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CONTINUOUSLY VARIABLE TRANSMISSIONS, SYSTEMS AND METHODS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims priority to U.S. Provisional Patent

Application No. 62/310,559, filed on March 18, 2016, which is hereby incorporated by

reference in its entirety.

BACKGROUND

Field of the Disclosure

[0002] Embodiments disclosed herein relate generally to continuously variable

transmissions, and more particularly to methods, assemblies, and components for

continuously variable transmissions (CVTs).

Description of the Related Art

[0003] Continuously variable transmissions are becoming more popular as people

understand the benefits and advantages of having a continuous range of transmission ratios

instead of a finite set. 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 and a control system manages

the variator so that the desired speed ratio can be achieved in operation. In a belt-type CVT,

the variator consists of two adjustable pulleys coupled by a belt. A disadvantage to belt-type

CVTs is the necessity of two axles - a drive axle and a driven axle - that are offset from one

another and are not coaxial. In a single cavity toroidal -type CVT, the variator 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. A common issue with toroidal-type CVTs

is the variation in forces requires a robust and dynamic axial force generation system. In



addition to adding cost and complexity to the system, these axial force generation systems

add additional parasitic losses to the CVT.

[0004] Embodiments of the variator disclosed herein are of the ball type variator

utilizing planets (also known as power or speed adjusters, balls, sphere gears, or rollers) that

each has an axle defining a tiltable axis of rotation adapted to be adjusted to achieve a desired

ratio of output speed to input speed during operation. The planets are angularly distributed

about a longitudinal axis in a plane perpendicular to the longitudinal axis of a CVT. The

planets receive power on one side from an input disc and transmit power on the other side to

an output disc, one or both of which apply a clamping contact force for increased

transmission of power. The input disc applies (input) power at an input torque and an input

rotational speed to the planets. As the planets rotate about their own axes, the planets

transmit the (output) power at an output torque and an output rotational speed 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 planets. Tilting the axes of the planets with

respect to the axis of the variator adjusts the speed ratio. The planets may receive or transmit

power via direct contact with the input or output disc, or via contact with any of a type of

fluid capable of transmitting power.

[0005] There is an ongoing desire for variators and control systems that provide

improved performance and operational control.

SUMMARY OF THE DISCLOSURE

[0006] 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, one will understand how the features of the system

and methods provide several advantages over traditional systems and methods.

[0007] In one broad respect, embodiments may be generally directed to ball

planetary type variators in continuously variable transmissions. A ball planetary type

continuously variable transmission may include a plurality of planets arranged angularly

about and in contact with a sun assembly. The plurality of planets is interposed between a

first traction ring and a second traction ring. Each planet has an axle defining a tiltable axis



of rotation. The CVT may include a first disc having a first plurality of guide slots and a

second disc having a second plurality of guide slots, each guide slot being configured for

control of a first end or a second end of one of the plurality of axles.

[0008] In another broad respect, embodiments may be generally directed to

methods for assembling ball planetary type continuously variable transmissions.

[0009] In another broad respect, embodiments may be generally directed to

systems for controlling ball planetary type continuously variable transmissions.

[0010] In another broad respect, embodiments may be generally directed to

methods for controlling ball planetary type continuously variable transmissions.

[0011] In another broad respect, embodiments may be generally directed to

vehicles with drive trains including ball planetary type continuously variable transmissions.

The vehicle power requirements may determine a minimum variator size, but vehicle

dimensions may limit the size or weight of a continuously variable transmission.

Additionally, the vehicle may benefit from a desired operating range of a CVT.

[0012] In another broad respect, embodiments may be generally directed to

bicycles with drive trains including ball planetary type continuously variable transmissions.

A rider may want a CVT that allows for the maximum operating range with the lightest

weight.

BRIEF DESCRIPTION OF THE FIGURES

[0013] Figure 1 is a cross section view of a ball planetary continuously variable

transmission (CVT);

[0014] Figures 2A and 2B are cross-section views of a ball planetary CVT,

illustrating under drive and over drive conditions;

[0015] Figure 3 is a side view of a stator, illustrating an area of concern when the

CVT is operating in a forward direction;

[0016] Figures 4A and 4B depict perspective views of one embodiment of a CVT

at FOD, illustrating how planet axles risk egression from stator slots;

[0017] Figure 5 depicts a view of CVT having an input stator with an outer

diameter greater than an outer diameter of an output stator;



[0018] Figures 6A-6B, 7A-7B, and 8A-8B depict embodiments of an input stator,

illustrating stator slots of different radial dimensions for various CVT configurations;

[0019] Figures 9A and 9B depict partial views of a stator, illustrating stator slots

formed as open-ended slots to allow for the greatest range of speed ratios and with features to

inhibit egression of axle ends;

[0020] Figure 10 depicts a side view of one embodiment of an output stator;

[0021] Figure 11A depicts a view of one embodiment of a timing plate;

[0022] Figure 11B depicts a close up partial side view of one embodiment of a

timing plate;

[0023] Figure 12 depicts a flow diagram, illustrating one method for controlling a

ratio adjustment rate;

[0024] Figures 13A-13D depict graphs, illustrating methods for storing

information related to the control of a CVT to prevent binding and to optimize performance

at all speed ratios;

[0025] Figure 14 depicts portions of a system or steps in a control loop useful for

operating a transmission when a rider is pedaling and adjustment of the transmission ratio is

automatically and continuously controlled by a controller; and

[0026] Figure 15 depicts portions of a system or steps in a control loop useful for

operating a transmission according to manual control, and further depicts portions of a

system or steps in a control loop useful for operating a transmission according to manual

control.

DETAILED DESCRIPTION OF THE DISCLOSURE

[0027] 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.

Furthermore, embodiments can include several inventive features, no single one of which is

solely responsible for its desirable attributes or which is essential to practicing the systems

and methods described herein.



[0028] As used herein, the terms "operationally connected", "operationally

coupled", "operationally linked", "operably connected", "operably coupled", "operably

linked," "in contact" 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 embodiments, specific structures or mechanisms that link or

couple the elements may be described. However, unless otherwise specifically stated, when

one of said terms is used, the term indicates that the actual linkage, coupling or contact may

take a variety of forms.

[0029] For description purposes, the term "radial" is used herein to indicate a

direction or position that is perpendicular relative to a longitudinal axis of a transmission or

variator. "Radially inward" refers to a position relatively closer to a central point, whereas

"radially outward" refers to a position relatively farther away from a central point. The term

"axial" as used herein 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, elements 1A and elements IB) will be

referred to collectively by a single label (for example, elements 1).

[0030] 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

(µ) 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 herein 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.

[0031] Embodiments disclosed herein are related to the control of a variator

and/or a CVT using spherical planets, each planet having a tiltable axis of rotation

(sometimes referred to herein as a "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 or displacement of the

planet axis in a first plane inducing an unbalanced set of forces on the planets which forces

then tend to steer the planets and their respective axles to a new tilt position (or gamma

angle) where the forces are then balanced in equilibrium, thereby achieving an angular

adjustment of the planet axis of rotation in a second plane, thereby adjusting the speed ratio

of the variator. The angular misalignment, rotation or displacement in the first plane is

referred to herein as "skew" or "skew angle." 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 in the second plane to a state of equilibrium, where forces on the

planet and axles are balanced at the new tilt angle. The tilting of the planet axis of rotation

adjusts the speed ratio of the variator. Embodiments of skew control systems (sometimes

referred to herein as "skew based control systems") and skew angle actuation devices for

attaining a desired speed ratio of a variator will be discussed.

[0032] Embodiments disclosed herein may incorporate the advantages and

features of ball planetary type CVTs. Figures 1, A and 2B depict one embodiment of a ball

planetary type continuously variable transmission (CVT) 10 having a plurality of planets 11

arranged around main axle 12 defining longitudinal axis 13. Each planet 11 rotates about its

own planet axle 15 defining planet axis of rotation 16. Sun assembly 18 is located radially

inward of and in contact with each planet 11. Assuming, for figures 1 and 2A-2B, power

flows from right to left, CVT 10 further includes traction ring 26 for transferring power to

planets and traction ring 28 for transferring power from planets 11, including to or from sun

18. CVT 10 may further include axial force generators 5, 6, as well as sensors, lubrication

components, traction fluid, additional toothed gear sets, etc., which are not shown. In some

embodiments, each planet axle 15 has an axle cap 44 for rolling contact with sides 37, 38



(see Figure 3) of stator slot 3 1 in input stator 32, and timing plate roller 43 (see Figures 4A

and 4B) for rolling contact with sides 45, 46 of timing plate 36.

[0033] Control of planet axles 15 (and therefore axes of rotation 16) may be

accomplished using input stator 32, output stator 34 and, in a passive role, the timing plate

36. In general, planets 11 are interposed between input stator 32 and output stator 34, with

timing plate 36 being positioned proximate input stator 32 (as depicted in Figures 1, 2A and

2B) or output stator 34 (not depicted). Planet axles 15 are positioned such that first end 15A

is located within stator slots 3 1 in input stator 32 and second end 15B is located within stator

slots 33 in output stator 34. Rotation of one of input stator 32 or output stator 34 relative to

each other by a certain beta angle will result in a skew angle between planet axle 15 and

longitudinal axis 13. Thus, as CVT 10 is adjusted in the range between full under drive

(FUD) and full overdrive (FOD), slots 3 1 and 33 are angularly misaligned and ends 15A and

15B of planet axles 15 translate along slots 31, 33. In other words, the input stator 32 and

output stator 34 actively skew an end of all of the planet axels 15 out of parallel with

longitudinal axis 13 and the forces acting on the planets 11 from the input ring 26, output

ring 28 and sun assembly 18, tend to tilt or steer the planet axles 15 to a tilt angle (gamma

angle) where the forces acting on the planets 11 are balanced for the selected skew angle

(beta angle) between input stator 32 and output stator 34. The timing plate 36 does not

determine the tilt angle of the planet axles 15, as "iris plates" in other CVTs may do and does

not actively participate in shifting the CVT 10. Rather, the timing plate 36 serves the limited

function of preventing the axles 15 from misaligning too far from one another when the CVT

10 is in certain conditions, such as during reverse operation.

[0034] When a CVT is operating near the middle of its range (such as depicted in

Figure 1), adjusting the transmission ratio is rapid and requires little effort. However,

Figures 2A and 2B depict cross-section views of a CVT, illustrating the concepts of under

drive and over drive. When CVT 10 is in under drive, planet axle 15 is at a tilt angle such

that the input speed (observed at input traction ring 26) is greater than the output speed

(observed at output traction ring 28) and the input torque is proportionately less than the

output torque. When CVT 10 is in over drive, planet axle 15 is at a tilt angle in an opposite

direction such that the input speed (observed at input traction ring 26) is less than the output

speed (observed at output traction ring 28) and the input torque is greater than the output



torque. A concern of CVT design is decreased performance and damage caused by binding,

which may occur when the CVT is at or near FUD or FOD and the transmission is rotating

below a desired speed.

[0035] Figure 3 is a side view of a stator, illustrating areas of concern when the

CVT is operating at an extreme tilt angle (such as FUD or FOD) in a forward direction. For

ease of understanding, only stator 32 is depicted. However, the concepts described herein

may apply to either stator 32 or stator 34. When input stator 32 of CVT 10 is rotating

counterclockwise, planet axles 15 may contact edges 37 of slots 3 1 in input stator 32. When

stator 32 is rotating clockwise, planet axles 15 may contact edges 38 of slots 3 1 in stator 32.

It should be noted that, due to tolerances, variations in manufacturing, wear or other factors,

not all axles 15 may be in contact with the same respective surface. Using stator 32 depicted

in Figure 3, there may be six slots 31. Axles may contact five of the six surfaces 37 and the

sixth axle may contact surface 38.

[0036] When planet axles 15 are parallel with, or within a range to (near) parallel

with, a longitudinal axis of the CVT 10, adjustment of the axles may be performed

independent of any rotational speed or torque of the transmission. However, if planet axles

15 are tilted to a terminus of the overall range of the transmission, axle ends 15A or 15B may

egress or partially egress stator slots 31. If planet axle ends 15A or 15B egress or partially

egress stator slots 3 1 or 33, binding can occur and/or damage may occur to planet axles 15,

surface 37 or 38 of slot 31, area 55, or some other portion of stator slot 3 1 or 33 or stator 32

or 34. In one scenario, when a bicycle is operating at FOD and the rider is not applying

power (e.g., such as when traveling down a hill, traveling with a strong tailwind, coasting,

etc.), planet axles 15 may be tilted to an angle such that egress of the planet axle 15 is

possible near area 57.

[0037] Figures 4A and 4B depict perspective views of one embodiment of CVT

10 at FOD, illustrating how planet axles 15 in CVT 10 may risk egression from slots 33.

[0038] Binding behavior may be compounded by the design of timing plate slots.

For example, depending on the CVT speed, the tilt angle of planet axles 15, and the design of

timing plate 36, timing plate 36 may assist with adjusting the speed ratio. However, under

certain operating conditions, timing plate 36 can interfere with adjustment such that area 55

may experience increased wear and fatigue, which can lead to fractures or failure. For



example, if a rapid adjustment is instigated while system is in FOD (i.e. planet axles 15 are

tilted to an extreme angle), timing plate roller 43 may be in close proximity to the relatively

large radius on the opening of timing plate slot 42 at the same time axle cap 44 is against the

opposing face 39 or 40 of stator slot 33. The direction of the normal force acting on timing

plate roller 43 biases CVT 10 toward increasing the tilt angle (gamma angle) instead of

decreasing it as commanded. Furthermore, axle cap 44 may contact a bottom of the stator

slot 33 and cause axle 15 to translate axially to try to achieve a zero skew condition. This

axial movement sets up a condition that allows timing plate roller 43 to begin edge loading

an outer edge of stator 32 near stator slot 31. Depending on the speed of the adjustment ratio

and the amount of adjustment force available, axle cap 44 may exert a force on surface 38 or

39 near the outer diameter of stator slot 33. The force may increase friction, thereby

increasing heat or generating vibration which has the potential to damage slot edge 37, 38, 39

or 40. Application of a torque to an input driver may unbind the CVT 10. However, a

damaged slot edge increases the possibility of trapping one end 15A or 15B of planet axle 15

against other components. A sudden load on the input driver could cause further damage

resulting in breaking a carrier or some other damage to the carrier, planet axles 15 or some

other component.

[0039] To overcome the shortcomings of previous approaches and to generally

improve the performance of such CVTs 10, embodiments disclosed herein utilize mechanical

configurations and geometries (each of which is individually capable of preventing binding)

in conjunction with a control system to prevent binding. Particularly, embodiments disclosed

herein include arrangements and configurations to prevent axles 15 from egressing or

partially egressing stator slots 31, 33 or damaging components.

[0040] Input stator 32 and output stator 34 generally do not experience equivalent

torques and stresses at the extreme angles associated with FOD and FUD. As such, design

for input stator 32 to accommodate planet axles 15 at FUD or FOD may differ from the

design for output stator 34 to accommodate planet axles 15 at FOD or FUD.

[0041] In some embodiments, input stator 32 may be formed to have a larger

diameter than output stator 34 such that slots 3 1 may be longer to provide the full range

without risk of axle 15 egressing stator slot 31. As depicted in Figure 5, CVT 10 may be

formed having input stator 32 with an outer diameter greater than an outer diameter of output



stator 34. In some embodiments, input stator 32 may be formed with slots 3 1 recessing

radially inward (i.e., deeper) relative to slots 33 in output stator 34. Forming stator 32 with

stator slots 3 1 oversized ensures axle ends 15A cannot egress stator slots 31. Embodiments

disclosed herein may realize the same size, weight or inertia benefits of larger CVTs by using

stator 32 having a larger diameter. It should be noted that embodiments disclosed herein may

achieve the power capacity and range of larger CVTs through various geometries of selected

larger parts. Furthermore, embodiments disclosed herein allow users to manually control a

CVT as well as provide for automatic adjustment of a CVT without fear of the CVT binding.

[0042] Figures 6A-6B, 7A-7B, and 8A-8B depict embodiments of input stator 32

having stator slots 3 1 of different radial dimensions, illustrating designs for various CVT

configurations. As depicted in Figure 6B, input stator 32 may have slots 3 1 radially

recessing radially inward to a first radius. As depicted in Figures 7B and 8B, input stators 32

may have a larger outer diameter and may have stator slots 31 recessing radially inward to a

second radius less than the first radius such that the stator slots 3 1 extend farther radially

inward than stator slots 33. It should be noted that stators 32 depicted in Figures 7A-7B or

8A-8B are not just scaled versions of stator 32 depicted in Figures 6A-6B. For example, the

diameter of central bore 52, the placement and size of openings 51 relative to central bore 52,

the radial distance to cutouts 53, or other structures may not change regardless of the outer

diameter of input stator 32. In other embodiments, central bore 52, the placement and size of

openings 5 1 relative to central bore 52, and the radial distance to cutouts 53 may not change

but other structures such as ribs, shoulders, cutouts, fillets or the like may change to

accommodate possible changes in stress.

[0043] If slots 3 1 or 33 are formed as closed-end slots, axle ends 15A or 15B

cannot egress, but the operating range of CVT 10 may be reduced. In some embodiments, a

profile of stator slots 3 1 or 33 may be configured as open-ended slots to allow radial

translation of axle ends to achieve a desired range of speed ratios, but prevent axle ends from

egressing stator slots 3 1 or 33. As depicted in Figures 9A and 9B, stator slots 3 1 or 33 may

be formed as open-ended slots to allow for the greatest range of speed ratios, with outer

portion 62 being narrower than inner portion 6 1 to inhibit egression of axle ends. Inner

portion 6 1 may be formed with a first width W1 to allow free translation of axle ends 15A or

15B (including axle cap 44 if present) across a desired operating range. Outer portion 62



may be formed with a second width W2 less than the first width W 1. In some embodiments,

the second width W2 is less than the diameter of axle end 15A or 15B. In some

embodiments, the second width W2 is less than a diameter of axle cap 44. In some

embodiments, such as depicted in Figures 9A and 9B, slot 31 includes protuberance 63 on

leading edge 37 to form the second width W2. Protuberance may be formed with radially

inward surface having substantially the same radius of curvature as a radius of planet axle 15

or axle cap 44 to allow for the greatest translation of planet axle 15 (and hence greatest

operating range of CVT 10). In other embodiments, stator slot 3 1 may be formed with

protuberance 63 on a trailing edge (not shown) or a combination of two protuberances 63,

one on each edge. Furthermore, Figures 9A and 9B depict protuberance 63 having a smooth

or continuous transition between the first width W i and the second width W2. Any transition

between the first width W i and the second width W2 may be curved, slanted or stepped.

[0044] Figure 10 depicts a side view of output stator 34. In some embodiments,

output stator 34 may be used in assemblies having larger assembly tolerances. Output stator

34 may be formed with asymmetric edges to provide additional tolerances for assembly. For

example, Figure 10 depicts one embodiment of output stator 34 having a non-tangential edge

66 proximate the radial outward ends of one, multiple or all of the stator slots 33. Non-

tangential edges 66 may be slanted or curved such that the edge 66 is substantially not equal

to a radius. Non-tangential edges 66 may be formed during a casting process or may be

formed by cutting or otherwise removing material from output stator 34. The angle at which

non-tangential edge 66 is formed is based on several factors, including, but not limited to, the

dimensions of planet axle 15 (including the presence or absence of axle cap 44 or timing

plate roller 43), the dimensions of stator slot 31, and the dimensions of timing plate 36. In

some embodiments, non-tangential edges 66 may be formed at an angle greater than 3

degrees relative to a tangent of the circumference of stator 34 at the centerline of slot 33. In

some embodiments, an angle greater than 6 degrees may be necessary to provide clearance

for planet axle 15 to be positioned in CVT 10 with axle ends 15A and 15B in stator slots 3 1

and 33.

[0045] A timing plate is another component which ideally improves performance

of a CVT but, under certain circumstances, has the capability to hinder performance or even

cause binding or damage to the CVT. Timing plate 36 does not play an active role in the



shifting of CVT 10, as stator slots 31, 33 are the primary guides for axles 15, but it may be

used to limit the error in the tilt angle any single planet axle 15 may have in relation to the

mean tilt angle of remaining planet axles 15. Timing plate 36 is particularly useful when

torque is driven backward through CVT 10, whereby timing plate 36 prevents a binding

situation from occurring due to variations in offset of axles 15. Timing plate 36 may be a

free turning disc with radial guide slots 45, and may be placed axially between or outside

stator discs 32, 34. Timing plate 36 may be grounded with a direct coupling to either stator

disc 32, 34 or via an element (not shown) that is also grounded relative to stator disc 32 or

34. In some embodiments (not shown) timing plate 36 may be counter-timed to stator disc

32 or 34 to which it is adjacent by a gear mechanism coupling it to relative stator disc 32, 34.

Each of planet axles 15 extends through slots 45 of timing plate 36 and engages stator guide

slots 31, 33. Tolerances of timing plate slots 45 allow stator guide slots 31, 33 to be the

primary alignment feature for planet axles 15.

[0046] Figure 11A depicts a side view of one embodiment of a timing plate 36,

and Figure 11B depicts a close up partial side view of timing plate 36. Timing plate 36 has

timing plate slots 45 configured to cooperate with stator slots 31, 33 to control planet axles

15. However, when an axle end 15A or 15B is near a radially outward end of stator slot 3 1

or 33, there exists a possibility that forces applied by timing plate slot 45 may bias axle 15

out of stator slot 3 1 or 33. In some embodiments, timing plate slots 45 are formed with a

reduced radius of corner 48. Reducing a corner radius of slots 45 may ensure planet axles 15

do not roll up and over corner 48, that is, they do not egress from slot 45, which may prevent

axle cap 44 from edge loading stator slots 3 1 or 33.

[0047] At zero planet speed, no skew forces can be generated to induce a change

in the gamma angle. As the beta angle (that is, the relative angular position of one stator disc

32, 34 with respect to the other) changes, planet axles 15 skew until timing plate roller 43

contacts timing plate slots 45, creating a scissoring action on planet axle 15. If the friction

forces are high enough, planet axle 15 cannot slide along the scissoring faces (i.e., surfaces

37, 38 or 41), causing CVT 10 to bind. Timing plate slots 45 may be polished or otherwise

have a surface finish to reduce friction. Reducing friction in timing plate slots 45 reduces the

possibility for binding. In some embodiments, slots 45 may be machined, polished or

otherwise formed to have a surface finish less than a surface finish of stator slots 3 1 or 33.



For example, timing plate 36 may be formed with timing plate slots 45 having a surface

finish less than 2 nanometers, less than 1.5 nanometers, or less than 1.2 nanometers.

[0048] In addition to CVT design, the rotation speed of planets 11 may affect

binding. For example, the friction forces present at times in a skew control system, the

geometry of a stator or timing plate, the friction force between an axle end in contact with a

stator or timing plate, and the like can cause binding at or near zero speed. Embodiments

disclosed herein may also control adjustment rate, which may eliminate such binding.

[0049] In an asymmetric skew system, any one or a combination of traction

forces, forces on the axle ends and ring rotation produce a gamma adjustment rate. If the

system skews without input torque or rotation the planet axle will skew with no gamma

adjustment. The adjustment system can bind once the timing roller contacts the timing plate

due to friction forces and lack of gamma adjustment forces. Binding can also occur at low

speeds when little or no torque is applied for same reason. The rate at which a gamma angle

can change is directly related to planet speed and the torque on rings 26, 28. The more the

gamma angle lags behind the beta angle, the possibility for binding increases. In some

embodiments, to minimize contact of the timing roller with the timing plate, the beta

adjustment rate needs to closely match gamma adjustment rate.

[0050] A position controller may be implemented to adjust CVT to a desired beta

angle. The controller may apply a torque to a driver to achieve a specific beta angle. The

torque applied may be limited to a motor stall torque. Beta stops may be added to limit the

beta angle. In some embodiments, beta stops may be implemented to limit the beta angle to

an angle between -5 degrees to +6 degrees. Embodiments may include firmware or some

other tangible medium including a memory, a processor and a set of instructions for

controlling a ratio adjustment rate. Figure 12 depicts a flow diagram, illustrating one method

for controlling a ratio adjustment rate.

[0051] In steps 1205 and 1208, input and output speeds related to CVT 10 are

determined from sensors.

[0052] In step 1210, a maximum ratio adjustment rate is determined.

Determining the maximum ratio adjustment rate may be achieved by an algorithm using

input signals from various sensors to calculate a theoretical maximum ratio adjustment rate,



may be achieved by empirical testing and subsequent storage of the predicted maximum ratio

adjustment rate into a table, or some combination.

[0053] In step 1212, a desired ratio adjustment rate is determined, such as by

receiving a signal from a controller. In some embodiments, a user may twist a hand grip or

otherwise try to manually impose a desired ratio adjustment rate. A sensor may determine

the desired ratio adjustment rate based on the angular displacement of the hand grip.

[0054] In step 1214, the desired ratio adjustment rate is compared to the

maximum ratio adjustment rate. The maximum adjustment rate may be stored in memory or

may be calculated continuously.

[0055] In step 1216, if the desired ratio adjustment rate is greater than the

maximum ratio adjustment rate, the ratio adjustment rate is held at the present ratio

adjustment rate. Alternatively, in step 1218, if the desired ratio adjustment rate is greater

than the maximum ratio adjustment rate, the ratio adjustment rate is adjusted to be

approximately equal to the maximum ratio adjustment rate.

[0056] In step 1220, if the desired ratio adjustment rate is less than the maximum

ratio adjustment rate, the ratio adjustment rate is adjusted to the desired ratio adjustment rate.

[0057] Figures 13A, 13B, 13C and 13D depict various solutions for determining

maximum ratio adjustment rate. As depicted in Figure 13A, a maximum ratio adjustment

rate may be calculated for a given CVT operating at different ratios. A calculated maximum

ratio adjustment rate may be substantially linear, or may be curvilinear, such as an increasing

or decreasing ratio adjustment rate. If there is a linear relationship between ratio and ratio

adjustment rate, calculation of a ratio adjustment rate may be preferred. If there is a non

linear relationship between ratio and ratio adjustment rate, a look up table to determine a

ratio adjustment rate may be preferred. Determination of an adjustment rate may be

determined based on a transmission ratio of the CVT. As depicted in Figure 13B, a ratio

adjustment rate corresponds to a transmission ratio. Further, as depicted in Figure 13B, a

maximum ratio adjustment rate may be expressed as a series of ranges. In a first range (from

FUD to near 1:1), the maximum ratio adjustment rate may be at a first rate 1310. In a second

range (from near 1:1 on an under drive side of the range to near 1:1 on an overdrive side of

the range), the maximum ratio adjustment rate may be at a second rate 1320. In a third range

(from near 1:1 to FOD), the maximum ratio adjustment rate may be at a third rate 1330.



Furthermore, in some situations or configurations, existence of a binding condition may be

dependent on the direction of transmission rotation. A maximum adjustment rate may be

determined based on other factors as well. As depicted in Figures 13C and 13D, a plurality

of data structures may be determined for a plurality of loads. Figure 13C depicts a plurality

of data structures for determining a maximum adjustment rate under different loads. This

process may be suited for CVTs or operations in which there is a linear relationship based on

loads. Figure 13D depicts a single data structure storing a plurality of curves. Note that in

Figure 13D, if the CVT has a higher load, it might result in a lower maximum adjustment

rate 1350 in a first direction (e.g., going from FUD to FOD) but may result in a higher

maximum adjustment rate 1354 in a second direction (e.g., going from FOD to FUD).

Alternatively, embodiments may select a hybrid adjustment rate 1352 for both upshifting and

downshifting. Thus depending on how much load was being transported, a different table or

other data structure may be referenced to determine the maximum ratio adjustment rate.

[0058] Embodiments disclosed herein may implement one or more control

strategies depending on a mode of operation. For example, in applications involving

bicycles, there may be a first mode of operation when a rider is pedaling the bicycle and a

second mode of operation when the rider is not pedaling, or there may be a first mode of

operation when the transmission ratio is controlled automatically, such as by a controller

determining a target transmission ratio, and there may be a second mode of operation when

the user wants manual control of the transmission. Figure 14 depicts a flow diagram,

illustrating a system and method for adjusting a CVT when a rider is pedaling.

[0059] Blocks 1410, 1412, 1414, 1416, 1418, 1420, 1422, 1424, 1428, 1430 and

1436 may represent portions of a system or steps in a control loop useful for operating a

transmission when a rider is pedaling and adjustment of the transmission ratio is

automatically and continuously controlled by a controller.

[0060] In step 1410, embodiments may determine whether a bicycle is moving.

A wheel speed sensor may be positioned relative either a front wheel or rear wheel on a

bicycle. In some embodiments, a mechanical, electric or magnetic (including some variation

such as electromagnetic) sensor may provide the wheel speed (referred to herein as row or

Ww). In one embodiment, a Hall effect sensor may be used to determine wheel speed. The

sensor may be communicatively coupled to a controller. In some embodiments, the sensor



may process any signals to determine a wheel speed. In other embodiments, the sensor may

provide any signals to the controller and the controller may process any signals to determine

a wheel speed.

[0061] In step 1412, a cadence may be requested. Requesting a wheel cadence

may involve a user requesting a particular cadence or a range of cadences, such as by

entering a cadence in a graphical user interface (GUI) communicatively coupled to a

controller.

[0062] In step 1414, a pedal speed or cadence (referred to herein as cop or Wp)

may be calculated. Calculating a wheel cadence may involve a controller using the wheel

speed (as received from the wheel speed sensor, as determined based on the vehicle speed

and the wheel radius, etc.) and a ratio of a front gear relative to a rear gear. In some

embodiments, the ratio may be determined based on the number of teeth on a front gear and

the number of teeth on a rear wheel, front ring diameter and rear cog diameter, or the like. In

some embodiments, cadence (cop) may be determined based on the following equation:

p = c *Tf/Tr

[0063] where cop is cadence, roc (or Wc) is the rotational speed of the rear cog, Tf

is the number of teeth on a front ring (also commonly referred to as a front crank) and Tr is

the number of teeth on a rear ring (also commonly referred to as a rear cog). In step 1416, a

calculated wheel cadence value may be passed through a filter such as a low pass filter

(LPF).

[0064] In step 1418, a value for the requested cadence and the actual cadence can

be compared. In some embodiments, a summing function may be used to calculate an error

value.

[0065] If the error value is non-zero, there is the possibility that the system will

continually try to adjust the CVT. This can cause issues, such as increased temperature of a

motor or increased battery power consumption by the motor. Embodiments may include

additional functions or functionality to refine the signal and improve the system performance.

In step 1420, a dead band may be determined. A controller may determine a dead band

based on bicycle speed, a requested cadence, a wheel speed, a motor rating, a motor duty

cycle, a current draw from a battery, a power input from a battery/motor, or some other

factor. In step 1422, any value of cadence that is within the range of values defined by the



dead band is changed to 0 . Steps 1420 and 1422 may reduce the frequency that a CVT may

need to be adjusted, which may increase life of the system, improve range of a battery,

increase the life of a component such as a motor, etc. Portions of steps 1420 and 1422 may

be performed by a controller.

[0066] In step 1424, a motor driver may be operated to achieve the requested

cadence. The motor driver may be coupled to a piston, a cam, or some other mechanism for

adjusting a transmission ratio of the CVT. In some embodiments, a motor driver may be

configured to adjust a tilt angle or a skew angle capable of adjusting a tilt angle. The motor

driver may be configured to operate a motor according to a duty cycle. In step 1428, a motor

coupled to the motor driver may adjust the transmission ratio of the CVT. The motor driver

may provide a signal at a rate between 0 and 100% of a time period. In some embodiments,

a rotary encoder position may be adjusted by the motor.

[0067] Embodiments may determine when to operate the control system. In step

1410, the wheel speed (row) may be determined. A controller may determine if the bicycle is

operating above a threshold. For example, a threshold value of 20 revolutions per minute

(RPM) may be stored in memory. A moving detection function may receive, intercept, or

otherwise obtain a value for present wheel speed (row) and compare that value to the 20

RPM. If the present wheel speed is equal to or greater than the threshold value, a signal (e.g.

a flag) may be sent to the motor driver, allowing the motor driver to operate the motor. If the

present wheel speed value is less than the threshold value, the motor driver is not allowed to

operate the motor. In step 1436, a controller determines if the motor driver should be

allowed to drive a motor. If the bicycle is determined to be above the threshold,

embodiments may employ a second control loop. In step 1430, a present rotary encoder

position is determined. A rotary encoder position may be used to determine a beta angle

(that is, a relative rotation between two stator discs in a CVT). A beta angle may cause a

plurality of axles in a ball planetary CVT to have a skew angle. A skew angle causes the

CVT to have a tilt or gamma angle.

[0068] The above steps may be useful for controlling a CVT in a bicycle when a

rider is pedaling. However, there are times when a rider is coasting or otherwise not

pedaling. This can create scenarios in which a CVT is at a risk for being at an undesirable

transmission ratio. For example, a user may be riding at the highest transmission ratio (also



referred to as full over drive or "FOD") and then stop pedaling, coasting to a stop. When the

user starts to pedal, the CVT could still be at FOD and the torque applied by the rider to

accelerate the bicycle will exceed a desired threshold. Accordingly, embodiments disclosed

herein may, upon detection that the rider is not pedaling, perform a control scheme capable

of adjusting the transmission ratio such that when the user starts pedaling again, the CVT will

be in a suitable transmission ratio. Alternatively, a scenario may exist in which a user may

want to manually controls the CVT. Figure 15 depicts a schematic diagram, illustrating a

system and method for controlling a transmission ratio of a CVT during coasting or other

operations in which the rider is providing minimal (including zero) input power or is

manually controlling the transmission ratio.

[0069] Blocks 1502, 1506, 1507, 1513, 1518, 1520, 1522, 1524, 1528, 1530 and

1536 may represent portions of a system or steps in a control loop useful for operating a

transmission according to manual control.

[0070] In step 1502, a requested ratio may be received by a controller. The

requested ratio may be input by a user such as by twisting a handle, entering a value using a

GUI, pushing a button or other input mechanism.

[0071] In step 1506, a controller may receive, request or otherwise obtain

information about a requested ratio. In some embodiments, an interface may be configured

to receive information and determine from the information that a user is wanting to adjust a

transmission manually.

[0072] In step 1507, a controller receives information relating to a requested ratio.

Using this information, a controller may provide an estimation of a transmission ratio. In

systems in which a relationship between a position and a transmission ratio is non-linear, a

controller may refer to a lookup table or other data structure stored in memory to provide an

estimation of a transmission ratio.

[0073] In step 1510, embodiments may determine a bicycle is moving. A wheel

speed sensor may be positioned relative either a front wheel or rear wheel on a bicycle. In

some embodiments, a mechanical, electric or magnetic (including some variation such as

electromagnetic) sensor may provide the wheel speed (row). In one embodiment, a Hall

effect sensor may be used to determine wheel speed. The sensor may be communicatively

coupled to a controller. In some embodiments, the sensor may process any signals to



determine a wheel speed. In other embodiments, the sensor may provide any signals to the

controller and the controller may process any signals to determine a wheel speed.

[0074] In step 151 1, a controller may determine a rate limit based on the wheel

speed (row). A limit computed from the wheel speed (row) may be used as a limit for a

position of a rotary encoder or other actuator component.

[0075] In step 1513, a controller may receive a position reference value and a rate

limit value, and may provide a maximum transmission ratio adjustment rate. In some

embodiments, the rate limit value may be limited to a value passed through a rate limiting

function, such as described with respect to step 151 1 .

[0076] In step 1518, a value for the requested cadence and the actual cadence can

be compared. In some embodiments, a summing function may be used to calculate an error

value. If the error value is non-zero, there is the possibility that the system will continually

try to adjust the CVT. This can cause issues, such as increased temperature of a motor or

increased battery power consumption by the motor, among others. Embodiments may

include additional functions or functionality to refine the signal and improve the system

performance. In step 1520, a dead band may be determined. A controller may determine a

dead band based on bicycle speed, a requested cadence, a wheel speed, a motor rating, a

motor duty cycle, a current draw from a battery, a power input from a battery/motor, or some

other factor. In step 1522, any value of cadence that is within the range of values defined by

the dead band is changed to 0 . Steps 1520 and 1522 may reduce the frequency that a CVT

may need to be adjusted, which may increase life of the system, improve range of a battery,

increase the life of a component such as a motor, cabling, the battery or others. Portions of

steps 1520 and 1522 may be performed by a controller.

[0077] In step 1524, a motor driver may be operated to achieve the requested

cadence. The motor driver may be coupled to a piston, a cam, or some other mechanism for

adjusting a transmission ratio of the CVT. In some embodiments, a motor driver may be

configured to adjust a tilt angle or a skew angle capable of adjusting a tilt angle. The motor

driver may be configured to operate a motor according to a duty cycle. In step 1528, a motor

coupled to the motor driver may adjust the transmission ratio of the CVT. The motor driver

may provide a signal at a rate between 0 and 100% of a time period. In some embodiments,

a rotary encoder position may be adjusted by the motor.



[0078] In step 1530, a present rotary encoder position is determined. A rotary

encoder position may be used to determine a beta angle (that is, a relative rotation between

two stator discs in a CVT). A beta angle may cause a plurality of axles in a ball planetary

CVT to have a skew angle. A skew angle causes the CVT to have a tilt angle. Embodiments

may determine when to operate the control system. In step 1510, the wheel speed (row) may

be determined. In step 1532, a controller may determine if the bicycle is operating above a

threshold. For example, a threshold value of 20 revolutions per minute (RPM) may be stored

in memory. A moving detection function may receive, intercept, or otherwise obtain a value

for present wheel speed (row) and compare that value to the 20 RPM. If the present wheel

speed is equal to or greater than the threshold value, a signal (e.g. a flag) may be sent to the

motor driver, allowing the motor driver to operate the motor. If the present wheel speed

value is less than the threshold value, the motor driver is not allowed to operate the motor. In

step 1536, a controller determines if the motor driver should be allowed to drive a motor.

[0079] Blocks 1504, 1505, 1506, 1507, 1513, 1518, 1520, 1522, 1524, 1528,

1530 and 1536 may represent portions of a system or steps in a control process useful for

operating a transmission according to manual control.

[0080] In step 1504, a controller may request, receive or otherwise obtain an

indication of a requested ratio. In step 1505, a controller may compute a transmission ratio

based on the wheel speed (row) and the ratio of Tf/Tr.

[0081] In step 1506, a controller may receive, request or otherwise obtain

information about a requested ratio. In some embodiments, an interface may be configured

to receive information and determine from the information that a user is coasting.

[0082] In step 1507, a controller receives information relating to a requested ratio.

Using this information, a controller may provide an estimation of a transmission ratio. In

systems in which a relationship between a position and a transmission ratio is non-linear, a

controller may refer to a lookup table or other data structure stored in memory to provide an

estimation of a transmission ratio.

[0083] In step 1510, embodiments may determine a bicycle is moving. A wheel

speed sensor may be positioned relative either a front wheel or rear wheel on a bicycle. In

some embodiments, a mechanical, electric or magnetic (including some variation such as

electromagnetic) sensor may provide the wheel speed (row). In one embodiment, a Hall



effect sensor may be used to determine wheel speed. The sensor may be communicatively

coupled to a controller. In some embodiments, the sensor may process any signals to

determine a wheel speed. In other embodiments, the sensor may provide any signals to the

controller and the controller may process any signals to determine a wheel speed.

[0084] In step 151 1, a controller may determine a rate limit based on the wheel

speed (row). A limit computed from the wheel speed (row) may be used as a limit for a

position of a rotary encoder or other actuator component.

[0085] In step 1513, a controller may receive a position reference value and a rate

limit value, and may provide a maximum transmission ratio adjustment rate. In some

embodiments, the rate limit value may be limited to a value passed through a rate limiting

function, such as described with respect to step 151 1 .

[0086] In step 1518, a value for the requested cadence and the actual cadence can

be compared. In some embodiments, a summing function may be used to calculate an error

value. If the error value is non-zero, there is the possibility that the system will continually

try to adjust the CVT. This can cause issues, such as increased temperature of a motor or

increased battery power consumption by the motor, among others. Embodiments may

include additional functions or functionality to refine the signal and improve the system

performance. In step 1520, a dead band may be determined. A controller may determine a

dead band based on bicycle speed, a requested cadence, a wheel speed, a motor rating, a

motor duty cycle, a current draw from a battery, a power input from a battery/motor, or some

other factor. In step 1522, any value of cadence that is within the range of values defined by

the dead band is changed to 0 . Steps 1520 and 1522 may reduce the frequency that a CVT

may need to be adjusted, which may increase life of the system, improve range of a battery,

increase the life of a component such as a motor, etc. Portions of steps 1520 and 1522 may

be performed by a controller.

[0087] In step 1524, a motor driver may be operated to achieve the requested

cadence. The motor driver may be coupled to a piston, a cam, or some other mechanism for

adjusting a transmission ratio of the CVT. In some embodiments, a motor driver may be

configured to adjust a tilt angle or a skew angle capable of adjusting a tilt angle. The motor

driver may be configured to operate a motor according to a duty cycle. In step 1528, a motor

coupled to the motor driver may adjust the transmission ratio of the CVT. The motor driver



may provide a signal at a rate between 0 and 100% of a time period. In some embodiments,

a rotary encoder position may be adjusted by the motor.

[0088] In step 1530, a present rotary encoder position is determined. A rotary

encoder position may be used to determine a beta angle (i.e., a relative rotation between two

discs in a CVT). A beta angle may cause a plurality of axles in a ball planetary CVT to have

a skew angle. A skew angle results in the CVT having a tilt angle that shifts the ratio of the

CVT. Embodiments may determine when to operate the control system. In step 1510, the

wheel speed (row) may be determined. In step 1532, a controller may determine if the

bicycle is operating above a threshold. For example, a threshold value of 20 revolutions per

minute (RPM) may be stored in memory. A moving detection function may receive,

intercept, or otherwise obtain a value for present wheel speed (row) and compare that value to

the 20 RPM. If the present wheel speed is equal to or greater than the threshold value, a

signal (for example, a flag) may be sent to the motor driver, allowing the motor driver to

operate the motor. If the present wheel speed value is less than the threshold value, the

motor driver is not allowed to operate the motor. In step 1536, a controller determines if the

motor driver should be allowed to drive a motor.

[0089] Embodiments described in the present disclosure allow CVT

manufacturers to build, assemble and control CVTs having smaller sizes, weights, and

inertias while still providing the same or higher power capacities as prior approaches, and

without the associated risks of binding or damage to the CVT or components. It should be

noted that the features described herein may be implemented as needed. In other words,

some embodiments may operate using only the algorithm to control adjustment rate, only a

modified timing plate, only a modified input stator or only a modified output stator to avoid

binding, while other embodiments may use a combination of any two or more of the control

algorithm, a modified timing plate, a modified input stator and a modified output stator.

[0090] It 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 further describe certain embodiments. However, the scope of the

inventions described herein 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.

[0091] 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.



WHAT WE CLAIM IS:

1 . A stator for a continuously variable transmission (CVT) having a plurality of

tiltable planet assemblies, each tiltable planet assembly including a planet and a planet axle,

wherein tilting the planet axle changes a transmission ratio of the CVT, the stator

comprising:

a plurality of guide slots for receiving an end of a planet axle having a

diameter, each guide slot comprising:

first and second surfaces for contact with the end of the planet axle, the

first and second surfaces separated by a first width to form a desired clearance

width based on the diameter of the planet axle; and

a third surface located radially inward of the first and second surfaces

for limiting the travel of the end of the planet axle,wherein the radial guide

slot is formed having a second width at a radially outward opening, the second

width being less than the first width.

2 . The stator of Claim 1, wherein the second width comprises a protuberance

having a radially inward curvature substantially matching the curvature of the planet axle.

3 . The stator of Claim 1, wherein the third surface is curved.

4 . The stator of Claim 3, wherein the first surface, the second surface, and the

third surface form a continuous surface.

5 . The stator of Claim 4, wherein the third surface has a radius of curvature

substantially equal to a radius of the planet axle.

6 . The stator of Claim 1, wherein the second width is less than the diameter of

the planet axle.

7 . A stator assembly for a continuously variable transmission having a plurality

of tiltable planet assemblies, each tiltable planet assembly including a planet and a planet



axle, wherein tilting the planet axle changes a transmission ratio of the CVT, the stator

assembly comprising:

a first stator comprising:

a plurality of offset guide slots for receiving an end of a planet axle

having a diameter, each offset guide slot comprising:

first and second surfaces for contact with the end of the planet

axle, the first and second surfaces separated by a first width to form a

radial opening and to form a desired clearance width based on the

diameter of the planet axle; and

a third surface located radially inward of the first and second

surfaces for limiting the travel of the end of the planet axle; and

a second stator comprising:

a plurality of radial guide slots for receiving an end of a planet axle

having a diameter, each radial guide slot comprising:

first and second surfaces for contact with the end of the planet

axle, the first and second surfaces separated by a first width to form a

desired clearance width based on the diameter of the planet axle; and

a third surface located radially inward of the first and second

surfaces for limiting the travel of the end of the planet axle,wherein the

diameter of the first stator is greater than the diameter of the second

stator.

8 . The stator assembly of Claim 7, wherein the radial guide slot is formed having

a second width at a radially outward opening, the second width being less than the first

width.

9 . The stator assembly of Claim 8, wherein the second width is less than the

diameter of the planet axle.

10. The stator assembly of Claim 7, wherein the inner diameter of each radial

guide slot in the second stator extends radially inward of the inner diameter of each offset

guide slot of the first stator.



11 . The stator assembly of Claim 7, further comprising a timing plate interposed

between a plurality of planets and the first stator, the timing plate having a plurality of timing

slots formed by a first timing slot surface and a second timing slot surface.

12. The stator assembly of Claim 11, wherein the first stator has an outer diameter

greater than an outer diameter of the timing plate.

13. A method for controlling a CVT, comprising:

determining a maximum ratio adjustment rate; and

controlling the ratio adjustment rate to not exceed the maximum ratio

adjustment rate.

14. The method of claim 13, wherein controlling the ratio adjustment rate to not

exceed the maximum ratio adjustment rate comprises adjusting the ratio at the maximum

adjustment rate.

15. The method of Claim 13, wherein the step of determining a maximum ratio

adjustment rate includes determining the current input speed of the CVT.
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