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PRE-WARPED ROTORS FOR CONTROL OF MAGHNET-STATOR GAP IN AXTAL
FLUX MACHINES

5 Related Applications

This application claimas prionty to cach of (A) U.S. Application Ser. No. 15/983,985,
entitled PRE-WARPED ROTORS FOR CONTROL OF MAGNET-STATOR GAPIN
AXIAL FLUX MACHINES, filed May 18, 2018, (B) U.S. Provisional Patent Application
Ser. No. 62/515,251, entitled PRE-WARPED ROTORS FOR CONTROL OF MAGNET-

10 STATOR GAP IN AXIAL FLUX MACHINES, filed June 5, 2017, and (C) U.S. Provisional
Patent Application Ser. No. 62/515,236, entitled AIR CIRCULATION IN AXIAL FLUX
MACHINES, filed June 5, 2017, The contents of each of the foregoing applications are
meorporated herein by reference, in their entireties, for all purposes.

Backsround

15 Axial flux motors and generators commonly employ a stator that is positioned in a
gap formed between a pair of opposing magnets that generate magnetic flux, and a rotor that
supports the magnets and allows them to rotate 1o unison relative to the stator. An example
of such an axial flux motor or generator 100 is shown 1o FIGS. 1 and 2. As shown, the motor
or gencrator 100 includes a pair of annular magnets 102a, 1020 positioned on either side of a

20 stator 104. The magnets 102a, 102b are supported by respective rotor plates 106a, 106b that
are fixedly attached to a shaft 108, The maguets 102a, 102b, stator 104, and rotor plates
106a, 106b arc all contained within a case 110, The periphery of the stator 104 1s affixed
between two parts 110a, 110b of the case 110, so the stator 104 remains stationary with

respect to the case 110

25 Together, the magnets 102a, 102b, the rotor plates 106a, 106b, and the shaft 108 form
a “rotor assembly” which can rotate relative to the stator 104 and the case 110. As shown n
FiG. 2, a shght clearance 1123 between a top of the rotor plate 106a and an mside surface of
the upper case half 110a and a slight clearance 112b between a bottom of the rotor plate 106
and an mside surface of the lower case half 110b allows the rotor assembly to rotate relative

30 tothe casc 110. Similarly, a slight clearance 114a between a bottom of the magnet 102a and
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the top of the stator 104 (as well as between the exposed bottom portion of the rotor plate
106a and the top of the stator 104} and a shght clearance 114b between a top of the magnet
102b and the bottom of the stator 104 {as well as between the exposed top portion of the rotor
plate 106b and the bottom of the stator 104) allows the rotor assembly to rotate relative to the
stator 104, Supporit bearings 116a, 116b between the shaft 108 and the case 110 allow the
rotor assembly to rotate freely with respect to the stator 104 and the case 110 in a controlled

fashion.

Summary

In some embodiments, an assembly for use m an axial flux motor or generator
comprises a rotor plate and a magnet, the magnet having a surface that is orthogonal to a
magnetization direction of the magnet. The rotor plate 15 adapted to engage a rotor shaft that
rotates about an axis of rotation, and the magnet is attached to the rotor plate. The rotor plate
and magnet are configured and arranged such that, if the rotor plate and the magnet are
separated from all other magnetic ficld generating components, then a distance between a
first plane that mtercepts a first point on the surface and to which the axis of rotation is
normal and a second plane that intercepts a second pomnt on the surface and to which the axis

of rotation 1 normal 1s substantially greater than zero.

In some embodiments, a method for forming an assembly for use in an axial flux
motor or generator comprises attaching a magnet to a rotor plate, the magnet having a surface
that is orthogonal to a magnetization direction of the first magnet. The rotor plate 1s adapted
to engage a rotor shaft that rotates about an axis of rotation, and 18 configured such that, after
the magnet is attached to the rotor plate, a distance between a first plane that intercepts a first
point on the surface and to which the axis of rotation is normal and a second plane that
mtercepts a second point on the surface and to which the axis of rotation is normal is

substantially greater than zero.

Brief Description of the Drawings

FIG. 1 shows a cutaway perspective view of an axial flux motor or generator;
FIG. 2 shows a cutaway side view of the axial flux motor or generator shown in FIG. 1;
Fi(s. 3 shows a cutaway side view of a portion of an axial flux motor or generator like that
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shown 1 FIGS. 1 and 2, with an exaggerated gap and rotor deflection;

FI(. 4 shows a cutaway side view of an axial flux motor or generator emploving an example

of 3 pre-warped rotor element as disclosed herein;

FIG. 5A shows a perspective view of a system including a controller in addition to

components of the motor or generator shown in FIG. 4;

FIG. 5B shows an expanded view of the system shown in FIG. 5A;

FIG. 6 shows cutaway side view of an example of a rotor plate having a tapered region to
aflow the formation of a pre-warped rotor element as disclosed herein;

Fi(z. 7 shows a cutaway side view of an example of a pre-warped rotor element as disclosed
herein;

FI. 8 shows a top view of an example of a rotor plate such as that shown in FIG. 6;

FI(z. 9 shows a top view of an annolar magnet that may be emploved in some embodiments;

FIG 10 shows a cutaway side view of a pair of pre-warped rotor clements, tllustrating how
the rotor elements may bend into a desired configuration when they are incorporated info a

rotor assembly;

FIG. 11 shows a cutaway side view of an example of a motor or generator assembly

-
I
i

meorporating pre-warped rotor elements such as those shown in FIG. 7, including an

exaggerated gap between the respective magnets;

FI(G. 12 shows a cutaway side view of another example of a motor or generator assembly
mcorporating pre-warped rotor elements as disclosed herein;

FIG. 13 is a photograph showing a top of a pre-warped rotor element configured as describe
herein; and

~

FIG. 14 is a photograph of a side of the pre-warped rotor element shown in FIG. 13,
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Detailed Description

Axial flux motors and generators described by several patents, including U S, Pat. No.
7,109,625 (Fthe "625 patent”), which 1s incorporated herein by reference in its entirety,
feature a generally planar printed circuit board stator assembly interposed between magnets
magnetized with alternating north-south poles. These magnets are affixed to a shaft via
“back-irons” for connection to the mechanical load {or source for a generator). Such back-
irons provide a flux retumn path and may correspond, for example, to the rotor plates 106a,
106b shown in FIGS. 1 and 2. The magnetic flux density in the gap s largely dependent on
the spacing between the two magnets. A smaller gap allows the use of smaller, lighter
magnets for the same flux density. Gap sizes as small as .02 mches from stator to magnet
on either side have been used. The mventor has recognized and appreciated that when the
magnets are placed in this configuration, the circular rotor clements bend dac to the magnetic
attraction force between them. This bending reduces the gap size at the outer radius of the
magnet, an arca alrcady prone to rubbing due to dimensional vaniations elsewhere. This can

lead to magnet-stator contact during motor operation.

Disclosed are apparatuses and technigues for maintaining a consistent gap between
the rotor and stator in an axial flux motor or generator without adding to the overall mass or
thickness of the motor or generator. In some implementations, a machined face on the rotor
plates {¢.g., back-irons) can be used to achicve a pre-warped state such that, when assembled,
the force of the magnets bends the rotor plates into the position which results in the desired
gap. In some embodiments, a circular, cone-shaped taper may be machined onto the surface
of a previously flat rotor plate surface thereby creating a warped surface which, when
assembled nto the motor or generator and acted on by the magnetic force, 1s bent into a
substantially parallel or other desired state. Alternatively, tapered rotor plates can be formed

by molding the rotor plates into the desired tapered configuration.

Ag noted, the gap between the magnets m an axial flux motor or generator can be an
important design parameter in the machine. The amount of torque which can be produced,
for a given current density in the stator, is proportional to the magnetic field m the gap. The
size of this gap can have a large influence on the strength of the magnetic field, making it
generally desirable to reduce the gap size as much as possible. This presenis a problem in

that as the gap size is reduced, the same magnetic field increase oxerts a greater force on the
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rotor plates causing bending of the plates. FIG. 3 shows a cutaway side view of a portion of a
simplified axial flux motor or generator ke that shown in FIGS. 1 and 2, but in which the
size of the gap and the amount of deflection are exaggerated to llustrate the nature of the
problem. In machines which seek to reduce the rotor-stator gap as much as possible, bending
of this type can result in an inconsistent magnetic field strength and even nibbing of the
magnets on the stator.  This rubbing can damage the stator, produce an audible scraping

noise, and result in reduced efficiency.

Previous solutions have been to increase the size of the gap or increase the bending
strength of the rotor plates. Each of these solutions has undesirable consequences. The first
conventional solation, i.¢, increasing the gap size, for reasons stated above, results ina
reduction 10 magnetic field strength for a given magnet size. The second conventional
solution, i.¢., increasing the rotor bending strength, necessitates an increase in thickness of
the rotor which increases the overall mass of the machine and reduces the desirable shm form
factor. It can also necessitate the use of more complex manmufacturing processes, adding o
the overall cost. In the motor or generator 100 shown 1o FIG. 2, for example, cach of the
rotor plates 106a, 106b 1s provided with a rim 115 and a region 118 of mcreased thickness
near the center of the rotor plates 106a, 106b. These methods still result in a gap with a
decreasing width as a function of radius, addressing the symptoms rather than the problem of

a non-uniform gap.

As shown in FIGS. 1 and 2, in some axial flux machines, bearings 116a, 116b are
utilized to support the rotor plates 106a, 106b and attached magnets 102a, 102b. These
bearings 116a, 116b are supported by the respective case parts 110a, 110b which come
together, clamping the stator 104 arcund its periphery. Rotor-stator alignment is determined
by the alignment of the shaft 108 to the beanngs 116a, 116b. The bearings 116a, 116b have
some amount of radial runout, which increases as the bearings wear. Additionally, there will
often be some degree of misalignment between the two bearings 116a, 116b due to
tolerancing in the case 110, When assembled into a thin motor or geoerator, as these designs
typically are, the effects of the runout and misalignment are magnified at the outer radins of
the stator-magnet gap and can lead to the rubbing noted above. This disclosure provides a

method for directly addressing this problem without a reduction of the magnetic field or
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morease m mass, m at least some embodiments.

FIG. 4 13 a cutaway side view of example embodiment of a motor or generator 400
meorporating a pre-warped rotor clements in accordance with the present disclosure. As can
be seen, the motor or gencrator 400 has scveral components in common with the motor or

5 generator 100 shown in FIGS. 1 and 2, but also has several salient differences. One
difference between the two designs relates to the configuration of the hub 422 i the motor or
gencrator 400, As shown, the hub 422 may be ased to tie together the rotor plates 406a, 4060
and the shaft 408, with pins 424a, 424b being used to index the rotor plates 406a, 406b to the
hub 422 as well as to cach other, and with pin 426 being used to index the hub 422 1o the

18 shaft 408. In addition, pre-warping of the rotor elements prior to assembly (as discussed in
more detail below? allows the rotor plates 406a, 406b in the motor or generator 400 to be less
bulky and/or less complex than the rotor plates 106a, 106b i the motor or generator 100, thus
allowing the motor or generator 400 to achieve a slimmer form factor and/or be less difficult
and/or expensive to manufacture. In the example embodiment shown in FIG. 4, for instance,
15 the rotor plates 406a, 406b do not mclude the rim 115 or region 118 of increased thickness

near the center of the rotor plates 106a, 106b shown m FIG. 2.

Assemblics inchuding pre-warped rotor clements as described hercin can be emploved
i any known or future developed motor or generator, including the axial flux
motors/generators described m the “625 patent, as well as the motors and generators
20 described in U.S. Patent No. 9,673,684 and U S, Patent No. 9,800,109, the entire contents of

cach of which are incorporated heremn by reference.

FIG. 5A shows an example of a system 300 including a controller 532 in addition to a
motor or generator assembly 420 like that shown in FIG. 4. An expanded view showing the
components of the motor or generator assembly 420 and the manner in which they can be

25 assembled is shown in FIG. 5B, As shown, the stator 104 may be disposaed in a gap between
two pre-warped rotor elements 534a, 534b that cach mcludes a magnet 102a, 102b attached to
a respective rotor plate 406a, 406b. The pattern of magnetic poles in the magnets 102a, 102b
1s also evident 1 the expanded view of FIG. 5B. Screws or other fasteners 528 may be used
1o securc the rotor clements 534a, 534b to the hub 422 and pins 424a, 424b and 426 may be

30 used to index the rotor elements and shaft as discussed above.
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In the illustrated embodiment, the electrical connections 330 are taken at the outer
radias of the stator 104, and the stator is mounted to a frame or case at the cuter periphery.
Another useful configuration, the “out-runner” configuration, involves mounting the stator
104 at the inner radius, making electrical connections 330 at the inner radins, and replacing

5 the shaft 408 with an annular ring {not shown} separating the rotor halves. I is also possible
to configure the system with just one magnet, either 102a or 102b, or to interpose multiple
stators between successive magnet assemblies. Wires 530 may also convey mformation
about the position of the rotor based on the readings of Hall-effect or similar sensors (now
shown} mounted on the stator. Additionally or alternatively, an encoder (not shown) may be

10 attached to the shaft 408 and provide posttion information to the controller 332,

The systern 300 1n FEGS. 5A and 5B can function either as a motor, or a generator,
depending on the operation of the controller 532 and components connected to the shaft 408,
As a motor system, the controller 532 may operate switches so that the currents m the stator
104 create a torque about the shaft 408 due to the magnetic flux in the gap originating from
15 the magnets 102a, 102b connected to the shaft 408, Depending on the design of the
controller 332, the magnetic flux i the gap and/or the position of the rotor may be measured
or estimated to operate the switches to achieve torque cutput at the shaft 408, As a generator
system, a source of mechanical rotational power connected to the shaft 408 creates voltage
wavetorms at the terminals of the stator. These voltages can either be directly applied to a
20 load, or they can be rectified with a three-phase (or poly phase) rectifier within the controlier
532, The rectifier implementation may, for example, be “self-commutated” using diodes in
generator mode, or may be constructed using the controlled switches of the motor controller,
but operated such that the shatt torque opposes the torque provided by the mechanical source,
and mechanical energy 1s converted to electrical energy. Thus, an identical configuration in
25  FIG. 5A may function as both a generator and motor, depending on how the controller 532 1s
operated. Additionally, in some embodiments the controlier 532 may include filter
components that mitigate switching cffects, reduce EMVRFI from the wires 530, reduce
losses, and provide additional flexability in the power supplied o or delivered from the

coniroller 532.

30 FIGS. 6 and 7 illustrate an example method for forming a pre-warped rotor element
534b including a rotor plate 406b and a magnet 102b. A similar technique may be emploved

.
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to form the pre-warped rotor clement 534a located on the other side of the gap 1n which the
stator is disposed {c.g., sce FIGS. 10-12). Examples of technigues for aligning the maguets
102a, 102b to the rotor plates 406a, 406b during assembly are described, for example, m U 8.

Patent No. 9,673,688, the entire contents of which are incorporated herein by reference.

As seen in FIG. 6, the rotor plate 406b may be formed to include a surface region 604
that 13 tapered with respect to a plane to which an axis of rotation 602 of the rotor shaft is
normal, as well ag a central region 606 having a geoerally flat surface that is parallel o such a
plane. A top view of the rotor plate 406b, inchuding the tapered surface region 604 and the
central region 606, is shown m FIG. §. The rotor plate 406b may additionally include holes
302 to receive the pins 4243, 424b, holes 804 to receive the screws 528, and a hole 806 to
receive the shaft 408, all within the central region 636. The tapered surface region 604 may
take on any of numerous forms and the invention is not limited to any particular
configuration or type of taper. In the illastrative embodiment shown, the upper portion of the
rotor plate 406 is in the shape of a right, conical frustum, with a top of the central region 606
forming the frustum’s upper base. Other configurations are, however, possible and

contemplated.

As iHlustrated in FIG. 7, a magnet 102b may be attached to the upper surface of the
rotor plate 406b so that it contacts at least a portion of the tapered surface region 604. In the
embodiment illustrated, the magnet 102b has an annular shape that covers substantially all of
the tapered (e.g., conical) region 604, A top view of the annular magnet 1025 is shown in
FI(G. 9. As shown, the circular hole 902 in the magnet 102b has a radius R1 measured from a
center point 904 and the circular outer perimeter 906 of the magnet 102b has a radius R2.
Attaching the annular magnet 102b to the tapered region 604 as shown in FIG. 7 will cause
the magnet 102b to warp and at least partially conform to a shape of the conical tapered

region 604. This warping of the magnet will stress and warp the body of the rotor plate 406b.

As shown in FIG. 7, a degree of the taper of the surface region 604 may be measured
by 1dentifving two points 702, 704 on the surface of the of the rotor plate 406b that contact
the magnet’s lower surface 720, and determining a distance D1 between two planes 706, 708
to which the axis of rotation 602 is normal and that intercept the first point 702 and the

second point 704, respectively. In the example shown, the magnet’s lower surface that
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contacts the conical tapered region 604 1s orthogonal to the magnetization direction of the
magnet 102b. In some embodiments, two magnet contact points 702, 704 can be found (at
the imer radius R1 and the outer radius R2 of the magnet, or clsewhere) for which the
distance D1 15 substantially greater than zero. The term “substantially” in this context is
5  intended to exclode slight vanations due to processing and/or material imperfections within

allowable tolerances. In some implemerntations, the distance 31 may, for example, be greater
than 0.003 inches, or greater than 0.01 inches, or even greater than 0.02 inches. Additionally
or alternatively, in some embodiments, two magnet contact points 702, 704 can be found
such that a ratic of the distance D1 to the distance between the two points, and/or {0 the

10 difference between the mner radius R1 and outer radius R2 of the magnet, is substantially
greater than zero, In some implementations, such ratio may, for example, be greater than

0.002, or greater than 0.003, or even greater than 0.01.

Ag also lustrated in FIG. 7, 1n some embodiments, at least one point 710 can be
found on a surface of the rotor plate 106b that contacts the magnet 102b for which a ray 712
15  that extends away from and 1s normal to the surface forms an angle ol with a plane to which
the axis of rotation 602 is normal that 1s substantially less than 90 degrees. In some
mmplementations, the angle al may, for example, be less than 89.9 degrees, less than 89.7
degrees, or even less than 89.5 degrees. The point 710 may be located at the inner radius R
of the maguet 102b, at the outer radius R2 of the magnet 102b, or at some point between

20 those two radi.

Additionally or alternatively, and as also shown in FIG. 7, a degree of the taper of the
magnet 102b, when attached to the rotor plate 406b, may be measured by identifving two
points 714, 716 on a surface of the magnet 102b that is orthogonal to a magnetization
direction of the magnet 102b, ¢.g., the upper surface 718 of the magnet 102b shown n FIG.

25 7, and determining a distance D2 between two planes 726, 728 to which the axis of rotation
602 1s normal and that intercept the first point 714 and the second point 716, respectively. In
the example shown, the magnet’s lower surface 720 that contacts the conical tapered region
604 1s also orthogonal to the magnetization direction of the magnet 102b. In some
embodiments, two magnet surface pomts 714, 716 can be found (at the inner radivs R and

30 the outer radius R2 of the magnet, or elsewhere) for which the distance D72 is substantially

greater than zero. In some implomentations, the distance D2 may, for example, be greater
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than 0.002 inches, or greater than 0.005 inches, or even greater than 0.01 mches.

Additionally or altematively, m some embodiments, two magnet surface points 714, 716 can

be found such that a ratio of the distance D37 to the distance between the two pounts, and/or to

the ditference between the mner radius R1 and outer radius R2 of the magnet, 1s substantially
5 pgreater than zero. In some tmplomentations, such ratio may, for example, be greater than

0.002, or greater than 0.003, or even greater than 0.01

As also illustrated in FIG. 7, in some embodiments, at least ong point 722 can be
found on a surface of the magnet 102b that is orthogonal to a2 magnetization direction of the
magnet 102b, ¢.g., the upper surface 718, for which a ray 724 that extends away from and is

10 normal to the magnet’s surface forms an angle o2 with a plane to which the axis of rotation
602 1s normal that is substantially less than 90 degrees. In some implementations, the angle
o2 may, for example, be less than 89.9 degrees, less than 89.7 degrees, or even less than 89.5
degrees. The point 722 may be located at the inner radius R1 of the magnet 102h, at the outer

radias R2 of the magnet 102b, or at some point between those two radii.

15 As illustrated in FIG. 10, when the two rotor clements 534a, 534b are attached (o a
shaft 408 and hub 422 (not shown in FIG. 10), the magnetic flux of the magnets 102a, 102b
generates an attractive force in a gap 1002 between the magnets that causes the rotor
clements 534a, 534b to warp such that the ends of the rotor clements 534a, 534b move
toward one another. The dashed lines in FIG. 10 illustrate how the rotor clements 534a, 534b

20 mav be shaped after they are assembled into a motor or generator such as that shown in FIGS.
4, 5A, and 5B. In some embodiments, the rotor clements 534a, 334b are pre-warped prior o
assembly such that the surfaces of the two magnets 102a, 102b that face one another are
substantially paraliel in the assembled motor or generator 400, thus making the width of the
gap 1002 substantially unifor throughout. In other miplementations, the rotor eloments

25 534a, 534b may be shightly “over-warped” so that, once assembled, a taper that mcreases as a
function of radius s obtained. While this may have the undesirable effect of reducing the gap
at larger radii, it allows the use of a smaller average gap width G, thus increasing the average

magnetic field strength and retaining clearance at the outer radius of the magnets 102a, 102b.

As iHlustrated in FIG. 10, the amount of warping the rotor elerment 534b experiences

30 upon assembly may be measured by identifving a point 1004 located at the outer radius R2 of
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the magnet 102b, and determuining a distance D3 that point moves in a direction comncident
with the axis of rotation 602 upon assembly. The distance D3 may be measured, for
cxample, by identifving a plane that intercepts the point 1004 and to which the axis of
rotation 602 1s normal and determining a distance such a plane moves relative to another
plane that intercepts a point at or near the center of rotor element 534b and to which the axis
of rotation 607 is also normal. In some cmbodiments, the distance 133 1s greater than 0.001
mches, or greater than 0.005 mches, or even greater than 0.01 inches. Additionally or
alternatively, in some embodiments, the ratio of the distance D3 to the average width G of the
gap 1002 is greater than 0.01, or greater than §.05, or even greater than 0.1, Additionally or
alternatively, the ratio of the distance D3 to an average clearance distance between the
magnet 102b and a surface of the stator 104 (not shown in FIG. 10) may be greater than .25,
0.5, or even greater tham 1. Accordingly, in some embodiments, the rotor element 534b may

deflect as much or more than the average magnet/stator clearance distance.

Referring to FIG. 7 in conjunction with FIG. 10, it should be appreciated that. in some
embodiments, the rotor elements 534a, 534b may be configured and arranged such that, for
each rotor element, one or more of the following values may decrease by fitty percent or
more when the rotor elements 334a, 334b are attached to the shaft 408 and caused to deflect
as ilustrated n FIG. 10 (1) the distance D1 between the planes 706 and 708, (2) the ratic of
the distance D31 to the distance between the potnts 702 and 704, and/or to the difference
between the inner radius R1 and outer radius R2 of the magnet, (3) the distance D2 between
planes 726 and 728, and {4) the ratio of the distance D2 to the distance between the points
714 and 716, and/or to the difference between the mner radius R1 and outer radius R2 of the

magnet.

FIG. 11 shows a motor or gencrator assembly 420, with an exaggerated gap between
the magnets 102a, 102b, where the rotor elements 534a, 534b were pre~warped prior to
assembly so that, upon assembly, the surfaces 1102, 1104 of the two magnets 102a, 102b that

face one ancther arg substantially parallel

FIG. 12 dlustrates a motor or generator assembly 420 m which pre-warped rotor
plates 406a, 406b cach having a more untform width throughout arc eoploved. In such an

mmplementation, the tapered surfaces to which the magnets 102a, 102b are attached may have
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cach a shape similar to the example shown m FIGS. 6 and 7, but the thicknesses of the rotor
plates 406a, 406b may be substantially constant in the radial dirgction. In other
cmbodiments, pre-warping can be emploved while varyving the thicknesses of the rotor plates
4064, 406b n other ways for various reasons, such as to optimize the reluctance of the rotor

plates 406a, 406b to maximize performance of the motor or generator 400,

The use of the pre-warping techonigues described herein 1s not limited to ring magnets
as described and shown above. It could also be applied, for example, to methods which
utilize segmented magnets, where each rotor element comprises multiple maguoets, cach
forming a smgle magnetic pole. Such designs in axial flux machines are common and suffer
from the same deflection problem. A circular rotor plate with a conical taper could be ased,
or ¢ach magnet could be placed in its own pocket, cach mdividually tapered such that when
assembled into a motor or generator, the gap size is not reduced at the outer radius. In this
case, individual flat surfaces rather than a single conic surface may, for example, be

implemented.

FIGS. 13 and 14 are photographs of a rotor element 534 assembled and configured as
described herein. In the example shown, the amount of taper {i.¢., the value D1 described in
connection with FIG. 7) is very shight, with a deviation from flat of only 0.005 mches at the
outer radios, which is imperceptible in the images. In this case, a computer model
meorporating finite clement analysis (FEA} was used {o determine both the strength of the
magnetic attraction and the resulting bend of the rotor element 435, The resulting deflection
was calculated to be 0.002 inches. The additional 8.003 inches of taper was added fo allow
for some radial runout and misalignment of the beanings 116a, 116b. A jig machined for this
application was used to bend the rotor info a 0.003 inch deflected state in the opposite
direction it would experience in the motor or generator 400. While in this state the magnet
bearing surface of the rotor plate 406 was machined flat such that when disassembled from
the jig it would have the desired taper. A flat ring magnet 102 was then assembled onto the
rotor plate 406. When the rotor plate 406 neared the magnet 102, the magnetic attraction
caused the magnet 406 to assume the deflected shape of the rotor plate 406. Duc to the
magnets” much lower elastic modulus compared with steel, the rotor plate 406 did not deflect

significantly and the stresses induced in the magnet were much lower than yield stress.
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Ag in the example above, computer-based methods such as FEA can be used to accurately
determine both the force acting on the rotor plate 406 due to the magnetic field and the
resulting deflection profile. Typically, the sumple geometry of a constant thickness rotor
results in a linear deflection curve as a function of radius in the region of magnet mounting,
making the desired taper a linear function of radius as seen in the examples discussed above.
This taper does reduce the bending strength of the rotor plate 406 as some material is
removed. While 1t would be possible to use an iterative method to account for the changing
properties, the taper may be made shight enough that this 1s not necessary. The computer
models enable the prediction of the amount of bending for simple and complex geometries of

various materials.

The machining jig described above provides a repeatable, predictable method of
machining the taper onto the rotor with the use of a machine tool that simplv machines a flat
face. Future tapered rotors may be created with other methods, particularly if a nonlinear
taper is desired. Moderm tools allow accurate designs to be developed and complex
geometnes to be machined which can be used as part of the optimization process of axial flux

machines.

Tapered rotor elements of the type deseribed herein have been used in running motors
and demonstrated as a repeatable, effective method of controlling the size of the magnet-
stator gap in axial flux machines. Measurements indicate that the taper in produced rotor
clements such as those shown in FIGS. 13 and 14 are accurate and assembly has confirmed

that magnets 102 align with the taper when attached to the rotor plates 406,

Having thus described several aspects of at least one embodiment of this inveuation, it
18 1o be appreciated that various alterations, modifications, and improvements will readily
oceur to those skitled in the art. Such alterations, modifications, and improvements are
mtended to be part of this disclosure, and are mtended to be within the spirit and scope of the

mvention. Accordingly, the foregoing description and drawings are by way of example only.

Yarious aspects of the present invention may be used alone, in combination, orina
variety of arrangements not specifically discussed in the embodiments described in the
foregomg and is therefore not limited i this application to the details and arrangement of
components set forth m the foregoing description or ilustrated in the drawings. For example,

{W6708792.1} 13
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aspects described in one embodiment may be combined in any manner with aspects described

in other embodiments.

Also, the invention may be embodied as a method, of which an example has been
provided. The acts performed as part of the method may be ordered in any suitable way.
Accordingly, embodiments may be constructed in which acts are performed in an order
different than illustrated, which may include performing some acts simultaneously, even

though shown as sequential acts in illustrative embodiments.

Use of ordinal terms such as “first,” “second,” “third,” etc. in the claims to modify a
claim element does not by itself connote any priority, precedence or order of one claim
element over another or the temporal order in which acts of a method are performed, but are
used merely as labels to distinguish one claimed element having a certain name from another
element having a same name (but for use of the ordinal term) to distinguish the claim

elements.

Also, the phraseology and terminology used herein is used for the purpose of

29 ¢¢

description and should not be regarded as limiting. The use of “including,” “comprising,” or

29 ¢¢ 99 ¢C

“having,” “containing,” “involving,” and variations thereof herein, is meant to encompass

the items listed thereafter and equivalents thereof as well as additional items.

{W6708792.1} 14
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Claims

An axial flux motor or generator, comprising:
a rotor shaft that rotates about an axis of rotation;
a first rotor plate engaged with the rotor shaft;

a first magnet attached to the first rotor plate, the first magnet having a first surface that is

orthogonal to a magnetization direction of the first magnet;

a second rotor plate engaged with the rotor shaft;

a second magnet attached to the second rotor plate such that a first magnetic flux is

generated within a gap between the first and second magnets; and

a stator disposed within the gap, the stator being configured to selectively generate a

second magnetic flux that interacts with the first magnetic flux so as to cause the rotor shaft, the

first rotor plate, and the first magnet to rotate in unison, wherein:

3.

the first rotor plate and first magnet are configured and arranged such that, if the
first rotor plate and the first magnet were separated from all other magnetic field-
generating components, then a distance between a first plane that intercepts a first point
on the first surface and to which the axis of rotation is normal and a second plane that
intercepts a second point on the first surface and to which the axis of rotation is normal
would be substantially greater than zero, and

the first and second rotor plates are positioned such that the first magnetic flux

causes the distance between the first and second planes to be substantially equal to zero.
The axial flux motor or generator of claim 1, wherein:
the first rotor plate has an annular shape with an opening at its center; and

the rotor shaft is disposed within the opening.

The axial flux motor or generator of claim 2, wherein the first magnet comprises a ring

magnet with alternating magnetic poles.

4.

The axial flux motor or generator of claim 3, wherein a portion of the first rotor plate to

which the first magnet is attached has a shape of a right conical frustum.
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5. The axial flux motor or generator of claim 2, wherein the first magnet is one of a plurality
of individual magnets that are disposed on the first rotor plate at respective angular positions

about the axis of rotation.

6. The axial flux motor or generator of claim 1, wherein:

the first magnet has an inner edge disposed at the second point;

the first magnet has an outer edge that is opposite the inner edge and disposed at the first
point; and

the first rotor plate and first magnet are further configured and arranged such that, if the
first rotor plate and the first magnet were separated from all other magnetic field-generating
components, then a ratio of the distance between the first and second planes and a distance

between the first and second points would be greater than 0.002.

7. The axial flux motor or generator of claim 6, wherein:

the first rotor plate, the first magnet, the second rotor plate, and the second magnet are
configured and arranged such that the ratio of the distance between the first and second planes
and the distance between the first and second points is a first value; and

the first rotor plate and first magnet are further configured and arranged such that, if the
first rotor plate and the first magnet were separated from all other magnetic field-generating
components, then the ratio of the distance between the first and second planes and the distance
between the first and second points would be a second value that is at least two times the first

value.

8. The axial flux motor or generator of claim 1, further comprising:
a case at least partially enclosing the first rotor plate, the first magnet, the stator, the
second rotor plate, the second magnet, and a portion of the rotor shaft, wherein:
the first rotor plate, the first magnet, the second rotor plate, the second magnet,
and the rotor shaft are movable relative the case, and

the stator is fixed relative to the case.
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0. The axial flux motor or generator of claim 8, further comprising:
at least one bearing disposed between the case and the rotor shaft to allow relative

movement between the case and the rotor shaft.

10. The axial flux motor or generator of claim 1, wherein the first surface faces the stator.

11. The axial flux motor or generator of claim 1, wherein:

the first surface of the first magnet faces away from the first rotor plate;

the first point is at a larger radial distance from the axis of rotation than the second point;
and

the first rotor plate and the first magnet are further configured and arranged such that, if
the first rotor plate and the first magnet were separated from all other magnetic field-generating
components, then a ray that extends away from the first surface at the first point and is normal to

the first surface would intercept the second plane.

12. The axial flux motor or generator of claim 11, wherein the first rotor plate and the first
magnet are further configured and arranged such that, if the first rotor plate and the first magnet
were separated from all other magnetic field-generating components, then an angle between the

ray and the first plane would be substantially less than 90 degrees.

13. The axial flux motor or generator of claim 11, wherein:

the first magnet has an inner edge disposed at the second point;

the first magnet has an outer edge that is opposite the inner edge and disposed at the first
point; and

the first rotor plate and first magnet are further configured and arranged such that, if the
first rotor plate and the first magnet were separated from all other magnetic field-generating
components, then a ratio of the distance between the first and second planes and a distance

between the first and second points would be greater than 0.002.

14. The axial flux motor or generator of claim 1, wherein:

the second point is at a larger radial distance from the axis of rotation than the first point;

17
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the first and second points contact a second surface of the first rotor plate at first and
second locations, respectively;

the first and second rotor plates are positioned such that the second plane is on a first side
of the first plane; and

the first rotor plate and the first magnet are further configured and arranged such that, if
the first rotor plate and the first magnet were separated from all other magnetic field-generating
components, then:

a ray that extends away from and is normal to the second surface at the second
location would intercept the first plane, and

the second plane would remain on the first side of the first plane.

15. A method for forming an axial flux motor or generator, comprising:

attaching a first magnet to a first rotor plate, the first magnet having a first surface that is
orthogonal to a magnetization direction of the first magnet;

engaging the first rotor plate with a rotor shaft that is configured to rotate about an axis of
rotation, wherein the first rotor plate is configured such that, after the first magnet is attached to
the first rotor plate, a distance between a first plane that intercepts a first point on the first surface
and to which the axis of rotation is normal and a second plane that intercepts a second point on
the first surface and to which the axis of rotation is normal is substantially greater than zero; and

engaging a second rotor plate with the rotor shaft such that:

a first magnetic flux that is generated within a gap between the first magnet and a
second magnet attached to the second rotor plate causes the distance between the first and
second planes to be substantially equal to zero, and

a stator is disposed within the gap, wherein the stator is configured to selectively
generate a second magnetic flux that interacts with the first magnetic flux so as to cause

the rotor shaft, the first rotor plate, and the first magnet to rotate in unison.

16. The method of claim 15, wherein the first rotor plate has an annular shape with an

opening at its center, the opening being adapted to receive the rotor shaft.

17. The method of claim 16, wherein the first magnet comprises a ring magnet with

alternating magnetic poles.
18
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18. The method of claim 17, wherein a portion of the first rotor plate to which the first

magnet is attached has a shape of a right conical frustum.

19. The method of claim 15, wherein the first magnet is one of a plurality of individual
magnets that are disposed on the first rotor plate at respective angular positions about the axis of

rotation.

20. The method of claim 15, wherein:

the first magnet has an inner edge disposed at the second point;

the first magnet has an outer edge that is opposite the inner edge and disposed at the first
point; and

after the first magnet is attached to the first rotor plate and before the second rotor plate is
engaged with the rotor shaft, a ratio of the distance between the first and second planes and a

distance between the first and second points is greater than 0.002.

21. The method of claim 20, wherein:

after the first magnet is attached to the first rotor plate and before the second rotor plate is
engaged with the rotor shaft, the ratio of the distance between the first and second planes and the
distance between the first and second points is a first value; and

after the second rotor plate is engaged with the rotor shaft, the ratio of the distance
between the first and second planes and the distance between the first and second points is a

second value, wherein the first value is at least two times the second value.

22. The method of claim 15, wherein the first and second rotor plates are engaged with the

rotor shaft such that the first surface faces the stator.

23. The method of claim 15, wherein:

the first surface of the first magnet faces away from the first rotor plate;

the first point is at a larger radial distance from the axis of rotation than the second point;
and

the first rotor plate is further configured such that, after the first magnet is attached to the

first rotor plate and before the second rotor plate is engaged with the rotor shaft, a ray that
19
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extends away from the first surface at the first point and is normal to the first surface intercepts

the second plane.

24, The method of claim 23, wherein:
after the first magnet is attached to the first rotor plate and before the second rotor plate is
engaged with the rotor shaft, an angle between the ray and the first plane is substantially less

than 90 degrees.

25. The method of claim 23, wherein, after the first magnet is attached to the first rotor plate
and before the second rotor plate is engaged with the rotor shaft:

the first magnet has an inner edge disposed at the second point;

the first magnet has an outer edge that is opposite the inner edge and disposed at the first
point; and

a ratio of the distance between the first and second planes and a distance between the first

and second points is greater than 0.002.

26. The method of claim 15, wherein:

the second point is at a larger radial distance from the axis of rotation than the first point;

the first and second points contact a second surface of the first rotor plate at first and
second locations, respectively; and

the first rotor plate is further configured such that, after the first magnet is attached to the
first rotor plate and before the second rotor plate is engaged with the rotor shaft, a ray that
extends away from and is normal to the second surface at the second location intercepts the first

plane.
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