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the windings. The magnet assembly may be mounted
on a support formed of one or more ferromagnetic
materials, such as a back iron The disclosed flux fo-
cusing magnet assemblies may be formed using a
variety of manufacturing methods.
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FLUX FOCUSING ARRANGEMENT FOR PERMANENT MAGNETS, METHODS OF
FABRICATING SUCH ARRANGEMENTS, AND MACHINES INCLUDING SUCH
ARRANGEMENTS

PRIOQRITY
{0001} This application claims the benefit of U.&. Provisional Application Ser. No.
61/517,086, filed April 13, 2011, the disclosure of which is incorporated herein by

reference.

FIELD OF THE INVENTION

{0002} The disclosure relates to the field of permanent magnets, including the use of
permanent magnets and permanent magnet arrangements in machinery and other

devices.

BACKGROUND OF INVENTION

{0803} Permanent magnet slectromagnetic machines {referred to as permanent magnet
machines herein) utilize magnetic flux from permanent magnets to convert mechanical
energy to electrical energy or vice versa. Various types of permanent magnet machines
are known, including axial flux machines, radial flux machines, and transverse flux
machines, in which one component rotates about an axis or transiates along an axis,
gither in a single direction or in two directions, e.g. reciprocating, with respect to ancther
component. Such machines typically include windings to carry electric current through
colis that interact with the fiun from the magnets through relative movement between the
magnets and the windings. In a common indusinal application arrangement, the
permanent magnets are mounted for movement, e.g. on a rotor (or otherwise moving
part) and the windings are mounted on a stationary part, such as a siaior. Other
configurations, typical for low power, inexpensive machines operated from a direct
current source where the magnets are stationary and the machine’s windings are part of
the rotor {energized by a device known as a “commutator” with “brushes”™) are clearly
also available, but will not be discussed in detail in the following text in the interest of

brevity
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10804} In an electric motor, for example, current is applied to the windings in the stalor,
causing the magnets (and therefore the rotor) to move relative to the windings, thus
converting electrical energy into mechanical energy. In a generator, application of an
external force o the generator’s rotor causes the magnets to move relalive to the
windings, and the resulting generaled vollage causes current to flow through the
windings—thus converting mechanical energy into electrical energy.

10605} Surface mounted permanent magnet machines are a class of permanent magnet
machines in which the magnets are mounted on a ferromagnetic structure, or backing,
commonly referred to as a back iron. Such machines are generally the lowest cost and
ightest weight permanent magnet machines, but they typically suffer from limitations in
performance that can be traced fo the flux density limitations, well known in the art, of
conventionally designed and manufactured permanent magnets. As a general matier,
flux density can be increased by using magnets formed of a material having a relatively
higher magnetlic energy density, or of relatively greater thickness. High magnstic
energy density materials, such as the neodymium-iron-boron system, are typically more
gxpensive and have historically been subject to significant price volatility.  Thicker
magnels require more magnetic material, and cost generally scales with the amount of
materials.  Thus, increasing flux density for such machines with these approaches
increases cost and potentially increases cost volatility, and may vield only limited
performance improvements. Further, there is an inherent Himit to the amount of flux in a
given magnetic circuit, where further additions {0 magnet thickness may vield litlle to no
additional flux.

{0006} Given the drawbacks of known techniques of improving the electromagnetic
gfficiency and other performance altributes of surface mounted machings, new
technigues for effecting such performance improvements are clearly desired by those
practiced in the art of designing such machines. Further, because many applications of
permanent magnets other than permanent magnet machines as described above would
benefit from the abilily o enhance magnetic performance while limiting cost, such new
techniques will be even more desirable if they have broad applicability not limited to

permanent magnet machines.
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10007} The benefits of the disclozed designs and techniques will be apparent to those
pracliced in the art of designing and building surface mounted permanent magnet
machines. In fact, the benefils of the disclosed designs and techniques may enable
surface mounted magnet machines 1o compete with other permanent magnet machine
topologies (such as embedded magnet machines) on performance while retaining the
established cost and weight advantages of surface mounied permaneni magnet
machines. Moreover, the benefits and usefulness of the disclosed designs and
technigues are not imited o surface mounted permanent magnet machines, but extend

to a wide variety of permanent magnet applications.

SUMMARY

{6008} Hiustrative embodiments are shown in the drawings and described below. His lo
be understood, however, that there is no intention o limit the claimed inventions to the
particular forms described in this Summary of the Invention or in the Detailed
Description. One skilled in the art can recognize that there are numaercus madifications,
equivalents, and alternative constructions that fall within the spirit and scope of the
claimed inventions. In particular, one skilled in the art can recognize that the disclosed
designs and techniques can be used in any machine with arrays of magnets, including
radial, axial, and transverse flux motors and generators that operate in a rotating or a
finear manner. Indeed, skilled artisans will also recognize that the disclosed designs
and technigues are useful in any application that utilizes magnetic flux from permanent
magnets.

{00609] Numerous arrangements for permanent magnels are disclosed that can focus
the flux produced by the magneis. Depending on the particular application in which the
disciosed designs and techniques are used, efficiency and reliability may be increased
by minimizing fux leakage, increasing peak flux densily, and shaping the flux fields to
improve the effective coercivity of the flux focusing permanent magnet arrangement
when lcaded, and to achieve customized vollage and current waveforms.

{0016 By way of non-limiting example, a fiux focusing magnet assembly may include a

first magnet or magne! portion having a nominal axis of polarization, and one or more
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other magnets or magnet portions disposed adjacent to or about the first magnet, each
such other magnet or magnet portion having a nominal axis of polarization that
converges with the nominal axis of polarization of the first magnet. The nominal axis or
axes of the other magnet{s) or portion(s) may be coplanar or may be non-coplanar with
the nominal axis of polarization of the first magnet and/or each other. The nominal axes
of the magneis or magnet portions may converge in the direction of their north poles, or
may converge in the direction of their south poles. The magnet assembly may include a
ferromagnetic lens to further concentrate flux. The magnet assembly may be
incorpeorated into a machine having windings and may be disposed for movement
relative {o the windings and oriented such that nominal axes of polarization converge
towards the windings, or such that the nominal axes of polarization converge away from
the windings. The magnet assembly may be mounted on a support formed of one or
more ferromagnetic materials, such as a back iron.

[8011] The disclosed flux focusing magnet assemblies may be formed using a variety of
manufacturing methods. By way of non-limiting example, twe or more separate
magnets may each be formed separately in the presence of a magnetic field {0 align the
magnetic domains in sach magnet parallel 10 a nominal axis of polarization, the
magnets may be positioned or disposed adjacent each other with their nominal axes of
polarization converging, and then the assembily can be permanently magnetized.
Alternatively, sach magnet may be permanently magnetized before the magnets are
disposed adjacent each cther.  Altemnatively, a unitary magnet may be formed in the
presence of a complex magnetic field to align the magnetic domains in different portions
of the magnet 1o align the magnelic domaing parallel to different nominal axes of
polarization, and then may be permanently magnetized in a complex magnetic field. A
ferromagnetic lens may be coupled to the magnet{s) before or after permanent
magnetization and/or before or afler multiple magnets are disposed adjacent each
other.

{8012} These and other embodiments are described in further detail herein.
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BRIEF DESCRIPTION OF THE DRAWINGS

18013} in the following Detalled Description, reference i3 made to the drawings ideniified
below.

10014] FIG. 1 is a schematic iHlustration of a magnet assembly according o an
embaodiment.

10015] FIG. 2A is a schematic perspective view of a magnet assembly according to an
embodiment having two magnels, and FIG. 2B is a schemalic cross sectional view of
the assembly taken along line 2B-2B of FIG. 2A.

[8016] FIG. 2C is a schematic cross sectional view of a variation on the assembily of
FIG. 2A.

{0017} FIG. 3 is a schematic cross-sectional view of a north pole flux focusing magnet
assembly according to an embodiment.

{0018} FIG. 4 iz a schematic cross-seclional view of 3 south pole fiux Tocusing magnet
assembly according to an embodiment.

{0019 FIGS, 5A-5F are schematic perspeclive views of varicus configurations of a an
embodiment of a flux magnet assembly with a central magnet and two splitter magnets.
{0028} FIG. 6A is a schematic perspective view of a magnet assembly according {0 an
embodiment having ten magnets, and FIG. 8B is a schematic cross sectional view of
the assembly taken along line 6B-68 of FIG. GA.

{0821} FIG. 7A is a schematic perspective view of a magnet assembly according to an
gmbodiment having one magnet, and FIG. 7B is a schematic cross sectional view of the
assembily taken along line 7B-78 of FIG. 7A.

19022} FIG. 8 is a schematic cross sectional view of an embodiment in which the central
magnet has a different raling than that of the splitter magnets.

[8023] FIGS. 8A and 8B are schematic cross-sectional views of a flux focusing magnet
assembly having two pusher magnets according to an embodiment.

10024] FIGS. 10A-10D are schemalic perspective views of various configurations of a an
embaodiment of a flux magnet assembly with a central magnet, two splitter magneis, and
a pusher magnet.

{0025] FIG. 11 is a schematic cross-sectional view of a north pole flux focusing magnet

assembiies having splitter magnets and a lens according to an embodiments.
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10026} FIG. 12 is a schematic cross-seactional view of a south pole flux focusing magnet
assembiy having splitter magnets and a lens according to an embodiment.

10027} FIG. 13A and 13B are schematic cross-sectional views of a flux focusing magnet
assembiy having two pusher magnets and a lens according to an embodiment.

10028} FIG. 14 is a schematic cross-sectional view of a fiux focusing magnet assembly
having a pusher magnet and a lens according 0 an embodiment.

10029} FIGS. 15A-15E are schematic perspective views of various configurations of an
embodiment of a flux magnet assembly with a cenfral magnei, two splitter magnets, a
lens, and optionally a pusher magnet.

{0038} FIG. 16 is a schematic lllustration of a pole assembly having at least two flux
focusing magnet assemblies, according to an embodiment.

{8031} FIGS. 17A-17F are schematic perspective views of various embodiments of pole
assembiies having one or more flux focusing magnet assemblies.

{0032} FIG. 18 is a schematic Hiustration of a2 magnetic assembly having two pole
assembiies, according o an embodiment.

{0033] FIG. 18 is a schemalic perspective view of a magnetic assembly having two pole
assembiies, according o an embodiment.

10034] FIGS. 20A, 20B, and 200 are schematic cross-sectional views of the magnetic
assembly of FIG. 19, taken along lines 20A-20A, 20B-20B, and 20C-20C, respectively.
{0035] FIG. 21 is a schemalic perspective view of a magnetic assembly having two pole
assembiies, according io an embodiment.

10036] FIGS. 22A, 22B, and 22C are schemalic cross-sectional views of the magnetic
assembly of FIG. 19, taken along lines 22A-22A, 22B-22B, and 22C-22C, respectively.
10037} FIG. 23 is a schematic cross section of a magnetic assembly incorporating side
inserts, according to an embodiment.

10038] FIGS. 24A and 24B are schematic cross seclions of magnetic assemblies with
alternative back iron structures, according to additional embodiments.

10039] FIG. 25 i a schematic dlusiration of i flows in a magnetic assembly, according
to an embodiment.

10048] FIG. 28A is a schematic illustration of a magnetic maching incorporating two

magnetic assembilies, according to an embodiment.
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10041] FIG. 268 is a schematic illustration of a magnetic machine incorporating one
magnetic assembly, according to an embodiment.

10042} FIG. 27 is a perspective view of an axial motor / generator according o an
embodiment.

10043] FIG. 28 is g partial exploded view of the motor / generator of FIG. 27.

{6044} FIG. 20 is an enlarged perspective view of a segment of a rotor of the motor /
generator of FIG. 27.

[6045] FIG. 30 is a detail perspective view of the portion of FIGG. 28 identified as "A" in
FIG. 29,

[0046] FIG. 31 is a detail perspective view of a rotor segment of a molor / generator
according to an embodiment.

{0047} FIG. 32 is a delail perspective view of a pole assembly of the motor / generator of
FIG. 31.

{0048} FIG. 33 is a perspective view of a radial field motor / generator according 1o an
embaodiment.

{8049} FIG. 34 is a perspeclive view of a segment of the rotor of the motor / generator of
FIG. 33.

{8050} FIG. 35 is a schematic cross-sectional view of the motor / generator of FIG. 33.
{0051 FIG. 36 is a schemalic cross-sectional view of a radial field motor / generator
according o an embodiment.

{0052] FiG. 37 is a schematic cross-sectional view of a transverse flux motor / generator
according (o an embodiment.

{00531 FIG. 38 is a perspective view of a portion of the motor / generator of FIG. 37.
10054] FIG. 38 is a perspective view of the rolor of the motor / generator of FIG. 37.
{0055] FIG. 40 is a flow chart showing a first method of manufacturing a flux focusing
magnet assembly;

{0056 FIG. 41 is a flow chart showing a second method of manufacturing a flux
focusing magnet assembly;

{06057} FIG. 42 is a flow chart showing a third method of manufacturing a flux focusing

magnet assembly;
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10058} FIG. 43 is a flow chart showing a fourth method of manufacturing a flux focusing
magnet assembly;

10059] FIG. 44 is a flow chart showing a fifth method of manufacturing a flux focusing
magnet assembly; and

10068} FIG. 45 is a flow chart showing a sixth method of manufacturing a flux focusing

magnet assembiy.

DETAILED DESCRIPTION

{0061} The flux focusing magnet assemblies described below may be beneficially used
in any application that utilizes magnetic flux, and are particularly useful in those
applications where it is desired to maximize the flux that crosses a gap while minimizing
leakage flux, improving the peak flux density across the gap, and/or shaping the flux
field across said gap.

{0062} A flux focusing magnet assembly 20 is iHustrated schematically in FiG. 1.
Magnet assembly 20 includes a first magnet 21 and a second magnet 22 disposed
adjacent to first magnet 21. The magnetic domains in each magnet are aligned paraliel
to a respective nominal flux axis, each represented in FIG. 1 by one or more arrows,
which for the first magnet 21 are labeled "Flux,” with the head of sach arrow having the
same polarity (e.g. north or south). As shown in FIG. 1, the nominal flux axes of
magnets 21 and 22 are not paraliel, but are oriented towards each other, to converge in
a direction sbove the magnets. As the artisan will recognize, the flux field produced by
the combination of the two magnets 21 and 22, L.e. by the converging nominal flux axes,
is denser in the region above the magnets than would be the fiux field produced by the
two magnets if their nominal flux axes were parallel.  The nominal flux axes of magnels
21 and 22 may be coplanar or may lie in different planes.  Magnet assembly 20 has an
overall nominal flux direction, indicated by the arrow labeled Fluxua. The nominal flux
direction of the magnet assembly is influenced by the flux axes of the constifuent
magnets of the magnet assembly, or stated another way, the relative orientation of the
magnels’ flux axes can be selected to product a desired nominal flux direction of the

magnet assembly, for example normal to the face of the magnet assembly.
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18063} Optionally, magnet assembly 20 may include a third magnet 23, which may be
disposed adjacent to magnet 21 so that magnets 22 and 23 are on opposite sides of
magnet 21. The nominal flux axis of magnet 23 may converge with those of magnels
21 and 22, which the artisan will recognize will produce a Tlux field that is more dense in
the region above magnet assembily 20 than would be the flux field produced by magnets
21 and 22 aicne, or by magnets 21, 22, and 23 if their nominal flux axes were parallel.
The nominal flux axis of magnet 23 may be coplanar with the nominal flux axis of
magnet 21 and/or that of magnet 22, or may not be coplanar with either.

{0064} In a magnet assembly in which a second magnet is disposed on one side of, orin
which second and third magnets are disposed on opposite sides of (which may be
referred to as “laterally” of, or along a lateral direction) a first magnet, with their nominal
flux axes converging, the first magnet may be referred to as a central magnet, and the
second, or second and third magnets, may be referred {0 as a splitter magnet or splitter
magnets, or for an assembly with just two magnets, both may be referred to as splitter
magnets, and neither magnet is referred 10 as a central magnet. Magnet assembly 20
may include one or more additional splitter magnets (not shown) disposed on either or
both sides of magnets 21, 22, and 23.

{965] An exemplary magnet assembly 120 with central magnet (or splifter magnet) 121
and splitter magnet 122 {(or two splitter magnets 121, 122) is illustrated schematically in
FIGS. 2A and 2B. FIG. 2A shows a schematic perspective view, and FIG. 2B shows a
aschematic cross section, of a north pole flux focusing magnet assembly with magnets
121 and 122. While each of magnets 21 and 22, and flux focusing magnet assembly 20
as a whole, is illustrated as having a substantially rectangular cross section in FIG. 2A,
this is merely for ease of illustration; skilled arlisans will understand that the geometric
cross section of a flux focusing magnet assembly 20 will vary depending on the size and
shape of itz component magnets, and the characteristics desired in a particular
application where such a magnet is ulilized, as described in more detail below.

10866} As shown in FIG. 2B, central magnet {or splitter magnet} 121, and splitter magnet
122, each has an angle of polarization, or nominal flux axis, orented o converge
towards the other magnet's nominal fiux axis above the top face of magnet assembly

120. The top face of magnet assembly 120 in FIG. 2B has a magnetization of north
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while the bottom face has a magnetization of south. The orientation of the nominal flux
axes, and the polarity of the poles, of magnets 121 and 122, results in magnstic flux
directed angularly toward the center of, and upward relative o, magnet assembly 120,
from the north pole face of magnet agsembly 120. The magnetic angle of polarization of
magnets 121 and 122 determines how much flux each contributes to the useful flux
density above the north pole Tace of magnet assembly 120.

{00671 A varigtion on magnet assembly 120 is shown in FIG. 2C. In this variation, the
nominal fiux axes are not symmetric with each cther, i.e. the flwxangle of magnet 122 is
at a smaller angle with respect {o the nominal flux axis Fluxua of magnet assembly 120
than is that of magnet 121.

[0068] Another exemplary magnet assembly 220 is shown in schematic cross section if
FIG. 3. Magnet assembly 220 is a north pole flux focusing magnet assembly, with a
central magnet 221 and two splitter magnets 222, 223, In FIG. 3A, central magnet 221
has an angle of polarization, or nominal flux axis, oriented perpendicular to the top face
of magnet assembly 220, whereas spliter magnets 221 and 222 have flux paths at an
angle of polarization, or & nominal flux axis, of minus and plus 45° relative o that of the
central magnet 221, ie. the nominal flux axes converge in a direction above the op
face. The top face of magnet assembly 220 in FIG. 3 has a magnetization of north
while the botltom face has a magnetization of south. The orientation of the nominal flux
axes, and the polarity of the poles, of magnets 221, 222, and 223, results in magnetic
flux directed angularly toward central magnet 221 from splitter magnets 222 and 223,
and upward (relative to magnet assembly 220} from the north pole face of magnet
assembly 220. The magnetic angle of polarization of splitter magnets 222 and 223
determines how much flux splitter magnets 222 and 223 contribule {o the useful flux
density above the north pole face of magnet assembly 220.

10069} FIG. 4 schematically Hustrates a magnet assembly 320 similar to that iHlustrated
in FIG. 3 except that the polarity is reversed, i.e. magnet assembly 320 is a south pole
magnet assembly, in which central magnet 321 has an angle of polarization opposiie a
nominal flux direction. In this arrangement, the flux of central magnet 321 is oriented {o
be directed downward {relative to magnet assembly 320), and splitter magnets 322 and

323 are arranged on each side of the central magnet and oriented at a 45° angle away
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from the angle of polarization of central magnet 321, as shown. The top face of magnet
assembly 320 has a magnetization of south while the bottom face of magnet assembly
320 has a magnetization of north. The orientation of the poles in magnets 321, 322,
and 323, in combination with the orientation of the angle of polarization of splitter
magnets 322 and 323, resuils in magnetic flux from splitter magnets 322 and 323
directed angularly away from central magnet 321, and downward (relative to magnet
assembiy 320) from the north pole face of magnet assembly 320.

{06076} The amount of useful flux contributed by splitter magnets of flux focusing magnet
assembiies such as those shown in FIGS. 1, 3, and 4, is greater than the amount of
useful flux that would be contributed by straight-polarity magnets of the same
dimensions, because the cross-sectional area normal to the angle of polarization of the
splitter magnets is greater than the cross-sectional area normal o the angle of
polarization of a straight polarity magnet of the same dimensions.

{8071} In any given application of a flux focusing magnet assembly, such as assembly
20 in FIG. 1, the angle of polarization of splitter magnet 22 (and optionally splitter
magnet 23} in magnet assembly 20 may be anything less than 90° greater than or less
than the angle of polarization of central magnet 21, L.e. converging, s0 as to direct flux
angularly foward the flux emanating from central magnet 21 (for a north pole flux
focusing magnet assembly) or away from the flux entering central magnet 21 (for a
south pole flux focusing magnet assembly).

{00721 The dimensions and angle of polarization of central magnet 21 and splitter
magnet 22 {(and/or splitter magnet 23} can be adjusted to shape the flux field generated
by magnet assembly 20. For example, in an electromagnetic machine having one rotor
and one stator, wherein a plurality of magnet assemblies 20 are mounted on the rolor,
the circumferential width and angle of polarization of splitter magnets 22 andfor 23 can
be adjusted to shape the flux field across the gap between the rolor and the stator (as
described in more detail below) so as {o minimize total harmonic distortion and produce
a sinusoidal electrical waveform. The same characteristics of splitter magnets 22 and
23 can also be adjusted to maximize peak flux density in applications where that
particular property is desirable. Persons skilled in the art will understand how to adjust

the relative dimensions and angle of polarity of the individual segments of flux focusing

i1
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magnet assembly 20 {o optimize the desired characteristics and achieve a useful
configuration for a given application.  Such configurations may include, by way of
gxample only, a splitter magnet 22 that is wider than central magnet 21 {and optional
splitter magnet 23) or a splitter magnet 22 having the same width as splitter magnet 23,
where both splitter magnet 22 and 23 are narrower but taller than central magnet 21,
{06073} Additional examples of relative shapes and sizes of central magnets 21 and
splitter magnets 22, 23 in various configurations of flux focusing magnet assembly 20
with three magnets are shown schematically in FIGS. 5A-5F. Each of the illustrated
configurations includes a main or central magnet 21 and splitter magnets 22, 23
disposed laterally on opposite sides of central magnet 21. Although not indicated in the
figures, each of splitter magnets 22, 23 has a nominal flux axis that converges fowards
the other, and toward the nominal flux axis of central magnet 21, As can be seen from
FIGS. 5A-AF, the size and shape of each of the magnets can vary considerably. For
axample, in the magnel assembly illustrated in FIG. BA, each of the magnels is
approximately the same size, and of constant ({though different} cross section in the
fateral and longitudinal directions, whereas FIG. 8D illustrates that the magnets can be
of constant cross section but that central magnet 21 may be significantly larger than
splitter magnets 22, 23. FIGS. 5B and 5F illustrate that magnet assembly can vary in
thickness (perpendicular to the pole face, indicated by N or &§) along the latersl
direction. FiG. 5B further illustrates that splitter magnets 22, 23 may have latersl faces
or sides that are not perpendicular to the pole face of magnet assembly 20. Optionally,
the lateral faces of splitter magnets 22, 23 may be approximately parallel to their
nominal flux axes. FIGS. 5C and 5E iHllustrate that the cross sections of the ceniral
andior splitter \magnets may vary in the longitudinal direction. The illustrated
configurations are merely ilustrative, and are not meant {o be limiting. The illustrated
varialions in relative sizes and geometries of central and splitter magnels are equally
applicable to magnet assemblies with two, or four or more magnet, and are not limited
o the illustrated three-magnet assemblies.

[6074] As noted above, a flux focusing magnet assembly can have more than three
magnets. In such arrangements, the angle of polarization, or the orientation of the

nominal flux axis, of each segment may be altered marginally in a step-wise fashion
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from one adjacent segment to another, and ranging between a magnelic angle of
polarization of (° relative to the nominal flux direction at the central magnet up {©
anything less than 80° greater than or less than the nominal flux direction for the
magnets on the edges of the magnet assembly. For example, as shown in FIGS. GA
and 6B, magnet assembly 420 includes magnetl segments 421a and 422a, which are
positionad immediately adjacent o the center of magnet assembly 420, have angles of
polarization slightly less than and slightly greater than the nominal angle of polarization,
respectively. kEach successive magnet segment 422 (e, 422b, 422¢, 422d, 422¢) has
an angle of polarization greater than the magnet segment immediately preceding i,
while each successive magnet segment 421 (lLe. 421b, 421¢, 421d, 421¢) has an angle
of polarization less than the magnet segment immediately preceding it Magnst
assembly 420 is shown in FIGS. 8A and 6B with ten magnet segments for purposes of
flustration only; magnet assemblies may have any number of individual magnet
segments.

[0075] Allernatively, a flux focusing magnet assembly may be formed from a single
magnet segment. An exemplary embodiment is shown in schematic perspective view in
FiG. 7A and in cross section in FIG. 78, As shown in FIG. 7B, magnet assembly 520
has a single segment, in which the magnetic domains of the magnet material are not
aligned parallel o one another. Magnet assembly 520 has a variable magnetic angle of
polarization or nominal flux axis relative 10 a top surface of magnet assembly 520 from
the center to the edges. The variation in the magnetic angle of polarization for the
magnet assembly 520 can range from 0° to anything less than 80° greater than or less
than the nominal angle of polarization so that flux emanating from the side portions of
magnet assembly 520 is directed angularly toward the flux emanating from the center
portion of magnet assembly 520 at the nominal angle of polarization {for a north pole
fiux focusing magnet assembly) or away from the flux emanating from the center portion
of magnet assembly 520 at the nominal angle of polarization (for a south pole flux
focusing magnet assembly).

{0076} Beneficial flux concentrations can also be achieved by utilizing magneis of
different performance specification for the central permanent magnet and the splitter

magnets. For example, in the case of neodymium-iron-boron {NdFeB) magnets, it is
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widely known {0 describe magnetic malerial performance by a rating for energy product
andfor magnetic remanence Br as well as an operating temperature raling and/or
coercivity rating.  For example, a magnet with a rating of N48 provides a higher flux
densily in a given magnetic circuit than a magnet with a rating of N45, and a magnet
with a rating of N45M has a higher coercivity than a magnet with a rating of N45. The
cost of a magnet typically increases with its flux density rating and its coercivity rating.
One advantage of the disclosed flux focusing magnet assembly designs is that the
concentration of flux caused by the flux focusing arrangement enables the gplitter
magnets to have a lower flux density than the central magnet without significantly
affecting the flux density of the magnet assembly overall. Ancther advantage is that the
coercivity of the central magnet can be lower than the coercivity of the splitter magnets
without compromising the overall effeclive coercivity of magnet assembly, which will
remain at or near the level of coercivity of the splitter magnets. Thus, as shown in the
exemplary embodiment in FiG. 8, flux focusing magnet assembly 620 can have a
central magnet 621 with a rating of N45 and splitter magnets 622, 623 can have a flux
rating of N45M. Due {o the added flux path iength of the splitter magnets, flux focusing
arrangements such as magnet assembly 820 provide an improved oading condition in
operation that can be expressed as a higher "nel” coercivity or resistance t{o
demagnetization than in a magnet arrangement where the angle of polarization of
splitter magnets 622 and 823 is parallel o the angle of polarization of central magnet
g21. These features allow for reductions in magnet cost withoul a corresponding
reduction in overall performance, or an improved performance without an increase in
cost. More generaily, each of the magnets in the flux focusing magnet assemblies
described herein can be different, whether in some performance specification, material,
dimension, etc. from any or all of the other magnels.

10077} Yet another advantage of the disclosed flux focusing magnet assembly designs
is that the individual magnet segments need not be made of the same material. For
gxample, the central magnet could be made of NdFeB, while the splitter magnets could
be made of AINICo, SmCo, or ancther material. These materials are referenced solely
for purposes of ilustration; any suifable permanent magnet material can be used for the

any one or more of the central magnet and the splitter magnets.
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10078} Returning to FIG. 1, magnet assembly 20 may oplionally include a fourth magnet
24, which may be disposed adjacent an end of first magnet 21 (i.e. in a direction that is
fransverse or orthogonal o the lateral direction, which may be referred to 33 a
longitudinal direction). The nominal flux axis of fourth magnet 24 may converge with,
and may be coplanar or non-coplanar with, the nominal flux axis of first magnet 21, In
the illustraled embodiment, the nominal flux axis of fourth magnet 24 converges with the
nominal flux axis of first magnet 21 and the axes are approximately coplanar in a plane
approximately parallel to the longitudinal direction. When included in a magnet
assembly that includes a main magnet and one or more splitter magnets disposed
taterally of the main magnel, a magnet disposed longitudinally of the main magnet may
be referred 1o as a "pusher” magnel. Magnet assembly 20 may further optionally
include a second pusher magnet 25 disposed on the longitudinally opposite end of
magnet assembly 20 from pusher magnet 24. As with the splitter magnets, one or
more additional pusher magnets (not shown} may be disposed on either or both ends of
pusher magnets 24 and 25, For clarity, the splitter magnets of magnetic assembly 720
are not shown in these schemalic views.

{00791 An exemplary magnet assembly 720 with ceniral magnet 721 and pusher
magnets 724, 725 is illustrated in schemalic cross-section in FIGS. 8A and 8B, While
each of magnets 721, 724, and 725 is illustrated as having a subsiantially rectangular
cross section, this is merely for ease of fllustration; skilled artisans will understand that
the geometric cross section of a fiux focusing magnet assembly will vary depending on
the size and shape of its component magnets, as describad in more detall below.

{0086] As shown in FIG. 9A, central magnet 721 has an angle or polarization or nominal
fiux direction that is in the nominal flux direction of magnet assembly 720, and pusher
magnel 724 has an angle of polarization, or nominal flux axis, oriented to convergs
towards that of ceniral magnet 21 above the top face of magnet assembly 720.
Similarly, as shown in FIG. 9B, pusher magnet 725 has an angle of polarization, or
nominal flux axis, oriented to converge towards that of central magnet 721 above the
top face of magnet assembly 720. The top face of magnet assembly 720 in FIGS. 9A
and 9B has a magnetization of north while the bottom face has a magnetization of

south. The orientation of the nominal flux axes, and the polarity of the poles, of central
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magnet 121 and pusher magnets 724, 725, results in magnetic fiux directed angularly
toward the center of, and upward relative to, magnet assembly 720, from the north pole
face of magnet assembiy7120. The magnetic angle of polarization of magnets 721, 724
and 725 determines how much flux each contributes (o the useful flux density above the
north pole face of magnet assembly 720.

{06081} In the illustrated embodiment, pusher magnet 724 has an angle of polarization of
plus 45° relative 1o the nominal flux direction or nominal flux axis of central magnet 721,
and pusher magnet 725 has an angle of polarization of minus 45° relative 1o the nominal
flux direction. The angle of polarization of pusher magnets 724 and 725, however, may
be anything less than 80° greater than or less than the nominal angle of polarization of
central magnet 721 so as to direct flux angularly toward the flux emanating from central
magnet 721 (for a north pole flux focusing magnet assembly) or away from the flux
emanating from central magnet 721 (for a south pole flux focusing magnet assembiy)..
{0082} Pusher magnets achieve a result similar {o that of splitter magnets, but in a
different direction: splitter magnets constrain leakage flux off the sides of a flux focusing
magnet assembly, whereas pusher magnets 44 and 46 constrain leakage flux off the
ends of the magnet assemblies. Also, while splitter magnets can be used to shape the
fiup distribution across the width of a magnet assembly, pusher magnets can be used {0
shape the flux distribution along the length of the magnet assembly.

{8083} Additional examples of relative shapes and sizes of central magnets 21, splitter
magnels 22, 23, and a pusher 24 magnet in various configurations of flux focusing
magnet assembly 20 are shown schematically in FIGS. 10A-10D.  Each of the
Hustrated configurations includes a main or ¢entral magnet 21, splitter magnels 22, 23
disposed laterally on opposite sides of central magnet 21, and a pusher magnet 24 or
25 disposed longitudinally on one end of central magnet 21, Although not indicated in
the figures, each of splitter magnets 22, 23 has a nominal flux axis that converges
towards the other, and toward the nominal flux axis of ceniral magnet 21 and magnet
assembiy 20. Similarly, each pusher magnet 24 or 25 has a nominal flux axis that
converges towards the nominal flux axis of central magnet 21 and magnet assembly 20.
As can be seen from FIGS. 10A-10D, the size and shape of each of the magnels can

vary considerably. For example, in the magnet assembly illustrated in FIGS. 10A and
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108, each of the magnets is approximately the same size, and of constant (though
different} cross section in the lateral and longitudinal directions, though in FIG. 10A the
pusher magnet 25 is at one end of magnet assembly 20, whereas in FIG. 10B the
pusher magnet 24 is ai the opposite end of magnet assembly 20. In contrast, FIG. 10C
fustrates that pusher magnet 25 can have the same thickness as the other magneis
but have a triangular or tapered shape in plan view. Similarly, FIG. 10D lliustrates that
magnet assembly 20 can vary in thickness (perpendicular {o the pole face, indicated by
Sy along the lateral direction. The illustrated configurations are merely illustrative, and
are not meant {0 be limiting.

{0084} For magnet assemblies as described above having two or more magnets, the
interfaces between the constituent magnets may be of any one or more of a variety of
geometries or types, including mitered, lapped, and variable.

[8085] As discussed above, bensficial flux concentrations and distributions can also be
achieved by ulilizing magnets of different performance specification or of different
materiais in magnet assembly 20 having one or more pusher magnets 24, 25, More
particularly, splitter magnets 22 and 23, and/or pusher magnets 24 and/or 25 can have
a different raling than central magnet 21 for any one or more characteristics such as
gnergy product, magnetic remanence, operating temperature, and coercivity. Each of
central magnet 21, splitter magnets 22 and 23, and/or pusher magnets 24 and 25 may
be made from the same magnetic material, or from two or more different magnetic
materiais. Further, the relative dimensions of central magnet 21, splitter magnets 22
and 23, and pusher magnets 24 and 25 may be varied to achieve a beneficial flux
concentration and distribution for a given application. Each of the above variations may
be further be beneficial for reducing the cost and/or improving the overall performance
of magnet assembly 20.

10086} As discussed above, sach of magnets 21, 23, 23, 24, 25 (and any of the
additional magnets described above but not shown in FIG. 1) may be a distinct
separate magnet. Altermatively, any two or more, or all of, the magnets may be a region
or portion of a single magnet, in which region the magnetic domains are aligned paraliel

o the respective nominal flux axis of the region.
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10087} For the north pole flux focusing magnet assemblies described above {other than
assembiy 220}, the corresponding south pole configuration is not shown or described,
but would not differ structurally from the configuration of the north pole as described
above. The flux paths of the corresponding south pole magnet assemblies, however,
are directly opposite the flux paths of the north pole magnet assemblies depicted in
those figures.

10088} As also shown in FIG. 1, magnet assembiy 20 may optionally include a lens 28,
disposed adjacent to the magnet{s). Lens 28 may be formed of a ferromagnetic
material having a relatively high magnetic permeability, which enables lens 28 {o
contain flux from the interfacing magnets in magnet assembly 20 at a higher flux density
than the constifuent magnets 21, 22, 23, 24, and/or 25 themselves. The shape of lens
28 may be varied so that the combined flux at the pole face of magnet assembly 20 can
be concentrated {0 a desired flux density. Lens 28 can also be used to control the
density distribution over the entire pole face of magnet assembly 20, so as {¢ ensure
that a greater percentage of the iotal flux is available for use. Depending on the
application in which magnet assemblies 20 is being used, the shape of lens 28 can be
optimized (o minimize leakage flux, or 1o achieve a desirable combination of reduced
leakage flup and flux density distribution.

{0089] The use of a ferromagnetic lens 28 with flux focusing magnet assemblies helps
achieve beneficial flux concentrations. Additionally, the flux field shape and harmonics
created by flux focusing magnet assembilies 20 can be manipulated by shaping the pole
face of the lens 28, e.q. 1o be planar, convex, concave, etc., a3 discussed in more deiail
below. When flux focusing magnet assemblies are used in electromagnetic machineas,
these characteristics affect the voltage and current waveforms of those machineas.

{6090] An exemplary arrangement of lens and magnels is shown schematically in
FIG. 11, In this embodiment, splitter magnetls 822 and 823 can be arranged {0 cover
the edges of lens 828 so as fo provide additional flux concentration at the magnet
assembily face and o prevent flux leakage from the lateral faces of lens 828. FiG. 11A
flusirates a north pole magnet assembly. The embodiment illustrated in FIG. 12 is
similar, except that splitter magnets 922, 923, center magnet 921, and lens 928 form a

south pole magnet assembly. Other variations in the geometry of the interface belween
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splitter magneis and lens are possible; for example, in some embodiments, the lens
may extend outward over the splitter magnets or the pusher magnet(s), while in other
embodiments, the lens may be colerminous with the adjacent face of the central
magnel. For example, FIG. 13A illustrales a magnet assembly 1020 in which lens 1028
is coterminous with the adjacent face of central magnet 1021, and abuts pusher magnet
1025, Similarly, FiG. 138 illustrates magnet assembly 1020 in which lens 1028 is
coterminous with the adjacent face of central magnet 1021, and abuts pusher magnet
1024.

{0691} Although the lens is shown in the preceding embodiments as being rectangular in
crogs-section, as mentionad above the lens can have other cross-sectional shapes. For
gxample, as shown in FIG. 14, magnet assembly 1120 has a recess formed belween
splitter magnets 1122, 1123 above central magnet 1121, Lens 1128 is disposed in the
recess, and has a convex upper surface, which further shapes the flux density above
the face of the magnet, which in machine applications, for instance, may be leveraged
to achieve grealer torque density and/or reduced harmaonic distortion.  Alternatively, as
shown in FIG. 24A below, the lens may have a concave upper surface.

{00921 Any flux focusing magnet assembly configuration can be used in conjunclion with
a ferromagnetic lens. The length and width of the lens can be the entire length and
width of the magnet assembly with which it is used, or it can be centered predominantly
over a central magnet, as shown in FIGS. 11 and 12 The size and shape of the lens
can be optimized for any particular flux path or gap distance desired.

18093} Additional examples of relative shapes and sizes of central magnets 21, splilter
magnels 22, 23, and a pusher 24 magnet in various configurations of flux focusing
magnet assembly 20 are shown schematically in FIGS. 15A-15E. Each of the iilustrated
configurations includes a main or central magnet 21, splitter magnets 22, 23 disposed
laterally on opposite sides of central magnet 21, and a lens 28. Some configurations
inciude a pusher magnet 24 or 25 disposed longitudinally on one end of central magnet
21. As can be seen from FIGS. 15A-15E, the size and shape of each of the magnets
and of the lens can vary considerably. For example, in the magnetl assembily illustrated
in FIG. 10A, each of the splitter magnels 22, 23 is approximately the same size, and of

constant cross section in the lateral and longitudinal directions, and central magnet 21
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and lens 28 are also of constant cross section, but their collective thickness equals that
of gplitter magnets 22, 23. FIG. 158 illusirates that lens 28 can have the same width as
central magnet 21 at their interface, and can increase in width towards the top face of
magnet assembly 20. Conversely, FIG. 158k illustrates that central magnet 21 can
narrow towards the interface with lens 128, FIG. 15D llustrates that lens 28 and central
magnet 21 can have non-planar interfaces, L.e. can have thickness that vary, e.g. along
the lateral direction. FIG. 15C illusirates that the interface between pusher magnet 25
and the other componenis of magnet assembly 20 can be non-planar. The illustrated
configurations are merely illustrative, and are not meant to be limiting.

[6094] Mulliple magnet assemblies can be placed end o end to form a pole assembly.
FiG. 16 schematically illustrates a pole assembly 30 composed of two flux focusing
magnet assemblies 20, 20", Pole assembly 30 may include a third magnet assembly
207, or may have four or more magnet assemblies. in this embodiment, sach of magnst
assemblies 20, 20" is a north pole magnet assembly, and collectively define a "north
pole” pole assembly 30,  Alternatively, south pole magnet assemblies could be
combined to form a “south pole” pole assembly. Each of the constituent magnet
assembiies in a pole assembly may be of any of the configurations described sbove
(e.q. formed from one, two, three or more magnets, with splitter magnet(s), pusher
magnet{s}, and/or a lens).

[8095] Various exemplary embodiments of pole assemblies are illustrated in FIGS. 17A-
17F. FIG. 17A shows a south pole assembly 1130 formed of five identical flux focusing
magnet assemblies 1120, FIG. 178 shows a north pole assembly 1230 formed of three
central magnet assembiies 1220 each having a center magnet 1221 and splitter
magnets 1222, 1223, and different end magnet assemblies 1220 (having a pusher
magnet 1225 and 12207 (having a pusher magnet 1225” disposed on the longiiudinally
opposite end of pole assembly 1230 from pusher magnet 12247, Pole assembly 1230
thus achieves the benefit of pusher magnets 1225, 12257, FIG. 17C further shows that
a pole assembly 1330 can be formed of three identical magnet assemblies 1320 each
having a lens 1328 (in addition {0 central magnet 1321 and splitter magnets 1322, 1323.
Pole assembly 1330 thus realizes the benefits of a ferromagnetic lens. These figures

are given by way of example only; a pole assembly may be comprised of any two or
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more individual flux focusing magnet assemblies, and persons skilled in the art will
recognize and understand how to combine the individual flux focusing assembiies
discussed herein inloc a pole assembly {0 achieve a desired set of characteristics for the
intended application of the pole assembily.

10096} As illustrated in FIGS. 17D and 17k, a pole assembly may be formed from a
single slongate flux focusing magnet assembly, rather than multiple magnet assemblies.
in the embodiment of FIG. 17D, pole assembly is formed of central magnet 1421,
splitter magnets 1422, 1423, and pusher magnets 1424, 1425, FIG. 17k shows a
similar pole assembly 1530, which includes splitter magnels 1522, 1523, pusher
magnets 1524, 1525, and lens 1528, FIG. 17F further liustrates a pole assembly 1630
that is similar {0 pole assembly 1230 except that each magnetic assembly 1620, 1620
and 16207 includes a lens 1628, 1628 and 16287, respectively.

{00971 it is noted that the seclions taken along lines B-B and C-C of FIG. 178
correspond 1o the cross-sectional views of magnet assembly 720 shown in FIGS. 8A
and 98, respectively. Similarly, the sections taken along lines L-L and M-M of FIG. 17F
correspond o the cross-sectional views of magnet assembly 1020 shown in FIG. 13
and magnet assembly 1120 shown in FIG. 14, respectively.

[0098] Mulliple pole assemblies can be placed side by side to form a magnetic
assembly. FIG. 18 schematicaily Hiustrates a magnetic assembly 40 composed of two
pole assemblies, north pole assembly 30 and south pole assembly 307, Optionally,
magnetic assembly 40 may include g backing member 35 on which pole assemblies 30,
30 may be supporied or disposed. Backing member 35 is preferably formed of a
ferromagnetic material and may be referred to as a back iron. Backing member 35 can
provide a return flux path for flux from each pole assembly, e.g. for the splitter magnels
of each pole assembiy o poles of adjacent pole assembilies of opposite polarity (not
shown). Further, magnetic assembly may also include a side retaining member or
insert 38 between pole assemblies 30, 30 and between adjacent pole assemblies (not
shown). Further, magnetic assembly may include an end retaining member or insert 39
at one or both ends of pole assembiies 30, 30

{0099} The pole assemblies in a magnetic assembly may or may not be separated by a

spatial gap. For example, FIG. 18 illustrates a magnetic assembly 1740 having a back
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ron 1735 and a north pole assembly 1730 {with central magnet 1721, splitter magnels
1722, 1723, and pusher magnets 1724, 1725) and a south pole assembly 17307 (with
central magnet 17271, splitter magnets 17227, 1723, and pusher magnets 1724°, 17257
supported on back iron 1735, Each of the pole assemblies in this embodiment is shown
as being formed from a single magnet assembly, rather than multiple magnet
assembiies, but this is simply for ease of illustration and it is contemplated that each of
the pole assemblies may be formed in any of the configurations described above. In this
embodiment there is no spatial gap between the pole assemblies 1730, 1730 and they
are thus in contact. Indeed, splitter magnet 1722 of the north pole assembly 1730 could
aven be affixed to splitter magnet 17237 of the south pole assembly 1730°. FIGE. 204,
208, and 200 show partial cross-sectional views of FIG. 19 (for simplicity of illustration,
shown without back iron 1735), taken along lines 20A-204, 208-208, and 200C-200,
respectively. As shown in FIGS. 20A-20C, the top and bottom faces of central magnet
1721 of the north pole assembly 1730 have a magnetization of north and south,
respectively, while the fop and bottom faces of central magnet 1721 of the south pole
assembly 1730 have a magnetization of south and north.  In pole assemblies 1730,
1730, splitter magnets 1722, 1723 and 1722', 17273, and pusher magnets 1724, 1725
and 1724°, 1725, respectively, perform the same funclions as described above for the
various embodiments of magnet assemblies and pole assemblies that incorporate
spliter magnets and pusher magnets.

{00100} FiG. 21 illustrates ancther embodiment of a2 magnetic assembly 1840,
Magnetic assembly 1840 has a back iron 1835 and a north pole assembly 1830 and a
south pole assembly 1830 supported on back iron 1835, As with the previous
gmbodiment, each of the pole assemblies in this embodiment is shown as being formed
from a single magnet assembly, rather than multiple magnets, but this is simply for ease
of Hlustration and if is contemplated that each of the pole assemblies may be formed in
any of the configurations described above. Alse in this embodiment there is no spatial
gap between the pole assemblies 1830, 1830° and they are thus in contact. Unlike the
previous embodiment, each of pole assemblies 1830, 1830 includes a lens 1828,
1828, Further, magnetic assembly 1840 includes an end insert 1838 at each end of

pole assemblies 1830, 1830, coupled to back iron 1835 (although shown as integrally
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formed with back iron 1835 in FIG. 21, end inserts 1839 could be formed separately
from, and operatively coupled with, or disposed adjacent to, back iron 1835). FIGS.
224, 22B, and 22C show partial cross-sectional views of FIG. 21 {again, for simplicity of
flustration, without back iron 1835 or end inserts 1839), taken along lines 22A-224,
22B-228, and 22C-22C, respectively. As shown in FIGS. 22A-22C, the top and bottom
faces of central magnet 1821 of the north pole assembly 1830 have a magnetization of
north and south, regpectively, while the top and botiom faces of central magnet 18271 of
the south pole assembly 1830° have a magnetization of south and north.  In pole
assemblies 1830, 1830, splitter magnets 1822, 1823 and 1822, 1823, and pusher
magnets 1824, 1825 and 1824, 1825, respectively, perform the same funclions as
described above for the various embodiments of magnetl assemblies and pole
assamblies that incorporate splitter magnets and pusher magnets.

{60101} As noted above in reference to FIG 18, pole assemblies may be mounted
on a back ron, and may be separated by ferromagnetic side inserts or refaining
members, rather than being in contact with each other. Flux focusing magnet
assemblies such as those described herein allow the use of thinner back frons than do
conventional magnet assemblies. In general, as back iron thickness is reduced, the
back iron's ability to carry flux diminishes, making flux saturation more likely. Saturation
increases the reluctance of the magnetic circuil, and the resulling reduction in flux
causes a reduction in torque per Ampers when applied in a2 permanent magnet
machine. When flux focusing magnet assemblies such as those disclosed herein are
used, the orientation of polarity belween neighboring poles is such that flux is
encouraged fo flow through the air or other separation between the poles {because a
portion of flux travels into and out of the sides of splitter magnets), in addition to the
back iron. This relieves the back iron of some of ils requirement o carry flux, such that
back iron thickness can be reduced. In contrast, in a conventional configuration of
straight-polarity magnets, nearly all of the flux flowing through the magnets is carried by
the back iron, including the greater amount of ieakage flux that is lost to neighboring
poles, and back iron thickness must be sufficient to carry all of this flux.

100102} Further reductions in back iron thickness are possible when ferromagnetic

retaining inseris 38 are used between poles, as will be explained by reference o
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FIG. 23, Magnetic assembly 1940 shown in FIG. 23A includes pole assembly 1930,
back iron 1934, and side inserts 1938. Pole assembly 1930 includes one or more flux
focusing magnetic assemblies that include a central magnet 1921, and splitter magnets
1922 and 1923, each in contact with a side ingert 1938. Inseris 1838 aliow more refurn
flux 1o be carried between the poles and through the splitter magnets 1922, 1923 of pole
assembiy 1930, Retaining inserts 1838 can either be formed directly on back iron 1834,
or they can be formed separately and mounted on back iron 1834, Because refaining
inserts 1938 have a lower reluctance than the air through which some magnetic flux
would otherwise pass, retaining inserts 1838 lower overall flux circuit reluctance—a
benefit that is manifested as a further concentration of fluxin the desired location.
(060103} The size of refaining inserts 1838, particularly their height and width, can
be oplimized to concentrate flux in the manner desired. Optimally sized retaining
inserts 1938 are high enocugh and wide enough to camry the desired amount of retumn
fung, but not so high and wide that they provide an alternate path for flux that would
otherwise be directed across a maching air gap, for instance. When using retaining
inserts 1938, the overall thickness of back iron 1934 can be reduced, because the
retaining inseris 1238 increase the local effective thickness of back iron 34 whers
necessary 10 avoid flux saturation.

{001 04] Alternatively, individual flux focusing magnet assemblies or complete pole
assemblies may be mounted to a back iron with ferromagnetic magnet holders, such as
described in more detail below, to achieve the same resull. A magnet assembly or pole
assembly may also include its own ferromagnetic backing member disposed at its back
surface, which may funclion {o carry some or all of the flux in the relurn path from
adjacent magnet assemblies in adiacent pole assemblies. Such backing members can
also function as structural supports and/or as retaining mechanisms to 2 larger back
iron or other supporting structure that carries muitiple such magnet assemblies or pole
assembilies. The supporting structure can be formed in whole or in part from
ferromagnetic materiais and function to carry some of the flux in the return patch
between adjacent magnet assemblies / pole assemblies, or may be formed entirely of
non-ferromagnetic materials and serve only as a structural support for the constituent

pole assemblies in a magnetic assembly. The individual back irons could be coupled o
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the larger back iron or structural support by any suitable mechanism, for example with a
dovetail connection.

{00105} Notably, the benefits of utilizing ferromagnetic refaining inserts 1938
carmol be obtained with straight polarity magnets, because inseris 1938 would
gffectively short the straight polarity magnets (thus drawing flux away from the gap} and
consequently reduce the useful flux across the gap. With a fiux focusing magnet
arrangement, however, the angle of polarity of gplitter magnets 1922, 1923 (which are
adjacent to retaining inserts 1838) is such that the retainers carry useful flux belween
neighboring poles, rather than providing the aforementioned shorting path between
faces of adjacent magnets. Ferromagnetic retaining inserts 1938 can alsc be
implemented in a manner that provides useful structural stiffness 1o magnetic assembly
1840 or larger assemblies or machines of which magnetic assembly 1840 may form a
part.

[60106] in the preceding embodiments, back iron, side or end inserts, and magnet
assemblies or pole assemblies are shown as having reclilinear interfaces.  The
interfaces need not be so limited.  For example, as shown in FiG. 24A, magnstic
assembly 2040 has pole assemblies 2030 (formed of one or more magnet assemblies
including a central magnet 2021, splitter magnets 2022 and 2023, and lens 2028) and
2030 {ormed of one or more magnet assemblies including central magnet 2021,
spliter magnets 2022 and 2023, and leng 20287} are coupled t© back ron 2035, which
is formed with an upper surface having recesses shaped o conform in cross-section to
the cross-sectional shape of pole assemblies 2030, 2030°. Essentially, this back iron
configuration integrates the functions of the separate back iron and side inserts
fiustrated above, as is shown by the similarity of the flux lines to those in magnetic
assembly 1940 in FIG. 23. Note that lenses 2028, 2028 have concave surfaces. As
another example, FIG. 24B shows a magnetic assembly 2140 with pole assemblies
2130, 21307 similarly “embedded” into the shaped upper surface of back iron 2135.
Note that the pole assembilies are formed of magnet assemblies having a single magnet
2121, 2121 formed with a variable magnetic angle of polarization or nominal flux axis
relative (o its top surface and having a lens 2128, 2128 that has a flat upper surface

and an arcuate, convex lower surface (corresponding o an arcuate, concave upper
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surface of magnet 2121, 21217, The flal upper surface of each leng can provide the
advaniage of placing magnet material as close as possible to a winding of a stalorin a
machine application of magnetic assembly 2140, As indicated by the orientation of the
fux lines internal to magnets 2121, 21271, not all of the flux lines need to be oriented
towards (or away) from lenses 2128, 2128 — by aligning some of the magnet domains
to the surface, the magnetic assembly may produce smoother waveforms.

{00107} The effect or function of end retainers or inserts is Hlustrated in FIG. 25,
which shows magnetic assembly 2240, Magnelic assembly 2240 includes north pole
assembiy 2230 {(shown for simplicity of lllustration as being formed of a single magnet
assembly having central magnet 2221, spliter magnels 2222, 2223, and pusher
magnets 2224, 2225) and south pole assembly 22307 (having central magnet 2221,
splitter magnets 2222°, 2223, and pusher magnets 2224°, 2225). Side insert 2238 is
disposed between, and in contact with, splitter magnets 2222, 2227, and end inseris
2239 are disposed on opposite ends of pole assemblies adjacent to, and in contact with,
pusher magnets 2224, 2224, 2225, 2225, The arrows Hllustrate the flux flow through
inserts 2239 between the pusher magnets of the pole assemblies, and the flux flow
through inserts 2238 between the splitter magnets. Not shown in FIG. 25 is that flux
leaves the upper surface of north pole assembly 2230, and enters the upper surface of
south pole assembly 2230,

100108} Magnetic assemblies as described above may be incorporated info
various magnetic machings. FiG. 20A schematically iliusirates components of a
magnetic machine 2301, which may be, for example, a molor / generator. The
components of magnetic machine 2301 can include magnetic assemblies 2340, 2340,
a magnelic assembly support 2350 on which magnelic assemblies 40, 40° can be
mounted, and a winding support 2360 on which one or more conductive windings 65
can be mounted.

{60109} in this embodiment, the pole faces of magnetic assemblies 2340, 2340
are separated by an air gap (indicated as "AIR GAP” in FIG. 2684). As indicated by the
arrows across the air gap, and the arrow heads (circles) and tails {crosses) in magnstic
assembily support 2350, flux generally flows through the windings 2385, and changes

direction both times within the magnetic assembly support 2350. The nominal flux axes
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of the pole assemblies’ constituent magnets may be oriented o converge towards the
air gap, i.e. towards windings 2365, and optionally lenses {not shown) of the constifuent
pole assemblies, andior inserts or shaped back iron (not shown) of the magnetic
assembly may be configured o modify the flux field produced by the magnetic
assembiies 1o vield a desired fiux density distribution at the windings 2365.

{60116} Magnetic assembly support 2350 and winding support 2360 can be
coupled to an assembly support {not shown in this figure) for relative movement with
respect 1o each other. For example magnetic assembly support 2350 can be coupled {o
the assembly support for rotational motion {i.e. as a “rotor”} and winding support 2360
can be fixedly coupled to the assembly support {i.e. as a "stator”). If the axis of rotation
of rotor 2350 is vertical in FIG. 206A (e.g. to the right of the rotor and stator), the
magnetic machine 2301 is an axial lux machine. If the axis of rotation of rotor 2350 is
horizontal in FIG. 26A {e.g. below the rofor and stator), the magnetic machine 2301 is a
radial flux machine. Altematively, if the magnelic support assembly 2350 moves
linearly, rather than rotationally, with respect to stator 2360, the magnetic machine 2301
has a linear machine architecture.

{60111} Ancther configuration of a magnetic machine, which again may be a
motor/generator, is shown in FIG. 26B. Magnetic machine 2401 has a single magnetic
assembly 2440 mounted on magnetic assembly support 2450, Winding support 2480
supports one or more conductive windings 2465, which are wound around a
ferromagnetic core 2467, in a conventional configuration.

100112} The pole face of magnetic assembly 2440 is separated from windings
2465 / core 2467 by an air gap (indicated as "AIR GAP” in FIG. 268. As indicated by
the arrows across the air gap, and the arrow tails (crosses) in magnelic assembly
support 2450 and arrow heads {circles) in winding support 2460, flux generally flows
into, and changes direction in, the stator and the rofor. Any given point that carrigs flux
in the staior sees a full flux reversal (AC fluxin the core).

{06113} The nominal flux axes of the pole assembly’s constituent magnets may be
oriented to converge towards the air gap, L.e. towards windings 2465 and core 2467,
and optionally lenses {not shown) of the constituent pole assemblies, and/or inserts or

shaped back iron (not shown) of the magnetic assembly may be configured 1o modify
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the flux field produced by the magnetic assemblies to vyield a desired flux density
distribution at the windings 2485,

100114} Az with the previous embodiment, magnetic assembly support 2450 and
winding support 2460 can be coupled o an assembly support (not shown in FiG. 268)
for relative movement with respect io each other. For example magnetic assembly
support 2350 can be coupled fo the assembly support for rotational motion (ie. as a
“rotor”™y and winding support 2460 can be fixedly coupled to the assembly support (i.e.
as a “stator”). i the axis of rotation of rotor 2450 is vertical in FIG. 26B (e.g. to the right
of the rotor and stator), the magnetic machine 2401 is an axial flux machine. If the axis
of rotation of rotor 2450 is horizontal in FIG. 268 (2.9, below the rotor and siator), the
magnetic machine 2401 is a radial flux machine. Alternatively, if the magnetic support
assembly 2450 moves linearly, rather than rotationally, with respect to stator 2480, the
magnetic machine 2401 has a linear machine architecture.

[60115] An exemplary embodiment of a surface mounted magnet axial field
magnetic maching, in this embodiment a motorfgenerator, incorporating flux focusing
magnet assemblies as describe above is illustrated in FIGS. 27 to 32. As shown in
FIGS. 26 and 27, magnelic maching 2501 has a rotor / stator configuration similar (o
that shown schematically in FIG. 284, including a segmented annular rotor 2550 that is
U-shaped in cross section and an annular segmented stator 2560 disposed between the
legs of the rotor.

{001 16} Rotor 2550 is coupled to a rotating rofor hub 2551 with siructural support
members 2552, Rotor hub 2551 is rotatably mounted on an axie (not shown) exiending
through the central opening of stalor hub 2561, Stator 2560 is altached to stator hub
2561 with structural support members 2562, Stator hub 2561 is fixedly attached o a
support structure and/or housing arrangement {not shown) which further maintains the
fixed orientation of the stator 2560. Rotor 2550 has a first magnetic assembly support
member 2551 and a second magnetic assembly support member 2555 that is atiached
o the first support member 2551 using fasteners {not shown) at mounting blocks 2556
on an outer circumference of support members rotors 2551 and 2555, respectively.
106117} The stator 2560 of this embodiment may include an annular array of stator

segments 2565, each of which segmenis 2565 may have a circuit board arrangement
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similar to thal described in United States Palent No. 7,109,625 and in International
Application PCT/USZ010/000112, the disclosures of which are incorporated herein by
reference.

{60118} A section of the first magnetic assembly support 2551 as shown in FIG. 28
is shown enlarged in FIG. 29. Pole assemblies 2530 are mounted {o the back iron 2534
of first magnetic assembly support 2551, As shown in the more detailed view of several
of the pole assemblies 2530 in FIG. 29, the pole assemblies are held in place on back
iron 2534 with magnet holders 2536. As seen in FIG. 28, each pole assembly 2530 is
composed of a group of five flux focusing magnet assemblies 2520, aligned in the radial
direction. Each of pole assemblies 2530 is a pole of the motor / generator 2501,
Although not visible in FiG. 27, similar pole assemblies are also mounted to second
magnetic assembly support 2555, such that a "north pole” pole assembiy on second
support 2555 is opposite a “south pole” pole assembly on first support 2550 and vice
versa. The orientation of the poles in constituent magnets of a given "north pole” pole
assembly 2530, in combination with the orientation of the angle of polarization of those
magnets, resuits in magnetic flux directed angularly toward central magnet 2521 from
splitter magnets 2522 and 2523, and cutward across the gap and towards the pole of
opposite polarity on the opposing magnet assembly.  Similarly, the orientation of the
poles in constituent magnets of a given “south pole” pole assembly 2530, in
combination with the orientation of the angle of polarization of those magnels, results in
magnetic flux from splitter magnets 2522 and 2523 being directed away from central
magnet 2521, and into back iron 2534, which provides a return flux path {o the adjacent
poles. In motor / generator 2501, the nominal flux direction for magnet assemblies 2520
of pole assembilies 2530 is perpendicular to back iron 2534,

{60119} FIGS. 30 and 31 illustrate pole assemblies and constituent flux focusing
magnet assemblies for an alternative embodiment of a motor / generator, 2601, This
embodiment differs from the previous embodiment only in that each of the pole
assembiies 2630 includes at each of ifs radially inner and outer ends a magnet
assembly that includes a pusher magnet. A magnet assembly 2620 is disposed on the
radially inner end of each pole assembly 2630, and includes a central magnet 2621,

splitter magnets 2622° and 2623°, and a pusher magnet 2625, A magnel assembly
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26207 is disposed on the radially outer end of each pole assembly 2630, and includes a
central magnet 26217, splitter magnets 26227 and 26237, and a pusher magnet 26257,
The use of pusher magnets in pole assemblies 2630 further improves performance of
the motor / generator 2801 by concentrating the flux in the radial direction for improved
density across the gap o the pole of opposite polarity on the opposing rotor. Further, in
axial machines, where the pole is slightly wider at its outer diameter than at i3 inner
diameter, pusher magnets can be used 1o push the peak air gap flux density as far to
the outer diameter of the pole as possible, thereby increasing the torque lever arm for
the shear stresses produced at the rotor surface by the electromagnetic coupling of the
rotor and the stator. This can also have the effect of reducing radial conductor length,
thus improving efficiency by reducing the effective resistance of the machine for a given
current level.

{08120} in most permanent magnet machines, flux focusing magnet assemblies
such as those described above concenirate flux in the gap between the back iron on
which the magnet assemblies are mounted and an opposing back iron, which may or
may not have additional magnet assemblies mounted thereon.  These magnet
assemblies are useful for controlling leakage flux bebween neighboring poles on the
rotor, for increasing the peak flux density in the gap, for adjusting the distribution of flux
across the gap (to thereby achieve improved waveform qualily, and for achieving a
beneficial overall effeclive coercivity of the magnel assemblies. Ferromagnetic lenses
further concentrate fiux and facilitate the above-referenced advaniages. The
improvement in forgue per Ampere that results from the use of these magnet
assemblies enables the use of lower grade magnets, which are both less costly and
more readily available.

060121} Fiux focusing magnet assemblies such as those described above may be
used in any electromagnetic machine utilizing surface mounted magnets. For example,
FIGS. 33 and 34 show a surface mountad magnet radial field machine 2701 having a
stator 2760 and rotor 2750, Pole assemblies 2730 are shown mounted to rotor 2750,
Az surface mounted magnet radial field machines are well known in the art, only those
aspecis of such machines that are relevant {¢ the present invention are discussed

herein.
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190122} With reference to FiG. 33, rotor 2750 of surface mounted magnet radial
field machine 2701 has a rotor back iron 2734 to which a plurality of pole assemblies
2730 are attached. Each pole assembly 2730 includes five magnet assemblies, with
substantially the same configuration as the pole assemblies 2630 of the preceding
embodiment. Specificaily, the magnet assemblies 2720 and 2620”7 on the ends of each
poie assembly 2730 include pusher magnets, 2725 and 27247, respectively.

{80123} When used in a surface mounted magnet radial field machine such as
machine 2701, the central magnet of each flux focusing magnet assembly has an angle
of polarization in the radial direction. The angle of polarization of splitter magnets in
radial machines has both a radial component and a tfangential component {(i.e.
tangential to the surface of the rotor}, and the angle of polarization of pusher magnets in
such machines has both a radial component and an axial component.  Notably, in a
radial field maching, pusher magnets are useful for minimizing eddy currents at the axial
adges of the rotor. Persons of ordinary skill in the art will appreciate that in some
embodiments, individual flux focusing magnet assemblies—or pole assemblies formed
of flux focusing magnet assemblies—may be twisted helically 1o reduce cogging torgue.
[00124] As shown in FIG. 35, stator 2760 of motor / generator 2701 includes a
stator back iron 2764 and recessed windings 2762 that interact with magnetic flux from
the flux focusing magnet assemblies on rotor 2750 to turn rotor 2750 (in a motor
configuration} or to generate eleclricity in the windings 2762 as rotor 2750 is turned (in a
generator configuration).

160125] Application of the present invention to radial field machines is not limited
to the specific embodiment shown in FIGS. 33-35; rather, any of the flux focusing
magnet assemblies described herein could be used in place of magnet assembiies
2720, 2720 andior 27207 in those figures, and any number of flux focusing magnet
assemblies (i.e. one or more} could be used to form each pole assembly of a radial
machine such as radial motor / generator 2701.

100126} Moreover, persons of ordinary skill in the art will understand that although
the surface mounted magnet radial Tield motor / generator 2701 depicted in FIGS. 33-35
has an outer stator and an inner rotor, flux focusing magnet assemblies according to the

present invention may also be beneficially used in surface mounted magnet radial field
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machines having an inner stator and an ouler rotor. A schematic view of a surface
mounted magnet radial field motor / generator machine 2801 using flux focusing magnet
assembiies is shown in FIG. 36, Motor / generator 2801 includes a rotor 2850 with
magnetl assembilies 2820 mounted on back iron 2834, and a stalor 2860 with windings
2862 disposed in stator back iron 2864,

{00127} When used in swrface mounted magnet radial field machines, fiux focusing
magnet assemblies such as those described above achigve the same advaniages as
described herein, including minimizing leakage flux to neighboring poles, increasing
peak flux density, allowing the flux field {¢ be controlled to minimize total harmonic
distortion, and enabling the use of magnet segments of varying coercivity without
substantially affected the overall coercivity of the flux focusing magnet assembly.
Retaining inserts may be used in surface mounted magnet radial field machines as weli,
with the same beneficial results as described above.

{00128} As another example of the polential uses of flt focusing magnet
assemblies such as those described above, FIGS. 37-39 shows an embodiment of a
surface mounted magnet ransverse fiux motor / generator machine 2801 utilizing fiux
focusing magnet assemblies. Transverse flux machine 2901 includes stator 2980,
through which a winding 2962 passes. Transverse flux machine 2801 also includes a
rotor 2950, which comprises a back ron assembly 2834 to which permanent magnets
2920 are mounted. A transverse flux maching stator such as stator 2460 is configured
to provide one or more flux circuits through which flux passes in alfernating directions as
a machine rotor, such as rotor 2450, turns. In conventional surface mounted transverse
flux machines, such as that depicted in Figure 3 of “Transverse Flux Machines: What
For?”, IEEE Multidiscipliinary Engineering Education Magazing, Vol 2, No. 1, March
2007 (from which the transverse flux machine depicted in FIGS. 37-39 is adapled), the
disclosure of which is incorporated by reference herein, two parallel rows of permanent
magnets are mounted on a rotor. The magnets in each row have alternating polarities,
and the rows are aligned such that north pole magnets in one row are opposite south
pole magnets in the other row, and vice versa. As shown in FIGS. 38 and 39,
permanent magnets 2820 of transverse flux machineg 2901 are arranged in flux focusing

magnet assemblies such as the assemblies described above.
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100129} Az shown in FiG. 39, in transverse flux machine 2801, the simple
permanent magnets of the conventional implementation of a transverse flux maching
are replaced with flux focusing magnet assemblies 2820, which may be of any of the
configurations described above. Flux focusing magnet assemblies in transverse flux
machines minimize flux leakage to neighboring poles as well as eddy currents on the
axial sides of the rotor. They also allow for increased peak flux density and can be used
to minimize total harmonic distortion. And, they enable the use of magnet segments of
varying coercivity without substantially affecting the overall coercivity of the flux focusing
magnet assembly. Thus, all embodiments described herein can be optimized for any
radial, axial or transverse flux motors or generators that operate in a rotating manner or
in a linear manner in order {0 concentrate flux, reduce leakage flux, control or shape flux
field harmonics, obtain an overall magnet assembly coercivity greater than the coercivity
of at least one component magnet segmeni, or accomplish any combination of these
PUIPOSES.

{00130} Flux focusing magnet assemblies according to the present invention also
can be used in many other applications beyond electromagnetic machines.  Flux
focusing magnet assemblies redistribute the magnetic field in a given volume as
compared to the magnetic field created in the same volume by a similarly sized and
shaped straight polarity magnet. Consequently, the fiup density around the surface of a
flux focusing magnet assembly is different than the flux density around the surface of a
similarly sized and shaped straight polarity magnet.

{80131} One of the benefits of this feature is that a flux focusing magnet assembly
can achieve a higher surface flux density—and therefore a greater magnetic force—
than the theoretical maximum surface flux densily of a similarly sized and shaped
straight polarity magnet. This is useful not only in electromagnetic machines, but also
for other applications that utilize a magnel’s atlractive or repulsive force. For example,
fux focusing magnet assemblies are useful for magnetic lifting, where the surface flux
density of the magnet affects the maximum lifting capability. Fiux focusing magnet
assemblies are also useful in magnetic bearings, where opposing flux focusing magnet

assembiies of the same polarily create a greater repulsive force—and therefore a
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stronger bearing—than if similarly sized and shaped straight polarity magnets were
used.

{00132} Another benefit of this feature is that the flwd density on the top of a flux
focusing magnet assembly (i.e., the side of a flux focusing magnet assembly to which
the nominal angle of polarity points) is different than the flux densily on the bottom {i.e.
the side opposite the top) of the flux focusing magnet assembly. Unlike straight polarity
magnets, then, flux focusing magnet assemblies have a stronger magnetic attraction on
the top versus the bottom (or vice versa), which iz heipful when flux focusing magnet
assembiies are used in applications where a magnelic atiraction is preferred to be
stronger in one direction than in the opposite direction. For example, flux focusing
magnet assemblies are useful in {ooling used 1o assemble and disassemble machines
that include magnetic components.  This characteristic can also be leveraged o
facilitate the installation and removal of flux focusing magnet assemblies, because the
force holding the less atlractive side of the assembly to an object {a back iron, for
example) can be overcome by the force holding the more atfraclive side of the
assembiy to a different object (a piece of tooling, for example).

{60133} Yet another benefit of this feature is that the angle of polarity and relative
dimensions of the splitter and/or pusher magnels of a flux focusing magnet assembly
can be adjustied to shape the magnetic field generated by the flux focusing magnet
assembiy and {o tune the magnetic force distribution across the surface of the flux
focusing magnet assembly. Shaping the magnetic field can be beneficial, for example,
in magnetic sensor applications, where adjusting the shape of the magnetic field can
improve positional alignment resolution, reduce the material required to reach a needed
flux density, and improve the signal waveform. The ability {o tune the magnetic force
distribution across the surface of the flux focusing magnet assembly allows the force
distribution to be optimized for a given application.

{00134} The applications described above are exemplary only, and persons skilled
in the art will recognize that there are many other applications in which flux focusing
magnel assembiies present one or more advantages over traditional straight polarity

magnets of a similar size and shape.
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100135} Notably, permanent magnets used in flux focusing magnet assemblies
according to the present invention need not be rectangular or even rhomboidal, as
described above. As another example, the corners of splitter magnets and/or of pusher
magnets could be cut back at some angle, perhaps related o the angle of polarity, {©
reduce overall magnet volume without substantially compromising performance.
Preferably, flux focusing magnel assemblies according fo the present invention are
shaped 30 as to easily be placed side-to-side or end-to-end, such as in a pole assembly
used in an axial magnetic machine. For example, non-annular flux focusing magnet
assembiies are preferred.

{00136] The individual magnetl segments of any one of magnet assemblies
described above may differ from other individual magne! segments in the same
assembly in any of the ways discussed shove, including energy product rating,
magnetic remanence raling, operating temperature rating, and coercivity rating; type of
magnetic material from which the magnet segment is made; and relative dimensions,
inciuding height, width, and length.

190137} Further, as described above, magnel assemblies may be formed of
individual magnet segments affixed {ogether. The same benefils and effects, however,
may be achieved using a singie magnet with varying angles of polarity, as described
above.

{80138} Methods of manufacturing flux focusing magnet assemblies, such as
those described above, will now be described with reference to FIGS. 39-44.

180139} There are at least six different methods for manufacturing flux focusing
magnel assemblies. The objective of the manufacturing methods described below is (o
orient the final magnetic polarization of each magnet segment of these assemblies as
described previously.

160140] The first five methods described herein deal with magnets which can have
magnetic domains pre-oriented during a step of the manufacturing process to enable
the invention described above. For those methods where magnetic domains are pre-
oriented, the alignment is formed when the raw material is in a condition where it can be
formed by diffusion bonding or otherwise converted from either a powder, plastic, or

iguid state into the solid magnet material which comprises a permanent magnet in the
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presence of a magnetic field with a known pole orientation. With domains pre-aligned in
this manner, the magnet volume is able to hold a stronger magnetic remanence upon
magnetization, vielding a magnet with greater performance than one with randomly
oriented magnetic domains. The end resull of each of these five methods is a magnet
assembiy wherein each subcomponent contains the angle of magnetization described
above.

{80141} The final manufacturing method described herein creales a structure
whereby the domains of the constifuent material are initially aligned in a random
grientation. The final crientation of magnetization at each point in the volume of the
magnet is then nominally equal to the alignment of the magnetic field applied during
magnetization. The net result is that this magnet is weaker than magnets produced
using the alternative methods employing domain alignment described above, but if also
may be less expensive o manufacture.

{00143} In the following description of possible manufacturing methods, the term
‘magnet segments” refers to any of a central magnet, splitter magnet, or pusher
magnet. The "applicable magnet segments” are those magnet segmenis necessary (o
create the desired magnet assembly. For example, as explained previously, a magnet
assembiy may include only a central magnet and two splitter magnels, or it may further
inciude one or two pusher magnets.

{80143} The proposed manufacturing methods are now described:

{00144} As seen in FIG. 40, in a first manufacturing method 3000, the applicable
individual magnet segments are first formed through, for example, diffusion bonding or
adhesive bonding, in a8 magnetic field at 3002. The magnetic field aligns the magnstic
domains of the powdered raw material as it is pressed into a solid.  Alternatively, the
applicable magnetl segments may be produced from a gas- or liguid-based raw material
that is allowed to solidify in the presence of a magnetic field to align the magnetic
domains. The applicable magnet segments are then affixed to each other, with the
domains in a proper final orientation, (o create the desired magnet assembly at 3004,
{00145} f the desired magnet assembly includes a ferromagnstic lens, the

ferromagnetic lens is affixed ¢ the magnet assembly at 3006.
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100146} The enlire magnet assembly is then permanently magnetized at 3008 to
achieve the final desired magnetic angles of polarization, taking into account whether a
north pole or gsouth pole assembly is reguired. For example, in 8 north pole magnet
assembly consisting solely of splitter magnets, such as the assembly depicted in
FiG. 2B, a single magnetization field applied to the assembly as a whole permanently
magnetizes splitter magnet 122 to achieve a flux direction of minus 45° relative to the
nominal flux direction of the magnet assembly, and permanently magnetizes splitter
magnet 121 1o achieve a flux direction of plus 45° relative {0 the nominal flux direction.
{80147} As shown in FIG. 41, in a second manufacturing method 3100, the
applicable magnet segments are first formed at 3102 by one of the technigues
described above for method 3100, Each of the applicable magnet segments is then
permanently magnetized at 3104 {¢ have the desired angle of polarization, taking inio
account whether the magnet segments will be assembled into a north pole or a south
pole assembly. For example, a north pole central permanent magnet is permanently
magnetized with an angle of polarization parallel to and in the direction of the nominal
fitne direction, while a south pole splitter magnet is permanently magnetized with an
angle of polarization ranging from 0° 1o less than 90° greater than or less than the
opposite of the nominal flux direction.

{00148} Finally, the magnet segments are affixed together at 3106 as required for
the desired magnet assembly, and a ferromagnetic lens, if applicable, is affixed thereto
at 3108, If a pole assembly consisting of multiple magnet assemblies is desired, the
multiple magnet assemblies can be affixed together to form a single pole assembly, and
a ferromagnetic lens, if applicable, can be affixed thereto.

160149] Az shown in FIG. 42, in a third manufacturing method 3200, a single
magnel is formed at 3202 {(by one of the technigues described above) in a complex
magnetic field that is equivalent to the domain alignment of the desired magnet
assembiy {o align the magnetic domains in a continuously variable manner. The single
magnet is then permanently magnetized at 3204 in a magnetic field such that each
portion of the magnet is saturated in the proper angle of polarization. For example, if a
north pole-orienied magnet assembly is desired, the single magnet is permanently

magnetized such that the center portion of the magnet has an angle of polarization
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paraliel to and in the direction of the nominal flux direction, and the side portions of the
magnet have an angle of polarization offset from the nominal flux direction by any angle
less than 90° greater than or less than the nominal flux direction. To form a
corresponding south pole magnet assembly, the magnetization is applied in the
opposite direction.

{00150} If the desired magnet assembly includes a ferromagnetic lens, then the
ferromagnetic lens may be affixed fo the single magnet at 3206 after it has been
permanently magnetized. Alternatively, ferromagnetic lens may be already located prior
to magnstization.

{60151} As shown in FIG. 43, in a fourth manufacturing method 33040, the
applicable magnet segments are formed at 3302 (by one of the techniques described
above) in a magnetic field to align domains. The applicable magnet segments are then
affixed at 3304 {0 2 magnet assembly support member, such as one of the back iron or
other members described above in connection with various embodiments, using a
fixture 10 hold the magnet segments in intimate contact with each other while they are
affixed 10 the support member. If a pole assembly consisting of mulliple magnet
assembilies is desired, then each of the magnet assemblies is affixed o the support
member in the same manner. If the desired magnet assaembly or pole assembly utilizes
a ferromagnetic lensg, then the lens is affixed o the magnet assembly or the pole
assembiy at 3306. The entire magnet assembly (or pole assembly) is then magnetized
at 3308 with the proper magnstic polarization as described above. This method
favorably provides ease of manufacturing by enabling the use of simplified tooling for
the placement or removal of magnet assemblies on an annular such as the one
described above,

{00152} As shown in FIG. 44, in a fifth manufaciuring method 3400, the applicable
magnet segments are formed at 3402 (by one of the technigues described above) in a
magnetic field to align domains. The applicable magnet segmenis are then affixed at
3404 10 a magnet assembly support member, such as one of the back iron or other
members described above in connection with various embodiments, using
ferromagnetic retaining inserts to hold the magnet segments in contact while they are

affixed to the support member. If 3 pole assembly consisting of multiple magnet
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assemblies is desired, then each of the magnet assemblies is affixed to the support
member in the same manner. If the desired magnet assembly or pole assembly utilizes
a ferromagnetic lens, then the ferromagnstic lens is affixed to the magnet assembly or
the pole assembly at 3406. The entire magnet assembly {(or pole assembly) is then
magnetized at 3408 with the proper magnetic polarization as described previously.
{00153] As shown in FIG. 45, in a sixth manufacturing method 3500, a powder
containing hard magnetic compounds is bound together at 3502 using a separate binder
material, such as epoxy, resuliing in an isctropic solid with constituent hard magnstic
particles having random magnetic domain alignment.  In some embodiments, the
powder used for this step is anisotropic, with domain alignment related {0 the crystal
structure, and each particle of the powder ideally being nearly either a single crystal
grain, or single magnetic domain.

[08154] if the desired magnetic assembly includes a ferromagnetic lens, the lens is
affixed to the newly-formed solid at 3504.

{00155] The solid is permanently magnetized at 3506 by subjecting i to a complex
magnetic field having the magnetic polarization of the desired magnet assembly. For
example, if a magnet assembly having a range of polarization angles from center to
gdge is desired, the complex magnetic field has a variable angle of polarization from
center to edge. Because the solid is originally isotropic with random domain alignment,
the solid wili magnetize in whatever orientation the magnetization field is applied.

{00156} In addition to the methods described above, each of the magnet segments
described herein, in addition io the ferromagnetic lens, could also be made from
powder, cooled from a liguid, or cocled from a near liquid, and then pressed into the
proper shape. For example, a ferromagnetic lens could be formed directly in its position
in a magnet assembly. Additionally, for magnet assembilies including a ferromagnetic
lens, each of the magnet segmenis could be made from powder, cooled from a liguid, or
cooled from a near liquid, then molded around the lens to form the desired magnet
assembly. Alternatively for magnet assemblies including a ferromagnetic lens, a notch
may be machined info the top of the affixed magnet segments and used in affixing the
ferromagnetic lens to the affixed magnet segmenis o form the desired magnet

assembly.
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We cigim:

1. An apparatus comprising:
a stator; and
a rotor disposed for rotational movement relative to the stator and including:
a backing member formed of a ferromagnetlic material; and
a fiux focusing magnet assembly altached to the backing member, the fiux
focusing magnet assembly including:

a center portion having a nominal angle of polarization;

a first side portion disposed on the backing member on a first
lateral side of the center portion and having a first angle of polarization
that is less than 80° greater than the nominal angle of polarization; and

a second side portion disposed on the backing member on a
second lateral side of the center portion, opposite to the first side portion,
and having a second angle of polarization that is less than 80° less than
the nominal angle of polarization,

the first side portion and the second side portion configured to

direct fiux toward the center portion.

2. The apparatus of claim 1, wherein the flux focusing magnet assembly further
includes:

a first end portion disposed on the backing member on a first longitudinal
end of the center portion and having a third first angle of polarization that is less
than 90° greater than the nominal angle of polarization; and

a second end portion disposed on the backing member on a second
ongitudinal end of the center portion, opposite (o the first end portion, and having
a fourth angle of polarization that is less than 90° less than the nominal angle of

polarization.

3. The apparatus of claim 2, wherein the flux focusing magnetl assembly further

includes a ferromagnetic lens operatively engaged with at least the center portion.
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4. The apparatus of claim 2, wherein the angle of polarization of the first side portion is
approximately 45° greater than the nominal angle of polarization, the angle of
polarization of the second side portion is approximately 45° less than the nominal angle
of polarization, the angle of polarization of the first end portion is approximately 45°
greaier than the nominal angle of polarization, and the angle of polarization of the

second end portion is approximately 45° less than the nominal angle of polarization.

5. The apparatus of claim 2, wherein at least one of the ceniral portion, the first side
portion, the second side portion, the first end portion, and the second end portion has a
rating for at least one of energy product, magnetlic remanence, operating temperature,
and coercivity that is different than a rating for at least one other of the ceniral portion,
the first side portion, the second side portion, the first end portion, and the second end
portion.

8. The electromagnetic machine of claim 2, wherein at least one of the central portion,
the first side portion, the second side portion, the first end portion, and the second end
portion is formed from a magnetic material that is different than a magnetic material
from which at least one other of the central portion, the first side portion, the second
side portion, the first end portion, and the second end portion.

7. The apparatus of claim 1, wherein the flux focusing magnet assembly further

includes a ferromagnetic lens operalively engaged with af least the center portion.

8. The apparatus of claim 1, wherein the angle of polarization of the first side portion is
approximately 45° greater than the nominal angle of polarization, and the angle of
polarization of the second side portion is approximately 45° less than the nominal angle
of polarization.

9. The apparatus of claim 1, wherein at least one of the ceniral portion, the first side
portion, and the second side portion has a rating for at least one of energy product,

magnetlic remanence, operating temperature, and coercivity that is different than a
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rating for at least one cther of the central portion, the first side portion and the second
side portion.

10. The apparatus of claim 1, wherein at least one of the central portion, the first side
portion, and the second side portion is formed from a magnetic material that is different
than a magnetic material from which at least one cther of the central portion, the first

side portion and the second side portion is formed.

11. The apparatus of claim 1, wherein at least one of the central portion, the first side
portion, and the second side portion has at least one of & lateral and a longitudinal cross
section that has a different dimension than a dimension of at least one of a lateral and a
fongitudinal cross section of at least one other of the central portion, the first side portion

and the second side portion.

12. The apparatus of claim 1, further comprising at least one ferromagnetic insert

operatively coupled to the flux focusing magnet assembly.

13. The apparatus of claim 1, wherein the stator is cylindrical, the rotor is cylindrical,

and the nominal angle of polarization is in the radial direction.

14. The apparalus of claim 13, wherein the rotor is disposed concentrically within the

stator, and the magnet assembiy is disposed on an outer surface of the rolor.

15, The apparatus of claim 13, whergin the stator is disposed concentrically within

the rotor, and the magnel assembly is disposed on an inner surface of the rotor.
16. The apparatus of claim 1, wherein the stator is annular, the rotor is annular, and the

nominal angle of polarization is in a axial direction parallel {o the axig of rotation of the

rotor.
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17. The apparatus of claim 1,
wherein:

the rotor has a first portion disposed on a first side of the stator and a second
portion disposed on a second, opposite side of the stator; and

the magnet assembly is a first magnet assembly, is disposed on the first portion
of the rotor, and has a nominal fiux direction oriented towards the stalor, and
further compriging:

a second magnet assembly disposed on the second portion of the rotor,
positioned opposite to the first magnet assembly, having the same construction as the
first magnet assembly, and having a nominal flux direction oriented away the first

magnet assembiy.

18. The apparatus of claim 1, wherein the stator is configured to utilize transverse flux.

18. The apparatus of claim 1, whereain each of the central portion, the first side portion,

and the second side portion is a discrete magnet.

20. An apparatus comprising:
a stator; and
a rotor disposed for movement relative to the stator and including:
a backing member formed of a ferromagnetic material; and
a fiux focusing magnet assembly attached to the backing member, the flux
focusing magnet assembly including:

a center portion having a nominal flux axis directed away from the
backing member;

a first side portion disposed on the backing member on a first
lateral side of the center portion and having a nominal flux axis oriented to
be non-parallel with and oriented {owards the nominal flux axis of the
center portion in a direction away from the backing member,; and

a second side porlion disposed on the backing member on a

second lateral side of the center portion, opposite o the first side portion,
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and having a nominal flux axis orienied to be non-parallel with and
oriented towards the nominal flux axis of the center portion in a direction
away from the backing member,

the first side portion and the second side portion configured o

direct flux toward the center portion.

21. The apparstus of claim 20, wherein the flux focusing magnet assembly further
includes
a first end portion disposed on the backing member on a first longitudinal
end of the center portion and having a8 nominal flux axis oriented o be non-
paraliel with and oriented towards the nominal flux axis of the center portion in a
direction away from the backing member; and
a second end portion disposed on the backing member on a second
iongitudinal end of the center portion, opposite {¢ the first end portion, and having
a nominal flux axis oriented to be non-parallel with and oriented towards the
nominal flux axis of the center portion in a direction away from the backing

member.

22. The apparatus of claim 20, wherein the nominal flux axes of the center portion, the
first side portion and the second side portion are approximately coplanar in a first plane,
and the nominal flux axes of the center portion, the first end portion and the second end
portion arg approximately coplanar in a second plane, approximately normal to the first

plane.

23. The apparatus of claim 20, wherein the nominal fiux axes of the center portion,

the first side portion and the second side portion are approximately coplanar.

24, The apparatus of claim 20, wherein the flux focusing magnet assembly further

includes a ferromagnetic lens operatively engaged with at least the center portion.
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25. The apparatus of claim 20, wherein at least one of the ceniral portion, the first side
portion, and the second side portion has a rating for af least one of energy product,
magnetic remanence, operaling temperature, and coercivity that is different than a
rating for at least one other of the central portion, the first side portion and the second
side portion.

26. The apparatus of ¢laim 20,
wherein:

the rotor has a first portion disposed on & first side of the stalor and a second
portion disposed on a second, opposite side of the stator; and

ihe magnet assembly is a first magnet assembly, is disposed on the first portion
of the rotor, and has a nominal fiux direction oriented towards the stator, and
further comprising:

a second magnet assembly disposed on the second portion of the rolor,
positioned opposite to the first magnet assembly, having the same construction as the
first magnet assembly, and having a nominal flux direction oriented away from the first

magnet assembiy.

27. The apparatus of claim 20,

wherein the magnet assembly is a first magnet assembly, the nominal flux direction is
oriented away from the backing member, and

further comprising a second magnet assembly disposed on the backing member
adjacent to the first magnet assembly, having the same construction as the first magnet

assembly, and having a nominal flux direction oriented towards the backing member.

28. The apparatus of claim 20, further comprising a ferromagnetic inseart disposed
between the first magnet assembly and the second magnet assembly and in operable

engagement with the adjacent side magnet of each magnet assembly.

28. The apparatus of claim 20, wherein each of the central portion, the first side portion,
and the second side portion is a discrete magnet.
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30. An apparatus comprising:

a magnel assembly having at least two angles of polarization less than 80°

greaier or less than, but not equal to, a nominal angle of polarization.

31. The apparatus of claim 30, wherein the magnet assembily includes:

a center portion having a nominal angle of polarization; and

two side portions, wherein the first side portion and the second side portion are
on opposile sides of the center portion, and further wherein the first side portion has a
first angle of polarization that is less than 90° greater than the nominal angle of
polarization, and the second side portion has a second angle of polarization that is less
than 90° less than the nominal angle of polarization,

the first angle of polarization being different than the second angle of
polarization,

the first side portion and the second side portion configured o direct flux toward

the center portion.

32. The apparatus of claim 30, wherein the magnet assembly includes:

a center; and

two sides, wherein the first side is opposite the second side, and further wherein
the magnetic angle of polarization relative o a top surface of the variable polarity flux
focusing magnet increases from the center t© the first side, and decreases from the

center to the second side.

33. An apparatus comprising:

a central magnet having a nominal angle of polarization;
a first splitter magnet having a first angle of polarization less than 80° greater
than the nominal angle of polarization, the first splitter magnet positioned adjacent to a

first side of the central magnet; and
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a second splitter magnet having a second angle of polarization less than 90° less
than the nominal angle of polarization, the second splitter magnet positioned adjacent to

a second side of the central magnet opposite the first side of the central magnet.

34. The apparatus of claim 33, wherein the central magnet has a third side opposiie a
fourth side, the magnet assembly further including:

a first pusher magnet having a third angle of polarization less than 90° greater
than the nominal angle of polarization, the first pusher magnet positioned adjacent to
the third side of the ceniral magnet; and

a second pusher magnet having a fourth angle of polarization less than 90° less
than the nominal angle of polarization, the second pusher magnet positioned adjacent

to the fourth side of the central magnet.

35. The apparatus of claim 33, wherein at least one of the central magnet, the first
splitter magnet, the second splitter magnet, the first pusher magnet, and the second
pusher magnet has a raling for at least one of energy product, magnetic remanence,
operating temperature, and coercivity that is different than a rating for at least one other
of the central magnet, the first splitter magnet, the second spiitter magnet, the first

pusher magnet, and the second pusher magnet.

36. The apparatus of claim 33, wherein at least one of the central magnet, the first
splitter magnet, the second splitter magnet, the first pusher magnet, and the second
pusher magnet is formed from a magnetic material that is different than a magnetic
material from which at least one other of the central magnet, the first splitter magnet, the

second splitter magnet, the first pusher magnet, and the second pusher magnet.

37. The apparatus of claim 33, further comprising a Terromagnetic lens disposed in
operative relationship with at least the central magnet.
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38. An apparafus comprising:
a magnet having:

a central magnetic region; and

a first side magnetic region disposed on a first side of the central magnetic
region; and
a second side magnetic region disposed on the opposite side of the central region,

the magnet regions collectively forming a permanent magnet producing a
magnetic field with a magnetic angle of polarization relative to a top surface of the
magnet that increases from the center to the first side, and decreases from the center to
the second side, the magnetic angles of polarization not intersecting at a point above

the top surface.

38. The apparatus of claim 38, further comprising a ferromagnetic lens disposed in

operative relationship with the .

40. The apparatus of claim 39, wherein the magnet is a first magnet, the magnetic
angles of polarization of the magnet lie approximately in a plane, and further comprising
a second magnet coupled o the first magnet and having an angle of polarization that

intersects the plane.

41. A magnelic pole assembly comprising:
a support member formed of a ferromagnetic material;

a first magnet assembly having a center magnet with a first iateral side, a
second, opposite lateral side, a first longitudinal end, and a second, opposite
longitudinal end, a first splitter magnet disposed on a first lateral side of the center
magnet and a second splitter magnet disposed on a second, opposite lateral side of the

center magnet; and

a second magnet assembly having a center magnet with a first lateral side, a
second, opposite lateral side, a first longitudinal end, and a second, opposite
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longitudinal end, a first splitter magnet disposed on the first lateral side of the center
magnet and a second splitter magnet disposed on the second lateral side of the center

magnet;

the first magnet assembly and the second magnet assembly disposed on the
support member with the first longitudinal end of the center magnet of the first magnet
assembiy disposed proximate to the second longitudinal end of the center magnet of the

second magnet assembly.

42. The magnetic pole agssembly of claim 41, wherein the first magnet assembly further
includes a pusher magnet disposed on the second longitudinal end of the center

magnet.

43. The magnetic pole assembly of claim 42, wherein the second magnet assembly
further includes a pusher magnet disposed on the first longitudinal end of the center

magnet,

44, A method comprising:

disposing a first magnet adjacent to a second magnet, the first magnet having iis
magnetic domains aligned parallel 1o a first axis, the second magnet having its magnetic
domains aligned parallel {0 a second axis, the disposing include disposing the first
magnet and the second magnet so that the first axis is non-parallel with the second
axis;

after the disposing, permanently magnetizing the first magnet and second

magnet.

45. The method of claim 44, further comprising:

before the disposing, forming in the presence of a magnetic field each of the first
magnet and the second magnet by one of diffusion bonding and allowing a gas-based
or liguid-based raw material {o solidify to align the magnetic domains of sach of the first

magnet and the second magnel.
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46. The method of claim 44, further comprising disposing a ferromagnetic lens adjacent
to at least one of the first magnet and second magnet.

47. The method of claim 44,

wherein the disposing includes digposing the first magnet on a first side of the
second magnet, and

further comprising, before the permanently magnetizing:
disposing a third magnet on the side of the first magnet opposite to the second magnet,
the third magnet having its magnetic domains aligned paraliel to a third axis, the
disposing the third magnet including disposing the third magnet s¢ that the third axis is
non-paraliel with the second axis and oriented towards the first axis and the second axis

in a direction above the magnets.

48. The meathod of claim 44,

wherein the disposing includes disposing the first magnet on a first side of the
second magnet, and

further comprising, before the permanently magnetizing:
disposing a third magnet on an end of the first magnet, the third magnet having its
magnetic dormaing aligned parallel to a third axis, the disposing the third magnet
including disposing the third magnet so that the third axis is non-paraliel with the second
axis and oriented towards the first axis and the second axis in a direction above the

magnets, the first axis, the second axis, and the third axis being non-coplanar.

49, The method of claim 44, wherein the disposing includes disposing the first magnet

and the second magnet on a ferromagnetic support member.

50. The method of claim 44, wherein the disposing includes disposing a ferromagnetic

retaining insert between the first magnet and the second magnet,
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51. A method comprising:

permanently magnetizing a hard magnetic solid in a complex magnetic field such
that a center portion of the hard magnetic solid has a nominal angle of polarization, a
first side portion of the hard magnetic solid has an angle of polarization of less than 80°
greaier than the nominal angle of polarization, and a second side portion of the hard
magnetic solid opposite the first side portion has an angle of polarization of less than
90° less than the nominal angle of polarization, the first side portion and the second side
portion directing flux toward the flux emanating from the center portion of the solid, the

angles of polarization not intersecting at a point above the top surface of the solid.

52. The method of claim 51, further comprising, before the permanently magnetizing:
forming the hard magnetic solid in the presence of a complex magnetic field by one of
diffusion bonding and allowing a gas-based or liquid-based raw material to solidify to

align the magnetic domainsg of each of the portions of the hard magnestic solid with the

nominal angles of polarization.

53. The method of claim 51, further comprising disposing a ferromagnetic lens adjacent

to the hard magnetic solid.

54. A method comprising:

binding a powder containing hard magnetic compounds using a non-magnetic or
ferromagnetic binder material to form a solid;

permanently magnetizing the solid by subjecting it to a complex magnetic field
such that a center portion of the magnetized solid has a nominal angle of polarization, a
first side portion of the magnetized solid has an angle of polarization of less than 90°
greaier than the nominal angle of polarization, and a second side portion of the
magnetized solid opposite the first side portion of the magnetized solid has an angle of
polarization of less than 90° less than the nominal angle of polarization, wherein the
first side portion and the second side portion direct flux toward the flux emanating from

the center portion of the magnetized solid.

51



WO 2012/141932 PCT/US2012/031867

55. The method of claim 54, further comprising affixing a ferromagnetic lens to the solid

before it is permanently magnetized.

56. The method of claim 54 wherein permanently magnetizing includes permanently
magnetizing the solid such that a first end portion of the magnetized solid has an angle
of polarization of less than 80° greater than the nominal angle of polarization, and a
second end portion of the magnetized solid opposite the first end portion of the
magnetized solid has an angle of polarization of less than 90° less than the nominal
angle of polarization, wherein the first end portion and the second end portion direct flux

toward the fiux emanating from the center portion of the magnetized solid.
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