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(54) Title: CONTINUOUSLY VARIABLE TRANSMISSION

(57) Abstract: A continuously variable transmission (1000) having a plurality of traction planets (1008) arranged angularly about
a main drive axis (1010), each traction planet (1008) having a tiltable axis of rotation (1009A, 1009B), the continuously variable
transmission comprising: a first stator plate (1014) coaxial with the main drive axis (1010), the first stator plate (1014) having a
plurality of slots; a second stator plate (1016) coaxial with the main drive axis (1010), the second stator plate (1016) having a plu-
rality of radial slots (1044 - Fig.10); and wherein the slots (1040, 1044) guide the tiltable axes of rotation (1009A, 1009B) of the
traction planets (1008); and wherein the first stator plate (1014) is configured to rotate relative to the second stator plate (1016)
characterized in that the slots of the first stator plate are radially offset slots (1040 - Fig.10). Operation: Due to the radial offset
slots, relative rotation between the stator plates results in skewing of the traction planets and the skewing results in forces which
tilt (automatically) the traction planets to an equilibrium condition. Each tilted position constitutes a difterent transmission ratio.
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CONTINUOUSLY VARIABLE TRANSMISSION
BACKGROUND OF THE INVENTION

Field of the Invention

[0001] The field of the invention relates generally to transmissions, and more
particularly to methods, assemblies, and components for continuously variable
transmissions (CVTs).

Description of the Related Art

[0002] There are well-known ways to achieve continuously variable ratios of
input speed to output speed. Typically, a mechanism for adjusting the speed ratio of an
output speed to an input speed in a CVT is known as a variator. In a belt-type CVT, the
variator consists of two adjustable pulleys coupled by a belt. The variator in a single
cavity toroidal-type CVT usually has two partially toroidal transmission discs rotating
about a shaft and two or more disc-shaped power rollers rotating on respective axes that
are perpendicular to the shaft and clamped between the input and output transmission
discs. Usually, a control system is used for the variator so that the desired speed ratio can
be achieved in operation.

[0003] Embodiments of the variator disclosed here are of the spherical-type
variator utilizing spherical speed adjusters (also known as power adjusters, balls, planets,
sphere gears, or rollers) that each has a tiltable axis of rotation adapted to be adjusted to
achieve a desired ratio of output speed to input speed during operation. The speed
adjusters are angularly distributed in a plane perpendicular to a longitudinal axis of a
CVT. The speed adjusters are contacted on one side by an input disc and on the other
side by an output disc, one or both of which apply a clamping contact force to the rollers
for transmission of torque. The input disc applies input torque at an input rotational
speed to the speed adjusters. As the speed adjusters rotate about their own axes, the
speed adjusters transmit the torque to the output disc. The output speed to input speed
ratio is a function of the radii of the contact points of the input and output discs to the
axes of the speed adjusters. Tilting the axes of the speed adjusters with respect to the axis

of the variator adjusts the speed ratio.
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[0004]  There is a continuing need in the industry for variators and control
systems therefor that provide improved performance and operational control.

Embodiments of the systems and methods disclosed here address said need.

SUMMARY OF THE INVENTION

[0005] The systems and methods herein described have several features, no
single one of which is solely responsible for its desirable attributes. Without limiting the
scope as expressed by the claims that follow, its more prominent features will now be
discussed briefly. After considering this discussion, and particularly after reading the
section entitled “Detailed Description of Certain Inventive Embodiments” one will
understand how the features of the system and methods provide several advantages over
traditional systems and methods.

[0006] One aspect of the invention relates to a method of adjusting a speed
ratio of a continuously variable transmission (CVT) having a group of traction planets.
Each traction planet has a tiltable axis of rotation. The method includes the step of
configuring a stator of the CVT to apply a skew condition to each tiltable axis of rotation
independently. In one embodiment, the skew condition is based at least in part on an
angular displacement of the stator plate. In another embodiment, the skew condition is
based at least in part on a tilt angle of the tiltable axis of rotation.

[0007] Another aspect of the invention concerns a method of adjusting a
speed ratio of a continuously variable transmission (CVT) that has a group of traction
planets. Each traction planet has a tiltable axis of rotation. In one embodiment, the
method includes the step of rotating a stator to which each traction planet is operably
coupled. The stator can be configured to independently apply a skew condition to each
tiltable axis of rotation. The method can also include the step of guiding each tiltable
axis of rotation to an equilibrium condition. The equilibrium condition can be based at
least in part on the rotation of the stator plate. In some embodiments, the equilibrium
condition substantially has a zero-skew angle condition.

[0008] Yet another aspect of the invention concerns a method of supporting a
group of traction planets of a continuously variable transmission (CVT). Each traction

planet has a tiltable axis of rotation. In one embodiment, the method includes the step of
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providing a first stator plate having a number of radially offset slots. The radially offset
slots are arranged angularly about a center of the first stator plate. The method can
include the step of operably coupling each of the traction planets to the first stator plate.
In one embodiment, the method includes the step of providing a second stator plate
having a number of radial slots. The radial slots can be arranged angularly about the
center of the second stator plate. The method can also include the step of operably
coupling the traction planets to the second stator plate.

[0009] One aspect of the invention concerns a method of adjusting a speed
ratio of a continuously variable transmission (CVT) that has a group of traction planets.
Each traction planet has a tiltable axis of rotation. The method includes the step of
providing a stator plate operably coupled to each of the traction planets. In one
embodiment, the method includes the step of receiving a set point for a speed ratio of the
CVT. The method can include the step of determining a set point for an angular
displacement of the stator plate. The set point can be based at least in part on the set
point for the speed ratio. The method can also include the step of rotating the stator plate
to the set point for the angular displacement of the stator plate. Rotating the stator plate
can induce a skew condition on each tiltable axis of rotation. The stator plate can be
configured to adjust the skew condition as each tiltable axis of rotation tilts.

[0010] Another aspect of the invention concerns a method of adjusting a
speed ratio of a continuously variable transmission (CVT) that has a group of traction
planets. Each traction planet can be configured to have a tiltable axis of rotation. The
method can include the step of determining a set point for a speed ratio of the CVT. In
one embodiment, the method can include the step of measuring an actual speed ratio of
the CVT. The method includes the step of comparing the actual speed ratio to the set
point for the speed ratio to thereby generate a comparison value. The method also
includes the step of rotating a stator plate to an angular displacement based at least in part
on the comparison value. Rotating the stator plate applies a skew condition to each of the
traction planets. The skew condition changes as each tiltable axis of rotation tilts and the
angular displacement remains constant.

[0011] Yet one more aspect of the invention addresses a continuouSly variable

transmission (CVT) that has a group of traction planets arranged angularly about a main
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drive axis. Each traction planet has a tiltable axis of rotation. The CVT has a first stator
plate that is coaxial with the main drive axis. The first stator plate can have a number of
radially offset slots. The radially offset slots can be configured such that each tiltable
axis is guided independently from the others. The CVT can have a second stator plate
coaxial with the main drive axis. The second stator plate can have a number of radial
slots. The radial slots can be configured to independently guide the tiltable axes of
rotation. The first stator plate is configured to rotate relative to the second stator plate.

[0012] In another aspect, the invention concerns a stator plate for a
continuously variable transmission (CVT) that has a number of traction planets. The
stator plate can have a substantially disc shaped body having a center. In one
embodiment, the stator plate can have a number of radially offset guides arranged
angularly about the center. Each of the radially offset guides can have a linear offset
from a centerline of the disc shaped body.

[0013] Another aspect of the invention relates to a continuously variable
transmission (CVT) that has a group of traction planets. Each traction planet has a
tiltable axis of rotation. In one embodiment, the CVT has a first stator plate arranged
coaxial about a main drive axis of the CVT. The first stator plate can be operably
coupled to each traction planet. The first stator plate can have a number of radially offset
slots arranged angularly about a center of the first stator plate. Each of the radially offset
slots can have a linear offset from a centerline of the first stator plate. The CVT can also
have a second stator plate arranged coaxial about a main drive axis of the CVT. The
second stator plate has a number of radial slots. The radial slots can be arranged
angularly about a center of the second stator plate. Each of the radial slots is
substantially radially aligned with the center of the second stator plate. The CVT can
have an actuator operably coupled to at least one of the first and second stator plates. The
actuator can be configured to impart a relative rotation between the first and second stator
plates.

[0014] One aspect of the invention relates to a ball planetary continuously
variable transmission (CVT) that includes a group of traction planets. Each traction
planet has a tiltable axis of rotation. The CVT can also include a first guide aligned with

a line perpendicular to a main drive axis of the CVT. The first guide can be configured to
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act upon the tiltable axis of rotation. The CVT can also include a second guide aligned
with a line that is parallel to the line perpendicular to the main drive axis of the CVT.
The second guide can be configured to act upon the tiltable axis of rotation.

[0015] Another aspect of the invention concerns a method of manufacturing a
continuously variable transmission (CVT). In one embodiment, the method includes the
step of providing a first guide radially aligned with a line perpendicular to a main drive
axis of the CVT. The method includes the step of providing a second guide offset. On a
projection plane, respective projection lines of the first and second guides intersect
thereby forming an intersection location. The method can include the step of operably
coupling a group of traction planets to the first and second guides. The method can also
include the step of configuring the first and second guides such that they are capable of

rotation relative to one another about the main drive axis.

BRIEF DESCRIPTION OF THE FIGURES

[0016] Figure 1A is a schematic diagram of certain components of a ball
planetary continuously variable transmission (CVT) and certain relevant coordinate
systems.

[0017] Figure 1B is a diagram of certain relative-coordinate systems related to a
coordinate system shown in Figure 1A.

[0018] Figure 1C is a schematic diagram of certain kinematic relationships
between certain contacting components of the CVT of Figure 1A.

[0019] Figure 1D is a representative chart of traction coefficient versus relative
velocity for a typical traction fluid and rolling contact between CVT traction components.

[0020] Figure 1E is a free body diagram of a traction planet of the CVT of Figure
1A.

[0021] Figure 1F is a schematic diagram of a traction planet of the CVT of Figure
1A showing a skew angle.

[0022] Figure 2 is a block diagram of an embodiment of a drive apparatus
configured to use certain inventive embodiments of CVTs and skew control systems and

methods therefor disclosed here.
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[0023] Figure 3 is a schematic diagram of certain components of a ball planetary
CVT and certain relevant coordinate systems.

[0024] Figure 4 is a schematic diagram of certain components of the CVT of
Figure 3 and certain relevant coordinate systems.

[0025] Figure 5A is a schematic diagram of certain components of the CVT of
Figure 3.

[0026] Figure 5B is a schematic diagram of certain components of the CVT of
Figure 3.

[0027] Figure 5C is a schematic diagram of certain components that can be used
with the CVT of Figure 3.

[0028] Figure 6A is a flow chart of a skew-based control process that can be used
with the CVT of Figure 3.

[0029] Figure 6B is a chart representing a look-up table that can be used in a
subprocess of the skew-based control process of Figure 6A.

[0030] Figure 6C is a flow chart of an actuator subprocess that can be used with
the skew-based control process of Figure 6A.

[0031] Figure 7 is a cross-sectional view of an inventive embodiment of a CVT
having a skew control system.

[0032] Figure 8 is a cross-sectional view of another inventive embodiment of a
CVT having a skew control system.

[0033] Figure 9 is a cross-sectioned, partial perspective view of the CVT of
Figure 7.

[0034] Figure 10 is a plan view depicting certain components of the CVT of
Figure 7.

[0035] Figure 11A is a plan view of an inventive embodiment of a stator plate
that can be used with the CVT of Figure 7.

[0036] Figure 11B is a perspective view of the stator plate of Figure 11A.

[0037] Figure 12 is a cross-section view A-A of the stator plate of Figure 11.

[0038] Figure 13 is a cross-section view B-B of the stator plate of Figure 11.

[0039] Figure 14 is a plan view of another embodiment of a stator plate that can
be used with the CVT of Figure 6.
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[0040] Figure 15 is a cross-sectional view of the stator plate of Figure 14.

[0041] Figure 16 is an exploded, perspective view of a traction planet
subassembly that can be used with the CVT of Figure 6.

[0042] Figure 17 is an exploded, perspective view of another embodiment of a
traction planet subassembly that can be used with the CVT of Figure 6.

DETAILED DESCRIPTION OF CERTAIN INVENTIVE EMBODIMENTS

[0043] The preferred embodiments will be described now with reference to
the accompanying figures, wherein like numerals refer to like elements throughout. The
terminology used in the descriptions below is not to be interpreted in any limited or
restrictive manner simply because it is used in conjunction with detailed descriptions of
certain specific embodiments of the invention. Furthermore, embodiments of the
invention can include several inventive features, no single one of which is solely
responsible for its desirable attributes or which is essential to practicing the inventions
described. Certain CVT embodiments described here are generally related to the type
disclosed in U.S. Patent Nos. 6,241,636; 6,419,608; 6,689,012; 7,011,600; 7,166,052;
U.S. Patent Application Nos. 11/243,484 and 11/543,311; and Patent Cooperation Treaty
patent applications PCT/IB2006/054911 and PCT/US2007/023315. The entire disclosure
of each of these patents and patent applications is hereby incorporated herein by
reference.

[0044]  As used here, the terms “operationally connected,” ‘“operationally
coupled”, “operationally linked”, “operably connected”, “operably coupled”, “operably
linked,” and like terms, refer to a relationship (mechanical, linkage, coupling, etc.)
between elements whereby operation of one element results in a corresponding,
following, or simultaneous operation or actuation of a second element. It is noted that in
using said terms to describe inventive embodiments, specific structures or mechanisms
that link or couple the elements are typically described. However, unless otherwise
specifically stated, when one of said terms is used, the term indicates that. the actual
linkage or coupling may take a variety of forms, which in certain instances will be readily
apparent to a person of ordinary skill in the relevant technology.

[0045] For description purposes, the term “radial” is used here to indicate a

direction or position that is perpendicular relative to a longitudinal axis of a transmission
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or variator. The term “axial” as used here refers to a direction or position along an axis
that is parallel to a main or longitudinal axis of a transmission or variator. For clarity and
conciseness, at times similar components labeled similarly (for example, bearing 1011A
and bearing 1011B) will be referred to collectively by a single label (for example, bearing
1011).

[0046] It should be noted that reference herein to “traction” does not exclude
applications where the dominant or exclusive mode of power transfer is through
“friction.” Without attempting to establish a categorical difference between traction and
friction drives here, generally these may be understood as different regimes of power
transfer. Traction drives usually involve the transfer of power between two elements by
shear forces in a thin fluid layer trapped between the elements. The fluids used in these
applications usually exhibit traction coefficients greater than conventional mineral oils.
The traction coefficient (y) represents the maximum available traction forces which
would be available at the interfaces of the contacting components and is a measure of the
maximum available drive torque. Typically, friction drives generally relate to
transferring power between two elements by frictional forces between the elements. For
the purposes of this disclosure, it should be understood that the CVTs described here may
operate in both tractive and frictional applications. For example, in the embodiment
where a CVT is used for a bicycle application, the CVT can operate at times as a friction
drive and at other times as a traction drive, depending on the torque and speed conditions
present during operation.

[0047] Embodiments of the invention disclosed here are related to the control
of a variator and/or a CVT using generally spherical planets each having a tiltable axis of
rotation (hereinafter “planet axis of rotation”) that can be adjusted to achieve a desired
ratio of input speed to output speed during operation. In some embodiments, adjustment
of said axis of rotation involves angular misalignment of the planet axis in one plane in
order to achieve an angular adjustment of the planet axis of rotation in a second plane,
thereby adjusting the speed ratio of the variator. The angular misalignment in the first
plane is referred to here as “skew” or “skew angle”. In one embodiment, a control
system coordinates the use of a skew angle to generate forces between certain contacting

components in the variator that will tilt the planet axis of rotation. The tilting of the
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planet axis of rotation adjusts the speed ratio of the variator. In the description that
follows, a coordinate system is established with respect to a spherical traction planet,
followed by a discussion of certain kinematic relationships between contacting
components that generate forces which tend to cause the planet axis of rotation to tilt in
the presence of a skew angle. Embodiments of skew control systems for attaining a
desired speed ratio of a variator will be discussed.

[0048] Turning now to Figures 1A and 1B, coordinate systems will be
defined in reference to embodiments of certain components of a continuously variable
transmission (CVT). The coordinate systems are shown here for illustrative purposes and
should not be construed as the only frame of reference applicable to the embodiments
discussed here. An embodiment of a CVT 100 includes generally spherical traction
planets 108 in contact with a traction sun 110 (which is schematically shown as a line).
The traction planets 108 are also in contact with a first traction ring 102 and a second
traction ring 104 at, respectively, a first angular position 112 and a second angular
position 114. A global coordinate system 150 (that is, X,, yg, Zg) and a planet-centered
coordinate system 160 (that is, X, y, z) are defined in Figure 1A. The global coordinate
system 150 is generally oriented with respect to a longitudinal axis or main drive axis 152
of the CVT 100, for example with the zg-axis coinciding with a main drive axis 152 about
which the traction planets 108 are arranged. The planet-centered coordinate system 160
has its origin at the geometric center of the traction planet 108, with the y-axis generally
perpendicular to the main drive axis 152, and the z-axis generally parallel to the main
drive axis 152. Each of the traction planets 108 has a planet axis of rotation, that is, a
planet axis 106, which can be configured to rotate about the x-axis to thereby form a tilt
angle 118 projected onto the y-z plane (sometimes referred to here as y). The tilt angle
118 determines the kinematic speed ratio between the traction rings 102, 104. Each of
the planets 108 has a rotational velocity about the planet axis 106 and is shown in Figure
1A as planet velocity 122, sometimes referred to here as ®. Typically the planet axis 106
corresponds structurally to a planet axle, which can be operationally coupled to a carrier
or a cage (not shown) that can be stationary, while in other embodiments the planet axle
is coupled to a carrier (not shown) that is rotatable about main drive axis 152. In the

planet-centered coordinate system 160, the x-axis is directed into the plane of the page
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(though not shown precisely as such in Fig. 1A), and the z-axis is generally parallel to the
main drive axis 152. For purposes of illustration, the tilt angle 118 is generally defined in
the yg-z, plane.

[0049] Turning now to Figure 1B, the planet-centered coordinate system 160
is resolved further to illustrate the angular adjustments of the planet axis 106 that are used
in the embodiments of skew control systems described here. As shown in Figure 1B, a
tilt angle 118 can be derived by rotating the coordinate system 160 with the planet axis
106 in the y-z plane about the x-axis to achieve a first relative coordinate system 170 (x’,
y’, z). In the relative coordinate system 170, the planet axis 106 coincides with the z’'-
axis. By rotating the coordinate system 170 with the planet axis 106 about the y-axis, a
skew angle 120 (sometimes referred to here as ¢) can be obtained in a x-z plane, which is
illustrated by a second relative coordinate system 180 (x”, y”, z"). The skew angle 120
can be considered, approximately, the projection in the x-z plane of the angular alignment
of the planet axis 106. More specifically, however, the skew angle 120 is the angular
position of the planet axis 106 in the x’-z" plane as defined by the relative coordinate
systems 170 and 180. In one embodiment of the CVT 100, the tilt angle 118 is
controlled, at least in part, through an adjustment of the skew angle 120.

[0050] Referring now to Figure 1C, certain kinematic relationships between
contacting components of the CVT 100 will be described to explain how the inducement
of a skew condition generates forces that tend to adjust the tilt angle 118. As used here,
the phrase “skew condition” refers to an arrangement of the planet axis 106 relative to the
main drive axis 152 such that a non-zero skew angle 120 exists. Hence, reference to
“inducement of a skew condition” implies an inducement of the planet axis 106 to align
at a non-zero skew angle 120. It should be noted that in certain embodiments of the CVT
100 certain spin-induced forces also act on the traction planet 108. Spin is a phenomenon
of traction contacts well known to those of ordinary skill in the relevant technology. For
our immediate discussion, the effects of the spin-induced forces will be ignored. In the
CVT 100, components contact the traction planet 108 at three locations to form traction
or friction contact areas. With reference to Figure 1, the first ring 102 drives the planet
108 at a contact 1, and the planet 108 transmits power to the second ring 104 at a contact

2. The traction sun 110 supports the traction planet 108 at a contact 3. For discussion

10
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purposes, the three contacts 1, 2, 3 are arranged in Figure 1C to reflect a view of the x"-z"
plane as seen from a reference above the CVT 100, or View A in Figure 1A. Since the
contact areas 1, 2, 3 are not coplanar, contact-centered coordinate systems are used in
Figure 1C so that the contact areas 1, 2, 3 can be illustrated with the x"-z" plane.
Subscripts 1, 2, and 3 are used to denote the specific contact area for contact-centered
coordinate systems. The z; ; ;-axis are directed at the center of the traction planet 108.

[0051] Referring now to contact area 1 in Figure 1C, the surface velocity of
the first traction ring 102 is denoted in the negative x, direction by a vector V,, and the
surface velocity of the planet 108 is represented by a vector V,;; the angle formed
between the vectors Vi and V, is approximately the skew angle 120. The resulting
relative surface velocity between the traction ring 102 and the traction planet 108 is
represented by a vector V5. At the contact area 3 between the traction planet 108 and
the traction sun 110, the surface velocity of the traction sun 110 is represented by a vector
V,, and the surface velocity of the traction planet 108 is represented by a vector Vi; the
angle formed between Vg, and Vi, is the skew angle 120. The relative surface velocity
between the traction planet 108 and the traction sun 110 is represented by a vector Vgyp,.
Similarly, for contact 2, the surface velocity of the traction planet 108 at the contact area
2 is shown as a vector Vp; and the surface velocity of the second traction ring 104 is
represented by a vector Vp; the angle formed between V,; and Vi, is approximately the
skew angle 120; the relative surface velocity between the traction planet 108 and the
second traction ring 104 is the resultant vector Vo,

[0052]  The kinematic relationships discussed above tend to generate forces at
the contacting components. Figure 1D shows a generalized, representative traction curve
that can be applied at each of contact areas 1, 2, 3. The graph illustrates the relationship
between the traction coefficient p and the relative velocity between contacting
components. The traction coefficient p is indicative of the capacity of the fluid to
transmit a force. The relative velocity, such as Vi, can be a function of the skew angle
120. The traction coefficient p is the vector sum of the traction coefficient in the x-
direction p, and the traction coefficient in the y-direction p, at a contact area 1, 2, or 3.
As a general matter, the traction coefficient p is a function of the traction fluid properties,

the normal force at the contact area, and the velocity of the traction fluid in the contact
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area, among other things. For a given traction fluid, the traction coefficient p increases
with increasing relative velocities of components, until the traction coefficient p reaches a
maximum capacity after which the traction coefficient u decays. Consequently, in the
presence of a skew angle 120 (that is, under a skew condition), forces are generated at the
contact areas 1, 2, 3 around the traction planet 108 due to the kinematic conditions.
Referring to Figures 1C and 1E, V,;, generates a traction force parallel to the Vi, with a
component side force F;). Increasing the skew angle 120 increases the V,y;, and, thereby,
increases the force F;; according to the general relationship shown in Figure 1D. The
Vsvp generates a force Fg, and similarly, the Vo, generates a force Fs,. The forces Fy,
Fss, and F; combine to create a net moment about the traction planet 108 in the y-z plane.
More specifically, the summation of moments about the traction roller 108 is
EM=R*(F;;+F+Fs), where R is the radius of the traction roller 108, and the forces F),
Fs, and Fg are the resultant components of the contact forces in the y-z plane. The
contact forces, some times referred to here as skew-induced forces, in the above equation
are as follows: Fg= py Ny, Fo= pyoNa, Fi= pysN3, where Ny 53 is the normal force at the
respective contact area 1, 2, 3. Since the traction coefficient p is a function of relative
velocity between contacting components, the traction coefficients pyi, Hy2, and pys are
consequently a function of the skew angle 120 as related by the kinematic relationship.
By definition, a moment is the acceleration of inertia; hence, in the embodiment

illustrated here, the moment will generate a tilt angle acceleration @ Therefore, the rate
of change of the tilt angle % is a function of the skew angle 120.

[0053]  Turning now to Figure 1F, a traction planet 108 is illustrated having a
tilt angle 118 equal to zero, which results in the planet axis of rotation 106 being
generally parallel (in the yg-zg plane) to the main drive axis 152 of the CVT 100 and the
rotational velocity 122 of the traction planet 108 is coaxial with the z-axis. A skew angle
120 can be formed in the x-z plane to generate forces for motivating a change in the tilt
angle 118. In the presence of the skew angle 120, the traction planet 108 would have a
rotational velocity 122 about an axis z’, and the tilt angle 118 would be formed in the y-z’
plane. ‘

[0054] Passing now to Figures 2-17, embodiments of certain control systems

for a CVT that rely on inducing a skew condition to motivate a change in the tilt angle
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118 will be described now. Figure 2 shows a drive 25 that includes a CVT 300
operationally coupled between a prime mover 50 and a load 75. The drive 25 can also
include a skew-based control system 200. Typically, the prime mover 50 delivers power
to the CVT 300, and the CVT 300 delivers power to a load 75. The prime mover 50 can
be one or more of various power generating devices, and the load 75 can be one or more
of various driven devices or components. Examples of the prime mover 50 include, but
are not limited to, human power, internal combustion engines, electric motors and the
like. Examples of loads include, but are not limited to, drivetrain differential assemblies,
power take-off assemblies, generator assemblies, pump assemblies, and the like. In some
embodiments, the skew control system 200 can coordinate the operation of the CVT 300
as well as the prime mover 50, or can coordinate the operation of the CVT 300 and the
load 75, or can coordinate the operation of all elements in the drive 25. In the
embodiment illustrated in Figure 2, the skew control system 200 can be configured to use
an adjustment of a skew angle 120 to control the operating condition of the CVT 300, and
consequently, coordinate the control of the drive 25.

[0055] Referring now to Figures 3-5B, in one embodiment, a CVT 500
includes a number of substantially spherical traction planets 508 configured to contact a
traction sun 510. The traction planets 508 can also contact a first traction ring 502 and a
second traction ring 504. The traction rings 502, 504 can be arranged in a substantially
similar manner as the first traction ring 102 and the second traction ring 104 depicted in
Figure 1A. The areas of contact between the traction planet 508, the first traction ring
502, the second traction ring 504, and the traction sun 510 are substantially similar to
contacts 1, 2, and 3, respectively, depicted in Figures 1A-1F. Likewise, the contact-
centered coordinate systems and the kinematic relationships discussed in reference to
Figures 1A-1F can be applied to the CVT 500 for descriptive purposes.

[0056] In one embodiment, a global coordinate system 550 (that is, Xg, Yg, Zg)
is defined with reference to Figure 3. The global coordinate system 550 is substantially
similar to the global coordinate system 150. The global coordinate system 550 is
generally oriented with respect to a longitudinal axis or a main drive axis 552 of the CVT
500, for example with the zg-axis coinciding with the main drive axis 552 about which

the traction planets 508 are arranged. The yg-axis is perpendicular to the main drive axis
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552. The xg-axis is perpendicular to the main drive axis 552. Each of the traction planets
508 has an axis of rotation, that is, a planet axis 506, which can be configured to tilt in the
Yg-Zg Plane to thereby form a tilt angle 511 (y), which is substantially similar to the tilt
angle 118 (Figure 1A). The planet axis 506 can be configured to follow a first guide 512
(depicted as a line in Figure 3) on one end of the planet axis 506. The planet axis 506 can
be configured to follow a second guide 514 (depicted as a line in Figure 3) on a second
end of the planet axis 506.

[0057] Referencing Figure 4 specifically, in one embodiment, the first guide
512 and the second guide 514 can be formed on a first stator plate 516 and a second stator
plate 518, respectively. Typically the planet axis 506 corresponds structurally to a planet
axle, which can be operationally coupled to the first and second guides 512, 514,
respectively. In some embodiments, the first and second stator plates 516, 518 are
substantially disc-shaped bodies configured to operably couple to and to facilitate the
support of the planet axis 506 during operation of the CVT 500. As an illustrative
example for discussion purposes, the view depicted in Figure 4 is of a projection of the
stator plate 516 on the stator plate 518 in the X,-y, plane. An angular displacement 520
of the stator plate 516 with respect to the stator plate 518 can be defined in the xg-y, plane
(the zg-axis coinciding with the main drive axis 552 is perpendicular to the plane of the
page of Figure 4; the x,-axis and the y-, axis are each perpendicular to the main drive
axis 552). The angular displacement 520 is sometimes referred to here as “angle B or
more succinctly as “B”. A skew angle, such as the skew angle 120, can be defined for the
CVT 500 in a substantially similar manner with respect to substantially similar coordinate
systems as those used in reference to the CVT 100. Therefore, the skew angle 120 (g)
will be used here in reference to the CVT 500. A “zero-skew angle condition” is defined
as that condition of the planet axis 506 when the skew angle 120 is zero (¢=0).

[0058] Turning to Figure SA, the first and second guides 512, 514 are
depicted again as projections in the xg-y, plane. In some embodiments, the first guide
512 can be radially aligned with the origin of the x,-y, plane; for example, the first guide
512 can generally coincide with the y,-axis. In one embodiment, the second guide 514
can have an offset 522 from the origin of the x,-y, plane. In one instance, the offset 522

can be generally defined as a linear offset relative to a construction line 519, which
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construction line 519 is parallel to the second guide 514 and passes through the origin of
the xg-yg plane when the stator 516 is located at a nominally zero angular displacement
520 (B). In a second instance, the second guide 514 can have a base angular reference
position 523 (y,) with respect to the first guide 512.

[0059] Referring to Figures SA and 5B, the guides 512 and 514 are depicted
again schematically. In one embodiment, the stator 518 can be rotated to a non-zero
angular displacement 520 (B), which moves the guide 514 relative to the guide 512
(Figure 5B). The offset 522 can be depicted as a radial offset 525 about the center of the
stator 518 (that is, the origin of the x4y, plane). The guide 514 is tangent to the radial
offset 525. Referencing Figure SA specifically, the base angular reference position 523
(y,) with respect to the guide 512 is defined at a zero angular displacement 520 (f=0) and
a zero tilt angle 511 (y=0). The corresponding zero-skew angle condition for the planet
axis 506 is depicted at a location 524, which lays at the intersection of the first and
second guides 512 and 514 when viewed as projections in the x,-y, plane. Referencing
Figure 5B specifically now, for a non-zero angular displacement 520 (), the guide 514
has an angular position 526 (y) with respect to the guide 512. The corresponding zero-
skew angle condition for the planet axis 506 is depicted at a location 527, which is
located at the intersection between the guide 512 and the guide 514 when viewed as
projections in the xg-y, plane. The location 527 is an example of a zero skew angle
condition for a non-zero angular displacement 520 (B) and a non-zero tilt angle 511 (y).
It should be noted that the guides 512, 514 illustrated here schematically can be provided,
as will be illustrated below with regard to certain embodiments, as slots formed on stators
516, 518. In such instances, the guides 512, 514 can be representative of center lines that
pass through a center of respective radial and offset slots. Schematically, as shown in
Figures SA-5C, a point of contact between a slot of a stator and a planet axle (or a roller
on such a planet axle) of the ball 508 has been reduced to a point lying on one of the
schematic guides 512, 514. However, in certain physical embodiments of the stator 516,
518, said point of contact does not lie on a radial line.

[0060] A non-zero skew angle 120 (¢) can be induced on the planet axis 506
by two events, occurring separately or in combination. One event is a change in the

angular displacement 520 (B), and the other event is a change in the tilt angle 511 (y). In
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one embodiment, the relationship between the angular displacement 520 (B) and the skew
angle 120 (c) for a constant tilt angle 511 (y) depends on the geometry of the CVT 500,
such as the length of the planet axis 506, and/or the radius of the stators 516, 518, among
other factors. In one embodiment, the relationship between the angular displacement 520
(B) and the skew angle 120 (g) for a constant tilt angle 511 (y) is approximately expressed
by the equation B = ¢, for small angles. The relationship between the angular
displacement 520 (B) and the angular position 526 (y) can depend on the geometry of the
CVT 500 and the base angular reference position 523 (y,), for example. In one
embodiment, the angular position 526 (y) can be proportional to the angular
displacement 520 (B), so that the relationship can be approximated by the relationship y =
B + y,, for small angles. For a constant angular displacement 520 (B), the skew angle
120 (g) can also be related to the tilt angle 511 (y). For example, the skew angle 120 (¢)
can be related to the angular position 526 (y) and a change in the tilt angle 511 (delta )
by the relationship tan(g)=(1/2*sin (delta y)*tan(y)). Applying the well known small
angle approximation to said expression yields the equation ¢ = Y2*(delta y) * .

[0061] During operation of the CVT 500, the first and/or second stator plates
516, 518 can be rotated to the angular displacement 520 via a suitable control input (not
shown in Figures 3-5C, but see Figure 7 for an exemplary control input). In some
embodiments, the first stator plate 516 can be configured to be substantially non-rotatable
with respect to the main drive axis 552. The angular displacement 520 initially induces a
skew angle 120 on the planet axis 506. As previously discussed, the skew angle 120
motivates a change in the tilt angle 511 (y) of the planet axis 506. As the planet axis 506
tilts, the ends of the planet axis 506 follow the first and second guides 512, 514. The
guides 512, 514 are configured so that the skew angle 120 decreases in magnitude as the
planet axis 506 tilts towards an equilibrium condition, which, in once instance,
corresponds to a zero-skew angle condition. Once the planet axis 506 reaches the tilt
angle 511 (y), which generally coincides with a zero-skew angle condition, the tilting of
the planet axis 506 stops. In one embodiment, the tilt angle 511 (y) of the planet axis 506
depends, at least in part, on the angular displacement 520 (B). In some embodiments, the

relationship of the tilt angle 511 (y) and the angular displacement 520 (B) is unique, so
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that each value of the angular displacement 520 (B) corresponds to a value of the tilt
angle 511 (y) at which the CVT 500 can operate at an equilibrium speed ratio condition.

[0062] Upon reaching the equilibrium condition, each of the planet axes 506
is substantially at a zero-skew angle condition. Since the planet axes 506, and
consequently the traction planets 508, of the CVT 500 are independently coupled to the
stators 516, 518, each of the traction planets 508 and the planet axes 506 can
independently self stabilize at the equilibrium speed ratio condition. To elucidate further,
when the tilt angle 511 (y) of one of the planet axes 506 moves away from the
equilibrium condition (for example, due to an outside influence or a perturbation in the
operating condition), the ends of the planet axis 506 follow the guides 512, 514. As
previously discussed, a skew condition is induced on the planet axis 506, and therefore,
the planet axis 506 tends to tilt toward the tilt angle 511 (y) that generally corresponds to
the equilibrium condition for a given angular displacement 520 (B). The guides 512, 514
independently guide the movement or tilting of the planet axes 506. Therefore, the
movement or tilting of one of the planet axes 506 can occur substantially independently
from the other planet axles of the CVT 500.

[0063] The configuration of the guides 512, 514 affects the ability of the CVT
500 to stabilize at an equilibrium condition. For a given direction of rotation of the first
traction ring 504, the arrangement of the guides 512, 514 depicted in Figure SA results in
stable operation of the CVT 500. For example, a desired speed ratio can be maintained
for the CVT 500 that corresponds to the angular displacement 520 (B). Adhering to the
sign convention generally defined in reference to Figures 1A-1F, it can be shown that, for
a given angular displacement 520 (B), a positive change in the tilt angle 511 (y) induces a
positive change in the skew angle and vice versa. Therefore, each planet axis 506 can
operate stably when provided with the relative arrangement of the guides 512, 514
depicted in Figure 5A.

[0064] Referencing Figure 5C now, in one embodiment, a guide 5121 and a
guide 5141 can be substantially similar in function to the guides 512, 514; however, the
guides 5121, 5141 are arranged with a base angular reference position 5231 that is
substantially opposite in direction (that is, the opposite sign) to the base angular reference

position 523 (y,) with respect to the xg-y, plane. Assuming the equivalent direction of
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rotation of the first ring 504, and consequently the direction of rotation of the traction
planet 508, the arrangement of the guides 5121, 5141 could in at least some instances
result in an unstable operation of the CVT 500. For example, a desired speed ratio
corresponding to the angular displacement 520 () cannot be maintained for the CVT 500
because a positive change in the tilt angle 511 (y) induces a negative skew angle and vice
versa. Therefore a perturbation in operation that tilts one of the planet axess506 will
cause the planet axis 506 to tilt until limited by, for example, a mechanical stop (not
shown).

[0065] Referring now to Figure 6A, in one embodiment a skew-based control
process 600 can be implemented on, for example, a microprocessor in communication
with power electronics hardware coupled to the CVT 500. The skew-based control
process 600 begins at a state 602. The skew-based control process 600 then proceeds to a
state 604, wherein a desired speed ratio (SR) set point of the CVT 500 is received. The
skew-based control process 600 continues to a state 606 where the angular displacement
520 of, for example, the first stator 516 is determined. Next, the skew-based control
process 600 moves to an actuator subprocess 608 where the angular displacement 520 is
applied to the stator 516, for example. Upon completion of the actuator subprocess 608,
the skew-based control process 600 proceeds to a state 609 where the actual SR of the
CVT 500 is measured. In one embodiment, the actual SR of the CVT 500 can be
determined by measuring the speed of, for example, the traction rings 502 and 504, or
any other component indicative of input speed and output speed to the CVT 500. In
some embodiments, the actual SR can be calculated based at least in part on a target
output speed condition or based at least in part on a target input speed condition. In other
embodiments, the actual SR of the CVT 500 can be determined by measuring the tilt
angle of the planet axis 506. In yet other embodiments, the actual SR of the CVT 500
can be determined by measuring an actual torque ratio of the CVT 500. The actual
torque ratio of the CVT 500 can be determined by measuring the torque of, for example
the traction rings 502 and 504, or any other component indicative of input torque and
output torque to the CVT 500. Next, the skew-based control process 600 proceeds to a
decision state 610 where the measured speed ratio is compared to the desiredispeed ratio

set point to thereby form a comparison value. If the measured speed ratio is not equal to
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the desired speed ratio set point, the skew-based control process 600 returns to the state
606. If the measured speed ratio is equal to the desired speed ratio set point, the skew-
based control process 600 proceeds to an end state 612. In some embodiments, the skew-
based control process 600 is configured to operate in an open loop manner; in such a
case, the states 609 and 610 are not included in the subprocess 608.

[0066] Referring to Figure 6B, in one embodiment the state 606 can use a
look-up table that can be represented by a curve 607. The curve 607 depicts an
exemplary relationship between the angular displacement 520 (B) and the speed ratio of,
for example, the CVT 500. The curve 607 can be expressed by the equation y=Ax*-
Bx+C, where y is the angular displacement 520 (B) and x is the speed ratio. In one
embodiment, the values of A, B, and C are 0.5962, -4.1645, and 3.536, respectively. In
some embodiments, the values of A, B, and C are 0.5304, -4.0838, and 3.507,
respectively. In other embodiments, the values of A, B, and C are related to the
dimensions and geometry of the CVT 500, for example, the position of guides 512 and
514 on the stators 516 and 518, the length of the planet axis 506, and dimensions of the
traction rings 502 and 504, among other things. In some embodiments, that actuator
subprocess 608 is configured to operate in an open loop manner; in such a case, the states
619 and 620 are not included in the subprocess 608.

[0067] Referring to Figure 6C, in one embodiment the actuator subprocess
608 can begin at a state 614 and proceed to a state 615 where a set point for the angular
displacement 520 () is received. The actuator subprocess 608 proceeds to a state 616
where an actuator command signal is determined based at least in part on the angular
displacement 520 (B). In one embodiment, a look-up table can be used to convert the
angular displacement 520 (B) set point to an actuator command signal. In some
embodiments, the actuator command signal can be a voltage or a current. In other
embodiments, the actuator command signal can be a change in the position of a cable or a
linkage. In some embodiments, an algorithm can be used to derive the actuator command
signal from the angular displacement 520 (B) set point. Next, the actuator subprocess 608
proceeds to a state 617 where the actuator command signal is sent to an actuator and
associated hardware. In one embodiment, a standard serial communication protocol can

be used to send the command signal to the actuator hardware. In some embodiments, a

19



WO 2010/024809 PCT/US2008/074496

cable or a linkage can be used to transmit the command signal to the actuator hardware.
The actuator subprocess 608 then passes to a state 618 where the stator, for example the
stator 516, is rotated. Next, the actuator subprocess 608 passes to a state 619 where the
angular displacement 520 (B) is measured. The actuator subprocess 608 then proceeds to
a decision state 620 where the measured angular displacement 520 (B) is compared to the
set point for the angular displacement 520 (8). If the measured angular displacement 520
(B) is not equal to the angular displacement 520 (B) set point, the actuator subprocess 608
returns to the state 616. If the measured angular displacement 520 (B) is equal to the
angular displacement 520 (B) set point, the actuator subprocess 608 then ends at a state
622, wherein the skew-based control process 600 can continue at state 609 as described
above with reference to Figure 6A. In some embodiments, the actuator subprocess 608 is
configured to operate in an open loop manner; in such a case, the states 619 and 620 are
not included in the subprocess 608.

[0068] Passing now to Figure 7, in one embodiment a CVT 1000 can include
a skew-based control system 1002 operably coupled to a variator assembly 1004. In one
embodiment, the variator assembly 1004 includes a traction sun 1006 located radially
inward of, and in contact with, a number of substantially spherical traction planets 1008.
The traction sun 1006 can be configured to rotate about a main axle 1010 by providing
bearings 1011. In one embodiment, the traction sun 1006 is fixed axially with respect to
the main axle 1010 with clips 1012 that are coupled to the main axle 1010 and to the
bearings 1011.

[0069] In one embodiment, each traction planet 1008 is provided with a set of
planet axles 1009A and 1009B that are configured to provide a tiltable axis of rotation for
their respective traction planet 1008. The planet axles 1009A and 1009B can be
configured to rotate with the traction planet 1008. The planet axles 1009A and 1009B are
substantially aligned with a central axis the traction planet 1008. In other embodiments,
the traction planet 1008 can be configured to have a central bore, and the traction planet
1008 can be operably coupled to a planet axle (not shown) via bearings, so that the planet
axle is configured to be substantially non-rotatable. Each of the traction planets 1008 are
operably coupled to a first stator 1014 and a second stator 1016. The first and second

stators 1014, 1016 can be arranged coaxial with the main axle 1010.
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[0070] In one embodiment of the CVT 1000, an input driver 1018 can be
arranged coaxial with the main axle 1010. The input driver 1018 can be configured to
receive an input power from, for example, a sprocket, a pulley, or other suitable coupling.
In one embodiment, the input driver 1018 is coupled to a torsion plate 1019 that is
coupled to a first axial force generator assembly 1020. The axial force generator
assembly 1020 is operably coupled to a first traction ring 1022 that can be substantially
similar in function to the traction ring 102 (Figure 1A). The first traction ring 1022 is
configured to contact each of the traction planets 1008. A second traction ring 1024 is
configured to contact each of the traction planets 1008. The second traction ring 1024
can be substantially similar in function to the traction ring 104 (Figure 1A). In one
embodiment, the second traction ring 1024 is coupled to a second axial force generator
assembly 1026. The second axial force generator assembly 1026 can be substantially
similar to the first axial force generator assembly 1020. In certain embodiments, the axial
force generator assemblies 1020 and 1026 can be substantially similar to the clamping
force generator mechanisms generally described in Patent Cooperation Treaty
Application PCT/US2007/023315.

[0071] During operation of CVT 1000, an input power can be transferred to
the input driver 1018 via, for example, a sprocket. The input driver 1018 can transfer
power to the first axial force generator 1020 via the torsion plate 1019. The first axial
force generator 1020 can transfer power to the traction planets 1008 via a traction or
friction interface between the first traction ring 1022 and the each of the traction planets
1008. The traction planets 1008 deliver the power to a hub shell 1028 via the second
traction ring 1024 and the second axial force generator 1026. A shift in the ratio of input
speed to output speed, and consequently, a shift in the ratio of input torque to output
torque, is accomplished by tilting the rotational axis of the traction planets 1008. In one
embodiment, the tilting of the rotational axis of the traction planets 1008 is accomplished
by rotating the first stator 1014, which can be substantially similar to the first stator 516
(Figures 4-5C).

[0072] Turning now to Figure 8, in one embodiment a CVT 2000 can be
substantially similar to the CVT 1000. For description purposes, only the differences
between the CVT 1000 and the CVT 2000 will be described. In one embodiment, the
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CVT 2000 includes a traction sun 2007 located radially inward of, and in contact with
each of the traction planets 1008. The traction sun 2007 is a substantially cylindrical
body that can be formed with a v-shaped profile about the outer periphery of the body
when viewed in cross-section in the plane of the page of Figure 8. The traction sun 2007
can be configured to contact each of the traction planets 1008 at a first and a second
location 2008 and 2009, respectively. The contact-centered coordinate systems and the
kinematic relationships discussed in reference to contact 3 (Figures 1A-1F) can be
similarly applied to the contact locations 2008 and 2009. During operation of the CVT
2000, the traction sun 2007 is substantially axially fixed by balancing axial forces at
contact locations 2008 and 2009. Further, in some embodiments, the first and second
rings 1022, 1024 are configured to provide sufficient radial kinematic constraint to the
planets 1008; in such embodiments, the traction sun 2007 and bearings 1011 can be
removed from various embodiments of CVTs discussed here.

[0073] Referring to Figure 9, in one embodiment the skew-based control
system 1002 can include a lever arm 1030 that can be configured to couple to a stator
driver 1032. The stator driver 1032 can be coupled to the first stator plate 1014 via, for
example, a number of dowels or other suitable fasteners or couplings (not shown). In one
embodiment the stator driver 1032 can be a generally hollow cylindrical body. The stator
driver 1032 can be provided on one end with a flange 1031 that is configured to facilitate
the coupling of the stator driver 1032 to the first stator plate 1014. The stator driver 1032
can be provided with a groove that can be configured to receive a clip 1035 for retaining
a bearing, for example.

[0074] In one embodiment, the first stator plate 1014 can be configured to
rotate with respect to the main axle 1010. For example, a bushing 1033 can couple to the
first stator plate 1014 and to the stator driver 1032. The bushing 1033 can be arranged
coaxial about the main axle 1010. In one embodiment, a nut 1034 can be configured to
cooperate with the main axle 1010 to axially retain the bushing 1033. In some
embodiments, the second stator plate 1016 can be coupled to the main axle 1010 via a
spline 1035, or other suitable torque transferring coupling, so that the second stator plate

1016 is substantially non-rotatable with respect to the main axle 1010.
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[0075] During operation of the CVT 1000, the lever arm 1030 can be rotated
about the main axle 1010 to thereby generate an angular rotation of the stator driver 1032
about the main axle 1010. The lever arm 1030 can be rotated manually via a linkage or a
cable (not shown). In some embodiments, the lever arm 1030 can be operably coupled to
an electronic actuator (not shown) such as a DC motor or a servo actuator. In some
embodiments, the lever arm 1030 can be operably coupled to a hydraulic actuator (not
shown). In other embodiments, the stator driver 1032 can be coupled directly to an
actuator such as any of those aforementioned. The angular rotation of the stator driver
1032 imparts an angular displacement () to the first stator plate 1014 with respect to the
second stator plate 1016. As described earlier in reference to the CVT 500, the angular
rotation of the first stator plate 1014 with respect to the second stator plate 1016 can
facilitate the tilting of the rotational axis of the traction planets 1008.

[0076] Turning now to Figures 10-13, in one embodiment the first stator plate
1014 can be a substantially disc-shaped body having a central bore. In some
embodiments, the first stator plate 1014 can be provided with a hub 1036 formed about
the central bore. The hub 1036 can be provided with a number of holes 1038 that can
facilitate the coupling of the first stator plate 1014 to the stator driver 1032. A number of
radially offset slots 1040 can be formed on a face of the first stator plate 1014. The
radially offset slots 1040 can be configured to facilitate support of the traction planets
1008 via contact with, for example, a number of rollers 1042 (see Figure 9) that are
operably coupled to each of the ball axles 1009. The second stator plate 1016 can be
provided with a number of radial slots 1044. The radial slots 1044 can be configured to
couple to the rollers 1042. Figure 10 depicts an exemplary arrangement of the radially
offset slots 1040 with respect to the radial slots 1044. For discussion purposes, the global
coordinates 1047 (Figure 9) are applied to the CVT 1000. Consequently, the radial slots
1044 can be viewed as projections on the first stator plate 1014 in the xg-y, plane. The
radial slots 1044 are shown with dashed lines in Figure 10.

[0077] Referencing Figures 11A and 11B specifically, in one embodiment,
the radially offset slots 1040 and the radial slots 1044 have a width 1046. The width
1046 can be sized to accommodate the outer diameter of the roller 1042. In the

embodiment illustrated in Figure 10, the radial slots 1044 are arranged about the second
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stator plate 1016 so that the radially offset slots 1040 do not align (that is, are offset) with
the radial slots 1044, as seen in the projection of the radially offset slots 1040 and the
radial slots 1044 onto the xg-y; plane. The amount of linear offset 1048 is depicted in
Figure 11 with reliance on the section lines A-A and B-B. The section line A-A
substantially bisects one of the radially offset slots 1040, wherein the bisection is
substantially half of the width 1046. The section line B-B substantially aligns with the
centerline of the first stator plate 1014. The section line B-B is a line that is
perpendicular to the main drive axis z, (Figure 9). The section line A-A is a line that is
parallel to the section line B-B. Alternatively, the radially offset slots 1040 can be shown
to have an angular offset 1049 by defining a construction line 1050 and a centerline 1051.
The centerline 1051 can be constructed with respect to a diameter of the first stator plate
1014. The construction line 1050 is shown for convenience to be at a radial location
coinciding with the center of the planet axle 1009 when the planet axle 1009 is at a tilt
angle substantially equal to zero. The angular offset 1049 can be defined as the angular
displacement between the centerline 1051 and the middle of the radially offset slots 1040
lying along the construction line 1050, wherein the middle of the radially offset slot 1040
is substantially half of the width 1046. In one embodiment, the angular offset 1049 is in
the range of about 0 degrees to 45-degrees. In some embodiments, the angular offset
1049 can be between 5- and 20-degrees, and preferably 8-, 9-, 10-, 11- or 12-degrees.
[0078] Referring now to Figures 12 and 13, in one embodiment the first
stator plate 1014 can be provided with a shift stop extension 1052 arranged about the
central bore. The first stator plate 1014 can be provided with a generally toroidal
clearance cut 1054. The clearance cut 1054 can be formed on the face of the first stator
plate 1014. The clearance cut 1054 can have a generally curved profile when viewed in
the plane of the Figure 13. Likewise, a valley 1041 and/or a wall 1043 of the radially
offset slot 1040 can be provided with a generally curved profile when viewed in the plane
of Figure 12. During operation of the CVT 1000, the radially offset slots 1040 guide the
rollers 1042. The shift stop extension 1052 can provide a mechanical limit to the path of
the rollers 1042 in the radially offset slots 1040. In some embodiments, the shift stop
extension 1052 can be formed on a radially outward periphery of the first stator plate

1014.
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[0079] Turning now to Figures 14 and 15, in one embodiment the second
stator plate 1016 can be a generally disc-shaped body having a central bore 1056. The
central bore 1056 can be configured to facilitate the coupling of the second stator plate
1016 to the main axle 1010 with, for instance, a spline, knurl, or weld. The radial slots
1044 can be arranged angularly about the central bore 1056. In some embodiments, the
radial slots 1044 can extend on the second stator plate 1016 from near, or in the vicinity
of, the periphery of the stator plate 1016 toward the central bore 1056. The radial slot
1044 can be provided with a curved profile when viewed in the plane of Figure 15. In
one embodiment, the second stator plate 1016 can be provided with a shift stop extension
1057. The shift stop extension 1057 can be formed radially about, and extend axially
from, the central bore 1056. The shift stop extension 1057 can be configured
substantially similar to the shift stop extension 1052.

[0080] Turning now to Figures 16 and 17, in one embodiment the planet axle
1009 can be provided with a groove 1070 configured to receive a clip 1072. The clip
1072 can facilitate the coupling of the roller 1042 to the planet axle 1009. In one
embodiment, a surface 1074 can be provided on the planet axle 1009 to provide support
for a bearing 1076. The bearing 1076 can be configured to couple to an inner diameter of
the roller 1042. In some embodiments, the bearing 1076 is pressed into the roller 1042.
In other embodiments, the roller 1042 can be configured to receive a ball bearing 1077.
A bearing surface 1078 can be provided on the planet axle 1009 for facilitating the
coupling of the bearing 1077 to the planet axle 1009.

[0081] Referring still to Figures 16 and 17, in one embodiment the roller
1042 is a generally cylindrical body having a central bore. The central bore can be
configured to receive the bearing 1076 or the bearing 1077. The roller 1042 can be
provided with a crowned outer circumference of the cylindrical body. The crowned outer
circumference is configured to facilitate the coupling of the planet axle 1009 to the first
and the second stator plates 1014 and 1016.

[0082] [t should be noted that the description above has provided dimensions
for certain components or subassemblies. The mentioned dimensions, or ranges of
dimensions, are provided in order to comply as best as possible with certain legal

requirements, such as best mode. However, the scope of the inventions described herein
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are to be determined solely by the language of the claims, and consequently, none of the
mentioned dimensions is to be considered limiting on the inventive embodiments, except
in so far as any one claim makes a specified dimension, or range of thereof, a feature of
the claim.

[0083] The foregoing description details certain embodiments of the invention.
It will be appreciated, however, that no matter how detailed the foregoing appears in text,
the invention can be practiced in many ways. As is also stated above, it should be noted that
the use of particular terminology when describing certain features or aspects of the invention
should not be taken to imply that the terminology is being re-defined herein to be restricted
to including any specific characteristics of the features or aspects of the invention with

which that terminology is associated.
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WHAT WE CLAIM IS:

1. A method of adjusting a speed ratio of a continuously variable
transmission (CVT) having a plurality of traction planets, each traction planet having a
tiltable axis of rotation, the method comprising the step of configuring a stator of the
CVT to apply a skew condition to each tiltable axis of rotation independently.

2. The method of Claim 1, wherein the skew condition is based at least in
part on an angular displacement of the stator plate.

3. The method of Claim 1, wherein the skew condition is based at least in
part on a tilt angle of the tiltable axis of rotation.

4. The method of Claim 1, wherein configuring a stator comprises the step of
providing a plurality of radially offset slots formed on the stator, the radially offset slots
arranged angularly about a center of the stator, the radially offset slots offset from a main
drive axis of the CVT.

5. A method of adjusting a speed ratio of a continuously variable
transmission (CVT) having a plurality of traction planets, each traction planet having a
tiltable axis of rotation, the method comprising the steps of:

rotating a stator to which each traction planet is operably coupled, the
stator configured to independently apply a skew condition to each tiltable axis of
rotation; and

guiding each tiltable axis of rotation to an equilibrium condition, the
equilibrium condition based at least in part on the rotation of the stator plate, the
equilibrium condition substantially having a zero-skew angle condition.

6. The method of Claim 5, wherein guiding each tiltable axis of rotation
comprises providing a stator having a plurality of guides that are radially offset.

7. The method of Claim 6, wherein guiding each tiltable axis comprises
operably coupling each tiltable axis to a guide that is radially offset.

8. A method of supporting a plurality of traction planets of a continuously
variable transmission (CVT), each traction planet having a tiltable axis of rotation, the
method comprising the steps of:

providing a first stator plate having a plurality of radially offset slots, the

radially offset slots arranged angularly about a center of the first stator plate;
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operably coupling each of the traction planets to the first stator plate;

providing a second stator plate having a plurality of radial slots, the radial
slots arranged angularly about the center of the second stator plate; and

operably coupling the traction planets to the second stator plate.

9. The method of Claim 8, further comprising the step of configuring the first
stator plate to rotate relative to the second stator plate.

10.  The method of Claim 8, further comprising the step of configuring the first
stator plate to be substantially non-rotatable about a main drive axis of the CVT.

11.  The method of Claim 8, further comprising the step of configuring the
second stator plate to be substantially non-rotatable about a main drive axis of the CVT.

12. A method of adjusting a speed ratio of a continuously variable
transmission (CVT) having a plurality of traction planets, each traction planet having a
tiltable axis of rotation, the method comprising the steps of:

providing a stator plate operably coupled to each of the traction planets;

receiving a set point for a speed ratio of the CVT;

determining a set point for an angular displacement of the stator plate, said
set point based at least in part on the set point for the speed ratio; and

rotating the stator plate to the set point for the angular displacement of the
stator plate, wherein rotating the stator plate induces a skew condition on each
tiltable axis of rotation, the stator plate configured to adjust the skew condition as
each tiltable axis of rotation tilts.

13.  The method of Claim 12, wherein rotating the stator plate comprises
operably coupling an actuator to the stator plate, wherein the actuator is configured to
receive an actuator command signal based at least in part on the set point for the angular
displacement.

14. A method of adjusting a speed ratio of a continuously variable
transmission (CVT) having a plurality of traction planets, each traction planet configured
to have a tiltable axis of rotation, the method comprising the steps of:

determining a set point for a speed ratio of the CVT;

measuring an actual speed ratio of the CVT;
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comparing the actual speed ratio to the set point for the speed ratio to
thereby generate a comparison value; and

rotating a stator plate to an angular displacement based at least in part on
the comparison value, wherein rotating the stator plate applies a skew condition to
each of the traction planets, and wherein the skew condition changes as each
tiltable axis of rotation tilts and the angular displacement remains constant.

15.  The method of Claim 14, wherein rotating the stator plate comprises
operably coupling an actuator to the stator plate, wherein the actuator is configured to
receive an actuator command signal based at least in part on the set point for the speed
ratio.

16. A continuously variable transmission (CVT) having a plurality of traction
planets arranged angularly about a main drive axis, each traction planet having a tiltable
axis of rotation, the CVT comprising:

a first stator plate coaxial with the main drive axis, the first stator plate
having a plurality of radially offset slots, the radially offset slots configured such
that each tiltable axis is guided independently from the others;

a second stator plate coaxial with the main drive axis, the second stator
plate having a plurality of radial slots, the radial slots configured to independently
guide the tiltable axes of rotation; and

wherein the first stator plate is configured to rotate relative to the second
stator plate.

17.  The CVT of Claim 16, further comprising a traction sun coupled to each
traction planet, the traction sun located radially inward of each traction planet, the
traction sun configured to be substantially axially fixed.

18. A stator plate for a continuously variable transmission (CVT) having a
plurality of traction planets, the stator plate comprising:

a substantially disc shaped body having a center; and

a plurality of radially offset guides arranged angularly about the center,
each of the radially offset guides having a linear offset from a centerline of the

disc shaped body.
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19.  The stator plate of Claim 18, further comprising a shift stop extension
arranged about the center.

20.  The stator plate of Claim 19, wherein the shift stop extension is located
radially inward of the radially offset guides.

21.  The stator plate of Claim 19, wherein the shift stop extension is located
radially outward of the radially offset guides.

22. A continuously variable transmission (CVT) having a plurality of traction
planets, each traction planet having a tiltable axis of rotation, the CVT comprising:

a first stator plate arranged coaxial about a main drive axis of the CVT, the
first stator plate operably coupled to each traction planet, the first stator plate
having a plurality of radially offset slots arranged angularly about a center of the
first stator plate, each of the radially offset slots having a linear offset from a
centerline of the first stator plate;

a second stator plate arranged coaxial about a main drive axis of the CVT,
the second stator plate having a plurality of radial slots, the radial slots arranged
angularly about a center of the second stator plate, each of the radial slots
substantially radially aligned with the center of the second stator plate; and

an actuator operably coupled to at least one of the first and second stator
plates, the actuator configured to impart a relative rotation between the first and
second stator plates.

23.  The CVT of claim 22, further comprising a stator driver coupled to the
first stator plate, the stator driver configured to operably couple to the actuator.

24, The CVT of Claim 22, further comprising a traction sun coupled to each
traction planet, the traction sun located radially inward of each traction planet, the
traction sun configured to be substantially axially fixed.

25. A ball planetary continuously variable transmission (CVT) comprising:

a plurality of traction planets, each traction planet having a tiltable axis of
rotation;

a first guide aligned with a line perpendicular to a main drive axis of the

CVT, the first guide configured to act upon the tiltable axis of rotation; and
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a second guide aligned with a line that is parallel to the line perpendicular
to the main drive axis of the CVT, the second guide configured to act upon the
tiltable axis of rotation.

26.  The CVT of Claim 25, wherein the first and second guides are configured
to establish a location substantially defining an equilibrium condition for the tiltable axes.

27. A method of manufacturing a continuously variable transmission (CVT),
the method comprising the steps of:

providing a first guide radially aligned with a line perpendicular to a main
drive axis of the CVT;

providing a second guide offset;

wherein on a projection plane, respective projection lines of the first and
second guides intersect thereby forming an intersection location;

operably coupling a plurality of traction planets to the first and second
guides; and

configuring the first and second guides such that they are capable of
rotation relative to one another about the main drive axis.

28.  The method of Claim 27, wherein the intersection location substantially
corresponds to an equilibrium condition of planet axes associated with the traction
planets.

29, The method of Claim 28, wherein the equilibrium condition corresponds

to a substantially zero skew condition.
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