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(57) Abstract: A continuously variable transmission (CVT) (14) includes a drive pulley (18), a driven pulley (20), and an endless
rotatable device (22) coupled between the drive and driven pulleys (18, 20). The drive pulley (18) and the driven pulley (20) each in-
clude pulley teeth (19T, 21T), and the endless rotatable device (22) includes device teeth (22T). A controller (50) can control the op-
eration of the CVT and can execute the following instructions: (a) receiving a torque request while the device teeth (22T) are mating
with the pulley teeth (19T, 21T); (b) determining whether the torque request direction is opposite to the input torque direction; (c)
determining whether a current clamping force applied by an actuator (28, 30) to the drive pulley (18) is sufficient to change the dir -
ection of the torque transmitted by the drive pulley (18); and (d) commanding the actuator (28; 30) to increase the current clamping
force when the current clamping force is not sufficient to change the direction of the torque transmitted by the drive pulley (18).
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A CONTINUOUSLY VARIABLE TRANSMISSION AND
METHOD FOR CONTROLLING THE SAME

TECHNICAL FIELD
[0001] The present disclosure relates to a continuously variable transmission (CVT)

and a method for controlling the same.

BACKGROUND

[0002] A CVT is a power transmission providing infinite variability of speed ratios
within a calibrated range. That is, while conventionally-geared transmissions typically
use planetary gear sets and multiple rotating and/or braking clutches to establish a desired
speed ratio, a CVT instead uses a variator assembly with a pair of variable-diameter

pulleys to transition anywhere within the calibrated range of speed ratios.

SUMMARY

[0003] The present disclosure describes a CVT including a drive pulley, a driven
pulley, and an endless rotatable device (e.g., chain) coupled between the drive pulley and
the driven pulley. The drive pulley and the driven pulley each include pulley teeth, and
the endless rotatable device includes device teeth configured to mate with the pulley teeth.
The presently disclosed CVT can operate in a friction drive mode and a fixed
gear/positive engagement mode. In the friction drive mode, the CVT relies on the friction
between the endless rotatable device and drive and driven pulleys to transmit torque. In
the fixed gear/positive engagement mode, at least some of the pulley teeth mate with the
device teeth in order to transmit torque.

[0004] When operating in the fixed gear/positive engagement mode, the CVT may
experience an impact during a torque direction reversal due to the lash between the two
transmission components (i.e., the lash-induced impact). In the present disclosure, the

term “lash” means the amount of free motion between two components (e.g., gear teeth).
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The present disclosure describes a method for minimizing the lash-induced impact in the
CVT during a torque direction reversal.

[0005] In an embodiment, the CVT can operate according to a method suitable to
minimize the lash-induced impact during a torque direction reversal. In one embodiment,
the method includes the following steps: (a) receiving, via a controller, a torque request
while the drive pulley of the CVT transmits torque in an input torque direction and the
device teeth are mating with the pulley teeth, wherein the torque request includes a torque
request magnitude and a torque request direction; (b) determining, via the controller,
whether the torque request direction is opposite to the input torque direction; (c)
determining, via the controller, whether a current clamping force applied by an actuator
to the drive pulley is sufficient to change a direction of a torque transmitted by the drive
pulley from the input torque direction to the torque request direction when the torque
request direction is opposite to the input torque direction; and (d) commanding, via the
controller, the actuator to increase the clamping force applied to the drive pulley when the
current clamping force is not sufficient to change the direction of the torque transmitted
by the drive pulley from the input torque direction to the torque request direction. The
present disclosure also describes CVT assemblies and vehicles including a CVT capable
of operating according to the method described above.

[0006] The above features and advantages and other features and advantages of the
present disclosure are readily apparent from the following detailed description when

taken in connection with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1 is a schematic illustration of an example vehicle having an internal
combustion engine and a fixed gear/positive engagement continuously variable
transmission (CVT) controlled as set forth herein;

[0008] FIG. 2 is a schematic illustration of an example fixed gear/positive
engagement CVT usable as part of the vehicle shown in FIG. 1 and controllable via the
method of FIG. 5;

[0009] FIG. 3 is a schematic, front view of the CVT shown in FIG. 2;
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[0010] FIG. 4 is a schematic, side view of the CVT shown in FIG. 2; and
[0011] FIG. 5 is a flow chart describing a method for controlling the CVT shown in
FIG. 2.

DETAILED DESCRIPTION

[0012] Referring to the drawings, wherein like reference numbers correspond to like
or similar components throughout the several figures, an example vehicle 10 is shown
schematically in FIG. 1. The vehicle 10 includes a power plant 12, which is shown as an
example internal combustion engine (E) but which may be alternatively embodied as an
electric machine or other suitable torque generating device. For illustrative consistency,
the power plant 12 is described in this disclosure as being an engine 12 without being
limited to such a design.

[0013] With reference to FIGS. 1 and 2, the vehicle 10 of FIG. 1 includes a fixed
gear/positive engagement continuously variable transmission (CVT) 14 and an associated
controller (C) 50. As set forth below in further detail with reference to FIGS. 2 and 5, the
controller 50 is configured (i.e., specially programmed in software via computer-readable
and implementable instructions embodying a method 100 and sufficiently equipped in
hardware) to control a mode transition between the two possible torque transfer modes of
the CVT 14 (i.e, a friction drive mode and a fixed gear/positive engagement drive mode).
[0014] In the CVT 14, the friction drive mode provides infinite variability of speed
ratios between a lowest and highest possible speed ratio. Such infinite variability
continues up until positive engagement is achieved, whereupon a fixed gear ratio is
sustained until control conditions warrant a change back to the friction drive mode. The
enhancement of the CVT 14 with positive engagement functionality can increase variator
efficiency due to a reduced reliance on the hydraulic and/or electromechanical clamping
forces ordinarily needed to maintain the friction drive mode.

[0015] The engine 12 includes a crankshaft 13 configured to rotate at an engine speed
(Ng). The crankshaft 13 is connected to an input member 130 (e.g., input shaft) of the
CVT 14, either directly or indirectly (e.g., via a torque converter or an input/disconnect

clutch) depending on the design. The CVT 14 also includes an output member 15 (e.g.,
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output shaft). The output member 15 ultimately delivers transmission output torque (To)
to a set of drive wheels 16 of the vehicle 10 via, by way of example, a final drive or a
differential 17.

[0016] The CVT 14 includes a variator assembly 14V having a drive/primary pulley
18 and a driven/secondary pulley 20. The primary pulley 18 is connected to and driven by
the input member 130 of the CVT 14. The secondary pulley 20 is connected to and drives
an output member 15 of the CVT 14. The CVT 14 also includes an endless rotatable
device 22, such as a belt or chain. As used herein, the term “endless rotatable device”
refers generally to any closed/endless rotatable drive element or closed-loop of a rubber
and/or metal material suitable for transmitting torque from the primary pulley 18 to the
secondary pulley 20 within the variator assembly 14V, including a chain or a
conventional rubber and metal drive belt. In other words, the term “endless rotatable
device” is inclusive of all endless rotatable drive elements of the type usable for
transferring torque between pulleys in a CVT such as the CVT 14 of FIG. 1.

[0017] With reference to FIGS. 3 and 4, the endless rotatable device 22 includes a
plurality of interspaced device teeth 22T (see FIG. 2) which are used to achieve positive
engagement in fixed gear modes of the CVT 14. In addition to the device teeth 22T, the
endless rotatable device 22 may include a plurality of links 36, such as chain links,
arranged in rows. A plurality of pins 38 interconnects the links 36 to one another. At least
some of the pins 38 also couple the device teeth 22T to the links 36. When the CVT 14
operates in the friction drive mode, the pins 38 are in direct contact with the primary
pulley 18 and the secondary pulley 20.

[0018] With reference again to FIGS. 1-4, the respective primary and secondary
pulleys 18 and 20 each have a pair of pulley sheaves 19 and 21, respectively, each with a
respective conical sheave face 23 or 25 defining a variable-width gap 26. The endless
rotatable device 22 of the CVT 14 is positioned within the gap 26 and contacts the sheave
faces 23 and 25. In the depicted embodiment, the pins 38 (FIG. 4) of the endless rotatable
device 22 directly contact the sheave faces 23 and 25 at least when the CVT 14 1s
operating in the friction drive mode. In the depicted embodiment, engine speed (Ng) acts

as an input speed (wp) to the primary pulley 18. In other embodiments, another value
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other than the engine speed (Ng) may serve as the input speed (wp) (e.g., turbine speed
when a torque converter is used downstream of the engine 12, rotor speed, etc.). The
secondary pulley 20 always rotates at a secondary speed (ws).

[0019] The width of the gap 26 may be varied via a movement of a moveable one of
the pulley sheaves 19 and/or 21 of each the respective primary and secondary pulleys 18
and 20 to change the speed ratio of the CVT 14. To that end, the vehicle 10 includes
respective first and second pulley actuators 28 and 30 responsive to respective primary
and secondary force commands (Fp, Fs respectively) to compress the respective primary
and secondary pulleys 18 and 20, i.e., to move the pulley sheaves 19 toward each other
and/or to move the pulley sheaves 21 toward each other depending on whether the width
of the gap 26 on the drive or driven side of the variator assembly 14V is being modified.
An example embodiment of the first and second actuators 28 and 30 includes a hydraulic
piston/cylinder system, although electromechanical, pneumatic, or other linear actuators
may be used in the alternative within the intended inventive scope.

[0020] Each of the pulley sheaves 19, 21 includes a lateral circumferential wall 42
and a circumferential edge 44 between each lateral circumferential wall 42 and the
respective sheave face 23, 25. Each of the pulley sheaves 19, 21 defines a sheave angle o,
which is an oblique angle defined between the respective sheave faces 23, 25 and the
respective circumferential edge 44. The drive pulley 18 also has a radius Rp, and the
driven pulley 20 has a radius Rs. The radius Rp of the drive pulley 18 is a distance from
the axis of rotation 11P to the circumferential edge 44 of the drive pulley 18. The radius
Rg of the driven pulley 20 is a distance from the axis of rotation 118 to the
circumferential edge 44 of the driven pulley 18.

[0021] For each of the pulley sheaves 19 and 21, one of the pulley sheaves 19 and 21
is a moveable sheave, in this instance the pulley sheaves 191 and 121. The clamping
force (F¢), 1.e., arrows Fp and/or Fs depending on which of the pulley sheaves 121 and
191 is being moved, may be provided to the CVT 14 via a fluid pump 32 feeding both the
primary and secondary forces (Fp and Fs) as shown, with the fluid pump 32 drawing a
suitable fluid 33 such as oil from a sump 34 and circulating the fluid 33 to the CVT 14

via hoses, fittings, and other suitable fluid conduit.
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[0022] Each pulley sheave 19 and 21 of FIG. 1 is characterized by a substantially
frusto-conical shape, i.e., a cone having its tip or narrow end removed. Each pulley
sheave 19 and 21 further includes a respective plurality of pulley teeth 19T and 21T on its
sheave faces 23, 25, as best shown in FIG. 2 and described in more detail below. The
device teeth 22T, when fully mated with pulley teeth 19T and/or 21T in this embodiment,
ensure that rotation of the respective primary or secondary pulleys 18 or 20 causes a
rotation of the endless rotatable device to occur and vice versa.

[0023] During operation of the CVT 14, the engine 12 transmits input torque to the
primary pulley 18. This causes the primary pulley 18 to rotate. As the primary pulley 18
rotates, the sheave face 23 contacts the endless rotatable device 22. For example, the pins
38 of the endless rotatable device 22 contact the sheave face 23. Friction at an interface
between the sheave face 23 and the endless rotatable device 22 causes the endless
rotatable device 22 to rotate. Because the endless rotatable device 22 is rotationally
coupled to the secondary pulley 20, rotation of the endless rotatable device 22 in turn
causes the secondary pulley 20 to rotate. While the endless rotatable device 22 rotates,
the actuators 28 and/or 30 may apply force to the pulley sheaves 191 and/or 121 of the
first and second pulley 18 and 19, respectively, in order to vary the speed ratio of the
CVT 14. Such control decisions may be made by the controller 50.

[0024] The controller 50 used to control the operation of the CVT 14 may be
configured as one or more computer devices having memory (M). The controller 50 1s in
communication with a plurality of sensors 29 and can command a shift or transition
between the friction drive mode and the fixed gear/positive engagement drive mode of
the CVT 14, via transmission of the positive engagement control signals (P,) to the CVT
14, 1.e., the actuators 28 and/or 30 or another actuator depending on the design.

[0025] The controller 50 may include hardware elements such as a processor (P),
circuitry including but not limited to a timer, oscillator, analog-to-digital (A/D) circuitry,
digital-to-analog (D/A) circuitry, a digital signal processor, and any necessary
input/output (I/0) devices and other signal conditioning and/or buffer circuitry. The
memory (M) may include tangible, non-transitory memory such as read only memory

(ROM), e.g., magnetic, solid-state/flash, and/or optical memory, as well as sufficient
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amounts of random access memory (RAM), electrically-erasable programmable read-
only memory (EEPROM), and the like. The method 100 may be recorded in memory (M)
and executed by the processor (P) in the overall control of the vehicle 10.

[0026] The controller 50, which is in communication with the first and second
actuators 28 and 30, receives a set of control inputs (CCy) from the plurality of sensors 29
as part of the method 100. The sensors 29 are collectively operable for continuously or
periodically measuring the input speed (wp) of the CVT 14, the output speed (ws) of the
CVT 14, the axial linear displacements (dp, ds) of each of the drive and driven pulleys 18
and 20, and an input torque T; of the CVT 14. Therefore, the sensors 29 may include first
and second speed sensors Sp and Sg, first and second displacement sensors Spp and Spg,
and a torque sensor St. The first or primary speed sensor Sp may be connected to a pulley
axle 60 (FIG. 2) of the drive pulley 18. The second or secondary speed sensor Ss may be
connected to a pulley axle 62 of the driven pulley 20 (FIG. 2). In this embodiment, the
speed sensors Sp and Sg directly measure the respective input speed (wp) and output or
secondary speed (ws). The torque sensor St may be coupled to the input member 130 of
the CVT 14 or the drive pulley 18 of the CVT 14. The input speed (op) and the input
torque Ty to the CVT 14 may be measured by the speed sensor Sp, or it may be reported
or calculated as a function of engine speed (Ng), e.g., from an engine control unit. The
rotational output speed (mg) of the secondary pulley 20 may be likewise measured by the
speed sensor Sg. The displacement sensors Spp and Spg respectively measure the axial
linear displacements (dp, ds) of a respective one of the moveable pulley sheaves 191 and
121. The input torque Tj of the drive pulley 18 can be measured by the torque sensor St,
or determined (e.g., calculated) by the controller 50 based, at least in part, on the input
speed (op) of the CVT 14. The input torque T; of the CVT 14 includes an input torque
magnitude Ty and a torque request direction Trp. The controller 50 can determine the
input torque magnitude Tpv and the torque request direction Trp based on an input from
the torque sensor St. Alternatively, the controller S0 can determine the input torque
magnitude Tpy and the torque request direction Trp based, at least in part, on an input
from the speed sensors Spand/or the actions of the vehicle operator via, for example, the

operator actuator 35 (e.g., an accelerator pedal).
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[0027] The controller 50 can then calculate primary and secondary radii rp and rg of
the belt positions on the pulleys 18 and 20 respectively, using known geometric design
information of the CVT 14 such as its half angle and initial state conditions. That is, the
controller 50 is aware at all times of the primary and secondary radii rp and rs which may
be stored in its memory M and used as needed in the execution of method 100.

[0028] As part of its overall shift control functions, the controller 50 may also receive
or determine an output torque request (Treg). The output torque request (Treg) 1s largely
determined by the actions of an operator (e.g., driver) of the vehicle 10, for instance via a
throttle request, braking levels, present gear state, and the like. To this end, the vehicle 10
includes an operator actuator 35, such as an accelerator pedal, configured to receive
inputs from the driver. In the depicted embodiment, the operator actuator 35 can represent
the accelerator pedal, the brake pedal, a combination thereof, or any other suitable
actuator capable of communicating the output torque request Trgq to the controller 50.
Accordingly, the controller 50 is in communication (e.g., electronic communication) with
the operator actuator 35 and can determine the need for a speed ratio change of the CVT
14 in response to the collective control inputs (CC;) and commands a required clamping
force (arrow F¢) via transmission of actuator control signals (arrow F¢c) to achieve the
desired ratio change at a calibrated rate.

[0029] As part of this strategy, the controller 50 ultimately adjusts the primary and/or
secondary forces (Fp and Fyg) to the actuators 28 and 30 to control a transition between
friction drive and positive engagement drive as explained below with reference to FIG. 5.
In some embodiments, the actuator control signals (Fcc) may include a separate positive
engagement control signal (P,), for instance when the endless rotatable device 22 or
another portion of the CVT 14 is equipped with moveable or deployable teeth or other
mechanisms that are commanded on so as to positively engage the CVT 14 and thus enter
a fixed gear mode.

[0030] A CVT assembly 40 including the CVT 14 and controller 50 of FIG. 1 are
shown in more detail in FIG. 2. In this particular non-limiting example embodiment, the
CVT 14 provides fixed gear/positive engagement functionality via direct engagement of

its device teeth 22T with the pulley teeth 19T and 21T of the respective pulley sheaves 19
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and 21. The device teeth 22T selectively engage (e.g., mate with) the pulley teeth 19T
and/or 21T at or near the limits of motion of the sheaves 191 and 121 to thereby achieve a
fixed gear ratio.

[0031] The pulley teeth 19T and 21T are annularly arranged on the respective sheave
faces 23 and 25, for instance circumscribing an axis of rotation 11P, 118 of respective
pulley shafts 60 and 62 of the primary and secondary pulleys 18 and 20. Positive
engagement occurs between the pulley teeth 19T or 21T and the device teeth 22T when
the rotating endless rotatable device 22 is brought into proximity with the pulley teeth
19T or 21T during a movement of the moveable pulley sheaves 191 and/or 121, such that
the device teeth 22T ultimately contact and then engage the pulley teeth 19T and/or 21T.
This positive engagement establishes a fixed gear mode.

[0032] The endless rotatable device 22 has a longitudinal center axis 31 as shown.
The device teeth 22T may be arranged orthogonally with respect to the longitudinal
center axis 31 of the endless rotatable device 22 to extend radially from a lateral edge of
the endless rotatable device 22 toward the pulley teeth 19T, 21T. Although omitted from
FIG. 2 for illustrative clarity, similar teeth could be provided on the pulley axles 60 and
62, and/or some teeth may be selectively moveable in response to the positive
engagement control signals (Pa) of FIG. 1. With respect to the control method 100, the
particular design of the CVT 14 is not limiting, provided that the CVT 14 is operable to
establish both friction drive and positive engagement modes.

[0033] With respect to the example CVT 14 shown in FIGS. 1 and 2, during some
speed ratios the pulley teeth 19T and 21T do not engage with the device teeth 22T. When
not positively engaged, the speed ratios are infinitely variable, with torque transmitted
solely via friction between the endless rotatable device 22 and the primary and secondary
pulleys 18 and 20. As the device teeth 22T come into direct contact with the pulley teeth
19T or 21T, the controller 50 can control the clamping force F¢ exerted by the actuators
29 and/or 30 on the drive pulley 18 and/or the driven pulley 20 based, at least in part, on
various signals from the sensors 29 (FIG. 1).

[0034] With reference to FIGS. 3 and 4, when the CVT 14 operates in the friction

drive mode, at least some of the device teeth 22T are in direct contact with the pulley
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teeth 19T and/or 22T. During operation, the drive pulley 18 and the driven pulley 20
rotate about their respect axes of rotation 11P, 118 in a first torque direction R1. In
response to a torque request Trgo, the controller 50 may command the CVT 14 to change
the torque direction of the drive pulley 18 and the driven pulley 20 from the first torque
direction R1 to a second torque direction R2 (which is opposite to the first torque
direction R1). In other words, the torque request Treq may entail a torque direction
reversal request. For example, when the vehicle operator performs a tip-out operation, the
controller 50 may command the CVT 14 to change the direction of its input torque. In the
present disclosure, the term “tip-out operation” refers to an operation in which the vehicle
operator releases an accelerator pedal. During the torque direction reversal and while the
CVT 14 operates in the fixed gear/positive engagement mode, the endless rotatable
device 22 may need to travel a predetermined distance in order to allow the device teeth
22T to engage (e.g., mate with) the pulley teeth 19T and 21T because of a lash L between
the pulley teeth 19T and 21T and the device teeth 22T. In the present disclosure, the term
“lash” means the amount of free motion between two components (e.g., gear teeth). The
“lash” can be measured in terms of the distance between two components. In the depicted
embodiment, the lash L is shown as the distance between one of the device teeth 22T and
one of the pulley teeth 21T. Because of the lash L between the device teeth 22T and the
pulley teeth 19T and 21T, the CVT 14 may experience a lash-induced impact during the
torque direction reversal.

[0035] The present method 100 and controller 50 together operate to minimize the
lash-induced impact when the torque direction of the CVT 14 is reversed (i.e., during a
torque direction reversal). The controller 50 is specifically programmed to minimize the
lash-induced impact on the CVT 14 when the torque direction is reversed (i.e., during a
torque reversal).

[0036] FIG. 5 is a flowchart of a method 100 for controlling the CVT 14. The general
steps of method 100 can also be performed with alternative designs having similar
functionality, and therefore the method 100 is not limited to use with the particular CVT
14 described above. Intended benefits of the automatic execution of the method 100

aboard the vehicle 10 via the controller 50 include the achievement of a smoother
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transition during a transmission torque reversal, improved drivability, reduced noise,
vibration, and harshness, and extended component life.

[0037] The method 100 begins at step 102 (i.e., start block S). Then, the method 100
continues to step 104, in which the controller 50 receives or determines an output torque
request Treg. The output torque request Trrg 1s at least partly based on the actions of a
driver of the vehicle 10, such as a throttle request, braking levels, present gear state, and
the like. In step 104, the controller 50 may receive the output torque request Trgq from a
control unit, such as an engine control unit or a powertrain control unit. Alternatively, the
controller 50 may determine the output torque Trg( itself based at least partly on
conditions of the driver actuator (e.g., accelerator pedal or brake pedal). To achieve the
output torque request Trgo, the input member 130 of the CVT 14 must transmit certain
input torque. Accordingly, the output torque request Treg necessarily includes a torque
request magnitude Trv and a torque request direction Tgrp. In the present disclosure, the
term “torque request magnitude” means the magnitude of the input torque of the CVT 14
necessary to achieve the output torque request Treg. The term “torque request direction”
means the direction of the input torque of the CVT 14 necessary to achieve the output
torque request Treg. Accordingly, in step 104, the controller 50 receives or determines
the torque request magnitude Try and the torque request direction Trp based at least in
part on an input signal from the operator actuator 35. After receiving (or otherwise
determining) the output torque request Trrq, the method 100 proceeds to step 106.
[0038] In step 106, the controller 50 determines whether the torque request direction
Trp 1s opposite to the current input torque direction Tip. Specifically, the controller 50
compares the torque request direction Trp with the current input torque direction Tip of
the CVT 14. In the present disclosure, the term “current input torque direction” means the
direction of the input torque of the drive pulley 18 during and/or before the controller 50
recetves or determines the output torque request Treo. As discussed above, the controller
50 can determine the current torque direction Tp based on input from the torque sensor
St. Alternatively, the controller 50 can determine the input torque magnitude Ty and the
current input torque direction Tp based, at least in part, on an input from the speed

sensors Sp. It 1s also contemplated that the controller 50 may determine the current input
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torque direction Tip based on inputs from other controllers, such as an engine control unit
or a powertrain control unit. Regardless of how the input torque direction Tip 1s
determined, the controller 50 compares the current input torque direction Tip and the
torque request direction Trp to determine whether the current input torque direction Tp 1s
opposite to the torque request direction Tgp. In other words, the controller 50 determines
whether the output torque request Trgq requires a torque direction reversal in the CVT 14.
If a torque direction reversal is not required, the method 100 proceeds to step 112 (i.e.,
end block E). In step 112, the method 100 ends.

[0039] If the current input torque direction Tip 1s opposite to the torque request
direction Trp, then the method 100 proceeds to step 108. In other words, if the output
torque request Treq requires a torque direction reversal in the CVT 14, then the method
100 continues to step 108.

[0040] In step 108, the controller 50 determines whether the clamping force F¢
applied by the actuators 28 and/or 30 to the drive pulley 18 is sufficient to change the
direction of the torque transmitted by the drive pulley 18 from the input torque direction
Tpp to the torque request direction Trp when the torque request direction Tgrp 1s opposite
to the current input torque direction Trp. In other words, the controller 50 determines
whether the CVT 14 can reverse the torque direction of the drive pulley 18 while
operating in the friction drive mode or the fixed gear/positive engagement mode. In step
108, the controller 50 compares the current clamping force F¢ applied to the drive pulley
18 with a predetermined clamping force Fr. The predetermined clamping force Fr may
be a predetermined, calibrated clamping force stored on the memory (M) in a calibration
look-up table. The calibration look-up table used to determine the predetermined
clamping force Fr changes depending on whether the CVT 14 is operation in the friction
drive mode or the fixed gear/positive engagement mode. Therefore, before determining
the predetermined clamping force Fg, the controller 50 determines whether the CVT 14 1s
operating in the friction drive mode or the fixed gear/positive engagement mode. The
controller 50 can access the memory (M) to retrieve the predetermined clamping force Fg.
If the current clamping force F¢ is equal or greater than the predetermined, calibrated

clamping force Fg, then the controller 50 determines that the clamping force F¢ applied to
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the drive pulley 18 is sufficient to change the torque direction of the drive pulley 18 from
the input torque direction Tip to the torque request direction Trp. Alternatively, the
controller 50 can calculate the predetermined clamping force Fg, if the CVT 14 is
operating in the friction drive mode, and can then compare the current clamping force F¢
applied to the drive pulley 18 with the predetermined, calculated clamping force Fr. The
controller 50 can calculate the predetermined clamping force Fr using, for example, the
following mathematical equation.

T
F, = L XC0S(@) oy

2uR,

wherein:

Fr is the predetermined, calculated clamping force;

Tru 1s the torque request magnitude;

a 1s the sheave angle, which is an oblique angle defined between the sheave face 23 and
the circumferential edge 44 (see FIG. 4);

u 1s the coefficient of friction between the sheave face 23 and the endless rotatable device
22;
Rp is the radius of the drive pulley 18; and

S.F. 1s a safety factor, which is equal to or greater than one (1).

[0041] Therefore, the predetermined clamping force Fr is based, at least in part, on
the torque request magnitude Try, the coefficient of friction p between the between the
sheave face 23 and the endless rotatable device 22, the radius Rp is the of the drive pulley
18, or a combination thereof. The controller 50 can calculate the predetermined clamping
force Fr using another equation if the CVT 14 is operating in the fixed gear/positive
engagement mode.

[0042] Alternatively, in step 108, the controller 50 can determine whether the current
input torque direction Tip of the CVT 14 has changed from the original input torque
direction to the torque request direction Tgrp after a predetermined amount of time has
passed since the controller 50 received the torque request Treg. To do so, the controller
50 can determine the current input torque direction based, at least in part, on inputs from

the sensors 29, such as the torque sensor St and/or speed sensors Sp and Sg.
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[0043] If the current clamping force Fc is equal to or greater than the predetermined,
calculated clamping force Fg, then the controller 50 determines that the clamping force
Fc currently applied to the drive pulley 18 is sufficient to change the torque direction of
the drive pulley 18 from the input torque direction Tip to the torque request direction Trp.
[0044] If the clamping force F¢ applied to the drive pulley 18 is sufficient to change
the torque direction of the drive pulley 18 from the input torque direction to the torque
request direction Trp, then the method 100 proceeds to step 112 (i.e., end block E). As
discussed above, in step 112, the method 100 ends.

[0045] If the current clamping force F¢ applied to the drive pulley 18 is not sufficient
to change the torque direction of the drive pulley 18 from the input torque direction Tip to
the torque request direction Trp, then the method 100 continues to step 110.

[0046] In step 110, the controller 50 commands the actuators 28 and/or 30 to increase
the current clamping force F¢ applied to the drive pulley 18 by a predetermined amount A.
This predetermined amount A may be stored in a calibration look-up table stored on the
memory (M). Alternatively, the controller 50 can calculate the predetermined amount A.
The predetermined amount A may be based, at least in part, on the predetermined
clamping force Fr. For example, the controller 50 can subtract the current clamping force
F¢ from the predetermined clamping force Fr in order to determine the difference
between the current clamping force F¢ from the predetermined clamping force Fr.
Accordingly, the predetermined amount A may be equal to the difference between the
current clamping force F¢ and the predetermined clamping force Fr. In response to the
command from the controller 50, the actuators 28 and/or 30 increase the clamping force
F¢ applied to the drive pulley 18 by the predetermined amount A. Next, the method 100
returns to step 108. As discussed above, at step 108, the controller 50 determines whether
the current clamping force F¢ applied by the actuators 28 and/or 30 to drive pulley 18 is
sufficient to change the torque direction of the drive pulley 18 from the input torque
direction Tpp to the torque request direction Tgrp.

[0047] While the best modes for carrying out the disclosure have been described in
detail, those familiar with the art to which this disclosure relates will recognize various

alternative designs and embodiments within the scope of the appended claims. Although
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the steps of the method 100 are described in a particular chronological order, it is

contemplated that the steps of the method 100 may be executed in another chronological

order.
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CLAIMS

1. A method for controlling a continuously variable transmission (CVT), wherein the
CVT includes a drive pulley, a driven pulley, and an endless rotatable device coupled
between the drive pulley and the driven pulley, the drive pulley and the driven pulley
each including pulley teeth, and the endless rotatable device including device teeth,
wherein the method comprises:

receiving, via a controller, a torque request while the drive pulley of the CVT
transmits torque in an input torque direction and the device teeth are mating with the
pulley teeth, wherein the torque request includes a torque request magnitude and a torque
request direction;

determining, via the controller, whether the torque request direction is opposite to
the input torque direction;

determining, via the controller, whether a current clamping force applied by an
actuator to the drive pulley is sufficient to change a direction of a torque transmitted by
the drive pulley from the input torque direction to the torque request direction when the
torque request direction is opposite to the input torque direction; and

commanding, via the controller, the actuator to increase the current clamping
force applied to the drive pulley when the current clamping force is not sufficient to
change the direction of the torque transmitted by the drive pulley from the input torque

direction to the torque request direction.

2. The method of claim 1, wherein determining whether the current clamping force
applied by the actuator to the drive pulley is sufficient to change the direction of the
torque transmitted by the drive pulley includes comparing the current clamping force
applied by the actuator to the drive pulley to a predetermined clamping force in order to
determine if the current clamping force is greater than or equal to the predetermined

clamping force.
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3. The method of claim 2, wherein the predetermined clamping force is based, at

least in part, on the torque request magnitude.

4, The method of claim 3, wherein the drive pulley has a sheave face, and the
predetermined clamping force is based, at least in part, on a coefficient of friction

between the sheave face and the endless rotatable device.

5. The method of claim 4, wherein the drive pulley has a radius, and the

predetermined clamping force is based, at least in part, on the radius of the drive pulley.

6. The method of claim 2, wherein commanding the actuator to increase the current
clamping force applied to the drive pulley includes commanding the actuator to increase
the clamping force by a predetermined amount, and the predetermined amount is based,

at least in part, on the predetermined clamping force.

7. The method of claim 6, wherein the predetermined amount is equal to a difference

between the current clamping force and the predetermined clamping force.

8. A continuously variable transmission (CVT) assembly, comprising:

a CVT including a drive pulley, a driven pulley, and an endless rotatable device
coupled between the drive pulley and the driven pulley, the drive pulley and the driven
pulley each including pulley teeth, and the endless rotatable device including device teeth
configured to mate with the pulley teeth;

an actuator operatively coupled to the drive pulley such that the actuator is
configured to exert a current clamping force on the drive pulley;

a controller programmed to:

receive a torque request while the drive pulley of the CVT transmits
torque in an input torque direction, wherein the torque request includes a torque request

magnitude and a torque request direction;
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determine whether the torque request direction is opposite to the input
torque direction;

determine whether the current clamping force applied by the actuator to
the drive pulley is sufficient to change a direction of a torque transmitted by the
drive pulley from the input torque direction to the torque request direction when
the torque request direction is opposite to the input torque direction; and

command the actuator to increase the current clamping force applied to the
drive pulley when the current clamping force is not sufficient to change the
direction of the torque transmitted by the drive pulley from the input torque

direction to the torque request direction.

9. The CVT assembly of claim 8, wherein the controller is programmed to compare
the current clamping force applied by the actuator to the drive pulley to a predetermined
clamping force in order to determine whether the current clamping force applied by the

actuator to the drive pulley is sufficient to change the direction of the torque transmitted

by the drive pulley from the input torque direction to the torque request direction.

10.  The CVT assembly of claim 9, wherein the predetermined clamping force is based,

at least in part, on the torque request magnitude.

11. The CVT assembly of claim 10, wherein the drive pulley has a sheave face, and
the predetermined clamping force is based, at least in part, on a coefficient of friction

between the sheave face and the endless rotatable device.

12. The CVT assembly of claim 11, wherein the drive pulley has a radius, and the

predetermined clamping force is based, at least in part, on the radius of the drive pulley.

13. The CVT assembly of claim 9, wherein the controller is programmed to command
the actuator to increase the current clamping force by a predetermined amount, and the

predetermined amount is based, at least in part, on the predetermined clamping force.
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14. The CVT assembly of claim 13, wherein the predetermined amount is equal to a

difference between the current clamping force and the predetermined clamping force.

15. A vehicle, comprising:

a power plant configured to generate input torque;

a CVT including a drive pulley, a driven pulley, and an endless rotatable device
coupled between the drive pulley and the driven pulley, wherein the drive pulley is
coupled to the power plant such that the drive pulley is configured to receive the input
torque from the power plant;

an actuator operatively coupled to the drive pulley such that the actuator is
configured to exert a current clamping force on the drive pulley;

a controller specifically programmed to:

receive a torque request while the drive pulley of the CVT transmits
torque in an input torque direction, wherein the torque request includes a torque request
magnitude and a torque request direction;
determine whether the torque request direction is opposite to the input
torque direction;
determine whether the current clamping force applied by the actuator to
the drive pulley is sufficient to change a direction of a torque transmitted by the
drive pulley from the input torque direction to the torque request direction when
the torque request direction is opposite to the input torque direction; and
command the actuator to increase the current clamping force applied to the
drive pulley when the current clamping force is not sufficient to change the
direction of the torque transmitted by the drive pulley from the input torque

direction to the torque request direction.

16. The vehicle of claim 15, wherein the controller is programmed to compare the
current clamping force applied by the actuator to the drive pulley to a predetermined

clamping force in order to determine whether the current clamping force applied by the
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actuator to the drive pulley is sufficient to change the direction of the torque transmitted

by the drive pulley from the input torque direction to the torque request direction.

17. The vehicle of claim 16, wherein the predetermined clamping force is based, at

least in part, on the torque request magnitude.

18. The vehicle of claim 17, wherein the drive pulley has a sheave face, and the
predetermined clamping force is based, at least in part, on a coefficient of friction

between the sheave face and the endless rotatable device.

19. The vehicle of claim 18, wherein the drive pulley has a radius, and the

predetermined clamping force is based, at least in part, on the radius of the drive pulley.

20. The vehicle of claim 19, wherein the controller is programmed to command the
actuator to increase the current clamping force by a predetermined amount, and the

predetermined amount is based, at least in part, on the predetermined clamping force.
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