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CONTINUOUSLY VARIABLE
TRANSMISSION

RELATED APPLICATIONS

[0001] This application is a continuation of U.S. applica-
tion Ser. No. 14/695,612, filed on Apr. 24, 2015 and sched-
uled to issue as U.S. Pat. No. 9,726,282 on Aug. 8, 2017,
which is a continuation of U.S. application Ser. No. 13/934,
963, filed Jul. 3, 2013 and issued as U.S. Pat. No. 9,017,207
on Apr. 28, 2015, which is a continuation of U.S. application
Ser. No. 12/306,393, filed Jul. 20, 2009 and issued as U.S.
Pat. No. 8,480,529 on Jul. 9, 2013, which is a national phase
application of Application No. PCT/US2007/014510, filed
Jun. 21, 2007, which claims the benefit of U.S. Provisional
Application No. 60/816,713, filed Jun. 26, 2006. The dis-
closures of all of the above-referenced prior applications,
publications, and patents are considered part of the disclo-
sure of this application, and are incorporated by reference
herein in their entirety.

BACKGROUND OF THE INVENTION

Field of the Invention

[0002] The field of the invention relates generally to
mechanical and/or electro-mechanical power modulation
devices and methods, and more particularly to continuously
and/or infinitely variable, planetary power modulating
devices and methods for modulating power flow in a power
train or drive, such as power flow from a prime mover to one
or more auxiliary or driven devices.

Description of the Related Art

[0003] In certain systems, a single power source drives
multiple devices. The power source typically has a narrow
operating speed range at which the performance of the
power source is optimum. It is preferred to operate the
power source within its performance optimizing operating
speed range. A driven device typically also has a narrow
operating speed range at which the performance of the
driven device is optimum. It is also preferred to operate the
driven device within its performance optimizing operating
speed range. A coupling is usually employed to transfer
power from the power source to the driven device. Where a
direct, nonmodulating coupling couples the power source to
the driven device, the driven device operates at the same
speed as the power source. However, it is often the case that
the optimum operating speed of the driven device is not the
same as the optimum operating speed of the power source.
Therefore, it is preferred to incorporate into the system a
coupling adapted to modulate between the speed of the
power source and the speed of the driven device.

[0004] Couplings between the power source and the
driven devices can be selected such that the input speed from
the power source is reduced or increased at the output of a
given coupling. However, in frequently implemented sys-
tems, typical known power train configurations and/or cou-
pling arrangements allow at best for a constant ratio between
the input speed from the power source and the speed of
power transfer to the driven device. One such system is the
so-called front end accessory drive (FEAD) system
employed in many automotive applications. In a typical
FEAD system, the prime mover (usually an internal com-
bustion engine) provides the power to run one or more
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accessories, such as a cooling fan, water pump, oil pump,
power steering pump, alternator, etc. During operation of the
automobile, the accessories are forced to operate at speeds
that have a fixed relationship to the speed of the prime
mover. Hence, for example, as the speed of the engine
increases from 800 revolutions per minute (rpm) at idle to
2,500 rpm at cruising speed, the speed of each accessory
driven by the engine increases proportionally to the increase
in engine speed, such that some accessories may be oper-
ating at varying speeds ranging between 1,600 rpm to 8,000
rpm. The result of such system configuration is that often
any given accessory does not operate within its maximum
efficiency speed range. Consequently, inefficiencies arise
from wasted energy during operation and oversizing of the
accessories to handle the speed and/or torque ranges.
[0005] Thus, there exists a continuing need for devices
and methods to modulate power transfer between a prime
mover and driven devices. In some systems, it would be
beneficial to regulate the speed and/or torque transfer from
an electric motor and/or internal combustion engine to one
or more driven devices that operate at varying efficiency
optimizing speeds. In some current automotive applications,
there is a need for a power modulating device to govern the
front end accessory drive within existing packaging limits.
The inventive embodiments of power modulating devices
and/or drivetrains described below address one or more of
these needs.

SUMMARY OF INVENTION

[0006] The systems and methods illustrated and described
herein have several features, no single one of which is solely
responsible for its desirable attributes. Without limiting the
scope as expressed by the description that follows, the more
prominent features of some of the inventive embodiments
disclosed will now be discussed briefly. After considering
this discussion, and particularly after reading the section
entitled “Detailed Description of the Preferred Embodi-
ments” one will understand how the features of the systems
and methods provide several advantages over known sys-
tems and methods.

[0007] One aspect of the inventive embodiments is
directed to a compound power modulating device as gener-
ally shown in FIGS. 15A-20. Another feature of the inven-
tive embodiments covers a power modulating device as
generally shown in FIGS. 2A-2D, 3-4, 10, 13-14. Yet
another aspect of the inventive embodiments concerns a
power modulated drivetrain as generally shown in FIG. 1A,
1B, or 21-22. Inventive embodiments are also directed to
devices, assemblies, subassemblies, components, and/or
methods as generally illustrated in FIGS. 1A-27B and
described in the specification.

[0008] In one embodiment, the invention relates to a front
end accessory drive (FEAD), for an automotive engine
having a crankshaft. The FEAD can include a power modu-
lating device mounted on the crankshaft, wherein an acces-
sory operationally couples to the power modulating device.
The power modulating device can have a variable planetary
torque/speed regulator, which in certain applications has a
rotatable housing.

[0009] In other embodiments, the invention concerns a
FEAD for a vehicle having a prime mover shaft. The FEAD
can have a power modulating device directly coupled to the
prime mover shaft. The FEAD can also include an accessory
operationally coupled to the power modulating device. In
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certain embodiments, the power modulating device has
tiltable planet-leg assemblies. The accessory can be a water
pump, a cooling fan, or an air conditioning compressor, for
example. The power transfer coupling can be an endless
member, such as belt or a chain. In some applications, the
FEAD includes a bracket for securing the power modulating
device to a nonmovable member of an automobile. A control
mechanism for controlling the ratio of the power modulating
device can be provided. The control mechanism can include
control hardware and/or software for controlling a stepper
motor.

[0010] In yet another inventive embodiment, a FEAD
includes a compound device and a power transfer coupling
adapted to operationally couple the compound device to a
prime mover. The compound device can include a starter
motor, a generator, and a power modulating device, in such
a manner that the starter motor, the generator, and the power
modulating device are integrated into a single device. The
compound device can have an electrical armature and a
magnetic field; the armature and field can be arranged so that
both are capable of rotating about a common axis. The
FEAD can additionally have a second power transfer cou-
pling, which is adapted to operationally couple the com-
pound device to an accessory. The accessory can be, for
example, a water pump, an air conditioning compressor,
and/or a cooling fan. In some applications, the compound
device has a rotatable housing. In certain embodiments, the
rotatable housing can be coupled to a plurality of permanent
magnets.

[0011] Another aspect of the invention is directed to a
drivetrain having a prime mover coupled to a power modu-
lating device, which is coupled to a driven device. The
power modulating device can be coupled to the prime mover
via, for example, a planetary gearset. The driven device can
be a compressor, a valve, a pump, a fan, an alternator, or a
generator. The drivetrain can include a control system
coupled to the power modulating device and/or to the prime
mover.

[0012] Yet one more aspect of the invention covers a
drivetrain having a prime mover coupled to a plurality of
power modulating devices. In some embodiments, the drive-
train includes a plurality of driven devices coupled to the
plurality of power modulating devices, each driven device
corresponding to a power modulating device. The prime
mover can be coupled to the plurality of power modulating
devices by, for example, a belt.

[0013] Insome embodiments, another aspect of the inven-
tion concerns a power modulating device having a variator
assembly, a cage assembly adapted to support at least part of
the variator assembly, an input assembly adapted to receive
torque into the power modulating device, and an output
assembly adapted to transfer torque out of the power modu-
lating device, wherein the input and output assemblies are
coupled to the variator assembly. The power modulating
device can include a central shaft configured to support the
cage assembly, input assembly, and/or variator assembly.
[0014] Yet a different aspect of the invention is directed to
a compound drive device having a sun shaft coupled to a
sun. In some embodiments, the compound drive device
includes a plurality of planets, each planet having a planet
axle, and a control device that operationally couples the sun
to the planet axles. In one embodiment, the compound drive
device is provided with a traction ring coupled to the
plurality of planets and one or more magnets coupled to the
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traction ring. The compound drive device can include an
electrical armature electromagnetically coupled to the one or
more magnets, as well as a power transfer coupling that
couples the electrical armature to the sun shaft.

[0015] One aspect of the invention concerns a power
modulating device having a plurality of spherical planets in
contact with a sun, an electrical armature operably coupled
to the sun, an electrical field mounted coaxially about and
concentrically with the electrical armature, and first and
second traction rings in contact with the plurality spherical
planets. In some embodiments, the electrical armature and
the electrical field are configured such that both the electrical
armature and the electrical field are capable of rotation about
an axis that is coaxial with the electrical armature. In one
embodiment, the power modulating device include a sun
shaft capable of axial movement and configured to actuate
the sun to thereby facilitate a shift of the transmission ratio
of the power modulating device. The power modulating
device can be provided with a shift screw mounted to a
non-moving structure and with a shift nut threaded on the
shift screw, wherein the shift nut is adapted to cause the sun
shaft to move axially.

[0016] Yet another aspect to the invention is directed to an
apparatus for shifting the transmission ratio of a power
modulating device. The apparatus includes a shift nut
threaded on a shift screw, which is mounted to a non-moving
structure. The shift nut is preferably adapted to cause a sun
shaft of the power modulating device to move axially.
[0017] An additional aspect the invention relates to a shaft
for transferring torque in a power modulating device. In one
embodiment, the shaft includes first and second plurality of
grooves parallel to the main axis of the shaft, the first and
second plurality of grooves formed on an exterior surface of
the shaft. The second plurality of grooves is preferably
located at an end of the shaft distal from the first plurality of
grooves. In some embodiments, the shaft is provided with a
sun seat for receiving and coupling to a sun of the power
modulating device. In one embodiment, the shaft has a shaft
hole formed generally within and concentrically with the
shaft.

[0018] Another aspect of the invention is directed to a
drivetrain having an accessory coupled to a power modu-
lating device, which has a plurality of tiltable, spherical
planets. In one embodiment, the drivetrain includes a motor
coupled to the power modulating device for adjusting a
transmission ratio of the power modulating device. In some
embodiments, the drivetrain has a controller for controlling
the motor. In one embodiment, the power modulating device
of the drivetrain is provided with a sun shaft adapted to
move axially as the motor adjusts the ratio of the power
modulating device.

[0019] These and other inventive aspects will become
apparent to those of ordinary skill in the relevant technology
as they read the following detailed description and view the
corresponding figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] The accompanying figures, which are incorporated
in and form a part of the specification, illustrate certain
features of the inventive embodiments.

[0021] FIG. 1A is a schematic block diagram of a drive-
train that incorporates a power modulating device (PMD).
[0022] FIG. 1B is a schematic block diagram of yet
another drivetrain that incorporates PMDs.
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[0023] FIG. 2A is a cross-sectional view of one embodi-
ment of a PMD.

[0024] FIG. 2B is a perspective view of the PMD of FIG.
2A.
[0025] FIG. 2C is a perspective view of the PMD of FIG.

2A with cooling fins on the case.

[0026] FIG. 2D is a perspective view of the PMD of FIG.
2A with a cooling fan on the case.

[0027] FIG. 3 is a cross-sectional view of a second
embodiment of a PMD.

[0028] FIG. 4 is a partially exploded cross-sectional view
of the PMD of FIG. 3.

[0029] FIG. 5 is a perspective of a mounting bracket of the
PMD of FIG. 1.

[0030] FIG. 6 is a perspective view of a control subas-
sembly of the PMD of FIG. 1.

[0031] FIG. 7 is a cam roller disc that can be used with a
PMD.

[0032] FIG. 8 is a stator plate that can be used with a PMD.
[0033] FIG. 9 is a perspective view of a scraping spacer

that can be used with a PMD.

[0034] FIG. 10 is a cross-sectional view of a shifter
assembly that can be used in a PMD.

[0035] FIG. 11 is a perspective view of a planet-leg
assembly for use in a PMD.

[0036] FIG. 12 is a perspective view of a cage that can be
used in a ball-type PMD.

[0037] FIG. 13 is a cross-sectional view of another
embodiment of a PMD.

[0038] FIG. 14 is a perspective view of the PMD of FIG.
13.
[0039] FIG. 15A is a schematic diagram of a compound

device including a PMD, a motor, and generator.

[0040] FIG. 15B is a cross-sectional view of one embodi-
ment of the compound device of FIG. 15A.

[0041] FIG. 16 is a partial perspective view of a spline
assembly of the compound device of FIG. 15B.

[0042] FIG. 17 is a perspective view of an armature mount
of the compound device of FIG. 15B.

[0043] FIG. 18 is a perspective view of a lamination of the
compound device of FIG. 15B.

[0044] FIG. 19 is a perspective view of an armature of the
compound device of FIG. 15B.

[0045] FIG. 20 is a perspective view of the compound
device of FIG. 15B.

[0046] FIG. 21 is a perspective view of the PMD of FIG.
13 coupled to the crankshaft of an automobile engine.

[0047] FIG. 22 is another perspective view of the PMD of
FIG. 21.
[0048] FIG. 23 is a front view of an alternative traction

ring of the PMD of FIG. 13.
[0049] FIG. 24 is a cross-sectional view of the traction
ring of FIG. 23.

[0050] FIG. 25 is a perspective view of the traction ring of
FIG. 23.
[0051] FIG. 26A is a perspective view of a shaft as can be

used with the compound device of FIG. 15B.

[0052] FIG. 26B is a top, plan view of the shaft of FIG.
26A.

[0053] FIG. 26C is a cross-sectional view of the shaft of
FIG. 26A.

[0054] FIG.27A s a perspective, exploded view of certain

components of a control system for the compound device of
FIG. 15B.
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[0055] FIG. 27B is a cross-sectional view of the compo-
nents shown in FIG. 27A.

[0056] FIG. 28 is a block diagram of a control system that
can be used with the power modulating devices described
herein.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0057] The preferred embodiments will now be described
with reference to the accompanying figures, wherein like
numerals refer to like elements throughout. The terminology
used in the description presented herein is not intended to be
interpreted in any limited or restrictive manner simply
because it is being utilized in conjunction with a detailed
description of certain specific embodiments of the invention.
Furthermore, embodiments of the invention may include
several novel features, no single one of which is solely
responsible for its desirable attributes or which is essential
to practicing the inventions herein described.

[0058] As used here, the terms “operationally connected,”
“operationally coupled”, “operationally linked”, “operably
connected”, “operably coupled”, “operably linked,” and like
terms, refer to a relationship (mechanical, linkage, coupling,
etc.) between elements whereby operation of one element
results in a corresponding, following, or simultaneous opera-
tion or actuation of a second element. It is noted that in using
said terms to describe inventive embodiments, specific
structures or mechanisms that link or couple the elements
are typically described. However, unless otherwise specifi-
cally stated, when one of said terms is used, the terms
indicate that the actual linkage or coupling may take a
variety of forms, which in certain instances will be obvious
to a person of ordinary skill in the technology. For descrip-
tion purposes, the term “radial” is used here to indicate a
direction or position that is perpendicular relative to a
longitudinal axis of a transmission or continuous variator.
The term “axial” as used here refers to a direction or position
along an axis that is parallel to a main or longitudinal axis
of a transmission or continuous variator.

[0059] Inventive embodiments of power modulating
devices, or torque and speed regulators, described here relate
generally to continuously variable transmission (CVT)
devices such as those disclosed in U.S. Pat. Nos. 6,241,636,
6,419,608; 6,689,012, and 7,011,600; and U.S. patent appli-
cation Ser. No. 11/243,484 with Patent Application Publi-
cation No. 2006/0084549A1. The entire disclosure of each
of these patents and application is hereby incorporated
herein by reference. Certain inventive embodiments
described below incorporate spherical-type variators that
use spherical speed adjusters, each of which typically has a
tiltable axis of rotation. The speed adjusters are also known
as power adjusters, balls, planets, sphere gears or rollers.
Usually, the adjusters are arrayed radially in a plane per-
pendicular to a longitudinal axis of a CVT. Traction rings,
one on each side of the array of power adjusters, contact the
power adjusters and one or both of the traction rings apply
a clamping contact force to the rollers for transmission of
torque from a traction ring, through the power adjusters, to
the other traction ring. A first traction ring applies input
torque at an input rotational speed to the rollers. As the
rollers rotate about their own axes, the rollers transmit the
torque to a second traction ring at an output rotational speed.
The ratio of input rotational speed to output rotational speed
(“speed ratio”) is a function of the ratio of the radii of the
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contact points of the first and second traction rings, respec-
tively, to the rotational axes of the rollers. Tilting the axes of
the rollers with respect to the axis of the CVT adjusts the
speed ratio.

[0060] One aspect of the torque/speed regulating devices
disclosed here relates to drive systems wherein a prime
mover drives various driven devices. The prime mover can
be, for example, an electrical motor and/or an internal
combustion engine. For purposes of description here, an
accessory includes any machine or device that can be
powered by a prime mover. For purposes of illustration and
not limitation, said machine or device can be a power takeoft’
device (PTO), pump, compressor, generator, auxiliary elec-
tric motor, etc. Accessories may also include alternators,
water pumps, power steering pumps, fuel pumps, oil pumps,
air conditioning compressors, cooling fans, superchargers,
and any other device that is typically powered by an auto-
mobile engine. As previously stated, usually, the speed of a
prime mover varies as the speed or power requirements
change; however, in many cases the accessories operate
optimally at a given, substantially constant speed. Embodi-
ments of the torque/speed regulating devices disclosed here
can be used to control the speed of the power delivered to the
accessories powered by a prime mover.

[0061] For example, in some embodiments, the speed
regulators disclosed here can be used to control the speed of
automotive accessories driven by a pulley attached to the
crankshaft of an automotive engine. Usually, accessories
must perform suitably both when the engine idles at low
speed and when the engine runs at high speed. Often
accessories operate optimally at one speed and suffer from
reduced efficiency at other speeds. In many cases when the
engine runs at a speed other than low speed, accessories
consume excess power and, thereby, reduce vehicle fuel
economy. The power drain caused by the accessories also
reduces the engine’s ability to power the vehicle, necessi-
tating a larger engine in some cases.

[0062] In certain situations, inventive embodiments of the
torque/speed regulating devices disclosed here can be used
to increase speed to the accessories when the engine runs at
low speed and to decrease speed to the accessories when the
engine runs at high speed. Thus, the design and operation of
accessories can be optimized by allowing the accessories to
operate at one, substantially favorable speed, and the acces-
sories need not be made larger than necessary to provide
sufficient performance at low engine speeds. The accessories
can also be made smaller because the torque/speed regulat-
ing devices can reduce speed to the accessories when the
engine runs at high speed, reducing the stress load the
accessories must withstand at high rpm. Because the acces-
sories are not subjected to high speeds, their expected
service life can increase substantially. In some cases,
smoother vehicle operation results because the accessories
do not have to run at low or high speed. Further, an
automobile can operate more quietly at high speed because
the accessories run at a lower speed.

[0063] The torque/speed regulators disclosed here can
facilitate reducing the size and weight of the accessories as
well as the automobile engine, thereby reducing the weight
of the vehicle and thus increasing fuel economy. Further, in
some cases, the option to use smaller accessories and a
smaller engine lowers the cost of these components and of
the automobile. Smaller accessories and a smaller engine
can also provide flexibility in packaging and allow the size
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of the engine compartment to be reduced. Embodiments of
the torque/speed regulators described here can also increase
fuel economy by allowing the accessories to operate at their
most efficient speed across the engine operating range.
Finally, the torque/speed regulators increase fuel economy
by preventing the accessories from consuming excess power
at any engine speed other than low.

[0064] Turning now to FIG. 1A, it shows a generalized
drivetrain 50 that includes a power modulating device 2 (or
PMD 2) in accordance with inventive embodiments
described here. The drivetrain 50 can include at least one
prime mover 4 that is coupled to the PMD 2 via a first
coupling 6. Usually the PMD 2 is adapted to deliver power
to a driven device 8 via a second coupling 8. In some
embodiments, a lubrication system 12 couples to, or is
integrated with, the PMD 2. Typically, the drivetrain 50 can
include a control system 14 that couples to the PMD 2 and/or
the prime mover 4.

[0065] The prime mover 4 can be, for example, an internal
combustion engine, an electric motor, or a combination of
both. In certain applications, the prime mover 4 can be a
human powered mechanical linkage; in other embodiments,
the prime mover 4 can be a power assisted, human driven
device. Depending on the application, the first and second
couplings 6, 10 can be any type coupling ranging from a
spline, key, or flange coupling to a single planetary gearset,
to a gearbox having multiple planetary gearsets and other
gears in parallel or serial arrangements. In certain embodi-
ments, one or both of the couplings 6, 10 might not be used,
in which case the PMD 2 couples directly to the prime
mover 4 or the driven device 8. The driven device 8 can be
any machine or equipment adapted to receive a torque input
from the PMD 2 and/or the second coupling 10. The driven
device 8 can be, for example, a compressor, a valve, a pump,
a fan, an alternator of a vehicle, a generator, etc.

[0066] The lubrication system 12 in some embodiments is
a lubricant adapted to coat and/or cool various components
of'the PMD 2. In other embodiments, the lubrication system
includes components configured to facilitate and promote
the routing of lubricants throughout the PMD 2. For
example, as will be described in more detail below, in one
embodiment the lubrication system 12 includes a scraper
that guides lubricant from internal surfaces of the PMD 2 to
other internal components of the PMD 2. In yet other
embodiments, the lubrication system 12 can include a pump-
controlled hydraulic circuit configured to deliver appropriate
quantities of lubricant to various internal components of the
PMD 2. In certain embodiments of the drivetrain 50, the
control system 14 can be an electronic, mechanical, or
electromechanical device for communicating with and con-
trolling the PMD 2, the prime mover 4, and/or the lubrica-
tion system 12. In one embodiment, for example, the control
system 14 can be an electromechanical system having a
motor controller with logic for actuating a motor that in turn
actuates one or more mechanical gears, linkages, etc., to
cause a state change (such as ratio shift) in the PMD 2.
[0067] During operation of the drivetrain 50, the prime
mover 4 generates and delivers power at certain torque and
speed levels, which depend on, among other things, various
load requirements placed on the prime mover 4. The control
system 14 is actuated in such a manner that the PMD 2
receives power from the prime mover 4 and delivers power
to the driven device 8 at a desired (or modulated) torque and
speed level, which torque and speed level need not be the
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same as the torque and speed level at which the prime mover
4 may be operating. In some applications, it is desired to
control the PMD 2 such that the PMD 2 delivers power to
the driven device at a constant speed, even while the PMD
2 is receiving power from the prime mover 4 at fluctuating
torque and speed levels.

[0068] Referencing FIG. 1B now, a drivetrain 60 is illus-
trated. In some embodiments, the drivetrain 60 can include
a prime mover 4 coupled to one or more PMDs 2A, 2B, and
2C via one or more couplings 6 A. In the embodiment shown,
a PMD 2A couples to a driven device 8A via a secondary
coupling 10A, while a PMD 2B couples to a driven device
8B via a secondary coupling 10B. In some embodiments, the
prime mover 4 couples via the coupling 6A to compound
device 16, which can include at least one PMD 2C coupled
to a driven device 8C and a driving/driven device 8D. In one
embodiment of the drivetrain 60, the coupling 6A includes
a pulley that drives a belt which in turn drives one or more
of the PMDs 2A, 2B, and 2C. In some embodiments, the
secondary couplings 10A, 10B can be, for example, a
sprocket driving a chain or a pulley driving a belt. Said chain
and belt, respectively, drive a corresponding sprocket or
pulley coupled to the respective driven devices 8A, 8B.
Thus, in one embodiment of the drivetrain 60, a power
modulating device can be dedicated to each of the driven
devices present in the drivetrain 60. Although not shown,
each of the PMDs 2A, 2B, 2C can have its own control
system 14 and/or lubrication system 12. In yet other embodi-
ments, the compound device 16 can be a PMD 2C coupled
to, or integrated with, an alternator and/or a starter motor. In
one embodiment, for example, the compound device inte-
grates the PMD 2C with a cooling fan and/or a water pump
of a vehicle. It will be apparent to persons of ordinary skill
in the technology that other combinations, or integrations, of
driving/driven devices with a PMD 2C are feasible and
desirable.

[0069] Referring to FIG. 2A now, one embodiment of a
continuously variable planetary torque/speed regulator 100
(hereinafter referred to as the power modulating device 100
or the PMD 100) that can change input to output speed/
torque ratios is shown. In some embodiments, the PMD 100
has a central shaft 105 that extends through the center of the
PMD 100 and beyond a first mounting bracket 10 and a
second mounting bracket 11. For purposes of description,
the central shaft 105 defines a longitudinal axis of the PMD
100 that will serve as a reference point for describing the
location and/or motion of other components of the PMD
100. As used here, the terms “axial,” “axially,” “lateral,”
“laterally,” refer to a position or direction that is coaxial or
parallel with the longitudinal axis defined by the central
shaft 105. The terms “radial” and “radially” refer to loca-
tions or directions that extend perpendicularly from the
longitudinal axis defined by the central shaft 105. In certain
embodiments, the first and/or second mounting brackets 11,
12 are adapted to be removable. A first end nut 106 and a
second end nut 107, each located at a corresponding end of
the central shaft 105, attach the central shaft 105 to the
mounting brackets 10, 11. The embodiment illustrated of the
PMD 100 is adapted for use attached to an automobile
engine crankshaft to control the speed of the accessories of,
for example, a front end accessory drive system (FEAD);
however, the PMD 100 can be implemented on any equip-
ment or vehicle that makes use of a torque/speed regulating
device. The central shaft 105 provides radial and lateral
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support for a cage assembly 180, an input assembly 155, and
an output assembly 165. In this embodiment the central shaft
105 includes a bore 199 adapted to house a shift rod 112. As
will be described later, the shift rod 112 actuates a speed
ratio shift in the PMD 100.

[0070] The PMD 100 includes a variator assembly 140.
The variator assembly 140 can be any mechanism adapted to
change the ratio of input speed into the PMD 100 to output
speed out of the PMD 100. In one embodiment, the variator
assembly 140 includes a first traction ring 110, a second
traction ring 134, tiltable planet-leg assemblies 150, and a
sun assembly 125. The first traction ring 110 may be a ring
mounted rotatably and coaxially about the central shaft 105.
At the radial outer edge of the first traction ring 110, the
traction ring 110 extends at an angle and terminates at a
contact surface 111. In some embodiments, the contact
surface 111 can be a separate structure, for example a ring
that attaches to the first traction ring 110, which would
provide support for the contact surface 111. The contact
surface 111 may be threaded, or press fit, into the first
traction ring 110 or it can be attached with any suitable
fasteners or adhesives. Hence, in some embodiments, the
traction rings 110, 134 are generally ring shaped compo-
nents that contact an array of planets 101. In some embodi-
ments, the traction rings 110, 134 have support structures
113 that extend radially outward from contact surfaces 111
and that provide structural support to increase radial rigidity,
to resist compliance of those parts under the axial force of
the PMD 100, and to allow axial force components to move
radially outward, thereby reducing the axial length of the
PMD 100.

[0071] In some embodiments, the PMD 100 includes a
case 138 that is a generally cylindrical tube rotatable about
the central shaft 105. The case 138 has an inside that houses
most of the components of the PMD 100 and an outside
adapted to operably connect to whatever component, equip-
ment or vehicle uses the PMD 100. In one embodiment, the
outside of the case 138 is configured as a drive for acces-
sories in an automobile.

[0072] Referring to FIG. 2C, the case 138 in some
embodiments incorporates one or more cooling fins 66
radially positioned around the perimeter of the case 138. The
cooling fins 66 are preferably formed from a material
capable of rapid heat dissipation, such as aluminum, copper,
or steel, although any suitable material can be used. In some
embodiments the cooling fins 66 and the case 138 are
formed as one piece, while in other embodiments the cooling
fins 66 are a separate part and attach to the case 138 with
standard fasteners, adhesive, an interference fit, a key,
spline, weld, or any other suitable method. In some embodi-
ments, the cooling fins 66 are formed as a tube from cast or
forged aluminum and the cooling fins 66 extend radially
outward from the outside diameter from the tubular portion
of the cooling fins 66. Among other things, the cooling fins
66 can be adapted to radiate heat produced during operation
of the PMD 100 and to facilitate air flow across the PMD
100. In some embodiments the cooling fins 66 are parallel to
the axis of the central shaft 105, while in other embodiments
the cooling fins 66 are configured as one or more flanges (not
shown) around the outside diameter of the case 138. In still
other embodiments, the cooling fins 66 are helical vanes (not
shown) that can act as a fan.

[0073] Referring to FIG. 2D, in some embodiments a
cooling fan 68 is incorporated into the case 138. The blades
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69 of the cooling fan 68 are made from a rapid heat
dissipating material such as aluminum, copper, or steel in
some embodiments, although other materials, such as glass
filled nylon, or other plastics and composites can be used.
The cooling fan 68 in some embodiments is a separate piece
and rigidly attaches to the case 138 using standard fasteners
inserted through holes 70 in the cooling fan 68 and threaded
into corresponding holes in a case 138. In other embodi-
ments, the cooling fan 68 can be attached with adhesive, a
key, a spline, an interference fit, welding, or any other
suitable method. In still other embodiments, the cooling fan
68 and the case 138 are formed as one piece. The blades 69
of'the cooling fan 68 are preferably adapted to provide rapid
heat dissipation from the heat produced during operation of
the PMD 100 as well as promote air flow throughout the
engine compartment. In some embodiments, the cooling fan
68 is adapted to pull air through the radiator, while in other
embodiments the cooling fan 68 is adapted to push air
throughout the engine compartment.

[0074] Referring to FIGS. 24, 2B, 10 and 11 a PMD 100
can include a planet-leg assembly 150 for transmitting
torque from the first traction ring 110 to the second traction
ring 134 and varying the ratio of an input speed to an output
speed. In some embodiments, the planet-leg assembly 150
includes a planet 101, a planet axle 102, and legs 103. The
planet axle 102 can be a generally cylindrical shaft that
extends through a bore formed through the center of the
planet 101. In some embodiments, the axle 102 interfaces
with the surface of the bore in the planet 101 via needle or
radial bearings that align the planet 101 on the axle 102. In
some embodiments, the axle 102 extends beyond the sides
of'the planet 101 where the bore ends so that the legs 103 can
actuate a shift in the axis of rotation of the planet 101. Where
the axle 102 extends beyond the edge of the planet 101, the
axle 102 couples to the radial outward end of the legs 103.
The legs 103 are radial extensions adapted to tilt the planet
axle 102.

[0075] The axle 102 passes through a bore formed in the
radially outward end of a leg 103. The leg 103 can be
positioned on the axle 102 by clip rings, such as e-rings, or
can be press fit onto the axle 102; however, any other type
of fixation between the axle 102 and the leg 103 can be
utilized. The planet-leg assembly 150 can also include skew
rollers 151, which are rolling elements attached to each end
of a planet axle 102 and provide for rolling contact of the
axle 102 as other components of the PMD 100 align the axle
102. In some embodiments, a leg 103 is provided with a shift
cam wheel 152 at a radially inward end. The shift cam wheel
152 facilitates control of the radial position of the leg 103,
which controls the tilt angle of the axle 102. In yet other
embodiments, the leg 103 couples to a stator wheel 1105
(see FIG. 11) that allows the leg 103 to be guided and
supported in the cage assembly 180 or the stator plates 800
(see FIG. 8). As shown in FIG. 11, the stator wheel 1105 may
be angled relative to the longitudinal axis of the leg 103. In
some embodiments, the stator wheel 1105 is configured such
that the central axis of the stator wheel 1105 intersects with
the center of the planet 101.

[0076] Still referring to FIGS. 2A, 2B, 10 and 11, in
various embodiments the interface between the planets 101
and the axles 102 can be any of the bearings described in
other embodiments below. However, the planets 101 are
fixed to the axles 102 in other embodiments and rotate with
the planets 101. In some such embodiments, bearings (not
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shown) are positioned between the axles 102 and the legs
103 such that the transverse forces acting on the axles 102
are reacted by the legs 103 as well as, or alternatively, the
cage assembly 180 (described in various embodiments
below). In some such embodiments, the bearing positioned
between the axles 102 and the legs 103 are radial bearings
(balls or needles), journal bearings or any other type of
bearings or suitable mechanism or means.

[0077] With reference to FIGS. 2A, 3, 4, and 10, the sun
assembly 125 will now be described. In some embodiments,
the sun assembly 125 includes a sun 126, shift cams 127, and
sun bearings 129. The sun 126 is a generally cylindrical
tube. In one embodiment, the sun 126 has a generally
constant outer diameter; however, in other embodiments the
outer diameter is not constant. The shift cams 127 are
positioned on either or both ends of the sun 126 and interact
with the shift cam wheels 152 to actuate the legs 103. The
shift cams 127 are convex in the illustrated embodiment, but
can be of any shape that produces a desired motion of the
legs 103. In some embodiments, the shift cams 127 are
configured such that their axial position controls the radial
position of the legs 103, which governs the angle of tilt of
the axles 102.

[0078] In some embodiments, the radial inner diameter of
the shift cams 127 extends axially toward one another to
attach one shift cam 127 to the other shift cam 127. As
shown in FIG. 2A, a cam extension 128 forms a cylinder
about the central shaft 105. The cam extension 128 extends
from one cam 127 to the other cam 127 and is held in place
there by a clip ring, a nut, or some other suitable fastener. In
some embodiments, one or both of the shift cams 127 are
threaded onto the cam disc extension 128 to fix them in
place. In the illustrated embodiment, the convex curve of the
cam 127 extends axially away from the axial center of the
sun assembly 125 to a local maximum, then radially out-
ward, and back axially inward toward the axial center of the
sun assembly 125. This cam profile reduces binding that can
occur during shifting of the sun assembly 125 at the axial
extremes. Other cam shapes can be used as well.

[0079] In the embodiment of FIG. 2A, a shift rod 112
actuates a transmission ratio shift of the PMD 100. In one
embodiment, the shift rod 112, coaxially located inside the
bore 199 of the central shaft 105, is an elongated rod having
a threaded end 109 that extends out one side of the central
shaft 105. The other end of the shift rod 112 extends into the
sun assembly 125 where it contains a shift pin 114, which
mounts generally transversely in the shift rod 112. The shift
pin 114 engages the sun assembly 125 so that the shift rod
112 can control the axial position of the sun assembly 125.
A lead screw assembly 115 controls the axial position of the
shift rod 112 within the central shaft 105. In some embodi-
ments, the lead screw assembly 115 includes a shift actuator
117, which can have a shift gear 118 on its outer diameter
and threads on a portion of its inner diameter to engage the
shift rod 112. A shift bushing 119, in some embodiments
constructed of a low friction material such as bronze or
plastic, is a disc shaped component rotatably positioned over
the central shaft 105. The shift bushing 119 may be con-
strained axially on the central shaft 105 by any means, and
in the embodiment shown in FIG. 2A the shift bushing 119
is held in place by the end nut 107. The shift actuator 117
attaches to the shift bushing 119 using standard fasteners
such as flat head screws. The shift gear 118 engages a
driving gear 22 (see FIG. 2B), which in some embodiments
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can be actuated by a motor 20, such as an electric stepper
motor. In some embodiments, the shift gear 118 is a standard
spur gear, while in other embodiments the shift gear 118 can
be another type of gear, such as a helical gear.

[0080] Referring to FIG. 2A and FIG. 2B, the input
assembly 155 allows torque transfer into the variator assem-
bly 140. In some embodiments, the input assembly 155
includes an input pulley 156 that converts linear motion
from, for example, a belt (not shown) into rotational motion.
In some embodiments, the input pulley 156 accepts torque
from a belt that is operably attached to the shaft of a prime
mover, such as the crankshaft of an automobile engine or
motor. Although a pulley is used here, other embodiments of
the PMD 100 may use a sprocket that accepts motion from
a chain, for example. The input pulley 156 transmits torque
to an axial force generating mechanism, which in the illus-
trated embodiment is a cam loader 154 that transmits the
torque to the first traction ring 110. The cam loader 154
includes a first load cam ring 157, a second load cam ring
158, and a set of cam rollers 159 disposed between the load
cam rings 157, 158. The cam loader 154 transmits torque
from the pulley 156 to the first traction ring 110 and
generates an axial force that resolves into the contact force
for the first traction ring 110, the planets 101, the sun 126,
and the second traction ring 134. The axial force is generally
proportional to the amount of torque applied to the cam
loader 154. In some embodiments, the input pulley 156
applies torque to the first load cam ring 157 via a one-way
clutch (not shown) that acts as a coasting mechanism when
the case 138 spins but the pulley 156 is not supplying torque.
In some embodiments, the second load cam ring 158 may be
integral as a single piece with the first traction ring 110.

[0081] Still referring to FIG. 2A, a second cam loader 54
can be used to optimize the axial force applied to the planets
101. In one embodiment, the second cam loader 54 is
positioned between the second traction ring 134 and the case
138 and includes a load cam ring 57, a load cam ring 58, and
a set of cam rollers 59 interposed between the load cam rings
57, 58.

[0082] As shown in FIGS. 2A, 2B, an end cap 160
facilitates the enclosure of the internal components of the
PMD 100 within the case 138. In some embodiments, the
end cap 160 is a generally flat disc that attaches to the open
end of the case 138 and has a bore through the center to
allow passage of the first load cam ring 157, the central shaft
105 and the shift rod 112. In some embodiments, the end cap
160 attaches to the case 138 and helps to react the axial force
created by the cam loader 154. The end cap 160 can be made
of any material capable of reacting the axial force such as
aluminum, titanium, steel, or high strength thermoplastics or
thermoset plastics. The end cap 160 fastens to the case 138
by fasteners (not shown); however, the end cap 160 can also
thread into, or can otherwise be attached to, the case 138.

[0083] In one embodiment, the end cap 160 has a groove
formed about a radius on its side facing the cam loader 154
that houses a preloader (not shown). The preloader can be a
spring that provides and an initial clamp force at very low
torque levels. The preloader can be any device capable of
supplying an initial force to the cam loader 154, and thereby
to the traction ring 134, such as a spring, or a resilient
material like an o-ring. The preloader can be a wave-spring
as such springs can have high spring constants and maintain
a high level of resiliency over their lifetimes.
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[0084] In some embodiments, the preloader is loaded by a
thrust washer 162 and a thrust bearing 163 directly to the end
cap 160. In the embodiment shown, the thrust washer 162 is
a typical ring washer that covers the groove receiving the
preloader and provides a thrust race for the thrust bearing
163. The thrust bearing 163 may be a needle thrust bearing
that has a high level of thrust capacity, improves structural
rigidity, and reduces tolerance requirements and cost when
compared to combination thrust radial bearings; however,
any other type of thrust bearing or combination bearing can
be used. In certain embodiments, the thrust bearing 163 is a
ball thrust bearing. The axial force developed by the cam
loader 154 is reacted through the thrust bearing 163 and the
thrust washer 162 to the end cap 160. The end cap 160
attaches to the case 138 to complete the structure of the
PMD 100.

[0085] Still referring to FIG. 2A and FIG. 2B, in certain
embodiments, a pulley 36 couples to the case 138. The
pulley 36 can have a serpentine profile, but in other embodi-
ments the pulley 36 can be designed to accept timing belts,
V-belts, round belts, or any other type of belt. The pulley 36
can be keyed to the case 138, or the pulley 36 can be pinned,
screwed, splined, welded, press fit, or attached using any
method that results in a rigid connection. In some embodi-
ments, the pulley 36 is integrally formed into the case 138
so that the pulley 36 and the case 138 are a single part.
[0086] In FIG. 2A and FIG. 2B, one or more cam disc
bearings 172 hold the first load cam ring 157 in radial
position with respect to the central shaft 105, while an end
cap bearing 173 maintains the radial alignment between the
first load cam ring 157 and the inner diameter of the end cap
160. Here the cam disc bearings 172 and the end cap bearing
173 are needle roller bearings; however, other types of radial
bearings can be used as well. The use of needle roller
bearings allow increased axial float and accommodates
binding moments developed by the pulley 156. In other
embodiments of the PMD 100 or any other embodiment
described herein, each of or either of the cam disc bearings
172 and the end cap bearing 173 can also be replaced by a
complimentary pair of combination radial-thrust bearings. In
such embodiments, the radial thrust bearings provide not
only the radial support but also are capable of absorbing
thrust, which can aid and at least partially unload the thrust
bearing 163.

[0087] Still referring to FIG. 2A and FIG. 2B, an axle 142,
being a support member mounted coaxially about the central
shaft 105 and held between the central shaft 105 and the
inner diameter of the closed end of the case 138, holds the
case 138 in radial alignment with respect to the central shaft
105. The axle 142 is fixed in its angular alignment with the
central shaft 105. Here a key 144 fixes the axle 142 in its
angular alignment, but the fixation can be by any means
known to those of skill in the relevant technology. A radial
hub bearing 145 fits between the axle 142 and the inner
diameter of the case 138 to maintain the radial position and
axial alignment of the case 138. The hub bearing 145 is held
in place by an encapsulating axle cap 143. The axle cap 143
is a disc having a central bore that fits around central shaft
105 and here attaches to the case 138 with fasteners 147.
[0088] Turning now to FIGS. 3, 4 and 10, a PMD 300,
which is an alternative embodiment of the PMD 100, will
now be described. The PMD 300 includes a case 351 that
houses, among other components, a traction ring 334, a cage
389, a sun assembly 325, a planet-leg assembly 350, and a
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traction ring 310. Compared to the traction rings 110, 134,
the angles of the traction rings 310, 334 are decreased, which
increases the ability of the traction rings 310, 334 to with-
stand axial forces and reduces the overall radial diameter of
the PMD 300. The PMD 300 exhibits an alternate shifting
mechanism, where a shift rod 312 includes a lead screw
mechanism adapted to actuate an axial movement of a sun
assembly 325. In this embodiment, the lead screw mecha-
nism includes a set of lead threads 313 formed on the end of
the shift rod 312 that is within or near the sun assembly 325.
One or more sun assembly pins 314 extend radially from the
cam disc extensions 328 into the lead threads 313 and move
axially as the shift rod 312 rotates.

[0089] In the illustrated embodiment, the sun 326 does not
have a constant outer diameter, but rather has an outer
diameter that increases at the ends of the sun 326. This
design causes lubrication within the PMD 300 that contacts
the sun 326 to centrifugally be pulled to the largest diameter
of the sun 326. Once the lubrication reaches the ends of the
sun 326, the lubrication is sprayed radially away from the
center of the PMD 300 to those components requiring
lubrication. In some embodiments, this design allows the
sun 326 to resist forces that tend to drive the sun 326 axially
away from a center position. However, this is merely an
example and the outer diameter of the sun 326 can be varied
in any manner a designer desires to react the forces applied
to the sun 326 and to aid in shifting of the PMD 300.

[0090] Referring now to FIGS. 2A, 2B, 5, and 6, in some
embodiments the mounting brackets 10, 11, are adapted to
connect the PMD 100 to a stationary object, such as an
automobile frame (not shown), engine block (see FIG. 21),
or a bracket (not shown) attached to either the frame or the
engine block. In one embodiment, the brackets 10, 11 mount
over flats 26 formed near each end of the central shaft 105.
The end nuts 106, 107 thread over each end of the central
shaft 105 to clamp the mounting brackets 10, 11 to the PMD
100. In some embodiments the mounting brackets 10, 11 are
made from steel, although in other embodiments other
materials may be used, such as titanium, aluminum, or
composites. Either or both of the mounting brackets 10, 11
can be adapted to be removable. The mounting bracket 10
can include holes 12 which enable standard fasteners to be
used to attach the mounting bracket 10 to a stationary object
such as an engine block or frame. In one embodiment,
mounting bracket 11 is removable and has holes 13 which
allow it to be attached to a stationary object such as an
engine block or frame. The mounting brackets 10, 11 in
some embodiments are attached to each other using standard
fasteners. In other embodiments, the removable bracket 11 is
not used and the mounting bracket 10 is a u-shaped com-
ponent with holes 12 formed into it so that standard fasteners
can be used to mount the PMD 100 to a stationary object. In
some embodiments, the mounting bracket 11 can be quickly
removed with standard fasteners to facilitate the replacement
of either the input belt (not shown) or the output belt (not
shown). In other embodiments, the mounting bracket 10
and/or the mounting bracket 11 can be other shape to
accommodate the object to which it is attached. In certain
embodiments, one or both of the mounting brackets 10, 11
can be operably connected to the cage assembly 180 and
serve to anchor the cage assembly 180 and prevent it from
rotating.

[0091] Insomeembodiments a motor 20, such as a stepper
motor, can be used to shift and adjust the speed ratio of the
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PMD 100. The motor 20 mounts to the mounting bracket 10
with a motor bracket 24 and standard fasteners, and in some
embodiments the motor bracket 24 is made of the same
material as the mounting brackets 10, 11. A driving gear 22
couples to the shaft on the motor 20. The driving gear 22
meshes with the shift gear 118, which in some embodiments
is larger than the driving gear 22 to increase torque and
reduce speed at the shift rod 112. A shift bushing 119 mounts
concentrically over the central shaft 105 with a slip fit,
which allows the shift bushing 119 to rotate freely. The end
nut 107 prevents the shift bushing 119 from moving axially
toward the center of the PMD 100. The shift gear 118 threads
over the shift rod 112 and attaches to the shift bushing 119
with standard fasteners.

[0092] In operation, the motor 20 drives the driving gear
22, which drives the shift gear 118, which rotates the shift
rod 112, and thereby causes a change in the speed ratio of the
PMD 100. In some embodiments, the motor 20 is controlled
by a logic device (not show) with a control feedback loop
which counts the automobile engine rpm, and/or the PMD
100 rpm, and which can then send a signal to the stepper
motor 20 to shift the PMD 100. Said logic devices are well
known in the relevant technology.

[0093] FIG. 7 illustrates a cam ring 700 that can be used
in, for example, the PMD 100, PMD 300, or other ball
planetary PMDs. The cam ring 700 has cam channels 710
formed in its radial outer edge. The cam channels 710 house
a set of cam rollers (not shown) which can be spheres (such
as bearing balls) but can be any other shape that combines
with the shape of the cam channel 710 to convert torque into
torque and axial force components to moderate the axial
force applied to the variator assemblies 140, 340 in an
amount substantially proportional to the torque applied to
the PMD 100, 300. Other such shapes include cylindrical
rollers, barreled rollers, asymmetrical rollers or any other
shape. The material used for the cam disc channels 710 in
many embodiments is preferably strong enough to resist
excessive or permanent deformation at the loads that the
cam disc 700 will experience. Special hardening may be
needed in high torque applications. In some embodiments,
the cam disc channels 710 are made of carbon steel hardened
to 40 HRC or higher. The efficiency of the operation of the
cam loader (such as cam loader 154 of FIG. 1, or any other
type of cam loader) can be affected by the hardness value,
typically by increasing the hardness to increase the effi-
ciency; however, high hardening can lead to brittleness in
the cam loading components and can incur higher cost as
well.

[0094] FIG. 7 shows an embodiment of a conformal cam.
That is, the shape of the cam channel 710 substantially
conforms to the shape of the cam rollers. Since the channel
710 conforms to the roller, the channel 710 functions as a
bearing roller retainer, obviating in some circumstances the
use of a cage element for housing and/or spacing the cam
rollers. The embodiment of FIG. 7 is a single direction load
cam ring 700; however, the load cam ring 700 can be a
bidirectional load cam ring (see FIGS. 23-25 for an example
of a bidirectional load cam ring). In some embodiments,
obviating the use of a bearing roller retainer simplifies the
design of the PMD 100, 300. A conformal cam channel 710
also allows the contact stress between the bearing roller and
the channel 710 to be reduced, allowing for reduced bearing
roller size and/or count, or for greater material choice
flexibility.
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[0095] FIG. 8 illustrates a cage disc or stator plate 800
used to form the support structure of the cage 189 of the cage
assembly 180 of the variator assembly 140 or of the cage
assembly 389 of the variator assembly 340. In some embodi-
ments, the cage disc 800 is shaped to guide and support the
legs 103 as the legs 103 move radially inward and outward
during shifting. The cage disc 800 also provides the angular
alignment of the axles 102. In some embodiments, the
corresponding grooves of two cage discs 800 for a respec-
tive axle 102 are offset slightly in the angular direction to
reduce shift forces in the variator assemblies 140, 340.

[0096] In certain embodiments, the legs 103 are guided by
slots in a stator plate 800. The leg rollers 1107 (see FIG. 11)
on the legs 103 follow a circular profile in the stators. The
leg rollers 1107 generally provide a translational reaction
point to counteract translational forces imposed by shift
forces or traction contact spin forces. The legs 103, as well
as its respective leg rollers 1107, move in a planar motion
when the PMD 100, 300 ratio changes, and thus, the legs 103
trace out a circular envelope centered about the center of the
planet 101. Since the leg rollers 1107 are offset from the
center of the leg 103, the leg rollers 1107 trace out an
envelope that is similarly offset. To create a compatible
profile on each stator plate 800 to match the planar motion
of'the leg rollers 1107, a circular cut is required that is offset
from the groove center by the same amount that the roller is
offset in each leg 103.

[0097] Referring now to FIGS. 2A, 9 and 12, an alterna-
tive embodiment of a cage assembly 389 is illustrated
implementing a lubrication enhancing lubricating spacer
900. In the illustrated embodiment, the support structure for
the planets 101, in this case the cage 389 (see also FIG. 4),
is formed by attaching cage discs 1220 to a plurality of
spacers 1210, including one or more lubricating spacers 900.
The lubricating spacer 900 has a scraper 910 for scraping
lubricant from the surface of the case 138, 351 and directing
that lubricant back toward the center elements of the variator
assemblies 140, 340. The lubricating spacer 900 of some
embodiments also has passages 920 to help direct the flow
of lubricant to the areas that most utilize it. In some
embodiments, a portion of the spacer 900 between the
passages 920 forms a raised wedge 925 that directs the flow
of lubricant towards the passages 920. The scraper 910 may
be integral with the spacer 900 or may be separate and made
of a material different from the material of the scraper 910,
including but not limited to rubber to enhance scraping of
lubricant from the case 138. The ends of the spacers 1210
and the lubricating spacers 900 terminate in flange-like
bases 1240 that extend perpendicularly to form a surface for
mating with the cage discs 1220. The bases 1240 of the
illustrated embodiment are generally flat on the side facing
the cage discs 1240 but are rounded on the side facing the
planets 101 so as to form the curved surface described above
that the leg rollers 151 ride on. The bases 1240 also form the
channel in which the legs 103 ride throughout their travel.

[0098] An embodiment of a lubrication system and
method will now be described with reference to FIGS. 3, 9,
and 10. As the planets 101 spin, lubricant tends to flow
toward the equators of the planets 101 and then to spray out
against the case 351. Some lubricant does not fall on the
internal wall of the case 351 having the largest diameter;
however, centrifugal force makes this lubricant flow toward
the largest inside diameter of the case 351. The scraper 910
is positioned vertically so that it removes lubricant that
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accumulates on the inside of the case 351. Gravity pulls the
lubricant down each side of V-shaped wedge 925 and into
the passages 920. The spacer 900 is placed such that the
inner radial end of the passages 920 end in the vicinity of the
cam discs 327 and the sun 126. In this manner the sun 126
and the cam discs 327 receive lubrication circulating in the
case 351. In one embodiment, the scraper 910 is sized to
clear the case 351 by about 30 thousandths of an inch. Of
course, depending on different applications, the clearance
could be greater or smaller.

[0099] As shown in FIGS. 3 and 10, a cam disc 327 can
be configured so that its side facing the sun 326 is angled in
order to receive lubricant falling from the passages 920 and
direct the lubricant toward the space between the cam 327
and the sun 326. After lubricant flows onto the sun 326, the
lubricant flows toward the largest diameter of the sun 326,
where some of the lubricant is sprayed at the axles 102.
Some of the lubricant falls from the passages 920 onto the
sun 326. This lubricant lubricates the sun 326 as well as the
contact patch between the planets 101 and the sun 326. Due
to the inclines on each side of the sun 326, some of the
lubricant flows centrifugally out toward the edges of the sun
326, where the lubricant then sprays out radially.

[0100] Referring to FIG. 3, in some embodiments, lubri-
cant sprayed from the sun 126, 326 towards the axle 102
falls on grooves 345, which receive the lubricant and pump
it inside the planet 101. Some of the lubricant also falls on
the contact surface 111 where the traction rings 110, 134
contact the planets 101. As the lubricant exits on one side of
the planet 101, the lubricant flows toward the equator of the
planets 101 under centrifugal force. Some of this lubricant
contacts the first traction ring 110 and planet 101, contacts
surface 111, and then flows toward the equator of the planet
101. Some of the lubricant flows out radially along a side of
the second traction ring 134 facing away from the planets
101.

[0101] Referring to FIGS. 13, 14, 21, 22, in one embodi-
ment a PMD 1300 connects directly to a crankshaft of an
automobile engine 790. For simplicity, only the differences
between the PMD 100 and PMD 1300 will be described. A
central shaft 1305, similar to the central shaft 105, has been
modified so that shifting actuation is now from the side of
the axle cap 143, rather than the side of the end cap 160. The
motor 20, driving gear 22, motor bracket 24, mounting
bracket 10, and lead screw assembly 115 now appear in the
vicinity of the axle cap 143.

[0102] A crankshaft mount 1314, which in some embodi-
ments is a generally disc shaped component with a flange
1315, is adapted to attach to a corresponding part (not
shown) on the engine crankshaft (also not shown). The
flange 1315 in some embodiments includes holes, through
which standard fasteners are screwed into threaded holes on
a corresponding part attached to the engine crankshaft. In
some embodiments, the crankshaft mount 1314 is config-
ured as a cylindrical coupler which is keyed to the engine
crankshaft. In the embodiment of FIG. 13, the crankshaft
mount 1314 couples to a driver 1372 with a key, spline,
fasteners, interference fit, or any other suitable method. The
driver 1372 in some embodiments is a cylinder made from
hardened steel. In some embodiments two needle roller
bearings 1374, 1376, are positioned inside the bore of the
driver 1372 and over the central shaft 1305 to absorb the
significant torque transferring loads which develop during
operation of the PMD 1300. The driver 1372 transfers torque
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to the first load cam ring 157 and attaches to the first load
cam ring 157 with a key, spline, fasteners, interference fit, or
any other suitable method.

[0103] Referring to FIGS. 13 and 14, the PMD 1300
generally shifts in the same manner and with the similar
components as the PMD 100, but the lead screw assembly
115 comprising the shift actuator 117, shift gear 118, shift
bushing 119, and pulley snap ring 116 are now in the vicinity
of the axle 143. The motor 20, driving gear 22, motor
bracket 24, and mounting bracket 10 are also now in the
vicinity of the axle 143. In this embodiment both the
mounting bracket 10 and the crankshaft mount 1314 coop-
erate to support the PMD 1300.

[0104] Referring to FIGS. 21 and 22, the PMD 1300 is
shown coupled to the crankshaft of an automobile engine
790 and operably coupled to an alternator 792, a power
steering pump 794, and an idler pulley 796. An endless
serpentine belt 798, operably coupling to and driven by the
pulley 36, powers the alternator 792 and the power steering
pump 794. Other automobile accessories (not shown) can
also be driven by the serpentine belt 798, such as water
pumps, fuel pumps, oil pumps, air conditioning compres-
sors, cooling fans, superchargers, and any other device that
can be powered by an automobile engine 790. In certain
embodiments, the PMD 1300 couples to the crankshaft via
a speed/torque reduction mechanism. For example, a belt or
a chain can couple, respectively, a belt driven pulley or a
chain driven sprocket connected to the crankshaft to the
PMD 1300. In yet other embodiments, the PMD 1300 can be
adapted to incorporate or cooperate with a harmonic bal-
ancer, which is a device typically coupled to a vehicle engine
crankshaft to react vibrational forces that arise during opera-
tion of the engine.

[0105] As will be described further below, yet another
aspect of certain embodiments of the power modulators
shown here relates to compound devices that integrate an
alternator and/or starter motor with a power modulating
device (PMD). In some embodiments, the PMD is config-
ured as a planetary power modulator such that both the
armature and the stator (or field component) of the alterna-
tor/motor rotate. Because the rotor and the stator rotate in
opposite directions a large speed differential is created,
thereby producing an alternator and/or starter motor with
very high power density. As used here, an “armature” is one
of the two principal components of an electro-mechanical
machine, such as a motor or a generator. For descriptive
purposes, here the term “field” will refer to the second
principal component, such as a field winding or field mag-
nets, of the electromechanical machine. Generally, the field
creates a magnetic field for the armature to interact with, so
the field typically includes permanent magnets, or electro-
magnets formed by a conducting coil. The armature is
generally a conductor or a conductive coil, oriented normal
to both the field and to the direction of motion, torque
(rotating machine), or force (linear machine). The armature,
in contrast to the field, usually is adapted to carry current or
electromotive force (or usually both). The armature can be
adapted to carry current crossing the field, thus creating shaft
torque (in a rotating machine) or force (in a linear machine).
The armature can additionally be adapted to generate an
electromotive force. In the armature, an electromotive force
is created by the relative motion of the armature and the
field. When the machine functions as a motor, this electro-
motive force opposes the armature current, and the armature
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converts electrical power to mechanical torque and transfers
the torque to a load via a shaft. When the machine functions
as a generator, the armature electromotive force drives the
armature current, and thereby, shaft mechanical power is
converted to electrical power.

[0106] As shown in FIG. 15A, in one embodiment, a
compound device 1550 can include a sun shaft 1552 coupled
to a sun 1554. In one embodiment, a control device 1556
couples to the sun 1554 and to a planet axle 102. A group of
planets 101 is configured to engage the sun 1554 to transfer
torque either frictionally or through an elastohydrodynamic
interface, or both. A cage 1558, which could be the cage 389
and/or include appropriately shaped stator plates similar to
stator plates 800, 1220, can be used to support and/or guide
the planet axles 102 and/or components of the control device
1556. In some embodiments, traction rings 1560, 1562 are
placed in contact with the planets 101 to transfer torque
either frictionally or through an elastohydrodynamic inter-
face, or both.

[0107] In one embodiment a control device 1586 couples
to the sun shaft 1552 and is adapted to produce an axial
movement of the sun shaft 1552. In certain embodiments,
the control device 1556 and the control device 1586 are
operationally coupled such that an axial movement of the
sun shaft 1552 is coordinated with an axial movement of the
sun 1554 and a tilting of the planet axles 102. Although in
FIG. 15A the sun shaft 1552 couples to the sun 1554 in such
a manner that the sun shaft 1552 and the sun 1554 must
move axially together, in other embodiments the axial
movement of the sun shaft 1552 and the sun 1554 are
decoupled. Hence, in some embodiments, the control device
1556 actuates a tilting of the planet axles 102 and/or an axial
movement of the sun 1554, but the sun shaft 1552 remains
axially fixed. The control devices 1556, 1586 can be any
electronic, mechanical, or electromechanical device, mag-
netic or electromagnetic device, servomotor, or servomecha-
nism that is adapted to effectuate a tilt of the planet axles 102
and/or an axial movement of the sun shaft 1552 and/or sun
1554, which axial movement can in some cases be simul-
taneous with the tilting of the planet axles 102. For example,
in one embodiment, the control device 1586 can be a lead
screw mechanism powered by an electric motor to axially
move the sun shaft 1552. A mechanical coupling between
the sun shaft 1552 and the planet axles 102 causes the planet
axles 102 to tilt as the sun shaft 1552 is displaced axially.
[0108] In one embodiment, the compound device 1550
can include a housing or case 1564 that, among other things,
contains and/or protects the internal components of the
compound device 1550. In certain embodiments, the hous-
ing 1564 includes a generally cylindrical shell that fastens to
end covers; in yet other embodiments, the housing 1564
consists of a cylindrically shaped can having a bottom with
a central bore and a mouth opening that is covered with a
cover plate also having a central bore. In one embodiment,
the traction ring 1562 is integral with at least a portion of the
housing 1564. In some embodiments, at least a portion of the
housing 1564 couples to a power transfer coupling 1566; in
yet other embodiments, the power transfer coupling 1566
couples directly with the traction ring 1562, or the power
transfer coupling 1566 is integrally formed with the housing
1564 and the traction ring 1562.

[0109] In some embodiments, the compound device 1550
includes one or more axial force generators (AFGs) 1568 to
provide a clamping force that facilitate the transfer of torque
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across the traction ring 1560, the planets 101, the sun 1554,
and the traction ring 1562. The AFGs 1568 can be of the
type, for example, described above with reference to FIG.
2A and FIG. 13 where one or more cam loaders 54, 154
function as axial force generators. In some embodiments, the
sun shaft 1552 couples to a power transfer coupling 1570
adapted to transfer torque to or from the shaft 1570. A power
transfer coupling 1572 can be operationally coupled to
transfer torque to or from the traction ring 1560. In some
embodiments, the power transfer coupling 1572 couples to
the traction ring 1560 through the AFG 1568; in yet other
embodiments, the power transfer coupling 1572 and the
AFG 1568 are at least partly integrated with one another.
The power transfer couplings 1566, 1570, 1572 can be any
device, feature, or component adapted to transfer power (the
power having torque and/or speed characteristics); for
example, the power transfer couplings 1566, 1570, 1572 can
be pulleys, sprockets, one-way clutches, freewheels, cogs,
levers, cranks, splines, keys, interference fits, welds, mag-
netic fields, etc., which can be suitably configured to coop-
erate with corresponding pulleys, chains, belts, etc., to
transfer power.

[0110] As shown in FIG. 15A, the compound device 1550
can include a motor/generator unit 1574 that operates in
conjunction with other components of the compound device
1550. The motor/generator unit 1574 can include an elec-
trical armature 1576 that mounts concentrically about the
sun shaft 1552. The electrical armature 1576 is adapted to
cooperate with a magnetic field generator 1578 to provide
the functionality of either an electric generator or an electric
motor. The magnetic field generator 1578 can be a group of
permanent magnets or an electromagnetic subassembly. In
some embodiments, the magnetic field generator 1578 is
integral with the housing 1564 and/or the traction ring 1562.
In other embodiments, the magnetic field generator 1578
couples via a flange, spline, gear, etc., to the traction ring
1562 and/or the housing 1564. In certain embodiments, the
sun shaft 1552 couples to the electrical armature 1576 via a
power transfer coupling 1580, which may be a grooved
spline, straight spline, ball spline, general spline, key, etc.

[0111] In one embodiment, the electrical armature 1576
connects to electrical conductors 1582, which connect to an
electrical interface 1584. The compound device 1550 of
FIG. 15A shows three electrical conductors 1582, represent-
ing three leads of a three-phase motor/generator. However,
in other embodiments, the motor/generator unit 1574 can
include more or less phases. The electrical interface 1584
can be any device adapted to receive from or deliver
electricity to the electrical conductors 1582. In some
embodiments, the electrical interface 1584 includes a rotat-
ing electrical conductor and/or a battery.

[0112] During operation, in one configuration power can
be input into the compound device 1550 via the PTC 1570.
If a prime mover, for example the crankshaft of an automo-
bile, drives the PTC 1570, and thereby drives the sun shaft
1552, in a clockwise direction, the sun 1554 is driven in a
clockwise direction. With the cage 1558 fixed to ground, the
planets 101 rotate in a counterclockwise direction and,
consequently, drive the traction rings 1560, 1562 counter-
clockwise. The traction rings 1560, 1562 can then deliver the
power to the PTCs 1572, 1566, respectively, in a counter-
clockwise rotation. The power from the PTCs 1572, 1566
can then be used to drive, for example, automobile acces-
sories such as the water pump, cooling fan, air conditioning
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system compressor, etc. Simultaneously, the polarity of the
motor/generator unit 1574 is set such that, as the sun shaft
1552 drives the electrical armature 1576 via the PTC 1580,
the electrical armature 1576 and the magnetic field generator
1578 interact to produce electricity, which is received by the
electrical conductors 1582 and delivered to the electrical
interface 1584.

[0113] In another operational configuration, the compound
device 1550 takes power at the PTC 1572, directly or
through a belt, from a crankshaft in counterclockwise direc-
tion, for example. Mechanical power can then flow through
the traction ring 1560, planets 101, traction ring 1562, and
out through the case 1564 and/or the PTC 1566 in a
counterclockwise direction. Mechanical power can also flow
through the traction ring 1560, planets 101, sun 1554, sun
shaft 1552, and out through the PTC 1570 in a clockwise
direction. In some embodiments, the PTC 1570 can be
placed at either end of the sun shaft 1552. Mechanical power
can also be converted to electrical power as the traction ring
1562 drives the magnetic field generator 1578 in a counter-
clockwise direction simultaneously with the sun shaft 1552
driving the electrical armature 1576 in a clockwise direction.
[0114] In yet another operation configuration, the com-
pound device 1550 can function as a motor, which can be
used, among other things, to start a prime mover such as an
automobile engine. Electrical power is delivered to the
compound device 1550 via the electrical interface 1584. The
source of that electrical power can be, for example, a battery.
The electrical power delivered to the compound device 1550
excites the electrical armature 1576 which then interacts
with the magnetic field generator 1578 to create a driving
torque that drives the sun shaft 1552 via the PTC 1580 that
couples the sun shaft 1552 and the electrical armature 1576.
If the polarity of the motor/generator unit 1574 is selected to
cause a clockwise rotation of the sun shaft 1552, the sun
shaft 1552 drives the sun 1554 clockwise. This results in a
counterclockwise driving of the planets 101, which then
drive the traction rings 1560, 1562 in a counterclockwise
direction. Power can then be taken out from the PTCs 1566,
1572. In one embodiment, the PTC 1566 is operationally
coupled to a front end accessory drive system, which can
include a number of pulleys, belts, sprockets, chains, gears,
and/or one or more accessories. The PTC 1572 can be
coupled directly or indirectly to a crankshaft in manner to
facilitate the starting of the prime mover. Depending on the
embodiment, the PTC 1570 can be located at either end of
the sun shaft 1552 and may be used or left unused, or may
not be present at all.

[0115] It should be noted that there are many operational
configurations possible other than those described above.
The operational configurations discussed above are only
used as examples and their description is not meant to
exclude the other possible operational configurations or limit
in any way the variety of operation configurations that the
compound device 1550 is capable of. For example, in some
embodiments, the cage 1558 can be adapted to rotate about
the sun shaft 1552. When the cage 1558 is so arranged, the
compound device 1550 can have infinitely variable torque/
speed regulation.

[0116] For any of the operational configurations described
above, the control devices 1556, 1586 can be configured to
regulate the torque/speed ratio between power inputs and
power outputs via a tilting of the planet axles 102. For
example, if there is a power input from a crankshaft into the
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PTC 1572, which power input varies over time in torque/
speed, the compound device 1550 can be controlled such
that the power output at the PTC 1566 is at a constant speed,
which can be, for example, driving a group of accessories.

[0117] Referring now to FIGS. 15B-20, a PMD 600 is
illustrated that incorporates a motor/generator 601. The
PMD 600 incorporated with a motor/generator 601 is one
embodiment of a compound device as described above with
reference to FIG. 15A; for convenience, the compound
device described next and the PMD 600 will be referred to
interchangeably. In certain configurations the PMD 600 can
provide both, at alternative times, the functionality of the
starter motor for an engine and the functionality of an
alternator (or electrical generator) for a vehicle. The motor/
generator 601 will also be referred to here as the M/G 601.
For simplicity, only the differences between the PMD 100
and the PMD 600 will be described. In one embodiment, the
M/G 601 is a 4-pole motor with 3 armature phases. The M/G
601 can have an armature 682 and a field 694 which rotate
in opposite directions. The armature 682 is operably
attached to a sun 718. Due to the planetary configuration of
the planets 101, the sun 718 rotates in a direction opposite
to the direction of rotation of the traction ring 750. The field
694, which in some embodiments is a rotating magnetic steel
cylinder that rigidly attaches to the traction ring 134, can be
integral with the traction ring 134, or can be made separately
and coupled to the traction ring 134. In some embodiments
the field 694 utilizes permanent magnets 680 annularly
positioned around and attached to the inside diameter of the
field 694. In other embodiments, the field 694 uses one or
more electromagnets to produce the magnetic field. In some
embodiments, the armature 682 includes coils 684 wrapped
around multiple laminations 686 that attach to an armature
mount 630. In one embodiment, the armature 682 has
twenty-four silicon steel laminations, each having eighteen
teeth. The armature mount 630 also positions the armature
682 relative to the field 694 and magnets 680, and routes the
multiple wires (not shown) that connect the armature 682 to
an electrical source, such as an automobile battery (not
shown). The armature mount 630 operably attaches to a sun
shaft 602 via a plurality of spline bearings 636. The sun shaft
602, a long, cylindrically shaped shaft positioned at the
center of the PMD 600, is coincident with a longitudinal axis
11 and is capable of axial movement to actuate the sun 718
and thus shift the PMD 600. The sun shaft is further
described below with reference to FIGS. 26A-26C.

[0118] A cable 676 houses the wires of the M/G 601,
which wires are routed from the armature 682, through the
armature mount 630, and terminate at a receptacle 674 inside
the sun shaft 602. In one embodiment, the cylindrically
shaped receptacle 674 accepts three leads from the three
phases of the armature 682 and routes the three leads to a
rotating conductor 672. The rotating conductor 672, a cylin-
drically shaped component, transfers electricity from a rotat-
ing end at the receptacle 674 to a stationary end at the
conductor cap 668. In one embodiment, the rotating con-
ductor 672 is of the type that uses liquid metal, such as
mercury, to transfer current from the rotating end at the
receptacle 674 to the stationary end at the conductor cap
668. In another embodiment, slip rings are used, although
any other suitable method can be employed. Extending from
the conductor cap 668, three leads 670 connect to a motor
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controller (not shown) and/or electrical source. In certain
embodiments, the motor controller connects to the electrical
source.

[0119] Referring now to FIGS. 15B and 20 in particular, in
one embodiment the sun 718 is positioned closer to the
traction ring 750 than to the traction ring 134 if the M/G 601
is operating as a motor. In many automobile applications, it
is preferable that there be a reduction in rpm from the M/G
601 to the engine crankshaft to achieve the adequate torque
multiplication to rotate the engine. As the sun 718 moves
toward the traction ring 134, the speed of the traction ring
134 decreases while the speed of the traction ring 750
increases relative to the speed of the sun 718. If the M/G 601
operates at a constant speed, the speed of the field 694
decreases as the sun 718 moves toward the traction ring 134
because the field 694 is coupled to the traction ring 134 and
rotates at a constant speed relative to the armature 682 and
the sun 718. The net effect is that there is a significant speed
reduction at the traction ring 750 in all ratios relative to the
speed of the M/G 601.

[0120] Combining the PMD 600 with the M/G 601 allows
a shared shaft, case, and bearings. Because in some appli-
cations of the PMD 600 the traction ring 134 and the field
694 are made as one, integral part from magnetic steel, the
additional weight and cost of the magnetic steel which
surrounds the magnets 680 is eliminated or substantially
reduced.

[0121] Yet in other embodiments, there is the potential to
liquid cool the armature 682 using the same fluid that is in
the PMD 600. Depositing the same liquid on the armature
682 allows transmitting significantly more power through
the M/G 601. In some embodiments, a liquid cooled motor
can utilize the same fluid, pump, hoses, and seals used in the
PMD 600. In certain embodiments, reduced size and weight
are realized as three separate devices (that is, the starter
motor, alternator, and power modulating device) are com-
bined into one device. The smaller size and weight reduces
inertia and allows the PMD 600 and M/G 601 to fit into a
smaller space than would otherwise be required. Other
embodiments, combining the PMD 600 and the M/G 601,
provide increased efficiency from reducing the required
number of bearings and eliminating another device and
pulley.

[0122] Still referring to FIGS. 15B and 20, in one embodi-
ment, the field 694 couples to a side cap 612 and to an end
cap 658. The side cap 612 and the end cap 658 can be rigidly
secured to the field 694 using standard fasteners. The side
cap 612 can be a generally disc-shaped component and
serves to contain lubricant, cooling fluid, and protect and
contain the components of the PMD 600. In some embodi-
ments, the side cap 612 and the end cap 658 are made of
steel, although other materials can used. A traction ring
bearing 605, which depending on the embodiment can
support radial loads and/or axial loads, fits around the
outside diameter of an extension of the traction ring 750 and
an inside a bore of the end cap 658. The traction ring bearing
605 allows for relative movement between the traction ring
750 and the end cap 658. A cap bearing 626, positioned
around the sun shaft 602 and inside a bore of the side cap
612, provides for relative movement between the field 694
and the sun shaft 602, and can support radial loads and in
some embodiments axial loads. A thrust bearing 624, which
serves to prevent axial movement of the side cap 612, fits
between the side cap 612 and a shift screw 622. In some
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embodiments, the thrust bearing 624 can support radial
loads as well as thrust loads, or only radial loads. The shift
screw 622 is generally a stationary piece which can be
mounted by standard fasteners to a rigid, non-moving struc-
ture, such as a frame or chassis that is capable of withstand-
ing the highest torque transferred through the PMD 600. A
shift nut 621 threads on the shift screw 622, and rotation of
the shift nut 621 causes the sun shaft 602 to move axially,
thereby shifting the PMD 600. The shift nut 621 is a
generally annularly shaped component having a threaded
central bore and does not experience high torque. In some
embodiments, the shift nut 621 is made of aluminum,
although other materials, including plastic and steel can be
used.

[0123] Additionally referencing FIGS. 27A and 27B now,
in one embodiment the PMD 600 is shifted using the
previously described stepper motor 20 and driving gear 22.
A shift gear 748 couples to the outside diameter of the shift
ring 620 and the shift nut 621 using a key, standard fasteners,
an interference fit, adhesive, or any other suitable method.
The width of the shift gear 748 is sufficient to allow for axial
movement of the shift ring 620 and the shift nut 621 and still
engage the driving gear 22. Other shifting methods can be
substituted in place of the motor 20, including centrifugal
shifters that utilize one or more weights that reduce the
speed of the output pulley 724 and the sun shaft pulley 722
as the speed of the prime mover increases, and increase the
speed of the output pulley 724 and the sun shaft pulley 722
as the speed of the prime mover decreases.

[0124] The shift nut 621 attaches with standard fasteners
to a disc-shaped shift ring 620 that has a central bore. In one
embodiment, the shift ring 620 is made of the same material
as the shift nut 621, although other materials may be used.
The shift nut 621 and shift ring 620 contain two shift
bearings 625A, 625B that minimize friction when the shift
nut 621 and the shift ring 620 rotate relative to a pin mount
650. The pin mount 650 is disc-shaped, with a central bore
that provides clearance over the shift screw 622. The pin
mount 650 axis is concentric with the longitudinal axis 11
and is aligned by counterbores in the shift nut 621 and shift
ring 620. The pin mount 650 has two threaded holes
one-hundred-eighty degrees apart extending radially from
its center; fewer or more threaded holes can be used. Two
shift pins 616A, 616B, which in one embodiment thread into
the threaded holes of the pin mount 650, but can also be
pressed, welded, or inserted using any other suitable
method, are threaded pins that extend into the bore of the pin
mount 650, through slots in the shift screw 622, and into the
bore of the shift screw 622. The shift pins 616A, 616B
contact two pin bearings 654A, 654B which are positioned
over the sun shaft 602 and inside the bore of the shift screw
622. The pin bearings 654A, 654B provide relative move-
ment between the rotating sun shaft 602, and the shift pins
616A, 6168 and also absorb thrust loads which occur from
shifting the PMD 600.

[0125] Still referring to FIGS. 15B and 20, a stator bearing
614 fits in the bore of the stator plate 780B and around the
sun shaft 602 to allow for axial movement between the sun
shaft 602 and the stator plate 780B, and also to withstand
radial loads. On one side of the sun shaft 602 near the end
cap 658, a shaft bearing 610 mounts over the sun shaft 602
and inside the bore of a stator brace 608. In some embodi-
ments, the shaft bearing 610 is a needle roller or cylindrical
roller bearing where the rollers contact a hardened and
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polished area of the sun shaft 602. This allows the sun shaft
602 to move axially relative to the shaft bearing 610 with
minimal friction. The stator brace 608 is generally cylindri-
cal and in some embodiments is made from hardened steel,
although any suitable material can be used. At a first end, the
stator brace 608 rigidly attaches to a stator plate 780A with
standard fasteners, weld, or pressed fit into a bore of the
stator plate 780A. At a second end, the stator brace 608
rigidly attaches to a stationary structure, such as a frame or
chassis. To provide relative movement between the stator
brace 608 and the traction ring 750, one or more brace
bearings 604A, 604B mount on the stator brace 608 and
inside a bore of the traction ring 750. The brace bearings
604A, 6048 also support radial loads and in some embodi-
ments axial loads.

[0126] Referring now to FIGS. 15B, 16, and 17, one
method of power transfer between the sun shaft 602 and the
armature 682 will be described now. In some embodiments,
the sun shaft 602 includes one or more shaft grooves 634,
which are generally longitudinal grooves parallel with the
axis 11 and that in some embodiments have a radius slightly
larger than the spline bearings 636. In some embodiments,
the spline bearings 636 are generally spherical rolling ele-
ments that transfer torque between the armature 682 and the
sun shaft 602. The spline bearings 636 can be made from
hardened steel or other suitable materials. The number and
size of spline bearings 636 used depends on the amount of
torque which must be transferred, the radius and length of
the shaft grooves 634, and the size of the PMD 600.

[0127] In one embodiment, formed into the inside diam-
eter of the armature mount 630 are one or more mount
grooves 632, which in some embodiments are identical to
the shaft grooves 634, but in other embodiments can be
longer or shorter, and also use a different radius. In some
embodiments, the spline bearings 636 are positioned so that
the center of each spline bearing 636 is halfway between the
radial depth of both the shaft grooves 634 and the mount
grooves 632. The spline bearings 636 are self centering
because the spline bearings 636 roll tangentially up both the
radii of the shaft grooves 634 and the mount grooves 632 an
equal amount. Typically, when two or more shaft grooves
634 and mount grooves 632 are positioned angularly equi-
distant, the spline bearings 636 will center the armature 682
relative to the sun shaft 602. In some embodiments, a small
amount of clearance is provided for the spline bearings 636
to allow the self-centering to occur and to aid in assembly.
If a small amount of clearance is provided, the spline
bearings 636 will also locate themselves in the proper
position the first time the PMD 600 is shifted. When the
PMD 600 is shifted, the spline bearings 636 roll axially
along the shaft grooves 634 and the mount grooves 632 half
the distance that the sun shaft 602 moves axially. Conse-
quently, in certain embodiments, the length of the shaft
grooves 634 and the mount grooves 632 are preferably about
at least twice the length of the diameter of a spline bearing
636 times the number of spline bearings 636 in each shaft
groove 634. In some embodiments, the stator bearing 614
and the cap bearing 626 are used to limit the axial movement
of the spline bearings 636.

[0128] Referring now to FIGS. 15B, 16, 17, and 26, the
routing of the electrical wires to the armature 682 will be
described now. In some embodiments, three electrical wires
are routed into a shaft hole 638 of the sun shaft 602 where,
as previously described, the rotating conductor 672 converts
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the non-rotating wires to rotating wires. The wires housed in
the cable 676 are routed into a cable tube 639, which is a
hollow blind hole in the center of the sun shaft 602, and then
through a shaft slot 635, which is a slot that extends axially
along a portion of the sun shaft 602 forming a passage from
the outside diameter of the sun shaft 602 to the cable tube
639. The three electrical wires (not shown) then exit the
cable 676 and branch out to each of the three stator phases
inside the wire cavity 648 of the armature mount 630. As the
sun shaft 602 moves axially in the PMD 600 during shifting,
the sun shaft 602 alternately lengthens and shortens the
wires connected to the armature 682. The wire cavity 648
provides space for the required additional length of the
electrical wires during shifting. In order to aid the routing of
the electrical wires, the armature mount 630 includes one or
more assembly holes 646 that provide access to the wires
inside the wire cavity 648. Additionally, the armature mount
630 can include one or more routing holes 644 formed
axially through a wall of the armature 630 to aid in routing
each of the three electrical wires to their respective stator
phases. The assembly holes 646 or the routing holes 644 can
be used to access the electrical wires and the leads from the
armature 682 so that the wires and leads can be pulled
through the assembly holes 646 or routing holes 644,
soldered together, insulated, and then reinserted into the wire
cavity 648. In some embodiments, a radially extending wall
of the armature mount 630 includes one or more lamination
threaded holes 642 adapted to secure the armature 682 to the
armature mount 630.

[0129] Referring now to FIGS. 15B, 18, and 19, one
embodiment of the armature 682 and the field 694 is
illustrated. As best seen in FIG. 19, in some embodiments,
the armature 682 includes an iron core, which consists of
multiple laminations 686 stacked together, and several con-
ducting wire coils 684 wrapped around each tooth 692 in the
space provided by the slots 690. In other embodiments,
ironless core stators are used. In some embodiments, eigh-
teen slots 690 and eighteen teeth 692 are used; however,
fewer or more can be used depending upon the application.
In some embodiments, the lamination holes 688 in each
lamination 686 are used to secure the armature 682 to the
armature mount 630. In one embodiment standard fasteners,
such as machine screws, are inserted through the lamination
holes 688 and screwed into the threaded holes 642 of the
armature mount 630.

[0130] Referring now to FIGS. 15B and 20, in some
embodiments, four magnets 680 are used to create a four
pole M/G 601; however, in other embodiments fewer or
more magnets 680 can be used. The magnets 680 can be of
the permanent magnet type and can be made from any
suitable material, including hard ferrite ceramic, samarium
cobalt, and neodymium boron iron. The magnets 680, in
some embodiments, have a radius matching the inside
diameter of the field 694 at their outside diameter and a
radius on their inside diameter which is concentric with the
field 694 and the armature 682. In some embodiments, the
distance between the magnets 680 and the armature 682 is
preferably as small as possible to maximize the magnetic
flux and, thus, maximize the torque produced by the M/G
601, or the electricity produced by the alternator 601. Half
of the magnets 680 are magnetized so that the polarity
extends radially from south to north and the other half of the
magnets 680 have a polarity extending radially from north to
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south. The magnets 680 are arranged so that every other
magnet 680 has the same polarity.

[0131] Referring now to FIG. 15B, the sun 718, although
similar to the sun 126 of the PMD 100, differs in that the sun
718 transfers power. The sun 718 rigidly attaches to the sun
shaft 602 with an interference fit, weld, standard fasteners,
a key, or any other suitable method. The sun bearings 717A,
717B provide for relative movement between the sun 718
and the non-rotating shift cams 713. The shift cams 713 are
similar to the shift cams 127 of the PMD 100 except that the
shift cams 713 are formed with clearance between their
inside diameters and the sun shaft 602 to prevent interfer-
ence between the shift cams 713 and the rotating and axially
translatable sun shaft 602.

[0132] Referring now to FIGS. 15B, 20, 27A, and 27B, the
shift screw 622 and related parts will be described now. In
some embodiments, a support bracket 740 rigidly attaches to
the shift screw 622 to maintain the stationary position of the
shift screw 622 during operation. The support bracket 740
attaches to a rigid, not-rotating frame, chassis, or object. A
shift bore 660, defined by the inside diameter of the shift
screw 622, covers and protects the conductor cap 668, the
rotating conductor 672, and other components. A shift slot
662 (see FIG. 20) extends axially to confine and prevent the
leads 670 from rotating, and to allow the leads 670 to move
axially as the PMD 600 is shifted. The threads 666 of the
shift screw 622 can be of a pitch and size to accommodate
various shifting speeds, as well as the shift force that must
be overcome. In some embodiments, the number of threads
666 is preferably of an axial length which is greater than the
axial movement of the sun shaft 602 to improve ease of
assembly and looser tolerances.

[0133] The pin mount 650 has a bore slightly larger than
the diameter of the threads 666 to provide clearance and
unrestricted movement. To shift the PMD 600, the shift nut
621 rotates which causes the pin mount 650 to move axially.
Two shift pins 616 A, 616B screw into the threaded pin holes
656A, 6568 and extend beyond the bore of the pin mount
650 into the shift bore 660. The shift pins 616A, 616B
contact two pin bearings 654A, 654B which are positioned
on each side of the shift pins 616A, 616B and provide for
relative movement between the sun shaft 602 and the shift
pins 616A, 616B, as well as to absorb axial forces. The pin
bearings 654A, 654B can be held in position by standard
fasteners, and in one embodiment, retaining rings are used
and inserted into grooves formed into the surface of the sun
shaft 602 on a side of the pin bearings 654A, 654B facing
away from the shift pins 616A, 616B.

[0134] Referring to FIGS. 15B and 20, the input pulley
720 is adapted to receive mechanical power input from a belt
(not shown) that operably attaches to, for example, a pulley
on an engine crankshaft. In still other embodiments, the
input pulley 720 can be a sprocket driven by a chain. Power
flows from the input pulley 720, through the traction ring
750, the planets 101, the second traction ring 134, and out
from the output pulley 724. The input pulley 720 and/or the
output pulley 724 can be in some embodiments a v-belt
pulley, serpentine belt pulley, timing belt pulley, or any other
type of pulley or a sprocket. The output pulley 724 rotates
in the same direction as the input pulley 720 and can be
configured to power accessories and other devices in, for
example, an automobile.

[0135] In certain embodiments, power can also be routed
from the planets 101 through the sun 718, the sun shaft 602,
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and out the sun shaft pulley 722. The sun shaft pulley 722
rotates at a higher speed and in the opposite direction of the
output pulley 724, and can power accessories and other
devices in the automobile. The sun shaft pulley 722 in some
embodiments has pulley mount grooves 732, which can be
the same shape and perform the same function as the mount
grooves 632. The sun shaft 602 in some embodiments has
pulley shaft grooves 734, which can be the same shape and
perform the same function as the shaft grooves 634. Pulley
spline bearings 736, which in some embodiments are iden-
tical to the spline bearings 636, are inserted into the slots
created by the pulley mount grooves 732 and the pulley shaft
grooves 734.

[0136] Still referring to FIGS. 15B and 20, a flange 738
rigidly attaches to the stator brace 608 via a key, spline,
interference fit, standard fasteners, or any other suitable
method. In some embodiments, a flange nut 730 threads over
a first end of the stator brace 608 to constrain axially the
flange 738. In one embodiment, the flange 738 has a cutaway
to provide an opening for a belt (not shown) that wraps
around the sun shaft pulley 722. The pulley bearings 728A,
728B, positioned on each side of the sun shaft pulley 722,
constrain axially the sun shaft pulley 722 during shifting of
the PMD 600. A cover plate 726 attaches to the flange 738.
In some embodiments, standard fasteners secure the flange
738 to the cover plate 726, both of which may be fastened
to a frame, support bracket, or other stationary component,
for mounting of the PMD 600.

[0137] Any one of the input pulley 720, sun shaft pulley
722, or output pulley 724, can be driven by a belt attached
to a pulley of the engine crankshaft. Additionally, any of the
pulleys 720, 722, or 724 can be configured to power acces-
sories or devices of the automobile. In some embodiments
only one of the pulleys 720, 722, 724 is used to power
accessories so that there is one pulley operably attached to
the engine crankshaft and only one pulley powering acces-
sories. In these embodiments, the remaining pulley can be
removed or is not used.

[0138] Referring to FIGS. 15B, 20, 23-25, an alternative
embodiment of a traction ring 750 is described. In applica-
tions where the M/G 601 functions primarily as a motor,
toque enters the PMD 600 at the second traction ring 134,
and power moves through the planets 101 to the traction ring
750. In such backdriving conditions, the cam loader 154
preferably uses shallow v-shaped ramps on the traction ring
750 and/or the first load cam ring 157. The shallow v-ramps
allow optimal axial force to be produced regardless of
whether torque enters through the traction ring 750 or the
second traction ring 134. FIGS. 23-25 depict an embodiment
where shallow v-shaped ramps are formed into a surface of
the traction ring 750 on the side opposite the contact surface
111. In certain embodiments, the ramp surfaces 752 are a
mirror image on either side of the v-center 754. The v-center
754 is the lowest point on the ramps and the ramp surfaces
752 slope up on either side of the v-center 754.

[0139] Turning now to FIGS. 26A-26C and referencing
FIG. 15B, one embodiment of a sun shaft 602 includes one
or more pulley shaft grooves 734 adapted to cooperate with
the pulley spline bearings 736 and the pulley mount grooves
732 to transfer torque from the sun shaft 602 to the sun shaft
pulley 722 or vice versa. The sun shaft 602 can also include
one or more shaft grooves 634 adapted to cooperate with the
spline bearings 636 and the mount grooves 632 to transfer
torque from the sun shaft 602 to the armature mount 630 or
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vice versa. In one embodiment, the sun shaft 602 can include
a seat 669 adapted to support the sun 718 and to couple the
sun shaft 602 to the sun 718. The seat 669 can include a
spline or key coupling (not shown), for example, to engage
a corresponding coupling on the sun 718. To facilitate the
housing and routing of the cable 676 and the housing of the
receptacle 674, the sun shaft 602 can include a shaft hole 638
and a cable tube 639 that are formed generally within and
concentrically with the sun shaft 602. As shown in FIGS.
26A-26C, the sun shaft 602 in some embodiments includes
an elongated neck portion 668 adapted to provide sufficient
clearance with other components of the PMD 600 and yet
capable to withstand and transfer the torques that arise
during operation of the PMD 600. The sun shaft 602 can be
constructed of any suitable material designed to withstand
the torque and speed of the PMD 600; in some embodiments
the sun shaft 602 is made of hardened steel, although mild
steel, aluminum, titanium, carbon fiber, can also be
employed.

[0140] Referencing FIGS. 27A-27B now, a control
mechanism subassembly 675 for the PMD 600 can include
a shift gear 748 adapted to receive a shift bearing 625A and
a pin bearing 654A. The control mechanism subassembly
675 can have additionally a shift ring 620 adapted to receive
a shift bearing 625B and a pin bearing 654B. The shift gear
748 and the shift ring 620 can be fastened together to form
an enclosure that includes a pin mount 650 positioned
between the shift bearings 625A, 625B. The pin mount 650
is adapted to receive shift pins 616A, 6168 that are config-
ured, for example, to thread into radial threaded holes 677 of
the pin mount 650. As already discussed above, a rotation of
the shift gear 748 on the shift screw 622 causes the pins
616A, 6168 to actuate an axial movement of the sun shaft
602 via axial actuation of the pin bearings 654 A, 654B that
are operationally coupled to the sun shaft 602.

[0141] Referencing FIG. 28 now, it shows a control sys-
tem 2800 that can be used with the drivetrains described
here. Control hardware and software 2802 can include, for
example, a microstepper controller microprocessor 2803 for
receiving a signal from a proportional-differential control
scheme 2805, which can reside in a memory of the control
hardware and software 2802. A desired accessory speed
2806 can be stored in the memory for use by the control
hardware and software 2802. The microprocessor 2803, in
one embodiment, receives signals indicative of the speed of
a prime mover 2804 (for example, a signal from a speed
sensor of the crankshaft of an internal combustion engine)
and the actual accessory speed 2807 (for example, a signal
from a speed sensor of an accessory 2810).

[0142] The proportional-differential control 2805 is
adapted to implement a control strategy. The control hard-
ware and software 2802 calculates an error 2809 between a
desired accessory speed 2806 and an actual accessory speed
2807 (obtained by a feedback loop). The hardware and
software 2802 scales the error 2809 with a proportional
constant and a differential constant. If there is a difference
between the desired accessory speed 2806 and actual acces-
sory speed 2807, the stepper motor driver 2814 causes the
stepper motor 2816 to adjust the ratio 2808 of a PMD to
cause the speed of the accessory 2810 to more closely match
the desired accessory speed 2806. When the actual accessory
speed 2807 becomes substantially equal to the desired
accessory speed 2806 no error signal will be present and the
stepper motor 2816 can be deactivated. In other embodi-
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ments, the stepper motor 2816 is maintained energized to
hold the ratio 2808. In yet other embodiments, a locking
mechanism (not shown) can be used to prevent the ratio
2808 of the PMD from changing while the stepper motor
2816 is deactivated. In one embodiment, the stepper motor
2816 can be driven by a power supply such as a 12V or a 42
V battery or system.

[0143] The embodiments described herein are examples
provided to, among other things, meet legal requirements.
These examples are only embodiments that may be used and
are not intended to be limiting in any manner. Therefore, the
claims that follow, rather than the examples, define the
invention.

What we claim is:

1. A front end accessory drive (FEAD) system in a case
of a vehicle, the FEAD comprising:

a variator comprising

a plurality of spherical planets arranged around a shaft
defining a longitudinal axis, each spherical planet
rotatable about a ball axle in a central bore, the ball
axle defining a tiltable axis of rotation,

a first traction ring positioned on a first side of, and in
contact with, the plurality of spherical planets,

a second traction ring positioned on a second side of,
and in contact with, the plurality of spherical planets,
and

a sun positioned radially inward of and in contact with
the plurality of spherical planets; and

a lubrication system including a scraper for directing a

flow of lubricant to one or more components within the

case.

2. The FEAD of claim 1, wherein the lubrication system
is configured to direct lubricant toward one or more of the
sun, the first traction ring, the second traction ring, the
plurality of spherical planets, and the ball axles of the
variator.

3. The FEAD of claim 2, wherein the ball axles comprise
grooves configured for directing lubrication inside the cen-
tral bores of the plurality of spherical planets.

4. The FEAD of claim 1, wherein the scraper is integrated
with a spacer.

5. The FEAD of claim 4, wherein the spacer has a
passage, and wherein the scraper is configured to direct
lubricant to the passage.

6. The FEAD of claim 4, wherein the scraper is formed
from a different material than the spacer.

7. The FEAD of claim 1, wherein the scraper is formed
from rubber.

8. The FEAD of claim 1, further comprising a control
mechanism for controlling the ratio of the variator.

9. The FEAD of claim 8, wherein the control mechanism
comprises a stepper motor.
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10. The FEAD of claim 9, wherein the control mechanism
comprises a control hardware and/or software for controlling
the stepper motor.

11. The FEAD of claim 1, wherein the sun has an outer
diameter that increases at the ends of the sun, and wherein
lubrication that contacts the sun is drawn to the largest
diameter of the sun.

12. The FEAD of claim 11, wherein the outer diameter of
the sun is configured such that a flow of lubrication resists
forces on the sun.

13. The FEAD of claim 12, wherein the outer diameter of
the sun is configured such that a flow of lubrication resists
axial forces on the sun.

14. The FEAD of claim 1, wherein the case is coupled to
a stationary component of an engine.

15. A drivetrain comprising:

a front end accessory drive (FEAD) system in a case of a

vehicle, the FEAD comprising
a variator comprising
a plurality of spherical planets arranged around a
shaft defining a longitudinal axis, each spherical
planet rotatable about a ball axle in a central bore,
the ball axle defining a tiltable axis of rotation,

a first traction ring positioned on a first side of, and
in contact with, the plurality of spherical planets,

a second traction ring positioned on a second side of,
and in contact with, the plurality of spherical
planets, and

a sun positioned radially inward of and in contact
with the plurality of spherical planets;

a lubrication system including a scraper for directing a
flow of lubricant to one or more components within
the case;

an accessory for receiving power from a prime mover,
the power being modulated by the variator; and

a control system for controlling one or more of the
variator, a prime mover coupled to the variator, the
accessory, and the lubrication system.

16. The drivetrain of claim 15, further comprising a sensor
for detecting an actual speed of the accessory.

17. The drivetrain of claim 15, wherein the case comprises
a plurality of fins.

18. The drivetrain of claim 15, further comprising a
controller comprising a proportional-differential control
scheme that provides a signal to a motor controller micro-
processor.

19. The drivetrain of claim 15, wherein the control system
is configured to receive and store a signal indicative of a
desired accessory speed.

20. The drivetrain of claim 15, further comprising a sensor
for detecting a prime mover speed.
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