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ABSTRACT

Various embodiments are described herein for a switched reluctance machine
having a rotor excitation. In one example embodiment, the switched
reluctance machine comprises a stator and a rotor. The rotor may be
disposed inside or outside the stator. The rotor is spaced from the stator, and
the rotor and the stator are concentrically disposed. The rotor has a plurality
of rotor poles having an excitation source, where the excitation source
comprises at least one adjustable parameter. The excitation source is
provided by a permanent magnet. The dimensions and various other

parameters associated with the permanent magnets are adjustable.
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TITLE: SWITCHED RELUCTANCE MACHINE WITH ROTOR EXCITATION
USING PERMANENT MAGNETS

TECHNICAL FIELD

[0001] The described embodiments relate to electric machines with
salient pole structures, and in particular, to switched reluctance machines with

permanent magnet configuration for rotor excitation.

BACKGROUND

[0002] Electric machines have been applied as motors and generators
in a wide range of industries. A reluctance machine is an electric machine in
which torque is produced by the tendency of the movable part of the machine
to move into a position where the inductance of an excited winding is
maximized. A switched reluctance machine is a type of a reluctance machine
where the windings are energized as a function of the position of the movable

part of the machine.

[0003] A switched reluctance machine is a brushless machine with
salient pole construction on its rotor and stator. Conventional switched
reluctance machines typically have concentrated windings around each stator
pole to generate electromagnetic field. Typically, in a three-phase switched
reluctance machine, depending on the number of poles in each phase, the
windings around the stator poles are connected in series or parallel to create

phase windings.

[0004] When a phase is energized, the flux generated by the coil
windings closes its path through the rotor and the closest rotor pole rotates to
get in alignment with the stator pole. Due to double saliency, i.e. salient poles
on both the stator and the rotor, when the rotor pole moves towards the stator

pole, the airgap length, and, hence, the stored energy changes.
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[0005] The change in the stored energy depends both on the rotor
position and the excitation current, and may result in a variable inductance

profile, and accordingly, a pulsating torque profile.

[0006] Furthermore, since there is no excitation source on the rotor of
the conventional switched reluctance machine, the radial forces acting on the
rotor pole to pull it towards the stator pole causes torque ripples, vibration and
acoustic noise. This also contributes to lower power density in conventional
switched reluctance machines as compared to high-performance electric

machines.

SUMMARY

[0007] In one aspect, at least one embodiment described herein
provides a switched reluctance machine comprising: a stator; and a rotor, the
rotor being disposed concentrically with and spaced from the stator, the rotor
having a plurality of rotor poles, the rotor poles having an excitation source

comprising at least one adjustable parameter.

[0008] In some embodiments, each rotor pole comprises a permanent

magnet to provide the excitation source.

[0009] In some embodiments, adjacent rotor pole pairs comprise
permanent magnets with opposite polarity. In some other embodiments,

adjacent rotor pole pairs comprise permanent magnets with same polarity.

[0010] In some embodiments, each rotor pole comprises permanent

magnet in a continuous configuration on the surface of the rotor pole.

[0011] In some embodiments, the permanent magnet is located on top
edge of the rotor pole. In some other embodiments, the permanent magnet is
located on each top corner of the rotor pole. In some further embodiments,
the permanent magnet comprises a plurality of permanent magnets arranged

in a unique configuration.
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[0012] In some embodiments, the permanent magnet is a surface
magnet. In some other embodiments, the permanent magnet is a straight-

shape magnet.

[0013] In some embodiments, the permanent magnet is a U-shape
magnet. In some other embodiments, the permanent magnet is an inverse U-
shape magnet. In some further embodiments, the permanent magnet is a
tilted U-shape magnet. In some other embodiments, the permanent magnet is

a tilted inverse U-shape magnet.

[0014] In some embodiments, the permanent magnet is a V-shape
magnet. In some other embodiments, the permanent magnet is an inverse V-
shape magnet. In some further embodiments, the permanent magnet is a
tilted V-shape magnet. In some other embodiments, the permanent magnet is

a tilted inverse V-shape magnet.

[0015] In some embodiments, the at least one adjustable parameter
comprises length of the permanent magnet. In some other embodiments, the

at least one adjustable parameter comprises width of the permanent magnet.

[0016] In some embodiments, the permanent magnet overlays the
surface of the rotor pole. In such embodiments, the at least one adjustable
parameter may comprise radius of the surface magnet. In such embodiments,
the at least one adjustable parameter may additionally or alternatively

comprise fillet radii of each corner of surface magnet.

[0017] In some embodiments, the permanent magnet is located on
each top corner of the rotor pole. In such embodiments, the at least one
adjustable parameter may comprise distance between the permanent

magnets on each top corner of the rotor pole.

[0018] In some embodiments, the permanent magnet is a straight-
shape magnet. In such embodiments, the at least one adjustable parameter

may comprise outer length of the straight-shape magnet. In such
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embodiments, the at least one adjustable parameter may additionally or

alternatively comprise inner length of the straight-shape magnet.

[0019] In some embodiments, each rotor pole comprises a plurality of
permanent magnets. In such embodiments, the at least one adjustable

parameter comprises distance between adjacent permanent magnets.

[0020] In some embodiments, the at least one adjustable parameter

comprises position angle of the permanent magnet.

[0021] In some other embodiments, the at least one adjustable

parameter comprises extension angle of the permanent magnet.

[0022] In some further embodiments, the at least one adjustable

parameter comprises rotation angle of the permanent magnet.

[0023] In some embodiments, the switched reluctance machine further
comprises a controller configured to control current in each phase winding of

the stator based on position of the rotor poles.

[0024] In some embodiments, the rotor is disposed outside the stator.

In some other embodiments, the rotor is disposed inside the stator.

[0025] In another aspect, in at least one embodiment described herein,
there is provided a method of manufacturing a switched reluctance machine.
The method comprises: providing a stator; and disposing a rotor
concentrically with and spaced from the stator. The rotor has a plurality of
rotor poles. The method further comprises providing the rotor poles with
an excitation source comprising at least one adjustable parameter. In various
embodiments, the method comprises providing each rotor pole with a

permanent magnet to provide the excitation source.

[0026] Other features and advantages of the present application will
become apparent from the following detailed description taken together with
the accompanying drawings. It should be understood, however, that the
detailed description and the specific examples, while indicating preferred

embodiments of the application, are given by way of illustration only, since
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various changes and modifications within the spirit and scope of the
application will become apparent to those skilled in the art from this detailed

description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] Several embodiments of the present invention will now be

described in detail with reference to the drawings, in which:

FIG. 1 is a cross-sectional view of a switched reluctance machine
having opposite permanent magnet polarity on adjacent rotor pole pairs in

accordance with an example embodiment;

FIG. 2 is a cross-sectional view of a switched reluctance machine
having same permanent magnet polarity on adjacent rotor pole pairs in

accordance with another example embodiment;

FIG. 3 is a cross-sectional view of a switched reluctance machine
having permanent magnets located on each top corner of rotor pole pairs with
same polarity on adjacent corners in accordance with an example

embodiment;

FIG. 4 is a cross-sectional view of a switched reluctance machine
having permanent magnets located on each top corner of rotor pole pairs with
opposite polarity on adjacent corners in accordance with another example

embodiment;

FIG. 5 is a cross-sectional view of a switched reluctance machine
having straight-shape permanent magnets with opposite polarity on adjacent

rotor pole pairs in accordance with an example embodiment;

FIG. 6 is a cross-sectional view of the switched reluctance machine
having straight-shape permanent magnets with same polarity on adjacent

rotor pole pairs in accordance with another example embodiment;
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FIG. 7 is a cross-sectional view of a switched reluctance machine
having U-shape permanent magnets with opposite polarity on adjacent rotor

pole pairs in accordance with an example embodiment;

FIG. 8 is a cross-sectional view of a switched reluctance machine
having U-shape permanent magnets with same polarity on adjacent rotor pole

pairs in accordance with another example embodiment;

FIG. 9 is a cross-sectional view of a switched reluctance machine
having inverse U-shape permanent magnets with opposite polarity on

adjacent rotor pole pairs in accordance with an example embodiment;

FIG. 10 is a cross-sectional view of a switched reluctance machine
having inverse U-shape permanent magnets with same polarity on adjacent

rotor pole pairs in accordance with another example embodiment;

FIG. 11 is a cross-sectional view of a switched reluctance machine
having tilted U-shape permanent magnets with opposite polarity on adjacent

rotor pole pairs in accordance with an example embodiment;

FIG. 12 is a cross-sectional view of a switched reluctance machine
having tilted U-shape permanent magnets with same polarity on adjacent

rotor pole pairs in accordance with another example embodiment;

FIG. 13 is a cross-sectional view of a switched reluctance machine
having tilted inverse U-shape permanent magnets with opposite polarity on

adjacent rotor pole pairs in accordance with an example embodiment;

FIG. 14 is a cross-sectional view of a switched reluctance machine
having tilted inverse U-shape permanent magnets with same polarity on

adjacent rotor pole pairs in accordance with another example embodiment;

FIG. 15 is a cross-sectional view of a switched reluctance machine
having V-shape permanent magnets with opposite polarity on adjacent rotor

pole pairs in accordance with an example embodiment;
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FIG. 16 is a cross-sectional view of a switched reluctance machine
having V-shape permanent magnets with same polarity on adjacent rotor pole

pairs in accordance with another example embodiment;

FIG. 17 is a cross-sectional view of a switched reluctance machine
having inverse V-shape permanent magnets with opposite polarity on

adjacent rotor pole pairs in accordance with an example embodiment;

FIG. 18 is a cross-sectional view of a switched reluctance machine
having inverse V-shape permanent magnets with same polarity on adjacent

rotor pole pairs in accordance with another example embodiment;

FIG. 19 is a cross-sectional view of a switched reluctance machine
having tilted V-shape permanent magnets with opposite polarity on adjacent

rotor pole pairs in accordance with an example embodiment;

FIG. 20 is a cross-sectional view of a switched reluctance machine
having tilted V-shape permanent magnets with same polarity on adjacent rotor

pole pairs in accordance with another example embodiment;

FIG. 21 is a cross-sectional view of a switched reluctance machine
having tilted inverse V-shape permanent magnets with opposite polarity on

adjacent rotor pole pairs in accordance with an example embodiment;

FIG. 22 is a cross-sectional view of a switched reluctance machine
having tilted inverse V-shape permanent magnets with same polarity on
adjacent rotor pole pairs in accordance with another example embodiment;

and

FIG. 23 is a switched reluctance motor drive system according to an

example embodiment.

[0028] The drawings are provided for the purposes of illustrating
various aspects and features of the example embodiments described herein.
For simplicity and clarity of illustration, elements shown in the FIGS. have not

necessarily been drawn to scale. Further, where considered appropriate,
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reference numerals may be repeated among the FIGS.to indicate

corresponding or analogous elements.

DETAILED DESCRIPTION

[0029] The various embodiments described herein relate to a switched
reluctance machine that comprises an excitation source on the rotor poles. In
particular, the various embodiments described herein relate to a switched
reluctance machine comprising various permanent magnet configurations

located on the rotor poles.

[0030] Various embodiments of switched reluctance machines with
rotor excitation disclosed herein include a variety of adjustable features, such
as, for example, configuration of permanent magnets on rotor poles,
dimension of permanent magnets on rotor poles, dimensions of stator and
rotor poles, number of permanent magnets, type of permanent magnet

material, and/or number of stator and rotor poles etc.

[0031] These and any other adjustable parameters or features may be
adjusted based on a variety of factors, such as, for example, application type
of the switched reluctance machine with rotor excitation, size requirements,
cost constraints, performance characteristics, and machine ratings (including,
for example, power, torque, speed, voltage and current ratings), etc., of the

switched reluctance machine with rotor excitation.

[0032] In various cases, the overall size of a switched reluctance
machine with rotor excitation may be determined by considering the mutual
effect of rotor excitation source (permanent magnets) and stator excitation

source (coils) on the magnetic circuit.

[0033] The various embodiments of switched reluctance machines
having rotor excitation described herein may provide certain advantages over
conventional switched reluctance machines. Such advantages may include

one or more of: high power density, high torque density, compact



10

15

20

25

CA 02836309 2013-12-11

-9-

manufacturing, low cost, fault tolerance and quieter electric machines capable

of operating in harsh environmental conditions.

[0034] The various embodiments of switched reluctance machines
having rotor excitation described herein may also provide the advantages of
decreased radial force requirements, decreased torque ripples, decreased

acoustic noise, and accordingly, increased power density.

[0035] The switched reluctance machines with rotor excitation using
permanent magnets may have applications in any industry where high torque
density, low torque ripple and/or fault tolerance in an electric machine is
required. The various embodiments of switched reluctance machines having
rotor excitation described herein may have applications in the fields of hybrid
electric vehicle powertrain, hybrid electric aircraft powertrain, hybrid ship

powertrain, power generation and/or manufacturing processes.

[0036] Various embodiments disclosed herein illustrate different
permanent magnetic configurations on rotor poles on one-half model of an
interior-rotor 6/10 switched reluctance machine. This is for illustration
purposes only. The various permanent magnet configurations on rotor poles
disclosed herein can be used in all possible switched reluctance machines
with all possible number of phases and sizes. The various permanent magnet
configurations are also applicable to exterior-rotor switched reluctance

machine configurations where the rotor is located outside of the stator.

[0037] An interior-rotor reluctance machine configuration includes a
stator and a rotor, where the rotor is located inside the stator. An exterior-rotor
reluctance machine configuration includes a stator and a rotor where the rotor
is location outside of the stator. In the exterior-rotor reluctance machine, the
rotor is upside down such that the rotor poles look down and stator poles look
up. Even though the various examples illustrated herein are based on the
interior-rotor reluctance machine configuration, the various teachings herein

also apply to the exterior-rotor reluctance machine configuration.
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[0038] In the illustrated embodiments disclosed herein, the flux
directions of permanent magnets are shown with arrows and magnetic
polarities are designated with different hatching styles. The solid hatch
represents the magnetic North pole and is designated with “N”, whereas the

line hatch represents the magnetic South Pole and designated with “S”.

[0039] Reference is first made to FIG. 1 illustrating a cross-sectional
view of a switched reluctance machine 100 having opposite permanent
magnet polarity on adjacent rotor poles in accordance with an example

embodiment.

[0040] The switched reluctance machine 100 of FIG. 1 consists of a
stator 105, a rotor 110, a first rotor poie 150, a second rotor pole 155, a third
rotor pole 160, a fourth rotor pole 165, a fifth rotor pole 170 and a sixth rotor
pole 175. As illustrated in FIG. 1, rotor 110 is located inside stator 105.

[0041] In some cases, the rotor 110 may be located outside the stator
105. In such cases, the rotor 110 is upside down, and the first rotor pole 150,
the second rotor pole 155, the third rotor pole 160, the fourth rotor pole 165,
the fifth rotor pole 170 and the sixth rotor pole 175 are looking down on the
stator 105.

[0042] The first to sixth rotor poles, 150 to 175, comprise permanent
magnets located on the rotor poles. In the illustrated embodiment, the
permanent magnets span over the top edges of the rotor poles, where the top
edges comprise the surface of the rotor poles closest to the stator poles. In
some cases, the permanent magnets span over the entire surface of the rotor
poles. In some other cases, the permanent magnets span over a substantial
area of the rotor poles. In some further cases, different rotor poles comprise
different permanent magnet configuration such that different rotor poles have

different area coverage by the permanent magnets.

[0043] In the illustrated embodiment, the permanent magnets located
on rotor poles 150 to 175 of switched reluctance machine 100 are configured

such that permanent magnets on adjacent rotor pole pairs have opposed
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polarity. In this embodiment, first rotor pole 150, third rotor pole 160 and fifth
rotor pole 170 comprise permanent magnets having the same orientation, and
accordingly, the polarity, as each other. Second rotor pole 155, fourth rotor
pole 165 and sixth rotor pole 175 comprise permanent magnets having the
same orientation, and accordingly, the polarity as each other, which is
opposite than the orientation and polarity of the permanent magnets

corresponding to the first 150, third 160 and fifth 170 rotor poles.

[0044] Switched reluctance machine 100 has a plurality of adjustable
parameters associated with the permanent magnets located on the rotor
poles, which can be adjusted based on the application of the switched
reluctance machine 100. Depending on machine ratings suitable for the type
of application for the switched reluctance machine 100, the adjustable
parameters may be adjusted to match desired performance characteristics,

size and cost of the switched reluctance machine 100.

[0045] Adjustable parameters in switched reluctance machine 100
include a plurality of parameters, such as, for example, length of surface
permanent magnet Ly 115, width of surface permanent magnet W1 120, radius
of surface permanent magnet R1125 (in case a similar shape with rotor pole
surface is used), fillet radii of each corner of surface permanent magnet rq4,
rz, 3, ra 130, 135, 140 and 145 etc.

[0046] In various embodiments disclosed herein, the length of the
permanent magnet, such as the surface permanent magnet L1 115, may affect
the magnet arc length covered by the stator flux. Depending on the operating
conditions, this might affect the machine performance parameters, including
parameters, such as, for example, saliency, torque, torque ripple, induced
voltage, etc. The width of the permanent magnet, such as the surface
permanent magnet W; 120, may have an effect on the demagnetization

characteristics of the magnet.

[0047] Reference is first made to FIG. 2 illustrating a cross-sectional
view of a switched reluctance machine 200 having same permanent magnet

polarity on adjacent rotor poles in accordance with an example embodiment.



10

15

20

25

CA 02836309 2013-12-11

-12-

[0048] The switched reluctance machine 200 of FIG. 2 consists of a
stator 205, a rotor 210, a first rotor pole 250, a second rotor pole 255, a third
rotor pole 260, a fourth rotor pole 265, a fifth rotor pole 270 and a sixth rotor
pole 275.

[0049] As illustrated in FIG. 2, rotor 210 is located inside stator 205. As
mentioned above, the rotor 210 may be located outside the stator 205, where
the rotor 210 is upside down, and the first rotor pole 250, the second rotor
pole 255, the third rotor pole 260, the fourth rotor pole 265, the fifth rotor pole
270 and the sixth rotor pole 275 are looking down on the stator 205.

[0050] The first to sixth rotor poles, 250 to 275, comprise permanent
magnets located on the rotor poles. The permanent magnets located on the
rotor poles 250 to 275 of the switched reluctance machine 200 are configured

such that permanent magnets on adjacent rotor poles have same polarity.

[0051] In this embodiment, first rotor pole 250 and the second rotor
pole 255 comprise permanent magnets having the same orientation, and
accordingly the same polarity, as each other. Similarly, the fifth rotor pole 270
and the sixth rotor pole 275 comprise permanent magnets having the same

orientation and polarity as each other.

[0052] The third rotor pole 260 and the fourth rotor pole 265 comprise
permanent magnets having the same orientation, and accordingly, the same
polarity as each other, but opposite than the orientation and polarity of the
permanent magnets corresponding to the first rotor pole 250 and second rotor
pole 255. In this embodiment, the same pattern repeats such that adjacent

pole pairs have permanent magnets with same orientation and polarity.

[0053] Switched reluctance machine 200 has a plurality of adjustable
parameters associated with the permanent magnets located on the rotor
poles, which can be adjusted based on the application of the switched
reluctance machine 200. Depending on machine ratings suitable for the type

of application for the switched reluctance machine 200, the adjustable
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parameters may be adjusted to match desired performance characteristics,

size and cost of the switched reluctance machine 200.

[0054] Adjustable parameters in switched reluctance machine 200 may
include length of surface permanent magnet L, 215, width of surface
permanent magnet W, 220, radius of surface permanent magnet (in case a
similar shape with rotor pole surface is used) R, 225, fillet radii of each corner

of surface permanent magnet ry, ra, rzs, r24 230, 235, 240 and 245, etc.

[0055] Reference is first made to FIG. 3 illustrating a cross-sectional
view of a switched reluctance machine 300 having permanent magnets
located on each corner of rotor poles in accordance with an example

embodiment.

[0056] The switched reluctance machine 300 of FIG. 3 consists of a
stator 305, a rotor 310, a first rotor pole 312, a second rotor pole 314, a third
rotor pole 316, a fourth rotor pole 318, a fifth rotor pole 322 and a sixth rotor
pole 324.

[0057] As illustrated in FIG. 3, rotor 310 is located inside stator 305. In
some other cases, rotor 310 is located outside the stator 305, and the rotor
310 is upside down. In such cases, the first rotor pole 312, the second rotor
pole 314, the third rotor pole 316, the fourth rotor pole 318, the fifth rotor pole
322 and the sixth rotor pole 324 are looking down on the stator 305.

[0058] In this embodiment, each of the first to sixth rotor poles, 312 to
324, comprise permanent magnets located on each corner of the rotor poles.
As illustrated, rotor pole 312 comprises permanent magnet 380 located on
one corner of the rotor pole 312. Rotor pole 312 also comprises another
permanent magnet (not illustrated) located on the opposite top corner of the
rotor pole 312. Similarly, rotor pole 314 comprises permanent magnets 382
and 384 located on opposite top corners of the rotor pole 314. Rotor pole 316
comprises permanent magnets 386 and 388 located on opposite top corners
of the rotor pole 316. Rotor pole 318 comprises permanent magnets 390 and

392 located on opposite top corners of the rotor pole 318. Rotor pole 322
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comprises permanent magnets 394 and 396 located on opposite top corners
of the rotor pole 322. Rotor pole 324 comprises permanent magnet 398 on
one of the top corners of the rotor pole 324. Rotor pole 324 also comprises
another permanent magnet (not illustrated) located on the opposite top corner

of the rotor pole 324.

[0059] The permanent magnets 380 to 398 located on each corner of
the rotor poles 312 to 324 of the switched reluctance machine 300 are
configured such that permanent magnets on adjacent corner pair have same
polarity. In this embodiment, permanent magnet 380 of rotor pole 312 and
permanent magnet 382 of rotor pole 314, permanent magnet 388 of rotor pole
316 and permanent magnet 390 of rotor pole 318, permanent magnet 396 of
rotor pole 322 and permanent magnet 398 of rotor pole 324 have the same

orientation, and accordingly, the polarity as each other.

[0060] Permanent magnet 384 of rotor pole 314 and permanent
magnet 386 of rotor pole 316, and permanent magnet 392 of rotor pole 318
and permanent magnet 394 of rotor pole 322 have the same orientation and
polarity as each other, but different than the orientation and polarity of
permanent magnet pairs 380-382, permanent magnet pairs 388-390, and

permanent magnet pairs 396-398.

[0061] Switched reluctance machine 300 has a plurality of adjustable
parameters associated with the permanent magnets located on each corner of
the rotor poles, which can be adjusted based on the application of the
switched reluctance machine 300. Depending on machine ratings suitable for
the type of application for the switched reluctance machine 300, the
adjustable parameters may be adjusted to match desired performance

characteristics, size and cost of the switched reluctance machine 300.

[0062] Adjustable parameters in switched reluctance machine 300 may
include length of corner permanent magnets L; 315, width of corner
permanent magnets W31 320, distance between permanent magnets on each
corner of the rotor pole W3, 350, radii of permanent magnets on each corner

of the rotor pole (in case a similar shape with rotor pole surface is used) Ry
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325 and R3; 355, and fillet radii of each corner of permanent magnets, such
as, for example, filler radii rzs, raz, ras, ras 330, 335, 340, 345 for permanent

magnet 382, filler radii rss, ras, raz, rag 360, 365, 370 and 375, etc.

[0063] Reference is first made to FIG. 4 illustrating a cross-sectional
view of a switched reluctance machine 400 having permanent magnets
located on each corner of rotor poles in accordance with an example

embodiment.

[0064] The switched reluctance machine 400 of FIG. 4 consists of a
stator 405, a rotor 410 located inside the stator 405, a first rotor pole 412, a
second rotor pole 414, a third rotor pole 416, a fourth rotor pole 418, a fifth
rotor pole 422 and a sixth rotor pole 424. As illustrated in FIG. 4, rotor 410 is

located inside stator 405.

[0065] As mentioned above, the rotor 410 may be located outside the
stator 405, where the rotor 410 is upside down, and the first rotor pole 412,
the second rotor pole 414, the third rotor pole 416, the fourth rotor pole 418,
the fifth rotor pole 422 and the sixth rotor pole 424 are looking down on the
stator 405.

[0066] In this embodiment, each of the first to sixth rotor poles, 412 to
424, comprise permanent magnets located on each corner of the rotor poles.
As illustrated, rotor pole 412 comprises permanent magnet 480 located on
one corner of the rotor pole 412. Rotor pole 412 also comprises another
permanent magnet (not illustrated) located on the opposite top corner of the
rotor pole 412. Similarly, rotor pole 414 comprises permanent magnets 482
and 484 located on opposite top corners of the rotor pole 414. Rotor pole 416
comprises permanent magnets 486 and 488 located on opposite top corners
of the rotor pole 416. Rotor pole 418 comprises permanent magnets 490 and
492 located on opposite top corners of the rotor pole 418. Rotor pole 422
comprises permanent magnets 494 and 496 located on opposite top corners
of the rotor pole 422. Rotor pole 424 comprises permanent magnet 498 on

one of the top corners of the rotor pole 424. Rotor pole 424 also comprises
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another permanent magnet (not illustrated) located on the opposite top corner

of the rotor pole 424.

[0067] The permanent magnets 480 to 498 located on each corner of
the rotor poles 412 to 424 of the switched reluctance machine 400 are
configured such that permanent magnets located on adjacent corner pair
have opposite polarity. In this embodiment, permanent magnet 480 of rotor
pole 412, permanent magnet 484 of rotor pole 414, permanent magnet 488 of
rotor pole 416, permanent magnet 492 of rotor pole 418, permanent magnet
496 of rotor pole 422 and permanent magnet 498 of rotor pole 424 have the

same orientation, and accordingly, the polarity as each other.

[0068] Permanent magnet 482 of rotor pole 414, permanent magnet
486 of rotor pole 416, permanent magnet 490 of rotor pole 418, permanent
magnet 494 of rotor pole 422, and permanent magnet 498 of rotor pole 424
have the same orientation and polarity as each other, but different than the

orientation and polarity of permanent magnets 480, 484, 488, 492, and 494.

[0069] Switched reluctance machine 400 has a plurality of adjustable
parameters associated with the permanent magnets located on each corner of
the rotor poles, which can be adjusted based on the application of the
switched reluctance machine 400. Depending on machine ratings suitable for
the type of application for the switched reluctance machine 400, the
adjustable parameters may be adjusted to match desired performance

characteristics, size and cost of the switched reluctance machine 400.

[0070] Adjustable parameters in switched reluctance machine 400 may
include length of corner permanent magnets L, 415, width of corner
permanent magnets Wy 420, distance between permanent magnets on each
corner of the rotor pole W4, 450, radii of permanent magnets on each corner
of the rotor pole (in case a similar shape with rotor pole surface is used) Ry,
425 and R4z 455, and fillet radii of each corner of permanent magnets, such
as, for example, filler radii rs1, raz, ras, ras 430, 435, 440, 445 for permanent
magnet 482, filler radii r4s, rsg, ra7, r4g 460, 465, 470 and 475, etc.
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[0071] Reference is first made to FIG. 5 illustrating a cross-sectional
view of a switched reluctance machine 500 having straight-shape permanent
magnets with opposite polarity on adjacent rotor pole pairs in accordance with

an example embodiment.

[0072] The switched reluctance machine 500 of FiIG. 5 consists of a
stator 505, a rotor 510, a first rotor pole 512, a second rotor pole 514, a third
rotor pole 516, a fourth rotor pole 518, a fifth rotor pole 522 and a sixth rotor
pole 524,

[0073] As illustrated in FIG. 5, rotor 510 is located inside stator 505. As
mentioned above, the rotor 510 may be located outside the stator 505, where
the rotor 510 is upside down, and the first rotor pole 512, the second rotor
pole 514, the third rotor pole 516, the fourth rotor pole 518, the fifth rotor pole
522 and the sixth rotor pole 524 are looking down on the stator 505.

[0074] In this embodiment, each of the first to sixth rotor poles, 512 to
524, comprise permanent magnets located on the surface of the rotor poles.
In this embodiment, the permanent magnet is one or more straight-shape
magnets. In some cases, each rotor pole comprises only one straight-shape
magnet. In some other cases, each rotor pole comprises more than one
straight-shape magnets. In the illustrated embodiments, each rotor pole
comprises k straight-shape magnets, where k is any integer greater than or

equal to 1.

[0075] As llustrated, rotor pole 512 comprises k straight-shape
magnets 582, rotor pole 514 comprises k straight-shape magnets 584, rotor
pole 516 comprises k straight-shape magnets 586, rotor pole 518 comprises k
straight-shape magnets 588, rotor pole 522 comprises k straight-shape
magnets 590 and rotor pole 524 comprises k straight-shape magnets 592.

[0076] The straight-shape magnets 582 to 592 located on each rotor
pole 512 to 524 of the switched reluctance machine 500 are configured such
that adjacent rotor pole pairs have straight-shape magnets with opposite
orientation and polarity to each other. In this embodiment, straight-shape
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magnet 582 of rotor pole 512, straight-shape magnet 586 of rotor pole 516,
straight-shape magnet 590 of rotor pole 522 have the same orientation and

polarity as each other.

[0077] Straight-shape magnet 584 of rotor pole 514, straight-shape
magnet 588 of rotor pole 518 and straight-shape magnet 592 of rotor pole 524
have the same orientation and polarity as each other, but different than the

orientation and polarity of straight-shape magnets 582, 586 and 590.

[0078] Switched reluctance machine 500 has a plurality of adjustable
parameters associated with the straight-shape magnets located on each rotor
pole, which can be adjusted based on the application of the switched
reluctance machine 500. Depending on machine ratings suitable for the type
of application for the switched reluctance machine 500, the adjustable
parameters may be adjusted to match desired performance characteristics,

size and cost of the switched reluctance machine 500.

[0079] Adjustable parameters in switched reluctance machine 500
include a plurality of parameters, such as, for example, outer length of
straight-shape permanent magnets Lsy 515, inner length of straight-shape
permanent magnets Ls, 520, distance between each straight-shape
permanent magnet on the rotor pole Lsz 525, width of straight permanent

magnets W5 530, etc.

[0080] Adjustable parameters in switched reluctance machine 500 may
also include distance of outer length of straight-shape permanent magnets
from the closest side of the rotor pole dsq 535, perpendicular distance between
the outer edge of outer length of a straight-shape permanent magnet from the
outer edge of the inner length of the straight-shape permanent magnet ds;
540, etc.

[0081] Adjustable parameters in switched reluctance machine 500 may
also include right side extension angle of straight-shape permanent magnet
851 545, left side extension angle of straight-shape permanent magnet 65, 550,

tilt angle of straight-shape permanent magnet towards the rotor pole surface
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Bs3 555, fillet radii of each corner of straight-shape permanent magnets rs,, rsy,
rs3, rs4 565, 570, 575 and 580, etc. Tilt angle indicates the angle at which the
permanent magnet is tilted with respect to the rotor pole surface. For
example, if the tilt angle is zero, straight-shape permanent magnet ends up

parallel to the rotor pole surface.

[0082] Reference is first made to FIG. 6 illustrating a cross-sectional
view of a switched reluctance machine 600 having straight-shape permanent
magnets with same polarity on adjacent rotor pole pairs in accordance with an

example embodiment.

[0083] The switched reluctance machine 600 of FIG. 6 consists of a
stator 605, a rotor 610 located inside the stator 605, a first rotor pole 612, a
second rotor pole 614, a third rotor pole 616, a fourth rotor pole 618, a fifth
rotor pole 622 and a sixth rotor pole 624.

[0084] As illustrated in FIG. 6, rotor 610 is located inside stator 605. As
mentioned above, the rotor 610 may be located outside the stator 605, where
the rotor 610 is upside down. In such cases, the first rotor pole 612, the
second rotor pole 614, the third rotor pole 616, the fourth rotor pole 618, the
fifth rotor pole 622 and the sixth rotor pole 624 are looking down on the stator
605.

[0085] In this embodiment, each of the first to sixth rotor poles, 612 to
624, comprise permanent magnets located on the surface of the rotor poles.
in this embodiment, the permanent magnet is one or more straight-shape
magnets. In some cases, each rotor pole comprises only one straight-shape
magnet. In some other cases, each rotor pole comprises more than one
straight-shape magnets. In the illustrated embodiments, each rotor pole
comprises k straight-shape magnets, where k is any integer greater than or

equal to 1.

[0086] As illustrated, rotor pole 612 comprises k straight-shape
magnets 682, rotor pole 614 comprises k straight-shape magnets 684, rotor
pole 616 comprises k straight-shape magnets 686, rotor pole 618 comprises k
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straight-shape magnets 688, rotor pole 622 comprises k straight-shape

magnets 690 and rotor pole 624 comprises Kk straight-shape magnets 692.

[0087] The straight-shape magnets 682 to 692 located on each rotor
pole 612 to 624 of the switched reluctance machine 600 are configured such
that adjacent rotor pole pairs have straight-shape magnets with same
orientation and polarity to each other. In this embodiment, straight-shape
permanent magnet 682 of rotor pole 612 and straight-shape permanent
magnet 684 of rotor pole 614, and straight-shape magnet 690 of rotor pole
622 and straight-shape permanent magnet 692 of rotor pole 624 have the

same orientation and polarity as each other.

[0088] Straight-shape permanent magnet 686 of rotor pole 616,
straight-shape magnet 688 of rotor pole 618 have the same orientation and

polarity as each other, but different than the orientation and polarity of

- straight-shape permanent magnets 682, 684, 690 and 692.

[0089] Switched reluctance machine 600 has a plurality of adjustable
parameters associated with the straight-shape magnets located on each rotor
pole, which can be adjusted based on the application of the switched
reluctance machine 600. Depending on machine ratings suitable for the type
of application for the switched reluctance machine 600, the adjustable
parameters may be adjusted to match desired performance characteristics,

size and cost of the switched reluctance machine 600.

[0090] Adjustable parameters in switched reluctance machine 600 may
include outer length of straight-shape permanent magnets Lgi 615, inner
length of straight-shape permanent magnets Lg; 620, distance between each
straight-shape permanent magnet on the rotor pole Lgz 625, width of straight
permanent magnets Wg 630, distance of outer length of straight-shape
permanent magnets from the closest side of the rotor pole dg; 635,
perpendicular distance between the outer edge of outer length of a straight-
shape permanent magnet from the outer edge of the inner length of the
straight-shape permanent magnet des; 640, right side extension angle of

straight-shape permanent magnet 641 645, etc.
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[0091] Adjustable parameters in switched reluctance machine 600 may
further include left side extension angle of straight-shape permanent magnet
B2 650, tilt angle of straight-shape permanent magnet towards the rotor pole
surface Bs3 655, fillet radii of each corner of straight-shape permanent
magnets rs1, fs2, le3, fea 665, 670, 675 and 680, etc.

[0092] Reference is first made to FIG. 7 illustrating a cross-sectional
view of a switched reluctance machine 700 having U-shape permanent
magnets with opposite polarity on adjacent rotor pole pairs in accordance with

an example embodiment.

[0093] The switched reluctance machine 700 of FIG. 7 consists of a
stator 705, a rotor 710 located inside the stator 705, a first rotor pole 712, a
second rotor pole 714, a third rotor pole 716, a fourth rotor pole 718, a fifth
rotor pole 722 and a sixth rotor pole 724.

[0094] As illustrated in FIG. 7, rotor 710 is located inside stator 705. As
mentioned above, the rotor 710 may be located outside the stator 705, where
the rotor 710 is upside down, and the first rotor pole 712, the second rotor
pole 714, the third rotor pole 716, the fourth rotor pole 718, the fifth rotor pole
722 and the sixth rotor pole 724 are looking down on the stator 705.

[0095] In this embodiment, each of the first to sixth rotor poles, 712 to
724, comprise permanent magnets located on the surface of the rotor poles.
In this embodiment, the permanent magnet is one or more U-shape
permanent magnets. A U-shaped permanent magnet comprises three sub-
magnets, where two of the three magnets are side magnets and the
remaining magnet is a base magnet. The three sub-magnets are arranged in
the form of the letter ‘U’, where the base magnet forms the base of the letter

‘U’ and side magnets form the left and the right sides of the letter ‘U’.

[0096] In various embodiments disclosed herein, extra reluctance
component may be achieved by using the space occupied by the side
magnets, and/or the base magnet of a permanent magnet as an air barrier.

Permanent magnets having a side and a base magnet, such as, for example,
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U-shape permanent magnet, inverse U-shape permanent magnet, tilted U-
shape permanent magnet, tilted inverse U-shape permanent magnet, and the
like, may be installed on the rotor poles without a base, and/or one or both of
the left and right side magnets to enhance the reluctance component in the
switched reluctance machine. In such embodiments, the empty space, which
would otherwise have been occupied by the base and/or one or both side
magnets is preserved by not installing any other magnet or component in that

space.

[0097] In some cases, each rotor pole comprises only one U-shape
permanent magnet. In some other cases, each rotor pole comprises more
than one U-shape permanent magnets. In the illustrated embodiments, each
rotor pole comprises k U-shape permanent magnets, where k is any integer

greater than or equal to 1.

[0098] As illustrated, rotor pole 712 comprises k U-shape permanent
magnets 779, rotor pole 714 comprises k U-shape permanent magnets 780,
rotor pole 716 comprises k U-shape permanent magnets 781, rotor pole 718
comprises k U-shape permanent magnets 782, rotor pole 722 comprises k U-
shape permanent magnets 783 and rotor pole 724 comprises k U-shape

permanent magnets 684.

[0099] The U-shape permanent magnets 779 to 784 located on each
rotor pole 712 to 724 of the switched reluctance machine 700 are configured
such that adjacent rotor pole pairs have U-shape permanent magnets with
opposite orientation and polarity to each other. In this embodiment, U-shape
permanent magnet 779 of rotor pole 712, U-shape permanent magnet 781 of
rotor pole 716, and U-shape permanent magnet 783 of rotor pole 722 have

the same orientation and polarity as each other.

[00100] U-shape permanent magnet 780 of rotor pole 714, U-shape
permanent magnet 782 of rotor pole 718 and U-shape permanent magnet 784
of rotor pole 724 have the same orientation and polarity as each other, but
different than the orientation and polarity of U-shape permanent magnets 779,
781 and 783.
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[00101] Switched reluctance machine 700 has a plurality of adjustable
parameters associated with the U-shape permanent magnets located on each
rotor pole, which can be adjusted based on the application of the switched
reluctance machine 700. Depending on machine ratings suitable for the type
of application for the switched reluctance machine 700, the adjustable
parameters may be adjusted to match desired performance characteristics,

size and cost of the switched reluctance machine 700.

[00102] Adjustable parameters in switched reluctance machine 700 may
include length of the left side magnet of a U-shape permanent magnet Lz,
715, length of the right side magnet of a U-shape permanent magnet L, 720,
inner length of the base magnet of the U-shape permanent magnet L;3 725,
outer length of the base magnet of the U-shape permanent magnet L4 730,
width of the left side magnet of the U-shape permanent magnet W7 735,
width of the right side magnet of the U-shape permanent magnet W7, 740,

width of the base magnet of the U-shape permanent magnet W3 745, etc.

[00103] Adjustable parameters in switched reluctance machine 700 may
further include parameters such as, for example, vertical distance of the
lowermost tip of the left side magnet from the base magnet of the U-shape
permanent magnet d;4 750, vertical distance of the lowermost tip of the right
side magnet from the base magnet of the U-shape permanent magnet d;,
755, horizontal distance of the left side magnet from the base magnet of the
U-shape permanent magnet d;3; 760, horizontal distance of the left side

magnet from the base magnet of the U-shape permanent magnet d;4 765, etc.

[00104] Adjustable parameters in switched reluctance machine 700 may
also include parameters such as, for example, position angle of left side
magnet towards to the base magnet of the U-shape permanent magnet 6,4
770, position angle of right side magnet towards to the base magnet of the U-
shape permanent magnet 6;, 772, left side extension angle of the base
magnet of the U-shape permanent magnet 873 774, right side extension angle
of the base magnet of the U-shape permanent magnet 6,4 776, etc. Position

angles of side magnets indicate the angles by which the side magnets are
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offset from the base magnet. For example, in case of a zero position angle of
left side magnet, the left side magnet is perpendicular to the base magnet.
Similarly, in case of a zero position angle of right side magnet, the right side

magnet is perpendicular to the base magnet.

[00105] Adjustable parameters in switched reluctance machine 700 may
also include parameters, such as, for example, fillet radii of each corner of
base magnet of the U-shape permanent magnets ry4, r72, 73, 174 785, 786, 787
and 788, fillet radii of each corner of right side magnet of the U-shape
permanent magnet rzs, rzs, 77, r7g 790, 791, 792, 793, and fillet radii of each
corner of left side magnet of the U-shape permanent magnet rzq, 710, 711, 712
795, 796, 797 and 798, etc.

[00106] Reference is first made to FIG. 8 illustrating a cross-sectional
view of a switched reluctance machine 800 having U-shape permanent
magnets with same polarity on adjacent rotor pole pairs in accordance with an

example embodiment.

[00107] The switched reluctance machine 800 of FIG. 8 consists of a
stator 805, a rotor 810 located inside the stator 805, a first rotor pole 812, a
second rotor pole 814, a third rotor pole 816, a fourth rotor pole 818, a fifth
rotor pole 822 and a sixth rotor pole 824.

[00108] As illustrated in FIG. 8, rotor 810 is located inside stator 805. As
mentioned above, the rotor 810 may be located outside the stator 805, where
the rotor 810 is upside down, and the first rotor pole 812, the second rotor
pole 814, the third rotor pole 816, the fourth rotor pole 818, the fifth rotor pole
822 and the sixth rotor pole 824 are looking down on the stator 805.

[00109] In this embodiment, each of the first to sixth rotor poles, 812 to
824, comprise permanent magnets located on the surface of the rotor poles.
In this embodiment, the permanent magnet is one or more U-shape
permanent magnets. A U-shaped permanent magnet comprises three sub-
magnets, where two of the three magnets are side magnets and the

remaining magnet is a base magnet. The three sub-magnets are arranged in
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the form of the letter ‘U’, where the base magnet forms the base of the letter

‘U’ and side magnets form the left and the right sides of the letter ‘U’.

[00110] In some cases, each rotor pole comprises only one U-shape
permanent magnet. In some other cases, each rotor pole comprises more
than one U-shape permanent magnets. In the illustrated embodiments, each
rotor pole comprises k U-shape permanent magnets, where k is any integer

greater than or equal to 1.

[00111] As illustrated, rotor pole 812 comprises k U-shape permanent
magnets 879, rotor pole 814 comprises k U-shape permanent magnets 880,
rotor pole 816 comprises k U-shape permanent magnets 881, rotor pole 818
comprises k U-shape permanent magnets 882, rotor pole 822 comprises k U-
shape permanent magnets 883 and rotor pole 824 comprises k U-shape

permanent magnets 884.

[00112] The U-shape permanent magnets 879 to 884 located on each
rotor pole 812 to 824 of the switched reluctance machine 800 are configured
such that adjacent permanent rotor pole pairs have U-shape permanent
magnets with same orientation and polarity to each other. In this embodiment,
U-shape permanent magnet 879 of rotor pole 812 and U-shape permanent
magnet 880 of rotor pole 814, and U-shape permanent magnet 883 of rotor
pole 822 and U-shape permanent magnet 884 of rotor pole 824 have the

same orientation and polarity as each other.

[00113] U-shape permanent magnet 881 of rotor pole 816 and U-shape
permanent magnet 882 of rotor pole 818 have the same orientation and
polarity as each other, but different than the orientation and polarity of U-

shape permanent magnets 879, 880, 883 and 884.

[00114] Switched reluctance machine 800 has a plurality of adjustable
parameters associated with the U-shape permanent magnets located on each
rotor pole, which can be adjusted based on the application of the switched
reluctance machine 800. Depending on machine ratings suitable for the type

of application for the switched reluctance machine 800, the adjustable
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parameters may be adjusted to match desired performance characteristics,

size and cost of the switched reluctance machine 800.

[00115] Adjustable parameters in switched reluctance machine 800 may
include parameters, such as, for example, length of the left side magnet of a
U-shape permanent magnet Lg; 815, length of the right side magnet of a U-
shape permanent magnet Lgy 820, inner length of the base magnet of the U-
shape permanent magnet Lgs 825, outer length of the base magnet of the U-
shape permanent magnet Lgs 830, width of the left side magnet of the U-
shape permanent magnet Wgs 835, width of the right side magnet of the U-
shape permanent magnet Wg; 840, width of the base magnet of the U-shape

permanent magnet Wg3 845, etc.

[00116] Adjustable parameters in switched reluctance machine 800 may
further include parameters, such as, for example, vertical distance of the
lowermost tip of the left side magnet from the base magnet of the U-shape
permanent magnet dg1 850, vertical distance of the lowermost tip of the right
side magnet from the base magnet of the U-shape permanent magnet dg;
855, horizontal distance of the left side magnet from the base magnet of the
U-shape permanent magnet dgz 860, horizontal distance of the left side

magnet from the base magnet of the U-shape permanent magnet dg4 865, etc.

[00117] Adjustable parameters in switched reluctance machine 800 may
also include parameters, such as, for example, position angle of left side
magnet towards to the base magnet of the U-shape permanent magnet 8g;
870, position angle of right side magnet towards to the base magnet of the U-
shape permanent magnet 8s, 872, left side extension angle of the base
magnet of the U-shape permanent magnet 653 874, right side extension angle
of the base magnet of the U-shape permanent magnet 8g4 876, fillet radii of
each corner of base magnet of the U-shape permanent magnets rg,, rg», rss,
rs4 885, 886, 887 and 888, fillet radii of each corner of right side magnet of the
U-shape permanent magnet rgs, rgs, rsz, rss 890, 891, 892, 893, fillet radii of
each corner of left side magnet of the U-shape permanent magnet rgg, rgso,
rs11, rg12 895, 896, 897 and 898, etc.
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[00118] Reference is first made to FIG. 9 illustrating a cross-sectional
view of a switched reluctance machine 900 having inverse U-shape
permanent magnets with opposite polarity on adjacent rotor pole pairs in

accordance with an example embodiment.

[00119] The switched reluctance machine 900 of FIG. 9 consists of a
stator 905, a rotor 910 located inside the stator 905, a first rotor pole 912, a
second rotor pole 914, a third rotor pole 916, a fourth rotor pole 918, a fifth
rotor pole 922 and a sixth rotor pole 924.

[00120] As illustrated in FIG. 9, rotor 910 is located inside stator 905. In
some other cases, rotor 910 may be located outside the stator 905, where the
rotor 910 is upside down, and the first rotor pole 912, the second rotor pole
914, the third rotor pole 916, the fourth rotor pole 918, the fifth rotor pole 922
and the sixth rotor pole 924 are looking down on the stator 905.

[00121] In this embodiment, each of the first to sixth rotor poles, 912 to
924, comprise permanent magnets located on the surface of the rotor poles.
In this embodiment, the permanent magnet is one or more inverse U-shape
permanent magnets. An inverse U-shaped permanent magnet comprises
three sub-magnets, where two of the three magnets are side magnets and the
third magnet is a base magnet. The three sub-magnets are arranged in the
form of an inverse letter ‘U’, where the base magnet forms the base of the

letter ‘U’ and side magnets form the left and the right sides of the letter ‘U’.

[00122] In some cases, each rotor pole comprises only one inverse U-
shape permanent magnet. In some other cases, each rotor pole comprises
more than one inverse U-shape permanent magnets. In the illustrated
embodiments, each rotor pole comprises k inverse U-shape permanent

magnets, where k is any integer greater than or equal to 1.

[00123] As illustrated, rotor pole 912 comprises k inverse U-shape
permanent magnets 979, rotor pole 914 comprises k inverse U-shape
permanent magnets 980, rotor pole 916 comprises k inverse U-shape

permanent magnets 981, rotor pole 918 comprises k inverse U-shape
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permanent magnets 982, rotor pole 922 comprises k inverse U-shape
permanent magnets 983 and rotor pole 924 comprises k inverse U-shape

permanent magnets 984.

[00124] The inverse U-shape permanent magnets 979 to 984 located on
each rotor pole 912 to 924 of the switched reluctance machine 900 are
configured such that adjacent rotor pole pairs have inverse U-shape
permanent magnets with opposite orientation and polarity to each other. In
this embodiment, inverse U-shape permanent magnet 979 of rotor pole 912,
inverse U-shape permanent magnet 981 of rotor pole 916, and inverse U-
shape permanent magnet 983 of rotor pole 922 have the same orientation

and polarity as each other.

[00125] Inverse U-shape permanent magnet 980 of rotor pole 914,
inverse U-shape permanent magnet 982 of rotor pole 918 and inverse U-
shape permanent magnet 984 of rotor pole 924 have the same orientation
and polarity as each other, but different than the orientation and polarity of

inverse U-shape permanent magnets 979, 981 and 983.

[00126] Switched reluctance machine 900 has a plurality of adjustable
parameters associated with the inverse U-shape permanent magnets located
on each rotor pole, which can be adjusted based on the application of the
switched reluctance machine 900. Depending on machine ratings suitable for
the type of application for the switched reluctance machine 900, the
adjustable parameters may be adjusted to match desired performance

characteristics, size and cost of the switched reluctance machine 900.

[00127] Adjustable parameters in switched reluctance machine 900
include parameters, such as, for example, outer length of the base magnet of
the inverse U-shape permanent magnet Lg1 915, inner length of the base
magnet of the inverse U-shape permanent magnet Lg; 920, length of the left
side magnet of the inverse U-shape permanent magnet Loz 925, length of the
left side magnet of the inverse U-shape permanent magnet Lqs 930, width of
the left side magnet of the inverse U-shape permanent magnet Wy, 935, width

of the right side magnet of the inverse U-shape permanent magnet Wg, 940,
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width of the base magnet of the inverse U-shape permanent magnet Wg3 945,

etc.

[00128] Adjustable parameters in switched reluctance machine 900 may
further include parameters, such as, for example, vertical distance of the
topmost tip of the left side magnet from the inner length tip of the base
magnet of the inverse U-shape permanent magnet dgy 950, vertical distance
of the topmost tip of the right side magnet from the inner length tip of the base
magnet of the inverse U-shape permanent magnet dg, 955, horizontal
distance between the left side magnet from the base magnet of the inverse U-
shape permanent magnet dg3 960, horizontal distance of the right side magnet

from the base magnet of the inverse U-shape permanent magnet dg4 965, etc.

[00129] Adjustable parameters in switched reluctance machine 900 may
also include parameters, such as, for example, position angle of left side
magnet towards to the base magnet of the inverse U-shape permanent
magnet 893 974, position angle of right side magnet towards to the base
magnet of the inverse U-shape permanent magnet 6q4 976, left side extension
angle of the base magnet of the inverse U-shape permanent magnet 8q; 970,
right side extension angle of the base magnet of the inverse U-shape
permanent magnet 8q, 972, fillet radii of each corner of base magnet of the
inverse U-shape permanent magnets rgs, rgp, rgs, res 985, 986, 987 and 988,
fillet radii of each corner of right side magnet of the inverse U-shape
permanent magnet rgs, ros, roz, fog 990, 991, 992, 993, fillet radii of each corner
of left side magnet of the inverse U-shape permanent magnet rog, ro1g, ro11, ro12
995, 996, 997 and 998, etc.

[00130] Reference is first made to FIG. 10 illustrating a cross-sectional
view of a switched reluctance machine 1000 having inverse U-shape
permanent magnets with same polarity on adjacent rotor pole pairs in

accordance with an example embodiment.

[00131] The switched reluctance machine 1000 of FIG. 10 consists of a
stator 1005, a rotor 1010 located inside the stator 1005, a first rotor pole 1012,
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a second rotor pole 1014, a third rotor pole 1016, a fourth rotor pole 1018, a
fifth rotor pole 1022 and a sixth rotor pole 1024.

[00132] As illustrated in FIG. 10, rotor 1010 is located inside stator 1005.
In some other cases, rotor 1010 may be located outside the stator 1005,
where the rotor 1010 is upside down, and the first rotor pole 1012, the second
rotor pole 1014, the third rotor pole 1016, the fourth rotor pole 1018, the fifth
rotor pole 1022 and the sixth rotor pole 1024 are looking down on the stator
1005.

[00133] In this embodiment, each of the first to sixth rotor poles, 1012 to
1024, comprise permanent magnets located on the surface of the rotor poles.
In this embodiment, the permanent magnet is one or more inverse U-shape
permanent magnets. An inverse U-shaped permanent magnet comprises
three sub-magnets, where two of the three magnets are side magnets and the
third magnet is a base magnet. The three sub-magnets are arranged in the
form of an inverse letter ‘U’, where the base magnet forms the base of the

letter ‘U’ and side magnets form the left and the right sides of the letter ‘U’.

[00134] In some cases, each rotor pole comprises only one inverse U-
shape permanent magnet. In some other cases, each rotor pole comprises
more than one inverse U-shape permanent magnets. In the illustrated
embodiments, each rotor pole comprises k inverse U-shape permanent

magnets, where k is any integer greater than or equal to 1.

[00135] As illustrated, rotor pole 1012 comprises k inverse U-shape

permanent magnets 1079, rotor pole 1014 comprises k inverse U-shape
permanent magnets 1080, rotor pole 1016 comprises k inverse U-shape

permanent magnets 1081, rotor pole 1018 comprises k inverse U-shape

X X X X X

permanent magnets 1082, rotor pole 1022 comprises k inverse U-shape
permanent magnets 1083 and rotor pole 1024 comprises k inverse U-shape

permanent magnets 1084.

[00136] The inverse U-shape permanent magnets 1079 to 1084 located
on each rotor pole 1012 to 1024 of the switched reluctance machine 1000 are
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configured such that adjacent permanent rotor pole pairs have inverse U-
shape permanent magnets with same orientation and polarity to each other. In
this embodiment, inverse U-shape permanent magnet 1079 of rotor pole 1012
and U-shape permanent magnet 1080 of rotor pole 1014, and inverse U-
shape permanent magnet 1083 of rotor pole 1022 and inverse U-shape
permanent magnet 1084 of rotor pole 1024 have the same orientation and

polarity as each other.

[00137] Inverse U-shape permanent magnet 1081 of rotor pole 1016 and
inverse U-shape permanent magnet 1082 of rotor pole 1018 have the same
orientation and polarity as each other, but different than the orientation and

polarity of inverse U-shape permanent magnets 1079, 1080, 1083 and 1084.

[00138] Switched reluctance machine 1000 has a plurality of adjustable
parameters associated with the inverse U-shape permanent magnets located
on each rotor pole, which can be adjusted based on the application of the
switched reluctance machine 1000. Depending on machine ratings suitable
for the type of application for the switched reluctance machine 1000, the
adjustable parameters may be adjusted to match desired performance

characteristics, size and cost of the switched reluctance machine 1000.

[00139] Adjustable parameters in switched reluctance machine 1000
include parameters, such as, for example, outer length of the base magnet of
the inverse U-shape permanent magnet Lio1 1015, inner length of the base
magnet of the inverse U-shape permanent magnet L1, 1020, length of the left
side magnet of the inverse U-shape permanent magnet Loz 1025, length of
the left side magnet of the inverse U-shape permanent magnet L4 1030,
width of the left side magnet of the inverse U-shape permanent magnet Wg4
1035, width of the right side magnet of the inverse U-shape permanent
magnet Wi, 1040, width of the base magnet of the inverse U-shape

permanent magnet W g3 1045, etc.

[00140] Adjustable parameters in switched reluctance machine 1000
may further include parameters, such as, for example, vertical distance of the

topmost tip of the left side magnet from the inner length tip of the base
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magnet of the inverse U-shape permanent magnet dq1 1050, vertical distance
of the topmost tip of the right side magnet from the inner length tip of the base
magnet of the inverse U-shape permanent magnet dio; 1055, horizontal
distance between the left side magnet from the base magnet of the inverse U-
shape permanent magnet dio; 1060, horizontal distance of the right side
magnet from the base magnet of the inverse U-shape permanent magnet dqo4
1065, etc.

[00141] Adjustable parameters in switched reluctance machine 1000
may also include parameters, such as, for example, position angle of left side
magnet towards to the base magnet of the inverse U-shape permanent
magnet 8403 1074, position angle of right side magnet towards to the base
magnet of the inverse U-shape permanent magnet 8114 1076, left side
extension angle of the base magnet of the inverse U-shape permanent
magnet 6491 1070, right side extension angle of the base magnet of the
inverse U-shape permanent magnet 6152 1072, fillet radii of each corner of
base magnet of the inverse U-shape permanent magnets rip1, g2, o3, Mos
1085, 1086, 1087 and 1088, fillet radii of each corner of right side magnet of
the inverse U-shape permanent magnet rqgs, ros, o7, r1os 1090, 1091, 1092,
1093, fillet radii of each corner of left side magnet of the inverse U-shape

permanent magnet rigg, Mo10, Mo11, rMo12 1095, 1096, 1097 and 1098, etc.

[00142] Reference is first made to FIG. 11 illustrating a cross-sectional
view of a switched reluctance machine 1100 having tilted U-shape permanent
magnets with opposite polarity on adjacent rotor pole pairs in accordance with

an example embodiment.

[00143] The switched reluctance machine 1100 of FIG. 11 consists of a
stator 1105, a rotor 1110 located inside the stator 1105, a first rotor pole 1112,
a second rotor pole 1114, a third rotor pole 1116, a fourth rotor pole 1118, a
fifth rotor pole 1122 and a sixth rotor pole 1124. As illustrated in FIG. 11, rotor
1110 is located inside stator 1105.

[00144] In some other cases, rotor 1110 may be located outside the

stator 1105, where the rotor 1110 is upside down, and the first rotor pole
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1112, the second rotor pole 1114, the third rotor pole 1116, the fourth rotor
pole 1118, the fifth rotor pole 1122 and the sixth rotor pole 1124 are looking

down on the stator 1105.

[00145] In this embodiment, each of the first to sixth rotor poles, 1112 to
1124, comprise permanent magnets located on the surface of the rotor poles.
In this embodiment, the permanent magnet is one or more tilted U-shape
permanent magnets. A tilted U-shape permanent magnet is a U-shape
magnet tilted at an angle. Accordingly, a tilted U-shape permanent magnet
comprises three sub-magnets, where two of the three magnets are side
magnets and the remaining magnet is a base magnet. The three sub-magnets
are arranged in the form of the letter ‘U’ tilted at an angle, where the base
magnet forms the base of the letter ‘U’ and side magnets form the left and the

right sides of the letter ‘U’.

[00146] In some cases, each rotor pole comprises only one tilted U-
shape permanent magnet. In some other cases, each rotor pole comprises
more than one tilted U-shape permanent magnets. In the illustrated
embodiments, each rotor pole comprises k tilted U-shape permanent

magnets, where k is any integer greater than or equal to 1.

[00147] As illustrated, rotor pole 1112 comprises k tilted U-shape
permanent magnets 1190, rotor pole 1114 comprises k tited U-shape
permanent magnets 1191, rotor pole 1116 comprises k tited U-shape
permanent magnets 1192, rotor pole 1118 comprises k tilted U-shape
permanent magnets 1193, rotor pole 1122 comprises k tilted U-shape
permanent magnets 1194 and rotor pole 1124 comprises k tilted U-shape

permanent magnets 1195.

[00148] The tilted U-shape permanent magnets 1190 to 1195 located on
each rotor pole 1112 to 1124 of the switched reluctance machine 1100 are
configured such that adjacent rotor pole pairs have tilted U-shape permanent
magnets with opposite orientation and polarity to each other. In this
embodiment, tilted U-shape permanent magnet 1190 of rotor pole 1112, tilted

U-shape permanent magnet 1192 of rotor pole 1116, and tilted U-shape
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permanent magnet 1194 of rotor pole 1122 have the same orientation and

polarity as each other.

[00149] Tilted U-shape permanent magnet 1191 of rotor pole 1114, tilted
U-shape permanent magnet 1193 of rotor pole 1118 and tilted U-shape
permanent magnet 1195 of rotor pole 1124 have the same orientation and
polarity as each other, but different than the orientation and polarity of tilted U-

shape permanent magnets 1190, 1192 and 1194.

[00150] Switched reluctance machine 1100 has a plurality of adjustable
parameters associated with the tilted U-shape permanent magnets located on
each rotor pole, which can be adjusted based on the application of the
switched reluctance machine 1100. Depending on machine ratings suitable
for the type of application for the switched reluctance machine 1100, the
adjustable parameters may be adjusted to match desired performance

characteristics, size and cost of the switched reluctance machine 1100.

[00151] Adjustable parameters in switched reluctance machine 1100
may include parameters, such as, for example, length of the left side magnet
of a tilted U-shape permanent magnet Li13 1125, length of the right side
magnet of a tilted U-shape permanent magnet L4114 1130, inner length of the
base magnet of the tilted U-shape permanent magnet L4412 1120, outer length
of the base magnet of the tilted U-shape permanent magnet L1141 1115, width
of the left side magnet of the tilted U-shape permanent magnet W4y 1135,
width of the right side magnet of the tilted U-shape permanent magnet W11
1140, width of the base magnet of the tilted U-shape permanent magnet W13
1145, etc.

[00152] Adjustable parameters in switched reluctance machine 1100
may further include parameters, such as, for example, vertical distance of the
lowermost tip of the left side magnet from the base magnet of the tilted U-
shape permanent magnet di11 1150, vertical distance of the lowermost tip of
the right side magnet from the base magnet of the tilted U-shape permanent
magnet d{12 1152, horizontal distance of the left side magnet from the base

magnet of the tilted U-shape permanent magnet d113 1154, horizontal distance
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of the right side magnet from the base magnet of the tilted U-shape

permanent magnet d414 1156, etc.

[00153] Adjustable parameters in switched reluctance machine 1100
may also include parameters, such as, for example, position angle of left side
magnet towards to the base magnet of the tilted U-shape permanent magnet
8111 1160, position angle of right side magnet towards to the base magnet of
the tilted U-shape permanent magnet 6112 1162, left side extension angle of
the base magnet of the tilted U-shape permanent magnet 8113 1164, right side
extension angle of the base magnet of the tilted U-shape permanent magnet
8414 1166, rotation angle of tilted U-shape permanent magnet towards the
rotor pole surface 6115 1168, fillet radii of each corner of base magnet of the
tilted U-shape permanent magnets ri11, ri12, r13, r11a 1175, 1176, 1177, 1178,
fillet radii of each corner of right side magnet of the tilted U-shape permanent

magnet rq1s, I, r117, r11s 1180, 1181, 1182, 1183, fillet radii of each corner of

left side magnet of the tilted U-shape permanent magnet ry1g, 1110, r1111, r112
1185, 1186, 1187 and 1188, etc.
[00154] Reference is next made to FIG. 12 illustrating a cross-sectional

view of a switched reluctance machine 1200 having tilted U-shape permanent
magnets with same polarity on adjacent rotor pole pairs in accordance with an

example embodiment.

[00155] The switched reluctance machine 1200 of FIG. 12 consists of a
stator 1205, a rotor 1210 located inside the stator 1205, a first rotor pole 1212,
a second rotor pole 1214, a third rotor pole 1216, a fourth rotor pole 1218, a
fifth rotor pole 1222 and a sixth rotor pole 1224. As illustrated in FIG. 12, rotor
1210 is located inside stator 1205.

[00156] In some other cases, rotor 1210 may be located outside the
stator 1205, where the rotor 1210 is upside down, and the first rotor pole
1212, the second rotor pole 1214, the third rotor pole 1216, the fourth rotor
pole 1218, the fifth rotor pole 1222 and the sixth rotor pole 1224 are looking

down on the stator 1205.
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[00157] In this embodiment, each of the first to sixth rotor poles, 1212 to
1224, comprise permanent magnets located on the surface of the rotor poles.
In this embodiment, the permanent magnet is one or more tilted U-shape
permanent magnets. A tilted U-shape permanent magnet is a U-shape
magnet tilted at an angle. Accordingly, a tilted U-shape permanent magnet
comprises three sub-magnets, where two of the three magnets are side
magnets and the remaining magnet is a base magnet. The three sub-magnets
are arranged in the form of the letter ‘U’ tilted at an angle, where the base
magnet forms the base of the letter ‘U’ and side magnets form the left and the

right sides of the letter ‘U’.

[00158] In some cases, each rotor pole comprises only one tilted U-
shape permanent magnet. In some other cases, each rotor pole comprises
more than one tilted U-shape permanent magnets. In the illustrated
embodiments, each rotor pole comprises k tilted U-shape permanent

magnets, where k is any integer greater than or equal to 1.

[00159] As illustrated, rotor pole 1212 comprises k tilted U-shape
permanent magnets 1290, rotor pole 1214 comprises k tilted U-shape
permanent magnets 1291, rotor pole 1216 comprises k tilted U-shape
permanent magnets 1292, rotor pole 1218 comprises k tilted U-shape
permanent magnets 1293, rotor pole 1222 comprises k tited U-shape
permanent magnets 1294 and rotor pole 1224 comprises k tilted U-shape

permanent magnets 1295.

[00160] The tilted U-shape permanent magnets 1290 to 1295 located on
each rotor pole 1212 to 1224 of the switched reluctance machine 1200 are
configured such that adjacent rotor pole pairs have tilted U-shape permanent
magnets with same orientation and polarity to each other. In this embodiment,
tilted U-shape permanent magnet 1290 of rotor pole 1212 and tilted U-shape
permanent magnet 1291 of rotor pole 1214, and tilted U-shape permanent
magnet 1294 of rotor pole 1222 and tilted U-shape permanent magnet 1295

of rotor pole 1224 have the same orientation and polarity as each other.
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[00161] Tilted U-shape permanent magnet 1292 of rotor pole 1216 and
tited U-shape permanent magnet 1293 of rotor pole 1218 have the same
orientation and polarity as each other, but different than the orientation and

polarity of tilted U-shape permanent magnets 1290, 1291, 1294 and 1295.

[00162] Switched reluctance machine 1200 has a plurality of adjustable
parameters associated with the tilted U-shape permanent magnets located on
each rotor pole, which can be adjusted based on the application of the
switched reluctance machine 1200. Depending on machine ratings suitable
for the type of application for the switched reluctance machine 1200, the
adjustable parameters may be adjusted to match desired performance

characteristics, size and cost of the switched reluctance machine 1200.

[00163] Adjustable parameters in switched reluctance machine 1200
may include parameters, such as, for example, length of the left side magnet
of a tilted U-shape permanent magnet Li23 1225, length of the right side
magnet of a tilted U-shape permanent magnet Li24 1230, inner length of the
base magnet of the tilted U-shape permanent magnet Lz, 1220, outer length
of the base magnet of the tilted U-shape permanent magnet L1211215, width
of the left side magnet of the tilted U-shape permanent magnet W4, 1235,
width of the right side magnet of the tilted U-shape permanent magnet Wiz,
1240, width of the base magnet of the tilted U-shape permanent magnet W3
1245, etc.

[00164] Adjustable parameters in switched reluctance machine 1200
may further include parameters, such as, for example, vertical distance of the
lowermost tip of the left side magnet from the base magnet of the tilted U-
shape permanent magnet dq21 1250, vertical distance of the lowermost tip of
the right side magnet from the base magnet of the tilted U-shape permanent
magnet dq;; 1252, horizontal distance of the left side magnet from the base
magnet of the tilted U-shape permanent magnet d123 1254, horizontal distance
of the right side magnet from the base magnet of the tilted U-shape

permanent magnet dz4 1256 etc.
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[00165] Adjustable parameters in switched reluctance machine 1200
may also include parameters, such as, for example, position angle of left side
magnet towards to the base magnet of the tilted U-shape permanent magnet
8421 1260, position angle of right side magnet towards to the base magnet of
the tilted U-shape permanent magnet 612, 1262, left side extension angle of
the base magnet of the tilted U-shape permanent magnet 81,3 1264, right side
extension angle of the base magnet of the tilted U-shape permanent magnet
B124 1266, rotation angle of tilted U-shape permanent magnet towards the
rotor pole surface 8125 1268, fillet radii of each corner of base magnet of the
tilted U-shape permanent magnets rq21, F22, 23, M24 1275, 1276, 1277, 1278,
fillet radii of each corner of right side magnet of the tilted U-shape permanent
r12s, M26, F127, M28 1280, 1281, 1282, 1283, and fillet radii of each corner of left
side magnet of the tilted U-shape permanent magnet , riz9, 1210, M211, 212
1285, 1286, 1287 and 1288.

[00166] Reference is first made to FIG. 13 illustrating a cross-sectional
view of a switched reluctance machine 1300 having tilted inverse U-shape
permanent magnets with opposite polarity on adjacent rotor pole pairs in

accordance with an example embodiment.

[00167] The switched reluctance machine 1300 of FIG. 13 consists of a
stator 1305, a rotor 1310 located inside the stator 1305, a first rotor pole 1312,
a second rotor pole 1314, a third rotor pole 1316, a fourth rotor pole 1318, a
fifth rotor pole 1322 and a sixth rotor pole 1324. As illustrated, rotor 1310 is

located inside stator 1305.

[00168] In some other cases, rotor 1310 may be located outside the
stator 1305, where the rotor 1310 is upside down, and the first rotor pole
1312, the second rotor pole 1314, the third rotor pole 1316, the fourth rotor
pole 1318, the fifth rotor pole 1322 and the sixth rotor pole 1324 are looking
down on the stator 1305.

[00169] In this embodiment, each of the first to sixth rotor poles, 1312 to
1324, comprise permanent magnets located on the surface of the rotor poles.

In this embodiment, the permanent magnet is one or more tilted inverse U-
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shape permanent magnets. A tilted inverse U-shape permanent magnet is an
inverse U-shape magnet tilted at an angle. Accordingly, a tilted inverse U-
shape permanent magnet comprises three sub-magnets, where two of the
three magnets are side magnets and the remaining magnet is a base magnet.
The three sub-magnets are arranged in the form of the inverse letter ‘U’ tilted
at an angle, where the base magnet forms the base of the letter ‘U’ and side

magnets form the left and the right sides of the letter ‘U’.

[00170] In some cases, each rotor pole comprises only one tilted inverse
U-shape permanent magnet. In some other cases, each rotor pole comprises
more than one tilted inverse U-shape permanent magnets. In the illustrated
embodiments, each rotor pole comprises k tilted inverse U-shape permanent

magnets, where K is any integer greater than or equal to 1.

[00171] As illustrated, rotor pole 1312 comprises k tilted inverse U-shape
permanent magnets 1390, rotor pole 1314 comprises k tilted inverse U-shape
permanent magnets 1391, rotor pole 1316 comprises k tilted inverse U-shape
permanent magnets 1392, rotor pole 1318 comprises k tilted inverse U-shape
permanent magnets 1393, rotor pole 1322 comprises k tilted inverse U-shape
permanent magnets 1394 and rotor pole 1324 comprises k tilted inverse U-

shape permanent magnets 1395.

[00172] The tilted inverse U-shape permanent magnets 1390 to 1395
located on each rotor pole 1312 to 1324 of the switched reluctance machine
1300 are configured such that adjacent rotor pole pairs have tilted inverse U-
shape permanent magnets with opposite orientation and polarity to each
other. In this embodiment, tilted inverse U-shape permanent magnet 1390 of
rotor pole 1312, tilted inverse U-shape permanent magnet 1392 of rotor pole
1316, and tilted inverse U-shape permanent magnet 1394 of rotor pole 1322

have the same orientation and polarity as each other.

[00173] Tilted inverse U-shape permanent magnet 1391 of rotor pole
1314, tilted inverse U-shape permanent magnet 1393 of rotor pole 1318 and
tilted inverse U-shape permanent magnet 1395 of rotor pole 1324 have the

same orientation and polarity as each other, but different than the orientation
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and polarity of tilted inverse U-shape permanent magnets 1390, 1392 and
1394.

[00174] Switched reluctance machine 1300 has a plurality of adjustable
parameters associated with the tilted inverse U-shape permanent magnets
located on each rotor pole, which can be adjusted based on the application of
the switched reluctance machine 1300. Depending on machine ratings
suitable for the type of application for the switched reluctance machine 1300,
the adjustable parameters may be adjusted to match desired performance

characteristics, size and cost of the switched reluctance machine 1300.

[00175] Adjustable parameters in switched reluctance machine 1300
may include a plurality of parameters, such as, for example, length of the left
side magnet of a tiited inverse U-shape permanent magnet L1335 1325, length
of the right side magnet of a tilted inverse U-shape permanent magnet Lqz4
1330, inner length of the base magnet of the tilted inverse U-shape
permanent magnet Lq3; 1320, outer length of the base magnet of the tilted
inverse U-shape permanent magnet L3¢ 1315, width of the left side magnet of
the tilted inverse U-shape permanent magnet W13 1335, width of the right
side magnet of the tilted inverse U-shape permanent magnet W13, 1340, width
of the base magnet of the tilted inverse U-shape permanent magnet Wia3
1345, etc.

[00176] Adjustable parameters in switched reluctance machine 1300
may further include parameters, such as, for example, vertical distance of the
lowermost tip of the left side magnet from the base magnet of the tilted
inverse U-shape permanent magnet di3; 1350, vertical distance of the
lowermost tip of the right side magnet from the base magnet of the tilted
inverse U-shape permanent magnet dq3; 1352, horizontal distance of the left
side magnet from the base magnet of the tilted inverse U-shape permanent
magnet di33 1354, horizontal distance of the right side magnet from the base

magnet of the tilted inverse U-shape permanent magnet d;34 1356, etc.

[00177] Adjustable parameters in switched reluctance machine 1300

may also include parameters, such as, for example, position angle of left side



10

15

20

25

30

CA 02836309 2013-12-11

-41 -

magnet towards to the base magnet of the tilted inverse U-shape permanent
magnet 8431 1360, position angle of right side magnet towards to the base
magnet of the tilted inverse U-shape permanent magnet 83, 1362, left side
extension angle of the base magnet of the tilted inverse U-shape permanent
magnet 8433 1364, right side extension angle of the base magnet of the tilted
inverse U-shape permanent magnet 8434 1366, rotation angle of tilted inverse
U-shape permanent magnet towards the rotor pole surface 8435 1368, fillet
radii of each corner of base magnet of the tilted inverse U-shape permanent
magnets ryaq, 13z, r3s, 34 1375, 1376, 1377, 1378, fillet radii of each corner of
right side magnet of the tilted inverse U-shape permanent magnet ryss, risg,
ra7, ri3s 1380, 1381, 1382, 1383, fillet radii of each corner of left side magnet
of the tilted inverse U-shape permanent magnet rqyag, 310, F1311, fM1312 1385,
1386, 1387 and 1388, etc.

[00178] Reference is next made to FIG. 14 illustrating a cross-sectional
view of a switched reluctance machine 1400 having tilted inverse U-shape
permanent magnets with same polarity on adjacent rotor pole pairs in

accordance with an example embodiment.

[00179] The switched reluctance machine 1400 of FIG. 14 consists of a
stator 1405, a rotor 1410 located inside the stator 1405, a first rotor pole 1412,
a second rotor pole 1414, a third rotor pole 1416, a fourth rotor pole 1418, a
fifth rotor pole 1422 and a sixth rotor pole 1424. As illustrated in FIG. 14, rotor
1410 is located inside stator 1405.

[00180] In some other cases, rotor 1410 is located outside the stator
1405, where the rotor 1410 is upside down, and the first rotor pole 1412, the
second rotor pole 1414, the third rotor pole 1416, the fourth rotor pole 1418,
the fifth rotor pole 1422 and the sixth rotor pole 1024 are looking down on the
stator 1405.

[00181] In this embodiment, each of the first to sixth rotor poles, 1412 to
1424, comprise permanent magnets located on the surface of the rotor poles.
In this embodiment, the permanent magnet is one or more tilted inverse U-

shape permanent magnets. A tilted inverse U-shape permanent magnet is an
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inverse U-shape magnet tilted at an angle. Accordingly, a tilted inverse U-
shape permanent magnet comprises three sub-magnets, where two of the
three magnets are side magnets and the remaining magnet is a base magnet.
The three sub-magnets are arranged in the form of the inverse letter ‘U’ tilted
at an angle, where the base magnet forms the base of the letter ‘U’ and side

magnets form the left and the right sides of the letter ‘U’.

[00182] In some cases, each rotor pole comprises only one tilted inverse
U-shape permanent magnet. In some other cases, each rotor pole comprises
more than one tilted inverse U-shape permanent magnets. In the illustrated
embodiments, each rotor pole comprises k tilted inverse U-shape permanent

magnets, where k is any integer greater than or equal to 1.

[00183] As illustrated, rotor pole 1412 comprises k tilted inverse U-shape
permanent magnets 1490, rotor pole 1414 comprises k tilted inverse U-shape
permanent magnets 1491, rotor pole 1416 comprises k tilted inverse U-shape
permanent magnets 1492, rotor pole 1418 comprises k tilted inverse U-shape
permanent magnets 1493, rotor pole 1422 comprises k tilted inverse U-shape
permanent magnets 1494 and rotor pole 1424 comprises kK tilted inverse U-

shape permanent magnets 1495.

[00184] The tilted inverse U-shape permanent magnets 1490 to 1495
located on each rotor pole 1412 to 1424 of the switched reluctance machine
1200 are configured such that adjacent rotor pole pairs have tilted inverse U-
shape permanent magnets with same orientation and polarity to each other. in
this embodiment, tilted inverse U-shape permanent magnet 1490 of rotor pole
1412 and tilted inverse U-shape permanent magnet 1491 of rotor pole 1414,
and tilted inverse U-shape permanent magnet 1494 of rotor pole 1422 and
tilted inverse U-shape permanent magnet 1495 of rotor pole 1424 have the

same orientation and polarity as each other.

[00185] Tilted inverse U-shape permanent magnet 1492 of rotor pole
1416 and tilted inverse U-shape permanent magnet 1493 of rotor pole 1418

have the same orientation and polarity as each other, but different than the
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orientation and polarity of tilted inverse U-shape permanent magnets 1490,
1491, 1494 and 1495.

[00186] Switched reluctance machine 1400 has a plurality of adjustable
parameters associated with the tilted inverse U-shape permanent magnets
located on each rotor pole, which can be adjusted based on the application of
the switched reluctance machine 1400. Depending on machine ratings
suitable for the type of application for the switched reluctance machine 1400,
the adjustable parameters may be adjusted to match desired performance

characteristics, size and cost of the switched reluctance machine 1400.

[00187] Adjustable parameters in switched reluctance machine 1400
may include parameters such as, for example, length of the left side magnet
of a tilted inverse U-shape permanent magnet Li43 1425, length of the right
side magnet of a tilted inverse U-shape permanent magnet Lq44 1430, inner
length of the base magnet of the tilted inverse U-shape permanent magnet
L2 1420, outer length of the base magnet of the tilted inverse U-shape
permanent magnet L1491 1415, width of the left side magnet of the tilted inverse
U-shape permanent magnet W141 1435, width of the right side magnet of the
tited inverse U-shape permanent magnet Wi 1440, width of the base

magnet of the tilted inverse U-shape permanent magnet W1,3 1445, etc.

[00188] Adjustable parameters in switched reluctance machine 1400
may further include parameters such as, for example, vertical distance of the
lowermost tip of the left side magnet from the base magnet of the tilted
inverse U-shape permanent magnet dq4; 1450, vertical distance of the
lowermost tip of the right side magnet from the base magnet of the tilted
inverse U-shape permanent magnet di4; 1452, horizontal distance of the left
side magnet from the base magnet of the tilted inverse U-shape permanent
magnet dq43 1454, horizontal distance of the right side magnet from the base

magnet of the tilted inverse U-shape permanent magnet dq44 1456, etc.

[00189] Adjustable parameters in switched reluctance machine 1400
may also include parameters such as, for example, position angle of left side

magnet towards to the base magnet of the tilted inverse U-shape permanent
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magnet 8141 1460, position angle of right side magnet towards to the base
magnet of the tilted inverse U-shape permanent magnet 014, 1462, left side
extension angle of the base magnet of the tilted inverse U-shape permanent
magnet 0143 1464, right side extension angle of the base magnet of the tilted
inverse U-shape permanent magnet 6144 1466, rotation angle of tilted inverse
U-shape permanent magnet towards the rotor pole surface 0145 1468, fillet
radii of each corner of base magnet of the tilted inverse U-shape permanent
magnets ry41, raz, 43, rMa4 1475, 1476, 1477, 1478, fillet radii of each corner of
right side magnet of the tilted inverse U-shape rq3s, ras, raz, riss 1480, 1481,
1482, 1483, fillet radii of each corner of left side magnet of the tilted inverse
U-shape permanent magnet, and rqsq, ri310, 311, 312 1485, 1486, 1487 and
1488, etc.

[00190] Reference is first made to FIG. 15 illustrating a cross-sectional
view of a switched reluctance machine 1500 having V-shape permanent
magnets with opposite polarity on adjacent rotor pole pairs in accordance with

an example embodiment.

[00191] The switched reluctance machine 1500 of FIG. 15 consists of a
stator 1505, a rotor 1510 located inside the stator 1505, a first rotor pole 1512,
a second rotor pole 1514, a third rotor pole 1516, a fourth rotor pole 1518, a
fifth rotor pole 1522 and a sixth rotor pole 1524. Rotor 1510 is located inside
stator 1505, as illustrated.

[00192] In various other cases, rotor 1510 is located outside the stator
1505, where the rotor 1510 is upside down, and the first rotor pole 1512, the
second rotor pole 1514, the third rotor pole 1516, the fourth rotor pole 1518,
the fifth rotor pole 1522 and the sixth rotor pole 1524 are looking down on the
stator 1505.

[00193] In this embodiment, each of the first to sixth rotor poles, 1512 to
1524, comprise permanent magnets located on the surface of the rotor poles.
In this embodiment, the permanent magnet is one or more V-shape
permanent magnets. A V-shape permanent magnet comprises two sub-

magnets forming the left and the right side of the letter ‘V'.
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[00194] In some cases, each rotor pole comprises only one V-shape
permanent magnet. In some other cases, each rotor pole comprises more
than one V-shape permanent magnets. In the illustrated embodiments, each
rotor pole comprises k V-shape permanent magnets, where k is any integer

greater than or equal to 1.

[00195] As illustrated, rotor pole 1512 comprises k V-shape permanent
magnets 1575, rotor pole 1514 comprises k V-shape permanent magnets
1577, rotor pole 1516 comprises k V-shape permanent magnets 1579, rotor
pole 1518 comprises k V-shape permanent magnets 1581, rotor pole 1522
comprises k V-shape permanent magnets 1583 and rotor pole 1524

comprises k V-shape permanent magnets 1585.

[00196] The V-shape permanent magnets 1575 to 1585 located on each
rotor pole 1512 to 1524 of the switched reluctance machine 1500 are
configured such that adjacent rotor pole pairs have V-shape permanent
magnets with opposite orientation and polarity to each other. In this
embodiment, V-shape permanent magnet 1575 of rotor pole 1512, V-shape
permanent magnet 1579 of rotor pole 1516, and V-shape permanent magnet

1583 of rotor pole 1522 have the same orientation and polarity as each other.

[00197] V-shape permanent magnet 1577 of rotor pole 1514, V-shape
permanent magnet 1581 of rotor pole 1518 and V-shape permanent magnet
1585 of rotor pole 1524 have the same orientation and polarity as each other,
but different than the orientation and polarity of V-shape permanent magnets
1575, 1579 and 1583.

[00198] Switched reluctance machine 1500 has a plurality of adjustable
parameters associated with the V-shape permanent magnets located on each
rotor pole, which can be adjusted based on the application of the switched
reluctance machine 1500. Depending on machine ratings suitable for the type
of application for the switched reluctance machine 1500, the adjustable
parameters may be adjusted to match desired performance characteristics,

size and cost of the switched reluctance machine 1500.
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[00199] Adjustable parameters in switched reluctance machine 1500
include a plurality of parameters, such as, for example, length of the left side
magnet of a V-shape permanent magnet Lis1 1515, length of the right side
magnet of a V-shape permanent magnet Lis; 1520, width of the left side
magnet of the V-shape permanent magnet W15, 1525, width of the right side
magnet of the V-shape permanent magnet W45, 1530, etc.

[00200] Adjustable parameters in switched reluctance machine 1500
may also include parameters, such as, for example, horizontal distance of the
left side magnet of the V-shape permanent magnet from the left side of the
rotor pole d4s1 1535, horizontal distance of the right side magnet of the V-
shape permanent magnet from the right side of the rotor pole dis, 1540,
distance between the left and right magnet of the V-shape permanent magnet
d1s3 1545, etc.

[00201] Adjustable parameters in switched reluctance machine 1500
may further include parameters, such as, for example, rotation angle of left
side magnet of the V-shape permanent magnet 815, 1550, rotation angle of
right side magnet of the V-shape permanent magnet 845, 1555, fillet radii of
each corner of left side magnet of the V-shape permanent magnet risq, riso,
rs3, M54 1565, 15666, 1567 and 1568, and fillet radii of each corner of right side
magnet of the V-shape permanent magnet ryss, rise, rs7, r1sg 1570, 1571, 1572
and 1573, etc.

[00202] Reference is first made to FIG. 16 illustrating a cross-sectional
view of a switched reluctance machine 1600 having V-shape permanent
magnets with same polarity on adjacent rotor pole pairs in accordance with an

example embodiment.

[00203] The switched reluctance machine 1600 of FIG. 16 consists of a
stator 1605, a rotor 1610 located inside the stator 1605, a first rotor pole 1612,
a second rotor pole 1614, a third rotor pole 1616, a fourth rotor pole 1618, a
fifth rotor pole 1622 and a sixth rotor pole 1624. Rotor 1610 is located inside

stator 1605, as illustrated.
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[00204] In various cases, rotor 1610 is located outside the stator 1605,
where the rotor 1610 is upside down, and the first rotor pole 1612, the second
rotor pole 1614, the third rotor pole 1616, the fourth rotor poie 1618, the fifth
rotor pole 1622 and the sixth rotor pole 1624 are facing down towards the
stator 1605.

[00205] In this embodiment, each of the first to sixth rotor poles, 1612 to
1624, comprise permanent magnets located on the surface of the rotor poles.
In this embodiment, the permanent magnet is one or more V-shape
permanent magnets. A V-shape permanent magnet comprises two sub-

magnets forming the left and the right side of the letter V.

[00206] In some cases, each rotor pole comprises only one V-shape
permanent magnet. In some other cases, each rotor pole comprises more
than one V-shape permanent magnets. In the illustrated embodiments, each
rotor pole comprises k V-shape permanent magnets, where k is any integer

greater than or equal to 1.

[00207] As illustrated, rotor pole 1612 comprises k V-shape permanent
magnets 1675, rotor pole 1614 comprises k V-shape permanent magnets
1677, rotor pole 1616 comprises k V-shape permanent magnets 1679, rotor
pole 1618 comprises k V-shape permanent magnets 1681, rotor pole 1622
comprises k V-shape permanent magnets 1683 and rotor pole 1624

comprises k V-shape permanent magnets 1685.

[00208] The V-shape permanent magnets 1675 to 1685 located on each
rotor pole 1612 to 1624 of the switched reluctance machine 1600 are
configured such that adjacent rotor pole pairs have V-shape permanent
magnets with same orientation and polarity as each other. In this
embodiment, V-shape permanent magnet 1675 of rotor pole 1612 and V-
shape permanent magnet 1667 of rotor pole 1614, as well as V-shape
permanent magnet 1683 of rotor pole 1622 and V-shape permanent magnet

1685 of rotor pole 1624 have the same orientation and polarity as each other.
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[00209] V-shape permanent magnet 1679 of rotor pole 1616 and V-
shape permanent magnet 1681 of rotor pole 1618 have the same orientation
and polarity as each other, but different than the orientation and polarity of V-
shape permanent magnets 1675, 1677, 1683 and 1685.

[00210] Switched reluctance machine 1600 has a plurality of adjustable
parameters associated with the V-shape permanent magnets located on each
rotor pole, which can be adjusted based on the application of the switched
reluctance machine 1600. Depending on machine ratings suitable for the type
of application for the switched reluctance machine 1600, the adjustable
parameters may be adjusted to match desired performance characteristics,

size and cost of the switched reluctance machine 1600.

[00211] Adjustable parameters in switched reluctance machine 1600
include a plurality of parameters, such as, for example, length of the left side
magnet of a V-shape permanent magnet Lig1 1615, length of the right side
magnet of a V-shape permanent magnet L, 1620, width of the left side
magnet of the V-shape permanent magnet Wig¢ 1625, width of the right side

magnet of the V-shape permanent magnet W42 1630, etc.

[00212] Adjustable parameters in switched reluctance machine 1600
also include parameters, such as, for example, horizontal distance of the left
side magnet of the V-shape permanent magnet from the left side of the rotor
pole dig1 1635, horizontal distance of the right side magnet of the V-shape
permanent magnet from the right side of the rotor pole dis, 1640, distance
between the left and right magnet of the V-shape permanent magnet die;
1645, etc.

[00213] Adjustable parameters in switched reluctance machine 1600
further include parameters, such as, for example, rotation angle of left side
magnet of the V-shape permanent magnet 011 1650, rotation angle of right
side magnet of the V-shape permanent magnet 844, 1655, fillet radii of each
corner of left side magnet of the V-shape permanent magnet rig1, r162, M3, rMs4
1665, 1666, 1667 and 1668, fillet radii of each corner of right side magnet of
the V-shape permanent magnet rqgs, rigs, 167, F1es 1670, 1671, 1672 and 1673,



10

15

20

25

30

CA 02836309 2013-12-11

- 49 -

etc. Rotation angle of left side magnet indicates the angle by which the left
side magnet is rotated from the axis parallel to the right side magnet.
Similarly, rotation angle of right side magnet indicates the angle by which the
right side magnet is rotated from the axis parallel to the left side magnet. In
cases where the left side or right side rotation angle is zero, the left and right

side magnets are parallel to each other.

[00214] Reference is first made to FIG. 17 illustrating a cross-sectional
view of a switched reluctance machine 1700 having inverse V-shape
permanent magnets with opposite polarity on adjacent rotor pole pairs in

accordance with an example embodiment.

[00215] The switched reluctance machine 1700 of FIG. 17 consists of a
stator 1705, a rotor 1710 located inside the stator 1705, a first rotor pole 1712,
a second rotor pole 1714, a third rotor pole 1716, a fourth rotor pole 1718, a
fifth rotor pole 1722 and a sixth rotor pole 1724. Rotor 1710 is located inside

stator 1705, as illustrated.

[00216] In various cases, rotor 1710 is located outside the stator 1705,
where the rotor 1710 is upside down, and the first rotor pole 1712, the second
rotor pole 1714, the third rotor pole 1716, the fourth rotor pole 1718, the fifth
rotor pole 1722 and the sixth rotor pole 1724 are facing down towards the
stator 1705.

[00217] In this embodiment, each of the first to sixth rotor poles, 1712 to
1724, comprise permanent magnets located on the surface of the rotor poles.
In this embodiment, the permanent magnet is one or more inverse V-shape
permanent magnets. Inverse V-shape permanent magnet comprises two sub-

magnets forming the left and the right side of the inverse letter V.

[00218] In some cases, each rotor pole comprises only one inverse V-
shape permanent magnet. In some other cases, each rotor pole comprises
more than one inverse V-shape permanent magnets. In the illustrated
embodiments, each rotor pole comprises k inverse V-shape permanent

magnets, where Kk is any integer greater than or equal to 1.
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[00219] As illustrated, rotor pole 1712 comprises k inverse V-shape

permanent magnets 1775, rotor pole 1714 comprises k inverse V-shape

inverse V-shape

k
k

permanent magnets 1777, rotor pole 1716 comprises k inverse V-shape
permanent magnets 1779, rotor pole 1718 comprises k
k

permanent magnets 1781, rotor pole 1722 comprises k inverse V-shape
permanent magnets 1783 and rotor pole 1724 comprises k inverse V-shape

permanent magnets 1785.

[00220] The inverse V-shape permanent magnets 1775 to 1785 located
on each rotor pole 1712 to 1724 of the switched reluctance machine 1700 are
configured such that adjacent rotor pole pairs have inverse V-shape
permanent magnets with opposite orientation and polarity to each other. In
this embodiment, inverse V-shape permanent magnet 1775 of rotor pole
1712, inverse V-shape permanent magnet 1779 of rotor pole 1716, and
inverse V-shape permanent magnet 1783 of rotor pole 1722 have the same

orientation and polarity as each other.

[00221] Inverse V-shape permanent magnet 1777 of rotor pole 1714,
inverse V-shape permanent magnet 1781 of rotor pole 1718 and inverse V-
shape permanent magnet 1785 of rotor pole 1724 have the same orientation
and polarity as each other, but different than the orientation and polarity of

inverse V-shape permanent magnets 1775, 1779 and 1783.

[00222] Switched reluctance machine 1700 has a plurality of adjustable
parameters associated with the inverse V-shape permanent magnets located
on each rotor pole, which can be adjusted based on the application of the
switched reluctance machine 1700. Depending on machine ratings suitable
for the type of application for the switched reluctance machine 1700, the
adjustable parameters may be adjusted to match desired performance

characteristics, size and cost of the switched reluctance machine 1700.

[00223] Adjustable parameters in switched reluctance machine 1700
include a plurality of parameters, such as, for example, length of the left side
magnet of an inverse V-shape permanent magnet L7y 1715, length of the

right side magnet of an inverse V-shape permanent magnet Li72 1720, width
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of the left side magnet of the inverse V-shape permanent magnet W74 1725,
width of the right side magnet of the inverse V-shape permanent magnet W47,
1730, etc.

[00224] Adjustable parameters in switched reluctance machine 1700
also include parameters, such as, for example, horizontal distance of the left
side magnet of the inverse V-shape permanent magnet from the left side of
the rotor pole di72 1740, horizontal distance of the right side magnet of the
inverse V-shape permanent magnet from the right side of the rotor pole di73
1745, distance between the left and right magnet of the inverse V-shape

permanent magnet d74 1735, etc.

[00225] Adjustable parameters in switched reluctance machine 1700
further include parameters, such as, for example, rotation angle of left side
magnet of the inverse V-shape permanent magnet 817, 1755, rotation angle of
right side magnet of the inverse V-shape permanent magnet 8471 1750, fillet
radii of each corner of left side magnet of the inverse V-shape permanent
magnet ri71, riz2, riz3, Mra 1765, 1766, 1767 and 1768, fillet radii of each
corner of right side magnet of the inverse V-shape permanent magnet ryzs,
e, M77, r78 1770, 1771, 1772 and 1773, etc.

[00226] Reference is first made to FIG. 18 illustrating a cross-sectional
view of a switched reluctance machine 1800 having inverse V-shape
permanent magnets with same polarity on adjacent rotor pole pairs in

accordance with an example embodiment.

[00227] The switched reluctance machine 1800 of FIG. 18 consists of a
stator 1805, a rotor 1810 located inside the stator 1805, a first rotor pole 1812,
a second rotor pole 1814, a third rotor pole 1816, a fourth rotor pole 1818, a
fifth rotor pole 1822 and a sixth rotor pole 1824. Rotor 1810 is located inside

stator 1805, as illustrated.

[00228] In various cases, rotor 1810 is located outside the stator 1805,
where the rotor 1810 is upside down, and the first rotor pole 1812, the second
rotor pole 1814, the third rotor pole 1816, the fourth rotor pole 1818, the fifth
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rotor pole 1822 and the sixth rotor pole 1824 are facing down towards the
stator 1805.

[00229] In this embodiment, each of the first to sixth rotor poles, 1812 to
1824, comprise permanent magnets located on the surface of the rotor poles.
In this embodiment, the permanent magnet is one or more inverse V-shape
permanent magnets. Inverse V-shape permanent magnet comprises two sub-

magnets forming the left and the right side of the inverse letter V',

[00230] In some cases, each rotor pole comprises only one inverse V-
shape permanent magnet. In some other cases, each rotor pole comprises
more than one inverse V-shape permanent magnets. In the illustrated
embodiments, each rotor pole comprises k inverse V-shape permanent

magnets, where k is any integer greater than or equal to 1.

[00231] As illustrated, rotor pole 1812 comprises k inverse V-shape

permanent magnets 1875, rotor pole 1814 comprises k inverse V-shape

inverse V-shape

k
k

permanent magnets 1877, rotor pole 1816 comprises k inverse V-shape
permanent magnets 1879, rotor pole 1818 comprises k
k

permanent magnets 1881, rotor pole 1822 comprises k inverse V-shape
permanent magnets 1883 and rotor pole 1824 comprises k inverse V-shape

permanent magnets 1885.

[00232] The inverse V-shape permanent magnets 1875 to 1885 located
on each rotor pole 1812 to 1824 of the switched reluctance machine 1800 are
configured such that adjacent rotor pole pairs have inverse V-shape
permanent magnets with same orientation and polarity as each other. in this
embodiment, inverse V-shape permanent magnet 1875 of rotor pole 1812 and
inverse V-shape permanent magnet 1867 of rotor pole 1814, as well as
inverse V-shape permanent magnet 1883 of rotor pole 1822 and inverse V-
shape permanent magnet 1885 of rotor pole 1824 have the same orientation

and polarity as each other.

[00233] Inverse V-shape permanent magnet 1879 of rotor pole 1816 and

inverse V-shape permanent magnet 1881 of rotor pole 1818 have the same
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orientation and polarity as each other, but different than the orientation and

polarity of inverse V-shape permanent magnets 1875, 1877, 1883 and 1885.

[00234] Switched reluctance machine 1800 has a plurality of adjustable
parameters associated with the inverse V-shape permanent magnets located
on each rotor pole, which can be adjusted based on the application of the
switched reluctance machine 1800. Depending on machine ratings suitable
for the type of application for the switched reluctance machine 1800, the
adjustable parameters may be adjusted to match desired performance

characteristics, size and cost of the switched reluctance machine 1800.

[00235] Adjustable parameters in switched reluctance machine 1800
include a plurality of parameters, such as, for example, length of the left side
magnet of an inverse V-shape permanent magnet Ligs 1815, length of the
right side magnet of an inverse V-shape permanent magnet Lig; 1820, width
of the left side magnet of the inverse V-shape permanent magnet Wgq 1825,
width of the right side magnet of the inverse V-shape permanent magnet Wg,
1830, etc.

[00236] Adjustable parameters in switched reluctance machine 1800
may further include parameters, such as, for example, horizontal distance of
the left side magnet of the inverse V-shape permanent magnet from the left
side of the rotor pole d1s> 1840, horizontal distance of the right side magnet of
the inverse V-shape permanent magnet from the right side of the rotor pole
digz 1845, distance between the left and right magnet of the inverse V-shape

permanent magnet d4g1 1835, etc.

[00237] Adjustable parameters in switched reluctance machine 1800
may also include parameters, such as, for example, rotation angle of left side
magnet of the inverse V-shape permanent magnet 815, 1855, rotation angle of
right side magnet of the inverse V-shape permanent magnet 815, 1850, fillet
radii of each corner of left side magnet of the inverse V-shape permanent
magnet rig1, ris2, rss, rgs 1865, 1866, 1867 and 1868, fillet radii of each
corner of right side magnet of the inverse V-shape permanent magnet rgs,
rse, sz, rss 1870, 1871, 1872 and 1873, etc.
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[00238] Reference is first made to FIG. 19 illustrating a cross-sectional
view of a switched reluctance machine 1900 having tilted V-shape permanent
magnets with opposite polarity on adjacent rotor pole pairs in accordance with

an example embodiment.

[00239] The switched reluctance machine 1900 of FIG. 19 consists of a
stator 1905, a rotor 1910 located inside the stator 1905, a first rotor pole 1912,
a second rotor pole 1914, a third rotor pole 1916, a fourth rotor pole 1918, a
fifth rotor pole 1922 and a sixth rotor pole 1924. As illustrated, rotor 1910 is

located inside stator 1905.

[00240] In various cases, rotor 1910 is located outside the stator 1905,
where the rotor 1910 is upside down. In such cases, the first rotor pole 1912,
the second rotor pole 1914, the third rotor pole 1916, the fourth rotor pole
1918, the fifth rotor pole 1922 and the sixth rotor pole 1924 are looking down
towards the stator 1905.

[00241] in this embodiment, each of the first to sixth rotor poles, 1912 to
1924, comprise permanent magnets located on the surface of the rotor poles.
In this embodiment, the permanent magnet is one or more tited V-shape
permanent magnets. A tilted V-shape permanent magnet comprises a V-
shape magnet tilted at an angle. A tilted V-shape permanent magnet
comprises two sub-magnets forming the left and the right side of the tilted
letter 'V'.

[00242] In some cases, each rotor pole comprises only one tilted V-
shape permanent magnet. In some other cases, each rotor pole comprises
more than one tilted V-shape permanent magnets. In the illustrated
embodiments, each rotor pole comprises k tilted V-shape permanent

magnets, where k is any integer greater than or equal to 1.

[00243] As illustrated, rotor pole 1912 comprises k tilted V-shape
permanent magnets 1980, rotor pole 1914 comprises k tilted V-shape
permanent magnets 1982, rotor pole 1916 comprises k tilted V-shape

permanent magnets 1984, rotor pole 1918 comprises k tilted V-shape
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permanent magnets 1986, rotor pole 1922 comprises k tilted V-shape
permanent magnets 1988 and rotor pole 1924 comprises k tilted V-shape

permanent magnets 1990.

[00244] The tilted V-shape permanent magnets 1980 to 1990 located on
each rotor pole 1912 to 1924 of the switched reluctance machine 1900 are
configured such that adjacent rotor pole pairs have tilted V-shape permanent
magnets with opposite orientation and polarity to each other. In this
embodiment, tilted V-shape permanent magnet 1980 of rotor pole 1912, tilted
V-shape permanent magnet 1984 of rotor pole 1916, and tilted V-shape
permanent magnet 1988 of rotor pole 1922 have the same orientation and

polarity as each other.

[00245] Tilted V-shape permanent magnet 1982 of rotor pole 1914, tilted
V-shape permanent magnet 1986 of rotor pole 1918, and tilted V-shape
permanent magnet 1990 of rotor pole 1924 have the same orientation and
polarity as each other, but different than the orientation and polarity of tilted V-

shape permanent magnets 1980, 1984 and 1988.

[00246] Switched reluctance machine 1900 has a plurality of adjustable
parameters associated with the tilted V-shape permanent magnets located on
each rotor pole, which can be adjusted based on the application of the
switched reluctance machine 1900. Depending on machine ratings suitable
for the type of application for the switched reluctance machine 1900, the
adjustable parameters may be adjusted to match desired performance

characteristics, size and cost of the switched reluctance machine 1900.

[00247] Adjustable parameters in switched reluctance machine 1900
include a plurality of parameters, such as, for example, length of the right side
magnet of a tilted V-shape permanent magnet L1g1 1915, length of the left side
magnet of a tilted V-shape permanent magnet L.g; 1920, width of the right
side magnet of the tilted V-shape permanent magnet W91 1925, width of the
left side magnet of the tilted V-shape permanent magnet W1g, 1930, etc.
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[00248] Adjustable parameters in switched reluctance machine 1900
further include parameters, such as, for example, distance of the right side
magnet of the tilted V-shape permanent magnet from the right side of the rotor
pole dig91 1935, distance of the left side magnet of the tilted V-shape
permanent magnet from the left side of the rotor pole dig; 1940, distance
between the left and right magnet of the tilted V-shape permanent magnet
dg3 1945, etc.

[00249] Adjustable parameters in switched reluctance machine 1900
also include parameters, such as, for example, rotation angie of right side
magnet of the tilted V-shape permanent magnet 68,9; 1950, rotation angle of
left side magnet of the tilted V-shape permanent magnet 68493 1955, rotation
angle of tilted V-shape permanent magnet towards the rotor pole surface 619,
1960, fillet radii of each corner of right side magnet of the tilted V-shape
permanent magnet rygs, rgs, r197, Mg 1974, 1975, 1976 and 1978, fillet radii of
each corner of left side magnet of the tilted V-shape permanent magnet ryg1,
la2, Mo3, Moa 1970, 1971, 1972 and 1973, etc.

[00250] Reference is first made to FIG. 20 illustrating a cross-sectional
view of a switched reluctance machine 2000 having tilted V-shape permanent
magnets with same polarity on adjacent rotor pole pairs in accordance with an

example embodiment.

[00251] The switched reluctance machine 2000 of FIG. 20 consists of a
stator 2005, a rotor 2010 located inside the stator 2005, a first rotor pole 2012,
a second rotor pole 2014, a third rotor pole 2016, a fourth rotor pole 2018, a
fifth rotor pole 2022 and a sixth rotor pole 2024. As illustrated, rotor 2010 is
located inside stator 2005.

[00252] In various cases, rotor 2010 is located outside the stator 2005,
where the rotor 2010 is upside down, and the first rotor pole 2012, the second
rotor pole 2014, the third rotor pole 2016, the fourth rotor pole 2018, the fifth
rotor pole 2022 and the sixth rotor pole 2024 are looking down on the stator
2005.
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[00253] In this embodiment, each of the first to sixth rotor poles, 2012 to
2024, comprise permanent magnets located on the surface of the rotor poles.
In this embodiment, the permanent magnet is one or more tilted V-shape
permanent magnets. A tilted V-shape permanent magnet comprises a V-
shape magnet tilted at an angle. A tilted V-shape permanent magnet
comprises two sub-magnets forming the left and the right side of the tilted
letter V.

[00254] In some cases, each rotor pole comprises only one tilted V-
shape permanent magnet. In some other cases, each rotor pole comprises
more than one tilted V-shape permanent magnets. In the illustrated
embodiments, each rotor pole comprises k tilted V-shape permanent

magnets, where k is any integer greater than or equal to 1.

[00255] As illustrated, rotor pole 2012 comprises k tilted V-shape
permanent magnets 2080, rotor pole 2014 comprises k tilted V-shape
permanent magnets 2082, rotor pole 2016 comprises k tilted V-shape
permanent magnets 2084, rotor pole 2018 comprises k tilted V-shape
permanent magnets 2086, rotor pole 2022 comprises k tilted V-shape
permanent magnets 2088 and rotor pole 2024 comprises k tilted V-shape

permanent magnets 2090.

[00256] The tilted V-shape permanent magnets 2075 to 2085 located on
each rotor pole 2012 to 2024 of the switched reluctance machine 2000 are
configured such that adjacent rotor pole pairs have tilted V-shape permanent
magnets with same orientation and polarity as each other. In this
embodiment, tilted V-shape permanent magnet 2075 of rotor pole 2012 and
tilted V-shape permanent magnet 2067 of rotor pole 2014, as well as tilted V-
shape permanent magnet 2083 of rotor pole 2022 and tilted V-shape
permanent magnet 2085 of rotor pole 2024 have the same orientation and

polarity as each other.

[00257] Tilted V-shape permanent magnet 2079 of rotor pole 2016 and
tited V-shape permanent magnet 2081 of rotor pole 2018 have the same
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orientation and polarity as each other, but different than the orientation and
polarity of tilted V-shape permanent magnets 2075, 2077, 2083 and 2085.

[00258] Switched reluctance machine 2000 has a plurality of adjustable
parameters associated with the tilted V-shape permanent magnets located on
each rotor pole, which can be adjusted based on the application of the
switched reluctance machine 2000. Depending on machine ratings suitable
for the type of application for the switched reluctance machine 2000, the
adjustable parameters may be adjusted to match desired performance

characteristics, size and cost of the switched reluctance machine 2000.

[00259] Adjustable parameters in switched reluctance machine 2000
include a plurality of parameters, such as, for example, length of the right side
magnet of a tilted V-shape permanent magnet Lzo1 2015, length of the left side
magnet of a tilted V-shape permanent magnet L,g; 2020, width of the right
side magnet of the tilted V-shape permanent magnet W1 2025, width of the

left side magnet of the tilted V-shape permanent magnet W, 2030, etc.

[00260] Adjustable parameters in switched reluctance machine 2000
also include parameters, such as, for example, distance of the right side
magnet of the tilted V-shape permanent magnet from the right side of the rotor
pole dyo 2035, distance of the left side magnet of the tilted V-shape
permanent magnet from the left side of the rotor pole dyg; 2040, distance
between the left and right magnet of the tilted V-shape permanent magnet
doo3 2045, etc.

[00261] Adjustable parameters in switched reluctance machine 2000
further include parameters, such as, for example, rotation angle of right side
magnet of the tilted V-shape permanent magnet 6,91 2050, rotation angle of
left side magnet of the tilted V-shape permanent magnet 6,93 2055, rotation
angle of tilted V-shape permanent magnet towards the rotor pole surface 8,
1960, fillet radii of each corner of right side magnet of the tilted V-shape
permanent magnet rops, raes, 207, rzos 2074, 2075, 2076 and 2078, fillet radii of
each corner of left side magnet of the tilted V-shape permanent magnet ryq,
202, F203, o4 2070, 2071, 2072 and 2073, etc.
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[00262] Reference is first made to FIG. 21 illustrating a cross-sectional
view of a switched reluctance machine 2100 having tilted inverse V-shape
permanent magnets with opposite polarity on adjacent rotor pole pairs in

accordance with an example embodiment.

[00263] The switched reluctance machine 2100 of FIG. 21 consists of a
stator 2105, a rotor 2110 located inside the stator 2105, a first rotor pole 2112,
a second rotor pole 2114, a third rotor pole 2116, a fourth rotor pole 2118, a
fifth rotor pole 2122 and a sixth rotor pole 2124. As illustrated, rotor 2110 is

located inside stator 2105.

[00264] In various cases, rotor 2110 is located outside the stator 2105,
and the rotor 2110 is upside down. In such cases, the first rotor pole 2112, the
second rotor pole 2114, the third rotor pole 2116, the fourth rotor pole 2118,
the fifth rotor pole 2122 and the sixth rotor pole 2124 are looking down on the
stator 2105.

[00265] In this embodiment, each of the first to sixth rotor poles, 2112 to
2124, comprise permanent magnets located on the surface of the rotor poles.
In this embodiment, the permanent magnet is one or more tilted inverse V-
shape permanent magnets. A tilted inverse V-shape permanent magnet
comprises an inverse V-shape magnet tilted at an angle. A tilted inverse V-
shape permanent magnet comprises two sub-magnets forming the left and

the right side of the inverse letter 'V’ tilted at an angle.

[00266] In some cases, each rotor pole comprises only one tilted inverse
V-shape permanent magnet. In some other cases, each rotor pole comprises
more than one tilted inverse V-shape permanent magnets. In the illustrated
embodiments, each rotor pole comprises k tilted inverse V-shape permanent

magnets, where k is any integer greater than or equal to 1.

[00267] As illustrated, rotor pole 2112 comprises k tilted inverse V-shape
permanent magnets 2180, rotor pole 2114 comprises k tilted inverse V-shape
permanent magnets 2182, rotor pole 2116 comprises k tilted inverse V-shape

permanent magnets 2184, rotor pole 2118 comprises k tilted inverse V-shape
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permanent magnets 2186, rotor pole 2122 comprises K tilted inverse V-shape
permanent magnets 2188 and rotor pole 2124 comprises k tilted inverse V-

shape permanent magnets 2190.

[00268] The tilted inverse V-shape permanent magnets 2180 to 2190
located on each rotor pole 2112 to 2124 of the switched reluctance machine
2100 are configured such that adjacent rotor pole pairs have tilted inverse V-
shape permanent magnets with opposite orientation and polarity to each
other. In this embodiment, tilted inverse V-shape permanent magnet 2180 of
rotor pole 2112, tilted inverse V-shape permanent magnet 2184 of rotor pole
2116, and tilted inverse V-shape permanent magnet 2188 of rotor pole 2122

have the same orientation and polarity as each other.

[00269] Tilted inverse V-shape permanent magnet 2182 of rotor pole
2114, tilted inverse V-shape permanent magnet 2186 of rotor pole 2118, and
tilted inverse V-shape permanent magnet 2190 of rotor pole 2124 have the
same orientation and polarity as each other, but different than the orientation
and polarity of tilted inverse V-shape permanent magnets 2180, 2184 and
2188.

[00270] Switched reluctance machine 2100 has a plurality of adjustable
parameters associated with the tilted inverse V-shape permanent magnets
located on each rotor pole, which can be adjusted based on the application of
the switched reluctance machine 2100. Depending on machine ratings
suitable for the type of application for the switched reluctance machine 2100,
the adjustable parameters may be adjusted to match desired performance

characteristics, size and cost of the switched reluctance machine 2100.

[00271] Adjustable parameters in switched reluctance machine 2100
include a plurality of parameters, such as, for example, length of the right side
magnet of a tilted inverse V-shape permanent magnet L,11 2115, length of the
left side magnet of a tilted inverse V-shape permanent magnet Ly, 2120,
width of the right side magnet of the tilted inverse V-shape permanent magnet
Wpq1 2125, width of the left side magnet of the tilted inverse V-shape

permanent magnet W4, 2130, etc.



10

15

20

25

30

CA 02836309 2013-12-11

-61 -

[00272] Adjustable parameters in switched reluctance machine 2100
also include parameters, such as, for example, distance of the right side
magnet of the tilted inverse V-shape permanent magnet from the right side of
the rotor pole d»q2 2140, distance of the left side magnet of the tilted inverse V-
shape permanent magnet from the left side of the rotor pole dzi3 2145,
distance between the left and right magnet of the tilted inverse V-shape

permanent magnet d,q1 2135, etc.

[00273] Adjustable parameters in switched reluctance machine 2100
further include parameters, such as, for example, rotation angle of right side
magnet of the tilted inverse V-shape permanent magnet 0,1, 2155, rotation
angle of left side magnet of the tilted inverse V-shape permanent magnet 6,14
2150, rotation angle of tilted inverse V-shape permanent magnet towards the
rotor pole surface 8213 2160, fillet radii of each corner of right side magnet of
the tilted inverse V-shape permanent magnet ryqs, s, 217, r21s 2175, 2176,
2177 and 2178, fillet radii of each corner of left side magnet of the tilted
inverse V-shape permanent magnet raq4, raq2, 213, 214 2170, 2171, 2172 and
2173, etc.

[00274] Reference is first made to FIG. 22 illustrating a cross-sectional
view of a switched reluctance machine 2200 having tilted inverse V-shape
permanent magnets with same polarity on adjacent rotor pole pairs in

accordance with an example embodiment.

[00275] The switched reluctance machine 2200 of FIG. 22 consists of a
stator 2205, a rotor 2210 located inside the stator 2205, a first rotor pole 2212,
a second rotor pole 2214, a third rotor pole 2216, a fourth rotor pole 2218, a
fifth rotor pole 2222 and a sixth rotor pole 2224. As illustrated, rotor 2210 is

located inside stator 2205.

[00276] In various cases, rotor 2210 is located outside the stator 2205,
where the rotor 2210 is upside down, and the first rotor pole 2212, the second
rotor pole 2214, the third rotor pole 2216, the fourth rotor pole 2218, the fifth
rotor pole 2222 and the sixth rotor pole 2224 are looking down on the stator
2205.
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[00277] In this embodiment, each of the first to sixth rotor poles, 2212 to
2224, comprise permanent magnets located on the surface of the rotor poles.
In this embodiment, the permanent magnet is one or more tilted inverse V-
shape permanent magnets. A tilted inverse V-shape permanent magnet
comprises a V-shape magnet tilted at an angle. A tilted inverse V-shape
permanent magnet comprises two sub-magnets forming the left and the right
side of the tilted letter V.

[00278] In some cases, each rotor pole comprises only one tilted inverse
V-shape permanent magnet. In some other cases, each rotor pole comprises
more than one tilted inverse V-shape permanent magnets. In the illustrated
embodiments, each rotor pole comprises K tilted inverse V-shape permanent

magnets, where K is any integer greater than or equal to 1.

[00279] As illustrated, rotor pole 2212 comprises k tilted inverse V-shape
permanent magnets 2280, rotor pole 2214 comprises k tilted inverse V-shape
permanent magnets 2282, rotor pole 2216 comprises Kk tilted inverse V-shape
permanent magnets 2284, rotor pole 2218 comprises k tilted inverse V-shape
permanent magnets 2286, rotor pole 2222 comprises k tilted inverse V-shape
permanent magnets 2288 and rotor pole 2224 comprises k tilted inverse V-

shape permanent magnets 2290.

[00280] The tilted inverse V-shape permanent magnets 2275 to 2285
located on each rotor pole 2212 to 2224 of the switched reluctance machine
2200 are configured such that adjacent rotor pole pairs have tilted inverse V-
shape permanent magnets with same orientation and polarity as each other.
In this embodiment, tilted inverse V-shape permanent magnet 2275 of rotor
pole 2212 and tilted inverse V-shape permanent magnet 2267 of rotor pole
2214, as well as tilted inverse V-shape permanent magnet 2283 of rotor pole
2222 and ftilted inverse V-shape permanent magnet 2285 of rotor pole 2224

have the same orientation and polarity as each other.

[00281] Tilted inverse V-shape permanent magnet 2279 of rotor pole
2216 and tilted inverse V-shape permanent magnet 2281 of rotor pole 2218

have the same orientation and polarity as each other, but different than the
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orientation and polarity of tilted inverse V-shape permanent magnets 2275,
2277, 2283 and 2285.

[00282] Switched reluctance machine 2200 has a plurality of adjustable
parameters associated with the tilted inverse V-shape permanent magnets
located on each rotor pole, which can be adjusted based on the application of
the switched reluctance machine 2200. Depending on machine ratings
suitable for the type of application for the switched reluctance machine 2200,
the adjustable parameters may be adjusted to match desired performance

characteristics, size and cost of the switched reluctance machine 2200.

[00283] Adjustable parameters in switched reluctance machine 2200
include a plurality of parameters, such as, for example, length of the right side
magnet of a tilted inverse V-shape permanent magnet L1 2215, length of the
left side magnet of a tilted inverse V-shape permanent magnet Ly, 2220,
width of the right side magnet of the tilted inverse V-shape permanent magnet
Woyq 2225, width of the left side magnet of the tilted inverse V-shape

permanent magnet Wy, 2230, etc.

[00284] Adjustable parameters in switched reluctance machine 2200
further include parameters, such as, for example, distance of the right side
magnet of the tilted inverse V-shape permanent magnet from the right side of
the rotor pole dzz; 2240, distance of the left side magnet of the tilted inverse V-
shape permanent magnet from the left side of the rotor pole dyy; 2245,
distance between the left and right magnet of the tilted inverse V-shape

permanent magnet d,1 2235, etc.

[00285] Adjustable parameters in switched reluctance machine 2200
also include parameters, such as, for example, rotation angle of right side
magnet of the tilted inverse V-shape permanent magnet 8251 2255, rotation
angle of left side magnet of the tilted inverse V-shape permanent magnet 62,,
2250, rotation angle of tilted inverse V-shape permanent magnet towards the
rotor pole surface 6223 2260, fillet radii of each corner of right side magnet of
the tilted inverse V-shape permanent magnet ryzs, o, o7, faog 2275, 2276,

2277 and 2278, and fillet radii of each corner of left side magnet of the tilted
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inverse V-shape permanent magnet ryp1, oo, 223, F22q 2270, 2271, 2272 and
2273, efc.

[00286] Reference is next made to FIG. 23 illustrating a switched
reluctance machine 2300 according to an example embodiment. Switched
reluctance machine 2300 consists of a controller 2310 and a driver 2320
communicably coupled to each other. Switched reluctance machine 2300 also
consists of a first bidirectional converter 2330, a second bidirectional
converter 2340 and a third bidirectional converter 2350, where each

bidirectional converter relates to each phase of stator winding.

[00287] Depending on factors such as, for example, size of the switched
reluctance machine, type of the switched reluctance machine, strength of
rotor permanent magnets, dimensions of rotor permanent magnets, etc.,
magnetic flux of the rotor pole, which is moving away from a stator pole, might
link in the coils of that stator pole. In such cases, the permanent magnet flux
linking with the stator phase may cause a negative torque and degrade the
performance of the switched reluctance machine. To eliminate the negative
torque, controller 2310 is configured to energize the stator phase with the
increasing inductance profile. Controller 2310 may energize the stator phase

by controlling the phase currents of stator windings.

[00288] In some cases, the adjustable parameters of the rotor
permanent magnets are defined or adjusted so that the opposing flux
generated in the stator phase overcomes the negative torque from the linking

of the permanent magnet flux.

[00289] In some cases, controller 2310 energizes the stator phases or
controls the phase currents of stator windings by energizing the proper
switches corresponding to each phase. Switches associated with each phase,
A, B and C, are located in the bidirectional converters associated with each
phase. For example, switches assigned to phase A may include switches Sas,
Sa2, ..., San, located in the first bidirectional converter 2330. Similarly,
switches assigned to phase B may include switches Sgs, Sgo, ..., Sgn, located

in the second bidirectional converter 2340 and switches assigned to phase C
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may include switches Sc¢y, Scz, ..., Scn, located in the third bidirectional
converter 2350.

[00290] In various cases, controller 2310 controls the stator phase

current based on information related to rotor positions. Controller 2310 may
additionally control the stator phase current based on speed and torque
requirements of the switched reluctance machine 2300. In some cases, the
rotor positions are measured using devices, such as, for example, sensors

etc. In some other cases, the rotor positions are estimated.

[00291] In order to maintain a continuous torque production in motoring
mode, each phase of the switched reluctance machine is energized by
controller 2310 for a given or calculated turn-on and turn-off angles as the
rotor pole moves towards the stator pole. if the phase windings are still
excited as the rotor pole passes the alignment, the flux closing its path over

the rotor pole forces it to stay in the alignment by applying negative torque.

[00292] The above-described embodiments and applications of the
present invention are intended only to be examples. Alterations, modifications
and variations may be effected to the particular embodiments by those of
ordinary skill in the art, in light of this teaching, without departing from the

spirit of or exceeding the scope of the claimed invention.
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CLAIMS:

1. A switched reluctance machine comprising:

4217324

a stator that extends in an axial direction, the stator having a plurality of
salient stator poles and corresponding phase windings to form at least
three phases of the switched reluctance machine, wherein each phase
winding is wound axially about the corresponding stator pole and the
phase windings are adapted to carry electric current to generate
magnetic flux; and

a rotor, the rotor being disposed concentrically with and spaced radially
from the stator, the rotor having a plurality of salient rotor poles, and a
plurality of permanent magnets with each rotor pole comprising at least
one of the permanent magnets defining an excitation source for that
rotor pole wherein the at least one of the permanent magnets for each
rotor pole generates a permanent magnet flux for that rotor pole, and
the permanent magnet flux for each rotor pole is positioned to link with
the phase windings of the stator phases as the rotor rotates;

a controller coupled to the phase windings, the controller operable to
monitor an inductance profile of each phase of the switched reluctance
machine and to energize the stator phase having an increasing
inductance profile whereby the stator phase generates a stator phase
flux, and the controller is configured to generate the stator phase flux in
the at least three phases of the switched reluctance machine to oppose
and overcome negative torque generated by linking of the permanent
magnet flux with the phase windings of the stator phase; and

a plurality of bidirectional converters corresponding to the at least three
phases of the switched reluctance machine, each bidirectional
converter coupling the controller to the phase windings in one phase of
the at least three phases of the switched reluctance machine, wherein
the plurality of bidirectional converters permit a plurality of stator phases

to be energized concurrently;
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wherein at a given location of the stator and the rotor in the axial
direction, the salient rotor poles and the salient stator poles extend
radially towards one another along a radial plane that is perpendicular
to the axial direction;

wherein the excitation source for a first rotor pole in the plurality of
salient rotor poles has a first polarity configuration, the excitation source
for a second rotor pole in the plurality of salient rotor poles that is
circumferentially adjacent to the first rotor pole along the radial plane
has a second polarity configuration, and the first polarity configuration is

different from the second polarity configuration.

2. The switched reluctance machine of claim 1, wherein the at least one
permanent magnet for each rotor pole comprises a permanent magnet in a

continuous configuration on the surface of the rotor pole.

3. The switched reluctance machine of claim 1, wherein the at least one

permanent magnet is located on a top edge of the rotor pole.

4. The switched reluctance machine of claim 1, wherein the at least one

permanent magnet is located on each top corner of the rotor pole.

5. The switched reluctance machine of claim 1, wherein the at least one

permanent magnet comprises a plurality of permanent sub-magnets.

6. The switched reluctance machine of claim 1, wherein the at least one

permanent magnet is a surface magnet.

7. The switched reluctance machine of claim 1, wherein the at least one

permanent magnet is a straight-shape magnet.

8. The switched reluctance machine of claim 1, wherein the at least one

permanent magnet is a U-shape magnet.

4217324
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9. The switched reluctance machine of claim 1, wherein

permanent magnet is an inverse U-shape magnet.

10.The switched reluctance machine of claim 1, wherein

permanent magnet is a tilted U-shape magnet.

11.The switched reluctance machine of claim 1, wherein

permanent magnet is a tilted inverse U-shape magnet.

12.The switched reluctance machine of claim 1, wherein

permanent magnet is a V-shape magnet.

13.The switched reluctance machine of claim 1, wherein

permanent magnet is an inverse V-shape magnet.

14.The switched reluctance machine of claim 1, wherein

permanent magnet is a tilted V-shape magnet.

15.The switched reluctance machine of claim 1, wherein

permanent magnet is a tilted inverse V-shape magnet.

16.The switched reluctance machine of claim 1, wherein

permanent magnet overlays the surface of the rotor pole.
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17.The switched reluctance machine of claim 1, wherein each rotor pole

comprises a plurality of permanent magnets.

18.The switched reluctance machine of claim 1, wherein the rotor is disposed

outside the stator.

4217324
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19.The switched reluctance machine of claim 1, wherein the rotor is disposed

inside the stator.

20.A method of manufacturing a switched reluctance machine, the method
comprising:

providing a stator that extends in an axial direction, the stator having a
plurality of salient stator poles and corresponding phase windings to form at
least three phases of the switched reluctance machine, wherein each phase
winding is wound axially about the corresponding stator pole and the phase
windings are adapted to carry electric current to generate magnetic flux; and

disposing a rotor concentrically with and spaced from the stator, the
rotor having a plurality of salient rotor poles arranged circumferentially on the
rotor and a plurality of permanent magnets, wherein at a given location of the
stator and the rotor in the axial direction, the salient rotor poles and the salient
stator poles extend radially towards one another along a radial plane that is
perpendicular to the axial direction,

coupling a controller to the plurality of phase windings using a plurality
of bidirectional converters, each bidirectional converter coupling the controller
to the phase windings in one phase of the at least three phases of the
switched reluctance machine, wherein the plurality of bidirectional converters
permit a plurality of stator phases to be energized concurrently;

configuring the controller to monitor an inductance profile of each phase
of the switched reluctance machine and to energize each stator phase having
an increasing inductance profile whereby the stator phase generates a stator
phase flux; and

providing each rotor poles with at least one of the permanent magnets
defining an excitation source for that rotor pole, wherein the excitation source
for a first rotor pole in the plurality of salient rotor poles is provided with a first
polarity configuration, the excitation source for a second rotor pole in the
plurality of salient rotor poles that is circumferentially adjacent to the first rotor

pole along the radial plane is provided with a second polarity configuration,

4217324
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and the first polarity configuration is different from the second polarity
configuration;

wherein

the at least one of the permanent magnets for each rotor pole is
configured to generate a permanent magnet flux for that rotor pole, and the
permanent magnet flux for each rotor pole is positioned to link with the phase
windings of the stator phases as the rotor rotates; and

the controller is configured to generate the stator phase flux in the at
least three phases of the switched reluctance machine to oppose and
overcome negative torque generated by linking of the permanent magnet flux

with the phase windings of the stator phases.

21.The method of claim 20, further comprising providing each rotor pole with
the at least one permanent magnet in a continuous configuration on the

surface of the rotor pole.

22.The method of claim 20, further comprising providing the at least one

permanent magnet on a top edge of the rotor pole.

23.The method of claim 20, further comprising providing the at least one

permanent magnet on each top corner of the rotor pole.

24.The method of claim 20, wherein providing the at least one permanent
magnet on each rotor pole comprises providing a plurality of permanent

magnets on each rotor pole.

25.The method of claim 20, wherein the at least one permanent magnet is a

surface magnet.

26.The method of claim 20, wherein the at least one permanent magnet is a

straight-shape magnet.

4217324
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27.The method of claim 20, wherein the at least one permanent magnet is a

U-shape magnet.

28.The method of claim 20, wherein the at least one permanent magnet is an

inverse U-shape magnet.

29.The method of claim 20, wherein the at least one permanent magnet is a

tilted U- shape magnet.

30.The method of claim 20, wherein the at least one permanent magnet is a

tilted inverse U-shape magnet.

31.The method of claim 20, wherein the at least one permanent magnet is a

V-shape magnet.

32.The method of claim 20, wherein the at least one permanent magnet is an

inverse V-shape magnet.

33.The method of claim 20, wherein the at least one permanent magnet is a

tilted V-shape magnet.

34.The method of claim 20, wherein the at least one permanent magnet

overlays the surface of the rotor pole.

35.The method of claim 20, wherein each rotor pole comprises a plurality of

permanent magnets.

36.The method of claim 20, further comprising providing the rotor inside the

stator.

37.The method of claim 20, further comprising providing the rotor outside the

stator.

4217324
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38.The switched reluctance machine of claim 1, wherein the at least one permanent
magnet for each rotor pole comprises an elongated permanent magnet, each
elongated permanent magnet being elongated in an elongation direction that is
perpendicular to the axial direction and is arranged at an offset angle to the

circumferential direction.

39. A switched reluctance machine comprising:

a stator that extends in an axial direction, the stator having a plurality of
salient stator poles and corresponding phase windings to form at least three
phases of the switched reluctance machine, wherein each phase winding is
wound axially about the corresponding stator pole and the phase windings are
adapted to carry electric current to generate magnetic flux; and

a rotor that extends in the axial direction, the rotor being disposed
concentrically with and spaced radially from the stator, the rotor having a plurality
of salient rotor poles arranged circumferentially on the rotor;

wherein at a given location of the stator and the rotor in the axial direction,
the salient rotor poles and the salient stator poles extend radially towards one
another along a radial plane that is perpendicular to the axial direction;

wherein each salient rotor pole has a first distal corner and a second distal
corner that is spaced circumferentially from the first distal corner;

wherein each rotor pole comprises at least two permanent magnets
defining an excitation source for that rotor pole, the at least two permanent
magnets comprising a first permanent magnet positioned on the first distal corner
and a second permanent magnet positioned on the second distal corner, wherein
the first permanent magnet and the second permanent magnet have opposite

polarity.

40.The switched reluctance machine of claim 39, wherein the excitation
source for a first rotor pole in the plurality of salient rotor poles has a first
polarity configuration, the excitation source for a second rotor pole in the

plurality of salient rotor poles that is circumferentially adjacent to the first

4217324

Date Regue/Date Received 2020-11-17



-73-

rotor pole along the radial plane has a second polarity configuration, and
the first polarity configuration is different from the second polarity

configuration.

4217324
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