05/2013
US 9276443 B2 01/03/2016
WO 2012-008295 Al 19/01/2012
JP 2011-083047 A 21/04/2011 CN 102035329 A 27/04/2011
CN 102035329 B 29/10/2014
DE 102010046906 Al 16/06/2011
JP 2011-114941 A 09/06/2011
JP 5385077 B2 08/01/2014
JP 5431886 B2 05/03/2014
US 2011-0181230 Al 28/07/2011
US 8405342 B2 26/03/2013

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




	Page 1 - front-page
	Page 2 - description
	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 - claims
	Page 16 - claims
	Page 17 - claims
	Page 18 - drawings
	Page 19 - drawings
	Page 20 - drawings
	Page 21 - drawings
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - wo-search-report
	Page 30 - wo-search-report

