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(57) Abstract: An electric machine (20) with a rotor (24) having internal permanent
magnets (40, 42). Each rotor pole (32) includes at least one central magnet slot (36)
with a permanent magnet (40) disposed therein and first and second outer magnet
slots (38) each with a permanent magnet (42) disposed therein. The rotor poles each
define a radial centerline (34). The first and second outer magnet slots (38) are po-
sitioned on opposite circumferential sides of the radial centerline and are at least
partially positioned at a greater radial distance from central axis 28 than a radially
outermost edge (44) of the at least one central magnet slot (36). The first and second
outer magnet slots (38) each define a tapered material bridge (66) disposed between
the outer magnet slot (38) and a radially outer perimeter (64) of the rotor core (30).
Each of the tapered material bridges defines a variable radial thickness (68) with the
variable radial thickness decreasing as the circumferential distance from the radial
centerline (34) of the pole increases.
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INTERIOR PERMANENT MAGNET ELECTRIC MACHINE WITH TAPERED BRIDGE
STRUCTURE

Cross Reference to Related Applications

[0001] This application claims priority to U.S. patent application serial no.16/242,340 filed on
Jan. 8, 2019 entitled INTERIOR PERMANENT MAGNET ELECTRIC MACHINE WITH
TAPERED BRIDGE STRUCTRURE, 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 such interior permanent magnet electric machines is the back
electromotive force (BEMF) generated during operation of the machine. This BEMF acts
against the torque generated by the electric machine when it is operating as a motor and it is,
therefore, desirable to minimize such BEMF. However, design efforts to reduce BEMF may also
undesirably reduce the maximum output torque of the electric machine.
[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. The rotor is rotatable about a rotational axis and includes a rotor
core formed out of magnetically permeable material and defines a plurality of poles. Each pole
includes a plurality of axially extending magnet slots formed in the rotor core with at least one

permanent magnet being positioned in each of the magnet slots. The rotor is configured such
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that each of the plurality of poles defines a respective radial centerline and 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 are positioned on
opposite circumferential sides of the radial centerline of the pole and 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 to a radially outermost edge of the at least
one central magnet slot. The first and second outer magnet slots respectively define first and
second material bridges disposed between the first and second outer magnet slots and a radially
outer perimeter of the rotor core. Each of the first and second material bridges defines a variable
radial thickness between the respective first and second magnet slot and the outer radial
perimeter of the rotor core with the variable radial thickness of each of the first and second
material bridges decreasing as the circumferential distance from the radial centerline of the pole
increases.

[0008] In some embodiments of the electric machine, each of the first and second outer magnet
slots are positioned circumferentially outwardly of the at least one central magnet slot.

[0009] In some embodiments of the electric machine each of the first and second outer magnet
slots defines a gap between a permanent magnet disposed therein and the material bridge, the gap
having a radial dimension that becomes greater as the circumferential distance from the radial
centerline of the pole increases. In such embodiments, the radial dimension of the gaps may be
zero at a circumferentially inner edge of each of the first and second outer magnet slots.

[0010] In some embodiments of the electric machine, the permanent magnets are all
parallelepipeds wherein each face of the permanent magnets is rectangular.

[0011] In some embodiments, the at least one central magnet slot comprises two central
magnet slots. In such embodiments, each pole may consist of exactly two central magnet slots
and the first and second outer magnet slots with each of the magnet slots has a single permanent
magnet disposed therein and wherein each of the permanent magnets is a parallelepiped with
each face of the permanent magnets being rectangular. Furthermore, the permanent magnets
may be configured such that the permanent magnets disposed in the first and second outer
magnet slots have the same dimensions and the permanent magnets disposed in the central
magnet slots have the same dimensions with each of the permanent magnets having a common

axial length. In such an embodiment, each pole of the rotor may be symmetrical about the radial
-
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centerline of the pole with the permanent magnets disposed in the central magnet slots extending
a greater circumferential distance than radial distance and the permanent magnets disposed in the
first and second outer magnet slots extending a greater radial distance than circumferential
distance.

[0012] The embodiments described above may further be configured such that the at least one
central magnet slot comprises a pair of central magnet slots with one of the pair of central
magnet slots being disposed on each circumferential side of the radial centerline of the pole;
wherein the permanent magnets disposed in the pair of central magnet slots extend a greater
circumferential distance than radial distance and the permanent magnets disposed in the first and
second outer magnet slots extend a greater radial distance than circumferential distance; and
wherein each of the first and second outer magnet slots defines a gap between a permanent
magnet disposed therein and the material bridge, the gap having a radial dimension that becomes
greater as the circumferential distance from the radial centerline of the pole increases.

[0013] In some embodiments of the electric machine, the pair of central magnet slots are
linearly aligned and the first and second outer magnet slots are separated by a circumferential
distance that becomes greater as the first and second outer magnet slots approach the outer radial
perimeter of the rotor core.

[0014] In some embodiments, the electric machine is still further configured such that each of
the central magnet slots has a permanent magnet disposed therein which is positioned directly
adjacent an inner circumferential edge of the respective central magnet slot.

[0015] In some embodiments, the electric machine is still further configured such that each of
the central magnet slots defines a gap between the permanent magnet disposed therein and an
outer circumferential edge of each respective central magnet slot and wherein each of the first
and second outer magnet has a permanent magnet disposed therein which is positioned to define
a gap between the respective permanent magnets and an inner radial edge of each of the first and
second outer magnet slots.

[0016] In some embodiments, the electric machine is still further configured such that each
pole consists of exactly two central magnet slots and the first and second outer magnet slots and
each of the magnet slots has a single permanent magnet disposed therein, each of the permanent
magnets being parallelepipeds wherein each face of the permanent magnets is rectangular and

wherein the permanent magnets disposed in the first and second outer magnet slots have the
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same dimensions and the permanent magnets disposed in the central magnet slots have the same
dimensions with each of the permanent magnets having a common axial length.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] 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:

[0018] FIG. 1 is a schematic cross-sectional view of an electric machine.

[0019] FIG. 2 is a partial end view of a rotor.

[0020] FIG. 3 is a partial end view of a rotor showing a single pole.

[0021] FIG. 4 is a partial end view of a rotor showing a detail view of a portion of a single pole
having a tapered material bridge.

[0022] FIG. 5 is a partial end view of a rotor showing a detail view of a portion of a single pole
having a non-tapered material bridge.

[0023] FIG. 6 is a partial end view of the rotor of FIG. 5 depicting flux density at no load.
[0024] FIG. 7 is a partial end view of the rotor of FIGS. 1-4 depicting flux density at no load.
[0025] FIG. 8 is a chart comparing the air-gap flux density for the rotor pole flux densities
shown in FIGS. 6 and 7.

[0026] FIG. 9 is a chart comparing the BEMF for electric machines having the operating
conditions depicted in FIGS. 6 and 7.

[0027] FIG. 10 is a partial end view of the rotor depicted in FIG. 5 depicting flux density at full
load.

[0028] FIG. 11 is a partial end view of the rotor of FIGS. 1-4 depicting flux density at full load.
[0029] FIG. 12 is a chart comparing the air-gap flux density for the rotor pole flux densities
shown in FIGS. 10 and 11.

[0030] Corresponding reference characters indicate corresponding parts throughout the several
views. Although the exemplification set out herein illustrates embodiments 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 forms disclosed.
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DETAILED DESCRIPTION
[0031] 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.
[0032] 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.
[0033] 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.
[0034] As discussed in greater detail below, the magnet slots formed in rotor core 30 define
gaps at selected locations in each pole 32. These gaps have a relative magnetic permeability less
than that of the rotor core 30. For example, these gaps may be filled 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 as air-filled voids, it is also
possible to fill these gaps with a polymeric and/or adhesive material which may be used to
further secure the magnets within the slots. Advantageously, the material used to fill the gaps
has a relative magnetic permeability of 1.
[0035] 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
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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.

[0036] The individual poles 32 include at least one central magnet slot 36 and two outer
magnet slots 38. 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 closer to radial
outer perimeter 64 of rotor core 30 than 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.

[0037] 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.

[0038] 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
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.

[0039] 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.

[0040] 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.

[0041] 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
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permanent magnetic material may be used. For example, magnets 40, 42 may take the form of
rare earth magnets or ferrite magnets.

[0042] 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.

[0043] 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.

[0044] 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 62 that becomes
greater 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.

[0045] 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 68 that varies. As can be seen in the figures,
material bridges 66 have a radial thickness 68 that decreases as the circumferential distance from
the radial centerline 34 increases.

[0046] In each outer magnet slot 38, a gap 70 is defined between permanent magnet 42 and
material bridge 66. Gap 70 defines a radial dimension 72 that becomes greater as the
circumferential distance from radial centerline 34 increases. In the illustrated embodiment, gap
70 disappears, i.e., has a radial dimension of zero, at the circumferentially inner edge 74 of slot

38.
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[0047] 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 voids 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.

[0048] FIG. 4 provides a detail view of tapered material bridge 66. The use of a tapered bridge
66 provides certain advantages over a material bridge 86 which is not tapered as depicted in FIG.
5. Material bridge 86 has a radial thickness that remains substantially constant and defines a gap
88 within the magnet slot that also has a radial dimension that remains substantially constant.
The only variation in the radial dimension of bridge 86 and gap 88 is due to either the curvature
of the outer perimeter of the rotor core or the rounded nature of the interior corners of the magnet
slot. In contrast, and as discussed above, material bridge 66 has a radial thickness that varies.
Bridge 86 is also referred to as a parallel bridge herein because the two edges of the bridge are
substantially parallel with each other.

[0049] Changing the shape of the material bridge from a parallel bridge 86 having a consistent
radial thickness to a tapered bridge 66 affects several properties of electric machine 20. By
providing a thinner bridge, the leakage flux can be reduced which increases the output torque of
a motor. However, reducing the radial thickness of this material bridge, while keeping it at a
constant radial thickness, reduces the mechanical strength of this bridge, which is necessary to
retain the magnet within the adjacent magnet slot and also increases the back electromotive force

(BEMF) experienced by the electric machine. Thus, for electric machines having a parallel
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bridge 86 with a consistent radial thickness, all else remaining constant, a thinner bridge provides
a higher output torque and a higher BEMF and a reduced structural capacity for holding magnets
compared to a thicker bridge.

[0050] Using a tapered bridge, e.g., material bridge 66, provides much of the advantages
associated with a thinner bridge while minimizing the disadvantages. More specifically, tapered
bridge 66 functions similar to a thicker bridge when under minimal or no load, thereby
generating reduced BEMF similar to a thicker parallel bridge, due to lower magnetic saturation
of the rotor core. When operating at or near full load, tapered bridge 66 functions more similar
to a thinner parallel bridge, thereby providing an enhanced peak output torque, due to full
magnetic saturation. The configuration of the tapered bridge also functions as an advantageous
compromise with regard to structural strength.

[0051] A computer model was used to compare an electric machine having a parallel bridge 86
with an electric machine having a tapered bridge 66 while keeping all other features of the
electric machine similar. FIGS. 6-12 provide the results of this computer modelling.

[0052] FIG. 6 shows the calculated flux density of a rotor pole of an electric machine having
parallel bridges at no load and the adjacent portion of the stator core (the stator windings are not
shown). Similarly, FIG. 7 shows the calculated flux density of a rotor pole of electric machine
20 having tapered bridges 66 and the adjacent portion of the stator core at no load.

[0053] In both FIGS. 6 and 7, the electric machine is being operated as a motor 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 teslain 2.0 x 10-1 tesla increments although not all such values are present
in each figure.

[0054] As can be seen from a comparison of FIGS. 6 and 7, there is a lower magnetic
saturation in the rotor core at the tapered material bridge 66 compared to the parallel bridge 86
which corresponds to more flux leakage at tapered material bridge 66. As can also be seen by a
comparison of FIGS. 6 and 7, the value of the magnetic field at the air gap between the rotor and
stator is lower in FIG. 7 not only adjacent tapered bridge 66 but also between the two bridges
compared to the value of the magnetic field in FIG. 6. This results in a lower BEMF for the

electric machine of FIG. 7 compared to the electric machine of FIG. 6.
e
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[0055] The chart of FIG. 8 compares the flux density, for a single rotor pole, in the air-gap
between the rotor and stator for the electric machine of FIG. 6 (line without dots) to the flux
density in the air-gap between the rotor and stator for the electric machine of FIG. 7 (line with
dots). As can be seen in this chart, except for the very outer circumferential limits of the pole,
the flux density is lower for the electric machine having a tapered bridge 66 when operating as a
motor under no load.

[0056] The chart in FIG. 9 compares the BEMF for the electric machine of FIG. 6 with the
electric machine of FIG. 7 when operating as a motor under no load over a period of time. As
can be seen from this chart, the BEMF is approximately 5% less for the electric machine having
a tapered bridge. This reduction in BEMF is desirable and beneficial.

[0057] FIG. 10 shows the calculated flux density of a rotor pole of an electric machine having
parallel bridges at full load and the adjacent portion of the stator core (the stator windings are not
shown). Similarly, FIG. 11 shows the calculated flux density of a rotor pole of electric machine
20 having tapered bridges 66 and the adjacent portion of the stator core at full load.

[0058] In both FIGS. 10 and 11, the electric machine is being operated as a motor and the rotor
is rotating at 1000 rpm in a direction counterclockwise as viewed in FIGS. 10 and 11. The
calculated strength of the magnetic field B (measured in tesla) within the electric machine is
represented in FIGS. 10 and 11. 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.

[0059] As can be seen in FIGS. 10 and 11, the magnetic field is nearly identical at full load for
the two electric machines depicted in FIGS. 10 and 11. FIG. 12 presents a chart that compares
the flux density, for a single rotor pole, in the air-gap between the rotor and stator for the electric
machine of FIG. 10 (line without dots) to the flux density in the air-gap between the rotor and
stator for the electric machine of FIG. 11 (line with dots). As can be seen in this chart, the flux
density when the electric machines are operating as a motor at full load is very similar for the
electric machines of FIGS. 11 and 12. These results indicate that the electric machine having
tapered bridges 66 would have an output torque that is approximately 0.3% less than the output
torque of the electric machine having parallel bridges 86. Thus, the use of an electric machine
with tapered bridges 66 could satisfy the same output torque requirement as the electric machine

with parallel bridges 86 and have a BEMF of roughly 5% less when operating at no load.
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[0060] 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 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
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 magnet slots; and

wherein each of the plurality of poles defines a respective radial centerline (34); 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 (38) 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) to a
radially outermost edge (44) of the at least one central magnet slot; and
wherein the first and second outer magnet slots (38) respectively define first and

second material bridges (66) disposed between the first and second outer magnet slots (38) and
the radially outer perimeter (64) of the rotor core, wherein each of the first and second material
bridges defines a variable radial thickness (68) between the respective first and second magnet
slot and the outer radial perimeter of the rotor core, the variable radial thickness of each of the
first and second material bridges decreasing as the circumferential distance from the radial
centerline (34) of the pole increases.

2. The electric machine of claim 1 wherein each of the first and second outer magnet
slots (38) are positioned circumferentially outwardly of the at least one central magnet slot (36).

3. The electric machine of claim 1 wherein each of the first and second outer magnet
slots (38) defines a gap (70) between a permanent magnet (42) disposed therein and the material
bridge (66), the gap having a radial dimension (72) that becomes greater as the circumferential
distance from the radial centerline (34) of the pole increases.

4. The electric machine of claim 3 wherein the radial dimension (72) of the gaps (70) is

zero at a circumferentially inner edge (74) of each of the first and second outer magnet slots.
-12-
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5. The electric machine of claim 1 wherein the permanent magnets (40, 42) are all
parallelepipeds wherein each face of the permanent magnets is rectangular.

6. The electric machine of claim 1 wherein the at least one central magnet slot comprises
two central magnet slots (36).

7. The electric machine of claim 6 wherein each pole (32) consists of two central magnet
slots (36) and the first and second outer magnet slots (38) and each of the magnet slots has a
single permanent magnet (40, 42) disposed therein, each of the permanent magnets being
parallelepipeds wherein each face of the permanent magnets is rectangular and wherein the
permanent magnets (42) disposed in the first and second outer magnet slots (38) have the same
dimensions and the permanent magnets (40) disposed in the central magnet slots (36) have the
same dimensions with each of the permanent magnets (40, 42) having a common axial length.

8. The electric machine of claim 7 wherein each pole (32) is symmetrical about the radial
centerline (34) of the pole and wherein the permanent magnets (40) disposed in the central
magnet slots (36) extend a greater circumferential distance than radial distance and the
permanent magnets (42) disposed in the first and second outer magnet slots (38) extend a greater
radial distance than circumferential distance.

9. The electric machine of one of claims 1, 2, 4 or 7 wherein the at least one central
magnet slot comprises a pair of central magnet slots (36) with one of the pair of central magnet
slots being disposed on each circumferential side of the radial centerline (34) of the pole;

wherein the permanent magnets (40) disposed in the pair of central magnet slots (36)
extend a greater circumferential distance than radial distance and the permanent magnets (42)
disposed in the first and second outer magnet slots (38) extend a greater radial distance than
circumferential distance; and

wherein each of the first and second outer magnet slots (38) defines a gap (70) between a
permanent magnet (42) disposed therein and the material bridge (66), the gap having a radial
dimension (72) that becomes greater as the circumferential distance from the radial centerline
(34) of the pole increases.

10. The electric machine of claim 9 wherein the pair of central magnet slots (36) are
linearly aligned and wherein the first and second outer magnet slots (38) are separated by a
circumferential distance (62) that becomes greater as the first and second outer magnet slots

approach the outer radial perimeter (64) of the rotor core.
13-

3784431 1



WO 2020/146309 PCT/US2020/012470

11. The electric machine of claim 10 wherein the permanent magnet (40) disposed in
each respective central magnet slot (36) is positioned directly adjacent an inner circumferential
edge (84) of the respective central magnet slot.

12. The electric machine of claim 11 wherein each of the central magnet slots (36)
defines a gap (80) between the permanent magnet (40) disposed therein and an outer
circumferential edge (82) of each respective central magnet slot and wherein each of the first and
second outer magnet slots (38) has a permanent magnet (42) disposed therein which are
positioned to define a gap (78) between the respective permanent magnets and an inner radial
edge (76) of each of the first and second outer magnet slots.

13. The electric machine of claim 12 wherein each pole (32) consists of two central
magnet slots (36) and the first and second outer magnet slots (38) and each of the magnet slots
has a single permanent magnet (40, 42) disposed therein, each of the permanent magnets being
parallelepipeds wherein each face of the permanent magnets is rectangular and wherein the
permanent magnets (42) disposed in the first and second outer magnet slots (38) have the same
dimensions and the permanent magnets (40) disposed in the central magnet slots (36) have the

same dimensions with each of the permanent magnets (40, 42) having a common axial length.

-14-
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